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Abstract

Because of its proximity to the Sun and its small size, Mercury has not been able to retain its atmosphere and only a thin e
surrounds the planet. The exospheric pressure at the planetary surface is approximately 10−10 mbar, set by the Mariner 10 occultatio
experiment. The existence of gaseous species H, He, and O has been established by Mariner 10. In addition Na, K, and Ca
observed by ground based instrumentation. Other elements are expected to be found in Mercury’s exosphere since the total pre
known species is almost two orders of magnitude less than the exospheric pressure.

It is intended to measure these exospheric particle densities in situ with an instrument on board of ESA’s BepiColombo Mercury
Orbiter (MPO) spacecraft. Since the expected exospheric densities are very small we developed a Monte-Carlo computer model to
if such a measurement is feasible along the MPO spacecraft orbit. We model energy and ejection angle distributions of the p
the surface, with the emission process determining the actual distribution functions. Our model follows the trajectory of each p
numerical integration until the particle hits Mercury’s surface again or escapes from the calculation domain. Using a large se
trajectories bulk parameters of the exospheric gas are derived, e.g., particle densities for various atomic and molecular species
suggests that a mass spectrometric measurement is feasible and, at least at MPO’s periherm, all species that are released from th
be observed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Because of Mercury’s proximity to the Sun and its sm
size, it has not been able to retain its atmosphere. H
ever, the existence of gaseous species H, He and O has
observed by Mariner 10 (Broadfoot et al., 1976). In ad
tion, the volatile components Na and K and later also
have been observed by ground based instrumentation
ter and Morgan, 1985, 1986; Bida et al., 2000). Since
column content of the observed constituents is of the o
of about 1012 cm−2, which is less than the defined colum
content of an exosphere of about 1014 cm−2, the gaseous
envelope of Mercury represents an exosphere. It is expe
that the six observed elements constitute only a small f
tion of Mercury’s exosphere because at the surface the
pressure from the sum of these known species is almos
orders of magnitudes less than the upper limit for the
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ospheric pressure of 10−10 mbar (Fjelbo et al., 1976; Hunte
et al., 1988). Whereas H and He seem to have their or
in the solar wind, i.e., thermal release of implanted so
wind ions, heavier particles can be set free from the sur
minerals by a variety of processes. These are therma
lease, photon-stimulated desorption, particle sputtering
micrometeorite impact vaporization.

Before the Mariner 10 fly-by, it was generally thoug
that Mercury possesses a thin atmosphere similar in com
sition to Venus and Mars. It was argued that the terres
planets should have evolved along parallel lines and th
CO2 atmosphere could be preserved by freezing out on
cool dark side (Fink et al., 1974). Therefore, Mariner 10 w
designed to search for H, O, C, CO and CO2, as well as
the noble gases He, Ar and Ne. By scaling terrestrial no
gas production and diffusion rates and assuming a lunar
solar wind surface interaction the before mentioned no
gases were thought to be the most abundant species (H
et al., 1988; Killen and Ip, 1999, and references therein)

The Mariner 10 spacecraft first encountered Mercury
29 March 1974 and reencountered Mercury two more tim

http://www.elsevier.com/locate/icarus
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on 21 September 1974 and on 16 March 1975. From m
surements with the UVS-instrument on Mariner 10 only
He and O were observed in Mercury’s exosphere (Bro
foot et al., 1976). A decade after the Mariner 10 fly-b
Potter and Morgan (1985) performed ground-based obse
tions and discovered strong emission features at the Fr
hofer Na D lines in the spectrum of Mercury attributed
resonant scattering of sunlight from Na vapor in the pl
etary exosphere. They estimated a Na column densit
8.1×1015 m−2, which later was reduced to 1–3×1015 m−2

(Killen et al., 1993). Later the existence of suprather
Na in Mercury’s exosphere has been reported by Potter
Morgan (1997a), e.g., “an extended Na exosphere,” w
reaches more than a planetary radius above the surface
ing a barometric model at a temperature of 6500 K gi
a surface densityn0 = 500 atoms cm−3 (Potter and Mor-
gan, 1997a), which corresponds to a column density
1.7× 1013 m−2 for the reported temperature. This is abou
factor of 100 less than the main Na exospheric compon
A detailed study of the Na tail directed in the anti-sunw
direction, which results from the anti-sunward accelera
of these suprathermal Na atoms by solar photons, has
recently published (Potter et al., 2002). The existence of s
a Na tail was predicted by Ip (1986) based on a Monte-C
model.

Careful observations of the Na D line profiles suggest
Na in the exosphere is hotter than the surface, i.e., Na is
accommodated with the surface temperature (e.g., Potte
Morgan, 1985; Smyth, 1984; Hunten et al., 1988). A deta
study of Na line profiles by Killen et al. (1999) revealed th
the Na gas is indeed hotter than the surface by 600–7
everywhere. These authors also gave an upper limit for e
getic, e.g., suprathermal, Na atoms in the exosphere of
which is in good agreement with the extended exospher
ported earlier by Potter and Morgan (1997a).

Potter and Morgan discovered also small concentrat
of K in Mercury’s exosphere, about a factor of 200 less t
Na (Potter and Morgan, 1986, 1997b). Ca was discovere
the sixth element in Mercury’s exosphere, and its existe
in the exosphere was attributed to sputtering because
proximity to Mercury’s poles, the high temperature, and
temporal variability (Bida et al., 2000).

It was suggested that solar wind ion sputtering may
count for part of the Na and K in the exosphere becaus
the localization at high northern and southern latitudes a
day side and the rapid temporal changes of the populatio
the order of a day and less (Potter and Morgan, 1997a; P
et al., 1999). In addition, diurnal variations of Na and K c
umn abundances have been observed (Sprague et al., 1
with morning and midday Na column abundances a facto
three larger than in the afternoon. Based on a four-year
set of observations of Na at Mercury, Sprague et al. (1
1998) reported correlations of increased Na column ab
dances with large surface features, like the Caloris bas
some radar bright spots.
-
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-
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With the magnetometer on-board Mariner 10 it was fou
that Mercury possesses a small magnetosphere due to
trinsic magnetic field (e.g., Ness et al., 1974, 1976; Ogi
et al., 1974). It is assumed that a direct interaction of
solar wind with the planet surface is very unusual, beca
the magnetosphere is holding off the solar wind mos
the time (see reviews by Russell et al., 1988; Wurz
Blomberg, 2001). Based on studies using different mag
tospheric models it has been argued that Mercury’s m
netosphere could be open to the solar wind over signifi
areas when the interplanetary magnetic field turns south
(Luhmann et al., 1998; Sarantos et al., 2001; Killen et
2001; Massetti et al., 2002). Solar wind particles can th
fore reach the surface where they act as sputtering ag
for surface particles. Lammer and Bauer (1997) showed
particle sputtering could be a source of hot Na atoms w
ejection speeds larger than 2 km s−1. Micrometeorite impac
vaporization could also be responsible for hot compon
in Mercury’s exosphere (e.g., Cheng et al., 1987; Morga
al., 1988, 1989; Sprague, 1990; Cintala, 1992; Killen et
2001).

A more astounding and unexpected discovery was m
in radar measurements of Mercury where radar bright
gions near the poles were found (Harmon and Slade, 19
These regions have been used to argue for the presen
condensed volatile species in a manner analogous to
suggested for permanently shadowed regions on the M
These areas were originally attributed to H2O ice (Harmon
and Slade, 1992). Contrary to that it has been sugge
that cold silicate minerals would also produce similar
sults (Starukhina et al., 2000). The chemical nature of s
volatile deposits on Mercury was proposed to be ei
water-ice (Harmon and Slade, 1992; Harmon et al., 20
elemental sulfur (Sprague et al., 1995), or even Na (H
mon and Slade, 1992). Direct measurements by instrum
tation on ESA’s planned Mercury Surface Element (MS
and remote observations of Mercury’s surface using X
and optical spectroscopy as well as in situ measuremen
the exospheric composition from an orbiting spacecraft,
the Mercury Planetary Orbiter (MPO) of the BepiColom
mission, could resolve the controversy and help to exp
the cycling of volatile elements between Mercury’s inter
surface mineralogy and exosphere, and the contributio
meteoritic and cometary material to Mercury’s near-surf
volatile budget.

In this paper we present a new Monte-Carlo simulatio
Mercury’s exosphere. We calculate the exospheric dens
by using a Monte-Carlo technique, which has the advan
that different particle release processes from Mercury’s
face can be modeled. Depending on the species, we sim
thermal release, photon-sputtering, particle sputtering
micrometeorite impact vaporization to release particles
the exosphere. From the obtained density profiles we
evaluate whether an instrument measuring the exosp
gas composition in situ by mass spectrometric means,
the measurement analyzer for atoms and ions (MAIA)
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strument proposed for the MPO spacecraft (Mildner et
2001), will have sufficient sensitivity to measure the
emental, chemical and isotopic composition of Mercur
exosphere along the MPO orbit and assess how well
measurement could be done.

2. Particle source processes

Particles are directly released from Mercury’s surface
the exosphere by a variety of processes. The possibilitie
thermal release, particle sputtering, photon-sputtering,
micrometeorite impact. Depending on the species, local
(Hermean day), orbital position (Hermean year), and s
wind conditions, different processes will be important for
particle release. These processes have been discussed
over the years (e.g., Killen and Ip, 1999; Lammer and Ko
2001, and references therein). Na is the best studied ele
in terms of the different release processes (e.g., Killen e
2001).

Our Monte-Carlo model assumes angular and velo
distributions at the surface in three dimensions as prescr
by the release process and follows the individual trajecto
of the particles through the exosphere until the particles
the surface or escape from the planet. A particle falling b
onto the surface is considered lost since the high poro
of the surface, and the associated large surface corruga
makes it very unlikely that these particles are directly
ly

t

,

flected back into the exosphere. Rather, the particles
be thermalized and possibly efficiently trapped in the s
For example, the porosity of the surface of the moon is
(Heiken et al., 1991) and even higher porosities for the H
mean surface have been considered (Killen et al., 2001
the model, no assumptions are made for the exosphere i
for example barometric scaling or nonbarometric scal
everything follows from the trajectory calculations. In o
calculations we consider all species listed in the review
per by Killen and Ip (1999) and which we reproduced
Table 1 together with the model parameters we used.
way we implement the different processes is detailed be

Thermal release will be responsible for the diffusion
the surface and the release of volatiles into the exosphe
our model, species released thermally are H, He, Ar, Ne,2,
O2, N2, H2O, OH, and CO2. Probably H and He originat
mostly from the solar wind in a similar way as on the Mo
(e.g., Hinton and Taeusch, 1964; Johnson, 1971; Hod
1973, 1980). The other species listed above originate f
Mercury, either diffusing through the crust or evaporat
from condensed volatiles. The solar wind ions can pene
the Hermean magnetosphere on open magnetic field l
the cusp region, and reach the planetary surface where
become implanted into the soil at locations associated
these areas of open magnetic field lines. Implanted H an
will migrate to the surface by diffusion driven by the surfa
temperature and thermally desorb into the exosphere. In
case that solar wind H and He particles are reflected from
ome of the

therein).
Table 1
Input parameters for the Monte-Carlo calculations for the considered species

Compound Surface density (m−3) Column density (m−2) Temperature (K) Surface binding energy,Eb (eV)

Ha 2.3× 107, 2.3× 108 – 420, 100 –
He 6.0× 109 – 575 –
O 4.4× 1010 – – 3.4
Nab – 2.0× 1015 1100 –
Nac – 1.7× 1013 – 1.2
K – 1.0× 1013 900 –
K – 9.0× 1010 – 2.4
Ar – 6.6× 1012 540 –
Ned 6.0× 109, 7.0× 1011 – 540, 110 –
H2 2.6× 1013 – 540 –
O2 2.5× 1013 – 540 –
N2 2.3× 1013 – 540 –
CO2 1.6× 1013 – 540 –
H2O 1.5× 1013 – 540 –
OH 1.5× 1011 – 540 –
Mg – 3.9× 1014 – 2.4
Ca – 1.1× 1012 – 2.1
Fe – 7.5× 1012 – 2.4
Si – 1.2× 1014 – 2.4
S – 2.0× 1014 – 2.4
Al – 3.0× 1013 – 2.4

Compositional data are taken from Killen and Ip (1999) and from Bida et al. (2000); for temperatures and surface binding energies see text. S
surface or column densities are upper limits.

a The measured Mariner 10 data was best reproduced by a hot and a cold component (Hunten et al., 1988; Killen and Ip, 1999, and references
b Killen and Ip (1999) give a range of 1.7–3.8× 1010 m−3.
c Suprathermal (sputtered) Na component ofT0 ≈ 6500 K (Potter and Morgan, 1997a).
d Day- and night-side surface densities (Killen and Ip, 1999).
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surface (as neutrals), we assume in our model complet
commodation with the surface temperature, e.g., resam
a Maxwellian-like distribution. Since it is very likely that th
surface material is a fine grained soil with particles size
100 µm and less (Langevin, 1997; Cooper et al., 2001)
probability of localized multiple collisions is high and hen
accommodation is likely.

For the supply of less volatile and refractory species
Mercury’s exosphere photon-stimulated desorption, m
oritic impact vaporization, and sputtering are generally
sumed. Thermal release, photon-stimulated desorption
meteoritic impact vaporization are active exospheric so
processes happening all the time, with the former two h
ing a pronounced day-night modulation. On the other ha
the average meteoritic influx on Mercury, is presumed
be isotropic over the whole planet (e.g., Killen et al., 19
2001). Increased sputtering by solar wind ions results w
the magnetosphere opens its field lines in response
southward interplanetary magnetic field or at unusually la
solar wind dynamic pressure. Solar wind ions will ente
the cusp regions (Luhmann et al., 1998; Sarantos et al., 2
Killen et al., 2001; Massetti et al., 2002) and lead to a ra
increase in contents of surface sputtered particles in the
osphere. Sputtering by magnetospheric ions from the
region may occasionally contribute material to the exosp
at the night-side from selected locations. During quiet d
that is during times of no precipitation of solar wind or ma
netospheric ions onto the planet’s surface, thermal rele
photon-stimulated desorption and meteoritic impact va
ization will be the only processes populating the exosph
By performing measurements on the night-side one alm
exclusively studies micrometeoritic impact vaporization.

2.1. Photon-stimulated desorption

Photon-stimulated desorption (PSD), which sometim
is referred to as photon sputtering, of sodium was the
process proposed as a major source of Na in the Herm
exosphere (McGrath et al., 1986). That the Na distribu
peaks at the sub-solar point at times was considered
evidence for PSD (Killen et al., 1990). We will also use P
to model the main Na exosphere. Yakshinskiy and Ma
(1999) found in laboratory studies that Na atoms can be
leased via PSD from surfaces that simulate lunar silica
They found that bombardment of such surfaces at temp
tures of about 250 K by ultraviolet photons with waveleng
λ < 300 nm causes very efficient desorption of Na atom
was found that the photon-stimulated desorption is indu
by electronic excitations rather than by thermal processe
momentum transfer. However, the surface temperature
be responsible for diffusion of material to the surface.

Killen et al. (1999) found that sodium in the exosph
appears to be hotter than the surface by about 600–7
everywhere. The energies associated with these Na gas
peratures are consistent with laboratory measurements o
locity distributions for PSD. Yakshinskiy and Madey (200
-

;

-

,

-

r

-
-

2001b) found for PSD of Na and K velocity distributio
peaking at 1000 and 650 m s−1 for desorption from SiO2,
respectively, and peaking at 800 and 500 m s−1 for desorp-
tion from ice (at≈100 K). A good mathematical descriptio
of these velocity distributions has been given by Johnso
al. (2002), which we use in our model

(1)fPSD(E) = β(1+ β)
EUβ

(E + U)2+β

with E the particle energy,U the characteristic energy fo
PSD for a particular species, andβ the shape parameter
the distribution (βNa = 0.7 andβK = 0.25 (Johnson et al
2002)). The peak in the Na velocity distribution reported
Yakshinskiy and Madey (2001a, 2001b) agrees well with
Na temperatures deduced from line widths of Na in M
cury’s exosphere (Killen et al., 1999). Therefore, we us
our model for PSD of Na and K characteristic energiesU

derived from a temperature which is 600 and 400 K ab
the Hermean surface temperature.

Only volatile species, mostly Na and K, will be releas
into the exosphere via PSD. Water may also be rele
by PSD and possibly sulfur if exposed to sunlight. Th
species may be present at the poles (see discussion a
and are most likely buried under a layer of regolith but m
be brought to the surface by meteoritic impact, for exam
In summary, PSD is highly nonstoichiometric in reprod
ing the composition of the surface in the exosphere.

We can calculate the flux of photon-stimulated desorp
of Na atomsφPSD

Na from

φPSD
Na = fNaNS

∫
φph(λ)QNa(λ)dλ

(2)≈ 1

4
φphQNafNaNS,

where the factor 1/4 gives the surface-averaged value.φph is
the solar UV photon flux at Mercury,QNa is the PSD cross
section,NS is the regolith surface density, andfNa is the
sodium fraction in the regolith. The experimentally det
mined PSD cross-section for Na isQNa = 1–3× 10−20 cm2

in the wavelength range of 400–250 nm (Yakshinskiy
Madey, 1999). The regolith surface density is assumed t
NS = 7.5×1014 cm−2 with a sodium fraction in the regolit
of fNa = 0.0053 (Killen et al., 2001). The solar UV photo
flux at 0.38 AU integrated over the wavelength range fr
0.1–318.0 nm isφph = 3.31×1015 cm−2 s−1 × (1/0.38)2 =
2.29 × 1016 cm−2 s−1 (Jursa, 1985). Using these valu
Eq. (2) evaluates to a PSD flux of Na atoms ofφPSD

Na ≈
4.1× 1012 m−2 s−1. With an average release velocity ofv =
1000 m s−1 (Yakshinskiy and Madey, 2001a, 2001b) we
an exospheric density at the surface ofn0 = 4.1× 109 m−3.
We can compare this exospheric density at the surface
the measured column density ofnC = 2× 1015 m−2 (Killen
and Ip, 1999). AssumingU = 0.098 eV in Eq. (1) (corre
sponding to a temperatureT0 = 1100 K, sub-solar point) re
sults in an exospheric density at the surface of 6.8×109 m−3

using our Monte-Carlo code. The two exospheric surf
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densities compare well, considering that there is an incr
in PSD cross-section for wavelengths short of 300 nm, wh
we did not include, and the Mercury regolith surface den
may be on the small side.

Since we are mostly interested in the exospheric de
ties near the planet, at the orbit of the BepiColombo/M
spacecraft of 400× 1500 km, and are not interested
the exospheric tail extending more than 10 planetary r
in the anti-sunward direction (Potter et al., 2002), we
not consider the change of trajectories by photon pres
and the loss of particles due to photo-ionization. These
processes mainly affect Na and K, and much less all
other species. For Na the photo-ionization lifetime is 5.5–
16.9× 104 s at Mercury’s pericenter (see Potter et al., 20
and references therein). The travel times to an altitud
1500 km, which only few particles reach, are of the orde
103 s. For K the photo-ionization lifetime is≈105 s at Mer-
cury’s pericenter and for the other species it is even large
an order of magnitude (Kumar, 1976; Killen and Ip, 199
Using an extensive set of observations, Sprague et al. (1
found no correlation of the column densities with radiat
pressure and concluded that “radiation acceleration is
the major factor influencing the distribution of Na about
planet’s sunlit hemisphere.”

2.2. Solar wind supply

The solar wind ions can impinge on the planet’s s
face by direct penetration through the cusp regions un
favorable orientations of the interplanetary magnetic fi
(Luhmann et al., 1998; Sarantos et al., 2001; Killen et
2001; Massetti et al., 2002), and act as sputtering ag
(e.g., Hodges, 1973, 1980; Killen and Ip, 1999). The
lar wind ion flux at the surface is expected to vary as
magnetosphere responds to the solar wind density and
locity and the orientation of the interplanetary magnetic fi
(e.g., Luhmann et al., 1998; Kabin et al., 2000; Saranto
al., 2001). Long time observations of Na column conte
showed that Mercury’s exosphere is temporally and spat
highly variable (Potter and Morgan, 1997a; Potter et
1999). The authors found during a week-long observa
from 13 to 20 November 1997, that the total Na conten
Mercury’s exosphere increased by a factor of three and
the spatial distribution varied daily. Potter et al. (1999) a
later Killen et al. (2001) concluded that the rapid variatio
in the Na content during that time period are coupled to s
wind-magnetospheric interactions. Magnetospheric ions
ting the planet’s surface at the auroral zones will also ca
sputtering. The suprathermal Na atoms, i.e., extended N
osphere (Potter and Morgan, 1997a) and the Ca exosp
(Bida et al., 2000) are considered to be results of par
sputtering. In general, probably all refractory elements
be introduced into the exosphere via particle sputtering
ing times of ion precipitation.
)

-

-
e

One can estimate the total flux of precipitating solar w
particles onto Mercury’s surface as:

(3)Φsw = CρswvswAs,

with solar wind densityρsw, the solar wind velocityvsw and
the surface areaAs associated with open magnetic field line
The factorC in Eq. (3) reflects the assumed difference
the surface area with open field lines and the correspon
area in the undisturbed solar wind. Goldstein et al. (19
estimated a maximum flux of solar alpha particles prec
tating along open field lines of about 9×1023 s−1 by scaling
an Earth magnetospheric model. Recent model calcula
show that by usingC = 4 (Killen et al., 2001) the fluxe
given by Eq. (3) represent peak fluxes and the average
wind flux propagating onto Mercury’s surface along op
field lines is markedly lower (Massetti et al., 2002).

The local solar wind flux at locations of open fie
lines, φsw = Φsw/As, is estimated from Eq. (3) asφsw ≈
10 cm−3/(0.38)2 × 400 km s−1 = 2.8× 1013 m−2 s−1 with
C = 1. Using a weighted sputter yield of the solar wind
1 keV/nuc of Ytot = 0.15 per solar wind ion (for the mix
of H, He, O, . . .Fe) we get the sputtered flux asφsput ≈
4.2 × 1012 m−2 s−1. With a typical energy of the sputtere
Na particles of 0.6 eV, corresponding to the temperature
T0 = 6500 K of the suprathermal Na atoms, i.e., the
tended Na exosphere (Potter and Morgan, 1997a), we
an exospheric surface density of Na ofn0 = 1.9× 109 m−3

from this simple estimate using the regolith density fr
above. Taking a column density ofnC = 4 × 1015 m−2 at-
tributed to sputtering in the November 1997 observati
(Potter et al., 1999) we get an exospheric surface densi
n0 = 2.1× 109 m−3 from our Monte-Carlo code using a N
surface binding energyEb = 1.2 eV (see below). Given th
accuracy with which the individual parameters can be e
mated we feel that the agreement is reasonable.

2.3. Particle sputtering

Sputtering from a solid planetary surface is calculate
exact analogy with sputtering from an atmosphere (Siev
and Johnson, 1984; Johnson, 1990; Lammer and Ba
1997). It produces particles that can directly escape o
their velocity is insufficient, the particles move along b
listic trajectories. The energy distribution for particles sp
tered from a solid,f (Ee), with the energyEe of the sput-
tered particle, has been given as (Sigmund, 1969):

(4)f (Ee) ∝ Ee

(Ee + Eb)3

{
1−

[
(Ee +Eb)

Ei

]1/2
}
,

whereEb is the surface binding energy of the sputtered p
ticle andEi the energy of the incident, the projectile, par
cle. Note that the maximum of the energy distribution is
Emax= Eb/2.

Particle sputtering will release all species from the s
face into space reproducing more or less the local sur
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composition on an atomic level. Preferential sputtering
the different elements of a compound will lead to a surf
enrichment of those elements with low sputtering yie
However, the steady-state composition of the flux of sp
tered atoms will reflect the average bulk composition. Th
particle sputtering, when operative, will give us informat
also about the refractory elements of the surface, for ex
ple the Ca exosphere that was observed over the poles
et al., 2000).

Sputtering by solar wind ions will only occur for re
stricted time intervals when the interplanetary magnetic fi
is oriented favorably or the solar wind dynamic pressur
very high. Even under favorable conditions only a few p
cent of Mercury’s surface are associated with open magn
field lines (Massetti et al., 2002). However, the solar w
also has a neutral component, at Earth orbit its flux is 10−4–
10−3 of the ion flux (Collier et al., 2001). The neutral so
wind (NSW) is not deflected by the Hermean magnetosp
and thus permanently causes sputtering on the entire
side of the planet. At Mercury’s orbit the NSW fraction m
be lower than at Earth orbit, perhaps less than 10−4, but the
larger area and the continuous presence of the NSW
yield sputter fluxes comparable to the sputter fluxes re
ing from solar wind ions.

2.4. Micrometeorite impact vaporization

Micrometeorite impacts may contribute to the product
of exospheric densities, including low-volatile and refract
species. Especially during quiet times, i.e., without energ
ions from the magnetosphere or the solar wind hitting
surface, it may be the only release process acting ove
whole planetary surface. The impact of micrometeorites
evaporate a certain volume from Mercury’s surface to the
ospheric gas at the impact site. About one to two order
magnitude more material than its own is released bec
of the high impact speed for meteorites at Mercury (C
tala, 1992). Unfortunately, the infall of meteorites will ha
contaminated the Hermean surface at a level of 1% to
over the billion of years of bombardment. The meteor
will consist of mainly refractory material since the meteo
population in the inner solar system is not as rich in H2O and
other volatiles as in the outer solar system, which is m
cometary-like being supplied from cometary matter hav
their origin in the Kuiper Belt (Divine, 1993).

The ratio of the maximum ejecta velocity to the prima
impact velocity decreases with increasing impact speed.
measured temperature in the micrometeorite produced v
cloud is in the range of 2500–5000 K (Eichhorn, 1978
Such temperatures are up to a factor ten higher than
cury’s dayside surface temperature. The corresponding
acteristic energies are still lower than for particles that re
from surface sputtering. We use for the simulation of tra
tories for particles that have their origin in micrometeo
vaporization a Maxwellian-like energy distribution with
average gas temperature of about 4000 K.
a

-

r

-

For the determination of the micrometeoroid energy d
sity distribution we need the mean temperature of the eje
or vaporized meteoroid cloud. Eichhorn (1978a, 197
studied the velocities of impact ejecta parameters during
pervelocity primary impacts. He found that the velocity
the ejecta increases with increasing impact velocity and
creasing ejection angle, with the ejection angle meas
with respect to the plane of the target surface.

As an example, the number of Na and K atoms ad
to Mercury’s exosphere via impact-driven supply each s
ond can be estimated from the mass of the infalling m
rial per second and the meteorite impact velocity. Furt
the elemental abundance of Na and K in Mercury’s s
face regolith and in the micrometeorite population regu
the number of Na and K atoms that are added to the
ospheric particle population (Morgan et al., 1988). Cint
(1992) estimated the total vaporization for Mercury to ra
from 8.18× 10−16 to 2.75× 10−15 g cm−2 s−1 for aphe-
lion and perihelion, respectively. Later, using a higher m
influx and considering surface porosity, Killen et al. (200
estimated the total impact vaporization rates on diabas
golith and found vaporization rates between 9.0 × 10−16 to
1.6 × 10−14 g cm−2 s−1. From the total vaporization rate
Na vaporization rates can be estimated that correspon
fluxes of released Na atoms, which range from 1.3× 109 to
2.2× 1010 m−2 s−1. With the most probable speed of Na
4000 K we get exospheric surface gas densities of Na r
ing fromn0 = 7.2× 105 m−3 to n0 = 1.3× 107 m−3. These
densities have to be compared with the exospheric su
density for quiet times of 2.1× 1010 m−3 derived from ob-
servations (see above). The comparison based on exosp
surface density is unfavorably distorted by the different
locities of the released atoms for the various processes
comparing the column densities is more objective. Anyw
aside from the uncertainties of the estimate, the contribu
to the exosphere by impact-vaporization appears to be
or two orders of magnitude smaller than by other proces
when these processes operate. Impact vaporization may
be relevant at the night-side of the planet. However, sin
is a vaporization process setting free a whole volume of
surface it holds the hope that the resulting exosphere refl
the surface composition including the chemical compou
even better than sputtering.

2.5. Generation of thermal particle velocity distributions

Since several release processes result in thermal di
utions of the exospheric particles, either at the local sur
temperature or at some elevated temperature, we create
a distribution by using Gaussian deviates. A set of th
Gaussian deviates is needed to determine the compone
a velocity vector for the thermal particle release at the
face. The Gaussian deviates, denotedGi , are calculated by
using the relation given in (Zelen and Severo, 1965; Hod
1973):

(5)Gi = [−2 ln(pi)
]1/2 cos(2πqi),
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wherepi andqi are uniform deviates between 0 and 1. T
variance of eachGi is 1 (for i = 1,2,3). The initial velocity
vector,v0 = (v1, v2, v3), at the start of the particle trajecto
is

(6)v0 =
(

m

kBT0

)1/2

G + r × �,

with particle massm, the Boltzmann constantkB, T0 the
main temperature of the released particle,r the release lo
cation on the surface, and� the rotation of the planet. Th
particle velocityv0 at the point of origin on Mercury’s sur

face is
√

v2
0. The main temperatureT0 is taken either as loca

surface temperature at the particle release site or as
acteristic temperature of the release process as discu
above. According to infrared measurements on Marine
(Chase et al., 1976) the day-side temperature follows a “1/4”
law withTmax the temperature at the sub-solar point andTmin
the night-side temperature. Thus we can write the local
face temperature as

(7)T0(φ, θ) =



Tmin + (Tmax− Tmin)(cosφ cosθ)1/4,

0< |θ | < π/2,

Tmin, π/2< |θ | < π,

with the longitudeθ being measured from the planet-s
axis and the latitudeφ measured from the planetary equ
tor.

2.6. Generation of sputtered particle velocity distributions

For the generation of the energy distributions of partic
released via sputtering or via PSD we employ the trans
mation method. Instead of Eq. (4) we use for our mo
simulations the simpler form

(8)fE(Ee) =
{

2Eb
Ee

(Ee+Eb)
3 , if Ee <Ei,

0, otherwise.

The difference between Eqs. (4) and (8) is only noticeab
energies close toEi , where the probability is very low any
way. Note that Eq. (8) is normalized. By multiplyingfE(Ee)

with the total sputter yieldYtot for primary particles of en
ergyEi we obtain energy resolved absolute sputter yie
Similarly, we obtain energy resolved PSD yields by mu
plying fPSD(E) with Eq. (2). Starting from the surface com
position is not considered further in this study, aside fr
the estimates given above, because there are no data
able for the surface composition, since no spacecraft
landed on Mercury. Moreover, remote sensing did not y
any useful data on surface composition because of obs
tional difficulties. In our follow-up study we investigated th
release of particles by sputtering and PSD all the way f
the surface into the exosphere (Lammer et al., 2002).

Equations (1) and (8) can be integrated easily and the
tegral can be inverted. Using a uniform distribution in t
interval[0,1] as input for the inverted integral we get the d
sired distribution of random values with probability matc
-
d

l-

-

ing Eqs. (1) and (8). The same approach is taken for the
vation angle distribution for sputtering that isfα ∝ cos(α)n

with n being 2 (Hofer, 1991). For the azimuth angle
used a uniform distribution over 2π . Having the energy, th
azimuth and elevation angle we can calculate all three c
ponents of the initial particle velocityv.

3. Particle energy and ejection angle distributions

The particles released from Mercury’s surface are mov
mainly on ballistic trajectories. Trajectory modifications d
to radiation pressure are not considered in the present m
From the many elements found and expected in Mercu
exosphere only Na and K are strongly affected by solar
diation such that they may experience substantial acc
ation as well as exospheric losses due to photo-ioniza
The recent observation of the extended Na tail on Mercu
night-side is strong evidence for radiation-pressure acc
ation (Potter et al., 2002).

We can calculate the elevation angleαj from particle
velocity vj and the vertical velocity componentvzj (with
j = 0,1,2,3,4,5, . . . , n, andn the total number of altitude
steps considered in the simulation):

(9)αj = arcsin

(
vzj

vj

)
,

wherevzj is the velocity component inz-direction, pointing
away from the planetary surface andα0 is the ejection angle
Since we know the altitude step"z we can calculate th
flight time tj for a particle for this step as

(10)tj = vj sin(αj )

g(r)
−

{[
vj sin(αj )

g(r)

]2

−
(

2"z

g(r)

)}1/2

,

whereg is Mercury’s gravitational acceleration as functi
of planetocentric distancer, tj is the flight time of each par
ticle per altitude step. After knowing the flight time for a
altitude step one can calculate the newvz,j+1, vj+1 andαj+1
corresponding to the new altitudezj+1 above the surface.

Figure 1 shows a few calculated ballistic trajectories
the thermal release of hydrogen, helium, sodium, and
sputtered calcium. Shown are the ejection angles of p
cles (elevation angle, Eq. (9)) along their trajectory fr
Mercury’s surface to maximum height. The color cod
of the points indicates the particle’s energy at a partic
height. In our study we follow each trajectory of the relea
particles by numerical integration until the particle hits
planetary surface again or leaves the calculation dom
Figure 1 covers the altitude range of the MPO spacec
with the horizontal line at 400 km height indicating the p
iherm distance. One can easily see that the scale heig
strongly mass dependent. Thermally released hydrogen
ily reaches the spacecraft altitudes, helium less, and so
atoms rarely will reach even periherm altitudes. The sp
tering process imparts more energy on the released p
cles, typical energies are a few eV. Thus, sputtered part
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the

Fig. 1. Trajectories for the first hundred particles of a simulation for thermal release of hydrogen (upper left panel), helium (upper right panel), sodium (lower
left panel), and for sputtered calcium atoms (lower right panel) for the altitude range of the MPO spacecraft. The angle is measured with respect tosurface
plane (elevation angle); the color-coding gives the kinetic energy of the particles.
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reach altitudes by far exceeding the MPO spacecraft altit
which can be seen in the simulation for sputtered calciu

4. Model generated density profiles of Mercury’s
exosphere

Using many calculated trajectories we can calculate
density profile of all different species if we know the relea
process and the associated parameters. The height depe
density is derived from

(11)n(r) = n(zi) = ñ

(
RM

r

)2 ∑
j

tj ,

where the sum extend over all particlesj that cross the sur
face located at heightr = RM + i"z. At present we calculat
height profiles but not the absolute densities and we scal
,

nt

result to the measured or inferred exospheric data. The
ing factor ñ is established either by prescribing a colu
density or a surface density that Eq. (11) has to reprod
This procedure has been chosen because only compo
data of the exosphere is available, but there are no da
the surface composition available.

In order to check our code we compare our results w
measured data. Measured height profiles are available
for selected elements. For hydrogen and helium there
Mariner 10 data sets available (Hunten et al., 1988),
for calcium there are ground-based observations avai
(Bida et al., 2000). For hydrogen and helium we took
reported particle densities at the surface, for calcium
took the reported column density. A comparison between
calculated density profiles and the measured particle d
bution is given in Fig. 2 for H, He, and Ca. For the therm
emission process, e.g., for H and He, the agreemen
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Fig. 2. Comparison of calculated densities for hydrogen (top panel), he
(middle panel), and calcium (bottom panel) and measured densities
text for details.
tween measured and calculated data is satisfactory. Note
the calculation for hydrogen includes a cold componen
T0 = 100 K with a surface density of 23× 107 m−3 and
a hot component ofT0 = 420 K with a surface density o
23× 106 m−3 (Hunten et al., 1988). The sum curve of the
two components is given in Fig. 2 together with two data s
from Mariner 10 observations. For He only one compon
of T0 = 575 K with a surface density of 6.0 × 109 m−3 is
necessary to reproduce the experimental data (Hunten e
1988). Ca is presumably sputtered from Mercury’s surf
because of the large optical line-width, which is interpre
asT0 = 12,000 K, and the proximity of the Ca exosphe
particles close to the poles of the planet where solar w
penetration may occur (Bida et al., 2000). Of course,
large temperature has to be interpreted as mean ener
1.03 eV of the Ca atoms, which gives a binding energy
Eb = 2.1 eV in Eq. (8). The result of our calculation fo
Ca together with two sets of Ca optical measurements f
Bida et al. (2000) are given in Fig. 2. The agreement is
as good as for H and He, but still reasonable. Becaus
the high mean energies Ca has a large scale height in
exosphere. Since Ca is sputtered from the surface by
wind there will be strong temporal as well as spatial va
ation of the Ca emission into the exosphere, which affe
the measured data. Bida et al. (2000) already reported o
“apparently very dynamic Ca corona.”

Note that our data in Fig. 2 are not fit to the experim
tal data, but arise from the calculation of the profile us
the prescribed temperature or surface binding energy. O
the measured surface density or the column density are
as scaling parameter. It would be desirable to have more
perimental data to check our code against. However, the
of these data was exactly the reason why we develope
present code. In the future we will fully integrate the rele
processes into the code. Instead of calibrating to a sur
density (or column density) we will start with a surface co
position, calculate the released particle fluxes (due to s
UV photons, solar wind, micrometeorids, . . .), and finally
the exospheric densities as we discussed above in the
tions 2.2 through 2.4 (Lammer et al., 2002). In order to
quantitative we need to know the exact surface composi
which is not known at present.

5. Results

We calculated density profiles for all elements and co
pounds reported in (Killen and Ip, 1999; Bida et al., 20
since we wanted to study the possible mass spectro
ric analysis of Mercury’s exosphere (Mildner et al., 200
We investigated all four release processes, thermal rele
photon-stimulated desorption, micrometeorite impact
porization and sputtering of particles, which were cho
depending of species to be released into the exosphere
parameters for which the calculations were performed
listed in Table 1. Scaling the results from our Monte-Ca
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t-side
Fig. 3. Calculated exospheric densities for thermal emission for indicated species and PSD for Na and K at the day-side (left panel), at the nigh(right
panel). See text for details.
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calculation to absolute densities was done using eithe
surface density of the column density. Both approaches
the same density profile, however using the surface de
relaxes the need to perform the calculations to large
tudes.

For modelling thermal release we used the local sur
temperature given by Eq. (7). For PSD of Na and K we u
the energy distribution given by Eq. (1) using a character
energy derived from the modified surface temperatureT0, as
described in Section 2.1. Figure 3 shows the density pro
we obtained for the extremal cases, the day-side at a su
temperature ofT0 = 540 K and the night-side atT0 = 110 K.

For modelling of micrometeorite impact vaporization
use thermal release with a characteristic temperature ofT0 =
4000 K. To obtain absolute densities we take the exosph
surface densities or column densities given in Table 1
vided by a factor of 100 based on the estimate given
Section 2.4.

Release by energetic ion sputtering is described by Eq
using a characteristic energyEb, the surface binding energ
Assessing the characteristic energy for the sputtering pro
is difficult since that parameter depends on the chemica
vironment of the element under consideration. Although
elemental, chemical and mineralogical composition of M
cury’s surface is not well known, many elements are lik
bound to oxygen. For example Na could be containe
feldspar (NaAl2Si3O8). For physical sputtering of Na from
solid, i.e., the supra-thermal Na component, using a bin
energy ofEb ≈ 2 eV would be in agreement with labor
tory measurements (Hofer, 1991). The measurement o
supra-thermal Na by Potter and Morgan (1997a) gave a
sity profile that was best fit by a barometric model with
temperature ofT0 = 6500 K, which relates to a binding e
ergy of Eb = 1.2 eV. For the other sputtered elements
e

s

-

assume somewhat larger binding energies, which are g
in Table 1. Since oxygen atoms are bound to the parent m
cule/mineral even more tightly, the overall binding energ
expected to be in the range of 3–4 eV and we take 3.4 eV
in our calculations. Using the energy distribution of Eq. (
Na and O atoms are ejected with typical energies of abo
and 1.7 eV. These energies compare well with observat
and other estimates (Ip, 1986; Potter and Morgan, 19
Lammer and Bauer, 1997; Bida et al., 2000). Figure 4 sh
the results of our calculation for micrometeorite impact
porization and for particle sputtering. Micrometeorite imp
vaporization will be homogenous over the whole planet,
ticle sputtering, on the contrary, will be very localized
places where (and when) the solar wind can reach the p
et’s surface.

6. Discussion

Thermal release of particles into the exosphere imp
only modest energy to the particles and the achieved
tudes of these particles are therefore limited, as can be
from the results presented in Fig. 3. Even on the day-
the particle densities are low at the MPO spacecraft
tude (400 km at pericenter, 1500 km at apocenter). Wi
detection limit of≈107 m−3 for the MAIA instrument on
the MPO spacecraft, one can detect at pericenter all
mally released species but Ar listed in Table 1. Note
MAIA measures the particle flux rammed into its instrum
entrance as a result of the spacecraft motion rather than
suring the local particle density. At apocenter only H2, He,
and H2O released thermally and Na and K released via P
can be detected. The density fall-off within spacecraft a
tude range is large. This in turn will allow the estimation
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.
Fig. 4. Calculated exospheric densities for micrometeoritic impact vaporization (left panel), and sputtering (right panel). See text for details
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the characteristic temperature (or characteristic energy
the emission process quite well from the density profile
finally one can derive the column densities of the species
the night-side only H, H2, and He can be detected at perice
ter and only H2 at apocenter. We have not considered rele
via PSD of Na and K on the night-side since it will not be o
erative there. However, Na and K will be accelerated tow
the night-side by photon pressure (Ip, 1986, 1990). This
been observed recently with densities in the tail region be
orders of magnitude lower than at the day-side of the pla
(Potter et al., 2002).

Particle sputtering and micrometeorite impact imp
more energy on the released particles and the resulting
heights compare more favorably to the MPO spacecraf
titude. From the sputtered particles O, Mg, S, Si and Al
within the detection range (at least at pericenter) of MA
and sputtered, e.g., supra-thermal, Na is marginally ab
the detection limit. Although the column densities for t
refractory elements are considered to be quite high, the l
particle densities in the exosphere are low since these p
cles are distributed over a large altitude range because o
large scale height resulting from the high energies from
sputter process. Since the scale height of sputtered elem
is of the order of the MPO spacecraft altitude and high
there is not a large change in densities over the space
altitudes and therefore it will be more difficult to derive t
characteristic energy and the column density than for t
mally released particles.

From the measurement by the radio occultation ex
iment on Mariner 10 an upper limit of the ionosphe
electron density was derived, and an upper limit of
atmospheric density of 1012 m−3 was deduced from thi
measurement, corresponding to an exospheric pressu
≈10−10 mbar (Fjelbo et al., 1976). Summing up our c
culated exospheric surface densities of the known elem
e

l

s

t

f

(H, He, O, Na, K, Ca) on the day-side results in a to
exospheric gas density of 5× 1010 m−3, which is almost
two orders of magnitude less than the reported upper l
by Fjelbo et al. (1976). Considering all surface densi
on the day-side results in a total exospheric gas densi
1.05× 1014 m−3, which is two orders of magnitude high
than the reported upper limit. The exospheric density at
surface is dominated by volatile species that have not b
measured so far and for those only an upper limit was g
in the literature (Killen and Ip, 1999). So it may well be th
these upper limits are considerably above the actual den
of these species. On the other hand, the deduction of the
surface density was questioned and it was argued the h
value from the EUV measurement of 10−9 mbar should be
taken (Broadfoot et al., 1974; Hunten et al., 1988). Assu
ing a thermal gas at about 600 K results in an exosph
surface density of 1013 m−3, still lower than the total den
sity resulting from our calculation. Probably the densities
the volatile species reported in Table 1, H2, N2, O2, H2O,
and CO2, have to be reduced by at least an order of m
nitude. However, a direct measurement will be necessa
decide on this issue.

7. Conclusions

In this paper we presented first results from a new Mo
Carlo code we developed in support of investigations
Mercury’s exosphere by instrumentation intended for
ture Mercury missions. For the few experimental data
available on Mercury’s exosphere we find that our code
produces these data reasonably well. For many other sp
we used reported column densities and the assumed re
processes to model density profiles. Although there is q
some uncertainty in the various contributions to Mercur
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exosphere we can conclude that even an in situ mea
ment of local particle densities by mass spectrometric m
seems feasible.

Based on our trajectory calculations we conclude
Mercury’s exosphere will not reproduce small-scale f
tures of the surface. Since particle emissions extend
large angular ranges and the characteristic energies are
substantial smearing of compositional surface feature
spacecraft altitudes will occur even for sputtered partic
Therefore, the spatial resolution of an instrument measu
exospheric densities will be similar to the spacecraft altitu
Any fast changes in exospheric density, which may be
served from an orbiting spacecraft along its trajectory,
be due to temporal changes of the release of particles
the surface in agreement with earlier conclusions by Po
et al. (1999).
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