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Abstract

Mercury’s close orbit around the Sun, its weak intrinsic magnetic field and the absence of an atmosphere (Psurface< 1 × 10−8 Pa)
results in a strong direct exposure of the surface to energetic ions, electrons and UV radiation. Thermal processes and partic
collisions dominate the surface interaction processes leading to surface chemistry and physics, including the formation of an
(N � 1014 cm−2) in which gravity is the dominant force affecting the trajectories of exospheric atoms. NASA’s Mariner 10 spa
observed the existence of H, He, and O in Mercury’s exosphere. In addition, the volatile components Na, K, and Ca have been o
ground based instrumentation in the exosphere. We study the efficiency of several particle surface release processes by calculat
cross-sections, sputter yields and exospheric source rates. Our study indicates surface sputter yields for Na between values of ab
0.35 in an energy range from 500 eV up to 2 keV if Na+ ions are the sputter agents, and about 0.037 and 0.082 at an energy range b
500 eV up to 2 keV when H+ are the sputter agents and a surface binding energy of about 2 eV to 2.65 eV. The sputter yields for Ca
0.032 to 0.06 and for K atoms between 0.054 to 0.1 in the same energy range. We found a sputter yield for O atoms between 0.02
for a particle energy range between 500 eV up to 2 keV protons. By taking the average solar wind proton surface flux at the open
field line area of about 4× 108 cm−2 s−1 calculated by Massetti et al. (2003, Icarus, in press) the resulting average sputtering flux f
about 0.8–1.0 × 107 cm−2 s−1 and for Na approximately 1.3–1.6 × 105 cm−2 s−1 depending on the assumed Na binding energies, reg
content, sputtering agents and solar activity. By using lunar regolith values for K we obtain a sputtering flux of about 1.0–1.4×104 cm−2 s−1.
By taking an average open magnetic field line area of about 2.8 × 1016 cm2 modelled by Massetti et al. (2003, Icarus, in press) we de
an average surface sputter rate for Na of about 4.2 × 1021 s−1 and for O of about 2.5 × 1023 s−1. The particle sputter rate for K atoms
about 3.0 × 1020 s−1 assuming lunar regolith composition for K. The sputter rates depend on the particle content in the regolith
open magnetic field line area on Mercury’s surface. Further, the surface layer could be depleted in alkali. A UV model has been
to yield the surface UV irradiance at any time and latitude over a Mercury year. Seasonal and diurnal variations are calculated, a
Stimulated Desorption (PSD) fluxes along Mercury’s orbit are evaluated. A solar UVhotspot is created towards perihelion, with significa
average PSD particle release rates and Na fluxes of about 3.0 × 106 cm−2 s−1. The average source rates for Na particles released by
are about 1× 1024 s−1. By using the laboratory obtained data of Madey et al. (1998, J. Geophys. Res. 103, 5873–5887) for the ca
of the PSD flux of K atoms we get fluxes in the order of about 104 cm−2 s−1 along Mercury’s orbit. However, these values may be to h
since they are based on idealized smooth surface conditions in the laboratory and do not include the roughness and porosity o
regolith. Further, the lack of an ionosphere and Mercury’s small, temporally and spatially highly variable magnetosphere can resul
and rapid increase of exospheric particles, especially Na in Mercury’s exosphere. Our study suggests that the average total sou
the exosphere from solar particle and radiation induced surface processes during quiet solar conditions may be of the same order
produced by micrometeoroid vaporization. We also discuss the capability of in situ measurements of Mercury’s highly variable
environment by the proposed NPA-SERENA instrument package on board ESA’s BepiColombo Mercury Planetary Orbiter (MPO)
 2003 Elsevier Inc. All rights reserved.

* Corresponding author.
E-mail address: helmut.lammer@oeaw.ac.at (H. Lammer).
0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2003.08.012

http://www.elsevier.com/locate/icarus


Radiation and particle induced surface release processes 239
Keywords: Mercury; Surface; Regolith
he
H,

Na,
ser

00).
ver
ions
Na

s on
en-
ag-

po-
al.,
otter

in-
ocal
ase
oss

dia-
pac
t for
se i
1).
ry

d to
d-

ding
igh

he
m is
ts

hese
in

so-
e-

ia-
pact
the
on-
the

een
pke
e-
of

eric
d be
nter-

al.,
ong
th
tion

n
-
d to

ach
nts

par-
jec-

en-
ind
and
e.
d-
that

t of

ient
om
he
the

d as-
uiet
rti-
the
oid
ace

d a
is-
ion,
ter-
me
t-
de-
en
ere,

ct to

ow
ex-
this

y’s
rce
er-
un,
an-
de,
1. Introduction

The Ultraviolet Spectrometer (UVS) on board of t
Mariner 10 spacecraft observed in Mercury’s exosphere
He and O atoms (Broadfoot et al., 1976). Exospheric
K and Ca atoms were discovered by ground based ob
vations (Potter and Morgan, 1985, 1986; Bida et al., 20
Of all discovered elements only Na can be monitored o
long timescales by studying its strong resonance transit
in the visible region. The observations show that the
content is highly variable and column densities change
timescales less than a day with common high latitude
hancements, which have been related to solar wind m
netosphere interaction or variations in the regolith com
sition (e.g., Potter and Morgan 1990, 1997; Killen et
1990, 1999, 2001, 2003; Sprague et al., 1997, 1998; P
et al., 1999; Stern et al., 2000).

The trapping and circulation of solar wind particles
side a planetary magnetosphere, or the precipitation of l
picked up ion plasma onto a planetary surface or exob
causes chemical processes, heating effects and the p
ble ejection of atoms and molecules. Particle and ra
tion induced chemical surface processes are called s
weathering. Space weathering is of considerable interes
the study of planetary bodies by remote sensing becau
changes the optical surface properties (e.g., Hapke, 200

The first high quality broad-band spectrum of Mercu
was obtained by McCord and Adams (1972). It seeme
be similar to the surface spectrum of the Moon, inclu
ing an apparent pyroxene signature near 1 µm. This fin
lead to the suggestion that the crust of Mercury was a h
iron-titanium silicate like the lunar surface material in t
maria. The low albedo and reddish slope of the spectru
virtually identical to the Moon’s, which strongly sugges
a lunar type space weathering process on Mercury. T
effects may be caused by submicroscopic metallic iron
the regolith, through deposition of vapors created by
lar wind surface sputtering and vaporization by microm
teoroids (Hapke, 2001).

Killen et al. (2001) studied temporal and spatial var
tions in Mercury’s Na exosphere and suggested that im
vaporization of micrometeoroids provides about 25% of
Na source with weak variations during a week. It was c
cluded that impact vaporization is an important but not
dominant source process for exospheric Na.

Space weathering effects on Mercury’s regolith have b
discussed in detail by Hapke (1977) and Rava and Ha
(1987). It is thought that Mercury’s weak intrinsic plan
tary magnetic field can stand off the solar wind most
the time (Goldstein et al., 1981). However, magnetosph
models have shown that Mercury’s magnetosphere coul
open to the solar wind over substantial areas when the i
-

,
i-

e

t

planetary magnetic field turns southward (Luhmann et
1998; Sarantos et al., 2001; Massetti et al., 2003). A str
magnetic field componentBx introduces a clear north–sou
asymmetry (Sarantos et al., 2001). Preferental precipita
is expected in the north whenBx is strongly negative, and i
the south whenBx is strongly positive. The transition in en
hanced Na emissions from south to north may correspon
the polarity ofBx .

Therefore, solar wind protons and heavier ions, can re
Mercury’s surface where they will act as sputtering age
for the regolith. Lammer and Bauer (1997) showed that
ticle sputtering could be a source of hot N atoms with e
tion speeds greater than 2 km s−1. Killen et al. (2001) con-
cluded that increased ion sputtering resulting from ions
tering through the cusp regions during favorable solar w
conditions is the probable mechanism leading to large
rapid increases in the Na content of Mercury’s exospher

Yakshinskiy and Madey (1999) found in laboratory stu
ies that Na atoms are released via PSD from surfaces
simulate lunar silicates. They found that bombardmen
such surfaces with ultraviolet photons with wavelengthsλ <

300 nm at temperatures of about 250 K causes very effic
desorption of Na atoms. Killen et al. (2001) used data fr
the Solar EUV Monitor (SEM) instrument on board of t
Solar and Heliospheric Observatory (SOHO) and studied
total Na content between November 13 and 20, 1997 an
sumed that there was no ion sputtering on the most q
day of their data set. For that day they modelled the pa
cle release from Mercury’s surface by using PSD and
impendence matching theory of Melosh for micrometeor
impact vaporization. Thus, PSD could be an efficient surf
particle release process.

In a recent study, Leblanc and Johnson (2003) use
3D Monte Carlo model for the study of Mercury’s Na d
tribution ejected from the surface by thermal desorpt
PSD, micrometeoroid vaporization and solar wind sput
ing. They found that the Na density distribution beco
nonuniform from day to night sides, from low to high la
itudes and from morning to afternoon because of rapid
pletion of Na atoms in the surfaces of grains mainly driv
by thermal depletion. Further, the shape of the exosph
as it would be seen from Earth, may change with respe
Mercury’s heliocentric position.

It is the purpose of this work to present models that sh
the efficiency of surface source processes of Mercury’s
osphere for PSD and particle sputtering, and compare
with micrometeoroid impact vaporization along Mercur
eccentric orbit around the Sun. We will show that the sou
rates and fluxes of particles which are released from M
cury’s surface depend on Mercury’s distance from the S
the configuration of the interaction between the interpl
etary and planetary magnetic fields, the planetary latitu
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between the day and nightside and local surface areas
are unprotected by the planetary magnetic field.

Our study will help to verify the planned in situ measu
ments of Mercury’s highly variable particle environment
the proposed NPA-SERENA instrument package on bo
ESA’s BepiColombo MPO spacecraft.

2. Photon stimulated desorption along Mercury’s orbit

In order to investigate the photon stimulated desorptio
Na atoms from the surface of Mercury, the variation of so
UV photons incident on the planetary surface over its o
needs to be calculated. To achieve this, a radiative tran
model was adapted for the case of Mercury. The model
previously developed for Mars (Patel et al., 2002, 2003),
used for investigations of surface UV fluxes under any m
tian conditions. The atmospheric component was remo
and the geometric component describing the input solar
was modified for Mercury’s orbit around the Sun.

Yakshinskiy and Madey (1999) found that visible a
near-UV photons with wavelengths larger than 300 nm
energyhν smaller than 4 eV cause little or no detecta
desorption of Na. For UV photons withhν larger than 4 eV
Na desorption starts and becomes very efficient at UV w
lengths below wavelengths of 248 nm (hν greater than 5 eV)
Therefore, we used the solar UV photon flux below 248
of 1.4 × 1015 photons cm−2 s−1 (Killen et al., 2001) and
scaled from the lunar value to the mean Mercury solar
tance of 0.3871 AU.

The solar photon flux incident on Mercury’s surface (φph)
at any time can be found from:

(1)φph = µ

r2φ0.3871,

whereφ0.3871is the photon flux at 0.3871 AU,µ is the cosine
of the solar zenith angle andr is the relative Sun–Mercur
distance with respect to 0.3871 AU.r can be found from:

(2)r = 1− e2

1+ e cosω
,

wheree is the eccentricity of Mercury’s orbit (0.20563) an
ω is the true anomaly (angular position of Mercury with
its orbit relative to perihelion).µ is found from:

(3)µ= sinΘ sinδ + cosΘ cosδ cosη,

whereΘ is the planetary latitude,δ is the solar declination
andη is the local hour angle.δ is found through:

(4)sinδ = sinε sinω,

whereε is the obliquity of Mercury. The hour angle is dete
mined by:

(5)η = 2πt

P
,

where t is the time from local noon in seconds, andP is
the Mercury day length in seconds. Due to the spin–o
t

r

,

resonance of 3: 2 for Mercury, additional complications a
introduced into modelling the variation over time. The a
parent motion of the Sun in the sky is not uniform over
year, with retrograde motion of the solar disk causing a
tortion of the geographic solar irradiation over the orbit.
the purpose of this study, only situations at local noon are
vestigated, i.e.,t = 0. Thus, any desorption spectra will on
apply to positions on Mercury which are directly facing t
Sun.

The solar UV photon flux can now be found at any la
tude and any point in Mercury’s orbit. The flux of Na de
orption created by incoming solar UV photons can now
calculated through the following equation (Yakshinskiy a
Madey, 1999):

(6)φNa,PSD= 1

4
φphQf,

whereQ is the photon stimulated desorption cross-sec
for Na of 1.4×10−21 cm2 by Killen et al. (2001) andf is the
composition of the regolith abundance for Na in Mercur
surface in the order of about 0.0033–0.0053 (Morgan
Shemansky, 1991; Killen et al., 2001) and the factor1

4 gives
a surface averaged value.

The photon sputtering yield depends critically on
low energy cut-off of photons capable of ejecting Na, si
the cross-sections for PSD release process of Na decr
dramatically for longer wavelengths. However, the num
of available solar photons increases dramatically tow
longer wavelengths in this range.

Knowing the UV photon fluxφph along with its relation to
the Na photon stimulated desorption flux, the variation of
Na flux from the Sun-orientated point on Mercury’s surfa
over its entire orbit can now be determined. This calcula
was performed for a thin latitude strip from the north to
south pole, and calculated over the Hermean orbit for
latitude strip directly facing the Sun, shown in Fig. 1.

It is emphasized here that the values shown in Fig. 1
not for the same latitude strip over the year. The plot sh
only the Na flux along a latitude strip that is directly faci
the Sun, and thus the longitudinal value of the strip chan
geographically throughout the orbit. Thus these data sh
only be regarded for determining the Na flux from the S
facing latitude strip.

One can see from Fig. 1 that the largest PSD fluxes o
occur near equatorial latitudes at perihelion, whereφNa,PSD
is about 4.5 × 106 cm−2 s−1. At aphelion the Na flux val
ues at the equatorial regions are of the order ofφNa,PSD=
1.5×106 cm−2 s−1. The PSD fluxes at latitudes greater th
75 degrees are small, and therefore there should not b
noticeable PSD sources at Mercury’s polar areas.

Our Na PSD fluxes at the equatorial regions at aphe
and perihelion are lower than the estimated Na PSD flu
by McGrath et al. (1986) of about 2.0 × 107 cm−2 s−1 to
2.0×108 cm−2 s−1 but larger than the estimated average
PSD flux value of about 2.0× 105 cm−2 s−1 by Killen et al.
(2001) and Killen and Ip (1999). It was also argued by Kil
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and Morgan (1993) that the fluxes estimated by McGrat
al. (1986) are overly optimistic since they were based on
for alkali halides. Morgan and Shemansky (1991) estima
a lower Na PSD flux of aboutφNa,PSD= 3.8×104 cm−2 s−1.

By using the new UV model described above and the
oratory data for PSD processes of Yakshinskiy and Ma
(1999), our study minimizes former discrepancies in the e
mation of PSD stimulated fluxes for Na by nearlyfour orders
of magnitude and yield an average PSD flux for Na at M
cury’s equatorial region of about 3.0 × 106 cm−2 s−1. By
estimating the PSD source ratesRPSD of Na atoms, which
are released from Mercury’s surface, one must conside
decrease of flux as function of latitude. We arrive at anRPSD
between periherm and apoherm of about 1.0×1024 s−1. Our
model results are comparable with observations by Kille
al. (2001) who found 7.6 × 1023 s−1 for November 13 and
1.4× 1024 s−1 for November 20, 1997.

Laboratory experiments by Madey et al. (1998) rega
ing the desorption of alkalis on oxide surfaces yield cro
sections for K atoms which vary between 1.4 ± 0.6 ×
10−20 cm2 and 1.9 ± 0.8 × 10−21 cm2 for wavelengths
between 247.5 nm (5.0 eV) and 365 nm (3.5 eV). Wh
the maximum cross-section in these experiments is a
1.8×10−20 cm2 at 253.7 nm (4.9 eV). By using these cros
section values and lunar regolith values of Morgan and S
mansky (1991) of about 0.00035 for K atoms one gets P
fluxes between 5.0× 107 cm−2 s−1 to 3.0× 108 cm−2 s−1.

However, by using lunar regolith values the results
very large compared to previous estimates of about 5.0 ×
104 cm−2 s−1 (Potter and Morgan, 1986, 1988a, 1988
Sprague, 1992; Flynn and Mendillo, 1995). The obse
tion by Potter and Morgan (1997) give a Na/K ratio of ab
200. Figure 2 shows the PSD fluxes in the order of ab
104 cm−2 s−1 for K atoms corresponding to the observ
Na/K fractionation along a latitude strip that is directly fa
ing the Sun.

One should note that real regolith on Mercury’s surfac
different from the material studied by Madey et al. (199
since it has been irradiated,the alkali binding could be
tered, the porosity of the material is unknown and stick
could be an efficient process. These factors can cut d
the cross-section by more than an order of magnitude.
ther, the surface layer can be depleted in alkali (Hapke, 2
Madey et al., 1998).

3. Exospheric particle supply by surface sputtering

From ground based observations Potter and Mor
(1985) discovered strong emission features in the spec
of Mercury at the Fraunhofer Na D-lines, attributed to re
nant scattering of Sunlight from Na vapor in the exosphe

Sodium line profiles in Mercury’s Na exosphere rev
that the exosphere is generally five hundred degrees h
than the surface: 1200 K near the subsolar point to 75
over the poles (Killen et al., 1999). This may be an indicat
r

of a hot source with partial thermal accommodation. T
observation of an extended sodium tail implies that app
imately 10% of the source atoms are ejected with a velo
above 2 km s−1 (Potter et al., 2002). These atoms may refl
the high velocity tail of a sputter distribution (Johnson et
2002) or the high velocity component of a hyper-velocity i
pact vapor source, represented by aMaxwellian distribution
at about 5000 K.

In environments where energetic atomic or ionized pa
cles impinge upon a planetary surface, emission of atom
ions results via sputtering. Several studies in the past trie
estimate the particle flux and related sputter rates from M
cury’s surface by estimating an area over Mercury’s po
where it is believed that energetic solar wind protons
penetrate Mercury’s surface and act as sputter agents
McGrath et al., 1986; Sieveka and Johnson, 1984; Chen
al., 1987; Killen, 1989; Johnson, 1990; Ip, 1993; Lamm
and Bauer, 1997; Killen et al., 2001).

Killen et al. (2001) used the model of Sarantos et
(2001) for the calculation of the open magnetic field l
area. Recently, Massetti et al. (2003) modelled the sh
and the dimension of the open magnetic field line regi
at Mercury’s cusps, and the penetration of magnetosh
plasma through the exosphere of Mercury to its surface
particular, Massetti et al. (2003) derived the incoming p
ton flux by taking into account the particle acceleration d
to the magnetic merging between Mercury’s field and the
terplanetary magnetic field. For the calculation of sputter
rates we used in our study their evaluated particle fluxes
surface areas as a function of open magnetic field line
terns, according to different solar wind conditions. This n
approach gives for the first time a better comparison of
planetary efficiency of sputtering and PSD source rate
Mercury.

The theory of sputtering of monoelemental polycr
talline, or amorphous targets has been worked out in d
by Sigmund (1969). Sputtering from an atmosphere is
culated in exact analogy to sputtering from a solid surf
(e.g., Haff and Watson, 1979; Johnson, 1990, 1994; Lam
and Kolb, 2001).

An estimation of the flux of energized particles relea
from Mercury’s surface requires the solution of the transp
equation for the flow of moving atoms in the surface ma
ial due to the impact of energetic ions. The number of re
particles that are set in motion by an incident particle is
rectly proportional to the nuclear elastic energy deposite
that the sputter yield has the following general form (S
mund, 1969; Johnson, 1990):

(7)Y (EA,cosΘA)≈ED(EA,cosΘA)Seff,

whereED(EA,cosΘA) is the net elastic collision energy d
posited per unit path length at the surface by an incid
ion of energyEA and direction of motion to the surfac
normal given by cosΘA, andSeff is the sputter efficiency
ED(EA,cosΘA) is proportional to the number density
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Fig. 1. Variation of the photon stimulated desorption flux of Na atoms as function of latitude from the Sun-orientated point on Mercury’s surface over its entire
orbit.

Fig. 2. Variation of the photon stimulated desorption flux of K atoms as function of latitude from the Sun-orientated point on Mercury’s surface over its entire
orbit.
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the target atomsnB (Sigmund, 1969):

(8)ED ≈ α

(
dE

dx

)
n

= αnBSn,

whereSn is the nuclear elastic stopping cross-section of
incident ion andα is a collision parameter. Experimental va
ues ofα are taken from Fig. 3.17 of Johnson (1990). T
sputter yield now has the following form (Johnson, 1990

(9)Y ≈ 3αSn
2π2σdEb

≈ 0.042αSn
Eb Å2

,

whereEb is the binding energy of the atoms in the regol
particles andσd the average diffusion cross-section (S
mund, 1969; Kelly, 1987; Cui et al., 1988). For the spu
ejection of many layers of a solid,Eb is roughly equiv-
alent to the sublimation energy (Johnson, 1990). We
for our calculation of the stopping cross-section theUniver-
sal Potential of Ziegler et al. (1985). This potential and th
corresponding stopping cross-sectionSn fits well laboratory
data for atomic collisions. It is close to theLenz–Jensen po-
tential but provides a better fit to experimental data an
used in most cases that describe average repulsive pa
interaction processes (Johnson, 1990). The nuclear stop
cross-section is given by:

(10)Sn = 2π
A2

γEA

[
2εsn(ε)

]
,

wheresn(ε) is the reduced stopping cross-section,EA the
energy of the incident particle, the ratio of incidentmA and
sputteredmB particle massesγ = (4mAmB)/(mA + mB)

2.
A is obtained from theBorn Approximation (Johnson, 1990)

(11)A=
(

2mA

mA +mB

ZAZBe
2
)
.

ZA andZB are the nuclear charges of the incident and ta
particles, respectively. We use for our sputtering calculat
the screening lengthau

(12)au = 0.8853ao
(Z0.23

A +Z0.23
B )

,

whereao is theBohr radius of an hydrogen atom andε is the
reduced energy:

(13)ε = (γEA)au

2A
.

The reduced stopping cross-sectionsn(ε) is for ε > 30
(Johnson, 1990):

(14)
[
2εsnn(ε)

] = ln(ε),

and forε < 30

(15)
[
2εsn(ε)

] = ln(1+ 1.138ε)

1+ 0.0132ε−0.787+ 0.196ε0.5 .

Figure 3 shows the stopping cross-sectionSn for Na, O,
Ca, and K atoms between the energy range of 500 eV
to 2 keV for protons.Sn is between 3.4 × 10−16 eV cm2
e
g

Fig. 3. Stoping cross-sectionSn between protons and Na (solid line),
(dashed line), K (long-dashed line), and Ca (dashed-dotted-dotted
atoms as function of energy.

Fig. 4. Sputter yields for Na (dashed-dotted line, sputter agents Na+, bind-
ing energy 2 eV; dotted line H+ sputter agents, binding energy 2.65 e
solid line H+ sputter agents, binding energy 2 eV), O (dashed line)
(long-dashed line), and Ca (dashed-dotted-dotted line) atoms as fun
of energy and incident particles.

and 5.6 × 10−16 eV cm2 for Na atoms, between 3.15 ×
10−16 eV cm2 and 5.8×10−16 eV cm2 for O atoms, between
1.9×10−16 eV cm2 and 2.8×10−16 eV cm2 for K atoms and
between 1.8×10−16 eV cm2 and 2.6×10−16 eV cm2 for Ca
atoms.

We used these stopping cross-sections for the calcula
of the surface sputter yields. One can see from Fig. 4 tha
sputter yield for O atoms is about 0.025–0.04, for K ato
about 0.054–0.1 for Ca atoms about 0.032–0.06 if solar w
protons are the incident particles. The yield for Na ato
is about 0.037–0.082 if solar wind protons are the incid
particles and the Na binding energy is about 2–2.65 eV.
difference in the yield corresponds mainly to the differ
binding energiesEb between the species, which, depe
both on the composition and chemical structure of the p
etary surface.

Although Mercury’s surface composition is not we
known, Na is likely bound to O with a binding energy
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about 2–2.65 eV, as for example in feldspar NaAl2Si3O8
(McGrath et al., 1986; Cheng et al., 1987). In a recent st
Leblanc and Johnson (2003) used a lower binding en
for Na of about 0.27 eV, which is based on laboratory
periments with pressed powder samples of Na2SO4 (Weins
et al., 1997). This binding energy reduces the relative in
sity of the high energy tail by at least one order of magnit
(Leblanc and Johnson, 2003). One can see from this dis
ancies that measurements of Mercury’s surface structure
composition are essential.

Since O atoms are also tightly bound to the molecule,
overall binding energyEb is about 3–4 eV (Lammer an
Bauer, 1997). The different binding energies reduce the s
ter yield of O compared to Na atoms as long as more
atoms are available in the bulk composition. For K atoms
use a binding energy of 2.4 eV (Wurz and Lammer, 2003

Ca is also a good candidate for particle sputtering bec
of the large line-width found in optical observations (Bi
et al., 2000) which is interpreted as a temperature of a
12000 K. Further, Ca was observed close to Mercury’s p
areas (Bida et al., 2000; Killen and Morgan, 2000) wh
solar wind ions can penetrate to the planetary surface
use a binding energy for Ca of 4 eV.

One can also see in Fig. 4 that the sputter yield for Na
creases to about 0.27–0.35 if the incident particles are hi
accelerated Na+ ions, which may be accelerated back to
planetary surface (Ip, 1986). Na atoms can become ion
and consequently accelerated by the electric and mag
fields of the magnetosphere (Ip, 1993). Some of these
may also act as sputtering agents if their trajectories in
magnetosphere intersect the planetary surface. The flu
the sputtered particlesφsp,i is

(16)φsp,i = fiYiφi

wherefi is the surface composition of constituenti, Yi is
the sputter yield of constituenti andφi is the precipitating
flux of particlesi. Massetti et al. (2003) calculated in o
companion paper an average solar wind proton flux that
penetrate to Mercury’s surface in the open magnetic fi
line area of approximately 4× 108 cm−2 s−1.

We assume a Na composition for the regolithfNa slightly
enhanced over the lunar value of 0.0053 (Killen et al., 20
and for O the lunar value offO = 0.8 (Morgan and Sheman
sky, 1991). Figure 5 shows the ejected particle fluxesφsp,Na,
φsp,O, andφsp,K for Na, O, and K atoms if solar wind pro
tons or backscattered Na+ ions act as sputtering agents. B
using the stopping cross-sectionsSn and sputter yields ca
culated above (shown in Figs. 3 and 4) we arrive at pro
induced sputter fluxes (shown in Fig. 5) for O of about 0
1× 107 cm−2 s−1, for Na of about 1.3–1.6× 105 cm−2 s−1

and about 1.0–4.0× 104 cm−2 s−1 for K atoms.
Using a magnetic field model Ip (1993) studied trajec

ries of Na+ ions in Mercury’s magnetosphere. It was fou
that low energy (< 3 keV) ions encounter the planetary s
face at high latitude as a result of the finite size of
-
d

c

f

Fig. 5. Ejected particle fluxes for Na (dotted line, binding energy 2.65
solid line, binding energy 2 eV), O (dashed line), and K (long-dashed
atoms as function of energy and incident solar wind H+ particles.

planet and theE × B drift pattern of the ions. High en
ergy (> 10 keV) particles tend to hit Mercury’s surfa
on the nightside hemisphere at low latitudes. By ass
ing an incident flux of backscattered Na+ ions (Ip, 1993)
of 1 × 107 cm−2 s−1 we obtain a sputtered Na flux o
2.5× 104 cm−2 s−1.

Although we do not currently know the exact flux va
ues of precipitating magnetospheric heavy planetary ion
Mercury’s surface, it seems that the sputter flux produce
this process is negligible compared to protons and part
which are released from Mercury’s surface by PSD. H
ever, future studies that model the Na+ fluxes will clarify
this problem if heavy ions may also enhance particle em
sions in Mercury’s exosphere.

From the model calculations of Massetti et al. (2003)
obtain an average estimated area where Mercury’s surfa
unprotected from its magnetic field and calculate the spu
rate for particlesi

(17)Rsp,i =
∫
As

φsp,i dA,

from this area.As is an average area where the magn
field lines are open. This area depends strongly on the m
netic field componentBz and the solar wind pressurePdyn.
However, Massetti et al. (2003) showed that it is poss
to derive the open magnetic field line area where a valu
about 2.8× 1016 cm2 if Bz is about minus 10 nT andPdyn is
about 20 nPa.

By taking this value for the open area and the mean a
age solar wind proton surface flux of about 4×108 cm−2 s−1

of Massetti et al. (2003) we derive an average Na spu
rate Rsp,Na of about 4.2 × 1021 s−1 and for O of abou
2.5×1023 s−1. The average sputter rate for K atoms is ab
3.5 × 1020 s−1, if we take lunar regolith values of abo
0.00035 (Morgan and Shemansky, 1991). If one uses
lunar regolith values for Ca of about 0.062 (Morgan and S
mansky, 1991) we get a sputter rate of about 3.3× 1022 s−1.
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By using the higher mean surface flux derived by
model of Massetti et al. (2003) of about 2× 109 cm−2 s−1

of penetrating solar wind protons and the maximum area
posed to open magnetic field lines as estimated by Kille
al. (2001) of about 7.3 × 1016 cm2, we deduce a total spu
ter rate for Na of about 5–6×1022 s−1. For O atoms we
get a sputter rate of about 3.5 × 1024 s−1 and for K about
5.0× 1021 s−1.

Killen et al. (2001) assumed a flux of precipitating s
lar wind particles onto Mercury’s surface for the day
which they recorded the largest Na amount in the exosph
solar wind particles with a density of about 120 cm−3

and a velocity of 3.22× 107cm s−1 resulting in a flux of
3.9× 109 cm−2 s−1.

However, the estimations by Killen et al. (2001) we
done by using a sputter yield that was twice as large a
this study, since they assumed that He and other heavy
ticles may also act as sputter agents. Further, they assu
that the area swept in the solar wind is about 4 times the
on the surface where the field lines intersect the surface

One can see from this study that the results dep
strongly on various parameters such as binding energies
lar wind density, magnetic field variability and Mercury
regolith composition. All of these parameters are not w
determined at present due to the lack of experimental d
however, they influence the results depending on the in
parameters chosen.

One should also consider that our calculated spu
yields are based on more or less ideal conditions. Howe
Johnson (1989) studied expressions for laboratory sputte
data in order to describe the effective yield from a plane
regolith composed of roughly spherical grains. It was fou
that for a fully exposed regolith the effective sputter yield
the order of 0.4 to 1 times the measured yield at norma
cidence on a laboratory surface depending on the natu
the sputtering process. Further, it should also be noted
the laboratory sputter yield exhibit a dependence on incid
angle (Johnson, 1989).

These experimental results indicate that our theoretic
calculated sputter yields may correspond to upper limits
the real sputter yields on Mercury may be lower. Another
fect, which should be studied in more detail in future wo
is the efficiency of local trapping of sputtered particles du
the porosity of the soil, which is estimated to be 50 to 9
(Hapke, 1986; Johnson, 1989). Trapped atoms fraction
by differential desorption within the regolith is the most im
portant process where chemical and optical alteration
planetary bodies, which are not protected by a dense
mosphere or a strong magnetic field, take place when
regolith is sputtered (Hapke, 2001).

Further, due to the energy dependence of the stop
cross-section the yield of sputtered particles can be red
by a factor of 10 if accelerated high energetic protons w
energies of about 10 keV to 30 keV act as sputter agent

Our study shows that PSD of particles from Mercur
surface should be a more efficient process for Na comp
,

-
d

-

,

f
t

to particle sputtering. Only during special solar wind con
tions resulting in strong solar wind magnetosphere inte
tions can sputtering be comparable to the PSD process.
such event may have occurred between November 13 to
1997, studied by Killen et al. (2001).

4. Impact vaporization by micrometeoroids

Impact vaporization of Mercury’s regolith driven by h
pervelocity meteoroid impacts were studied by Ip (198
Morgan et al. (1988), Cintala (1992), and Killen et
(2001). Meteoroid impact vaporization is the third most
ficient particle source process in Mercury’s exosphere.
source rates of Na, K, and other atoms added to Mercu
exosphere by impact driven processes depend upon the
of material falling onto the planetary surface each sec
and the velocity distribution of the infalling material (Mo
gan et al., 1988; Divine, 1993; Mathews et al., 1997).

Meteorites have been considered both in the contex
supplying Na and as a mechanism for water replenishm
(Killen et al., 1997). Morgan et al. (1988) calculated the s
ply rate of Na from micrometeoroids to Mercury’s exosph
by scaling the micrometeoritic mass flux at Earth of ab
4.4× 107 kg yr−1 to Mercury’s orbit.

Their estimation showed that in the most extreme c
where there is no Na assumed in Mercury’s regolith micro
eteoroids would supply the exosphere with a source rateRM

of about 1.5 × 1022 s−1. If one assumes Na values in Me
cury’s surface material comparable to the amount which
found in lunar regolith then the supply rate can appro
1.4×1024 s−1 (Morgan et al., 1988). The latter value is com
parable with source rates for Na caused by PSD and pa
sputtering.

Eichhorn (1978a, 1978b) and Sugita et al. (1997) e
mated in the laboratory from the emitted light from se
ondary particles produced during hypervelocity primary
pacts the velocities and relative masses of the ejected p
cles as a function of the angle between the ejection direc
and the target surface. The measured temperatures i
vapor cloud range between 2500 to 6000 K, depending
impact angles (Eichhorn, 1978a, 1978b; Sugita et al., 19

Given the density on the impact site one can ass
Maxwellian like velocity distributions with mean velocit
lower than 2 km s−1. The results of these experiments sh
that micrometeoroid impact vaporization is a much m
energetic process than PSD and can therefore also b
sponsible for the observations of Na D-lines also at hig
altitudes.

A detailed study regarding the efficiency between b
energetic particle release processes, surface sputterin
micrometeoroid vaporization will be possible through
proposed NPA-SERENA experiment, which will monit
Mercury on board of ESA’s BepiColombo MPO spacecr
This experiment consists of three different units, devote
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measure neutral particles from thermal energies up to
of keV.

Hence, the exospheric particles composition will be
alyzed by monitoring the local gas properties. At the sa
time, NPA-SERENA will be able to monitor the high ener
part of the non-thermal (directional) neutrals, which will
low the investigation of the surface structure, as well as
related surface erosion processes.

5. Conclusions

By using a detailed UV model that gives the surface
irradiance at any time and latitude over a Mercury year
found a solar UVhotspot is created towards perihelion, wi
significant average PSD particle fluxes and release rates
average PSD induced Na fluxes are on the order of 3.0 ×
106 cm−2 s−1 resulting in a Na source rate of about 1.0 ×
1024 s−1, which may be comparable to rates released f
Mercury’s surface by micrometeoroid vaporization.

By using the laboratory obtained data of Yakshinskiy a
Madey (2000) for the calculation of the PSD flux of K ato
we get fluxes up to about 3.0 × 104 cm−2 s−1. These flux
values may be too high since they are based on idea
smooth surface conditions. PSD experiments on more
istic regolith analogue materials are needed in the future

We used for the calculation of surface sputter fluxes
results of Massetti et al. (2003), obtained via a modified T
ganenko T96 magnetosphere model. Using an average
wind proton flux of about 4× 108 cm−2 s−1 and an averag
estimated area of about 2.8 × 1016 cm2 where Mercury’s
surface is unprotected from the solar wind, we derive a s
ter rate for Na of about 4.2 × 1021 s−1 and for O of abou
2.5× 1023 s−1.

The higher mean surface solar wind proton flux mode
by Massetti et al. (2003) of about 2× 109 cm−2 s−1 of and
the maximum area exposed to open magnetic field line
estimated by Killen et al. (2001) of about 7.3 × 1016 cm2

yield a sputter rate for Na of about 6.0× 1022 s−1. We esti-
mate for this conditions a sputter rate for O atoms of ab
3.5× 1024 s−1 and for K atoms about 5.0× 1021 s−1 by us-
ing lunar surface composition. The results depend stro
on various parameters such as surface binding energie
lar wind density and interplanetary magnetic field amplitu
and direction, Mercury’s regolith composition, as well
different lifetimes of the different released particles in M
cury’s exosphere.

However, our particle sputtering rates correspond to
cipitating solar wind protons which can act as sputter ag
on the polar areas. One should also note that heavy
which are accelerated in the magnetic field can also a
sputter agents if they hit Mercury’s surface and may enha
the sputter rate.

Since particles released by PSD and surface spu
ing have different source locations and energies the
posed NPA-SERENA instrument on board ESA’s MPO w
e

r

-

have the capability of separating all different particle sou
processes. The measurement of particles and effects
originate through micrometeoroid vaporization will yie
a better understanding of the micrometeoroid exposur
planetary environments.
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