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Abstract11

We modeled the exospheric densities for sputtering and thermal desorption in detail12

for the time period of the first MESSENGER flyby of Mercury. From the exospheric13

densities we calculate ion production rates. These ions will be transported to the14

location of MESSENGER if they are produced on magnetic fields lines connecting15

the cusp with the downwind side. From these ions we produce mass spectra that we16

compared with the Fast Imaging Plasma Spectrometer (FIPS) measurements per-17

formed during this flyby. We find good qualitative agreement between the modeled18

and the measured ion mass spectrum. We find that sputtering is a major process to19

contribute to the population of planetary ions in the magnetosphere because of the20

large scale height of the exospheric particles, and the resulting long flight times. In21

addition, thermal desorption of Na contributes significant amounts to the magneto-22

spheric ion population. From the volatile species we can identify He, OH, H2O, and23

Ne in the measured mass spectrum. However, for most of the volatile species the re-24

ported upper limits must be reduced by 2 – 3 orders of magnitude to be compatible25

to the measured ion spectrum.26

1 Introduction27

The atmosphere of planet Mercury, a thin gaseous envelope, is the result of28

several external agents acting on the surface. This atmosphere is a good example29

of a surface-bound exosphere, where all its material has its direct origin on the sur-30

face of the planet. It has been reviewed recently by Killen et al. (2007). There are31

volatile species released thermally or by photon-stimulated desorption from the illu-32

minated hermean surface (Killen & Ip, 1999; Wurz & Lammer, 2003). Moreover, at33

places where the solar wind (Kallio & Janhunen, 2003) or magnetospheric ions (Del-34

court et al., 2003) hit the surface, atoms and molecules are sputtered from the sur-35

face and thus refractory species also become part of the hermean exosphere, having36

larger scale heights than the thermally released species (Wurz et al., 2010). Finally,37

also micro-meteorite impacts release material from the surface into the exosphere.38

Mercury’s dipole magnetic field is small (Anderson et al., 2011) thus the size39

of Mercury’s magnetosphere is very small, with the distance of the bow-shock from40

Mercury’s center in the upwind direction being only about 1.3 RM , with RM the41

radius of Mercury. Since Mercury does not have an ionosphere, there is almost no42

inertia in the magnetospheric current system and the magnetosphere quickly changes43

with changing solar wind conditions (Raines et al., 2015).44

Solar wind plasma enters the hermean magnetosphere and dominates the mag-45

netospheric plasma. Computer modelling of Mercury’s magnetosphere showed that46

large fractions of the magnetosphere are open to the solar wind plasma around the47

cusps where solar wind ions can access the surface. These large open fractions pre-48

dicted by many hermean magnetospheric models are rare occurrences in MESSEN-49

GER observations. However, MESSENGER observations clearly show that solar50

wind plasma is present in the cusp on nearly every orbit, and that precipitating51

fluxes, while highly variable, are substantial on a regular basis (Raines, Gershman,52

et al., 2014; Raines, Tracy, et al., 2014). The size and exact location of these open53

areas depend on the solar wind plasma parameters, foremost the speed, the den-54

sity, and the magnetic field (Kallio & Janhunen, 2003; Massetti et al., 2003). These55

calculations predict an integrated ion flux onto Mercury’s surface in the range of56

1.1·1025 – 3·1026 s−1 depending on solar wind plasma parameters and the interplan-57

etary magnetic field. Most of the ion precipitation is at longitudes within ±60◦ from58

the subsolar point at latitudes between 40◦ and 60◦. In addition, there is a narrow59

band of magnetospheric ions precipitating onto the surface all around the planet60

at mid latitudes, the so-called auroral precipitation (Delcourt et al., 2003; Kallio &61
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Janhunen, 2003; Massetti et al., 2003), where the proton fluxes are of the order of62

1011 m−2 s−1.63

The first six months of orbital measurements by the MESSENGER magne-64

tometer indicate a mean latitudinal extent of the northern cusp of ∼ 11◦. From65

the deficit of the average magnetic pressure in the cusp, Winslow et al. (2012) es-66

timate that (1.1 ± 0.6)×1024 protons s−1 bombard the surface over an area of (5.267

± 1.6)×1011 m2 near the northern cusp centered at 74.7◦ Mercury Solar Orbital68

(MSO) latitude on the surface. This gives a solar wind flux of 2.11×1012 m−2 s−1
69

onto the surface, which agrees with earlier estimates within a factor 2 (Kallio & Jan-70

hunen, 2003; Massetti et al., 2003). The total particle flux to the surface near the71

southern cusp is predicted to be a factor of 4 larger than in the north. The northern72

cusp is clearly evident during IMF conditions but, on average, exhibits 40% higher73

plasma pressures during anti-sunward conditions (Winslow et al., 2012), indicating74

that the effect of IMF Bx direction is present (Massetti et al., 2003; Winslow et al.,75

2012). The latitude of the southern cusp is at 64◦S. Mercury’s magnetic field model76

predicts a surface field strength at this latitude of 158 nT (Anderson et al., 2011).77

From the ratio of the surface field strength in the south to that in the north the au-78

thors estimate that the cusp area in the south extends over 2 × 1012 m2. And the79

number of particles reaching the surface in the southern cusp region is correspond-80

ingly higher, 4 × 1024 particles s−1 (Winslow et al., 2012). For the northern and81

the southern cusp the ion precipitation evaluates to about the same flux of about82

2·1012 m−2 s−1. Thus, we use a precipitating solar wind flux of 2·1012 m−2 s−1
83

in our modelling of the sputtered fluxes. This is about half the flux we used ear-84

lier (Wurz et al., 2010), based on estimates available at that time (Massetti et al.,85

2003).86

Because Mercury is very close to the Sun, photoionization of exospheric species87

will contribute to the magnetospheric ion population. Ionized exospheric atoms be-88

come part of Mercury’s magnetosphere, will be transported from their origin on the89

dayside, especially from the cusp region, to equatorial latitudes at the downwind90

side of the magnetosphere within a few minutes (Delcourt, Moore, Orsini, Milillo,91

& Sauvaud, 2002), and some of the ions will return to Mercury’s surface and im-92

pact at the auroral precipitation bands. Depending on the amount and the mass93

of these photo-ions, they may alter Mercury’s magnetospheric dynamics. Na+ ions94

have been studied in detail in this respect. For example, the complex fate of Na+95

ions in the magnetosphere, their transport, energization, and loss has been stud-96

ied in detail by Delcourt et al. (2003), who find that a fraction of these Na+ ions97

are accelerated back towards the surface to precipitation regions at mid-latitudes of98

about 30◦ – 40◦ over a wide range of longitudes with ion fluxes in the range of 105 –99

106 cm−2 s−1 .100

2 Observations101

Mass spectra of magnetospheric ions where recorded with the Fast Imaging102

Plasma Spectrometer (FIPS) instrument of the Energetic Particle and Plasma Spec-103

trometer (EPPS) on the MESSENGER spacecraft during its first flyby on 14 Jan-104

uary 2008, 19:04:39 UTC (Zurbuchen et al., 2008). FIPS is designed to character-105

ize ionized species in a range of energy-per-charge (E/Q) from < 50 eV/Q up to 13106

keV/Q with a novel electrostatic analyzer (ESA) system geometry that enables a107

large instantaneous field-of-view of about 1.4 π steradians (Andrews et al., 2007).108

The plasma parameters for Mercury cannot be fully characterized by FIPS because109

of the limited field-of-view of the instrument being located behind the heat shield of110

the spacecraft.111
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Figure 1. Mercury’s magnetic field lines representation as seen from above and from be-

low the planet, which were take from an image from NASA/Johns Hopkins University Applied

Physics Laboratory/Carnegie Institution of Washington. Pink lines show the trajectory of the

first MESSENGER flyby of Mercury (Source of http://messenger.jhuapl.edu/), tick marks indi-

cate 5 minute time intervals. Yellow cusp regions are based on Winslow et al. (2012), pink dots

roughly illustrate areas where ions are produced.

Since FIPS is a plasma composition analyzer, its mass resolution of about m/∆m ≈112

10 is sufficient for the plasma science investigations, but somewhat low for detailed113

chemical composition analysis. Therefore, Zurbuchen et al. (2008) presented the114

composition analysis of their measurements restricted only to mass-groups, like the115

water group (with the ion species O+, OH+, H2O
+, and others), the Na-group (Na+116

and Mg+), the Si-group (Al+, Si+, S+) and others.117

The geometry of the first flyby is shown in Fig. 1 together with a representa-118

tion of the magnetosphere. The flyby was on the anti-sunward side of Mercury with119

the closest approach at 37.730◦ E longitude near Mercury’s equator at 4.521◦ S at a120

minimum distance of 201.7 km from the surface.121

The Fast Imaging Plasma Spectrometer (FIPS) instrument on the MESSEN-122

GER spacecraft measured a mass-per-charge (m/q) spectrum of ions with 3.8 <123

m/q < 42 accumulated in Mercury’s magnetosphere between 18:43 and 19:14 UTC124

during the first flyby on 14 January 2008 (upper panel in Figure 2) (Zurbuchen et125

al., 2008), when the spacecraft was passing Mercury on the downwind side. These126

data are shown in Fig. 2 in the upper panel where the different mass groups are ap-127

parent. Since FIPS was operated in a different mode during later times of the mis-128

sion, no further ion mass spectra are available.129

Following the first flyby, onboard classification of ions by m/q was eliminated130

from the FIPS flight software so that most of the telemetry could be devoted to full131
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event (pulse-height analyzed, PHA) words. The assignment of these event words to132

ion groups on the ground proceeds using a different procedure (Raines et al., 2013)133

so that m/q spectra are no longer produced. A new algorithm for assigning counts134

to ion groups is being developed (Tracy, 2016), which can correct for overlap be-135

tween ion groups in FIPS TOF measurements. This algorithm can produce m/q136

spectra comparable to those from the first flyby, though at much higher fidelity, so137

that m/q spectra from orbital data should be available in the future.138

We will interpret the measured ion composition spectrum by FIPS with the139

help of our Mercury exosphere model (Wurz & Lammer, 2003; Wurz et al., 2010)140

because the details of the ion composition are an important input for the interpre-141

tation of the magnetospheric plasma data, and its modeling. Since the sputtered ex-142

ospheric particles originate directly from the surface, the comparison between the143

measured ion composition and modeled one will provide clues about the surface144

composition. Similarly, the abundance of volatile species in the exosphere can be145

constrained by the comparison between the measured and modeled ion composition.146

3 Modeling147

To predict the ion composition we use our exosphere model, which was de-148

scribed in detail earlier (Wurz & Lammer, 2003; Wurz et al., 2007, 2010). There are149

four processes of particle release from the surface implemented in the model: ther-150

mal release (TD), ion-induced sputtering (SP), micro-meteorite impact vaporization151

(MIV), and photon-stimulated desorption (PSD). For the most recent formulation of152

PSD see Gamborino and Wurz (2018). The released particle flux from the surface is153

calculated from the action of an external driver (e.g. ion precipitation to the surface154

for SP) and the surface composition. The angular and energy distributions for each155

release process are implemented as three-dimensional velocity distributions and eval-156

uated by the Monte Carlo (MC) method using 106 to 107 particles. The resulting el-157

liptic or hyperbolic trajectories of the released particles are calculated analytically in158

the plane of their movement (Vorburger & Wurz, 2018), until the particle falls back159

onto the surface, leaves the calculation domain, or is ionized and is carried away be160

the electro-magnetic fields of Mercury’s magnetosphere. We use an average latitude161

of 50◦ and a longitude of 0◦, the center of the cusp region, for our calculations. For162

the sputtered flux we use an ion precipitation of 2·1012 m−2 s−1, as discussed above,163

and for the thermal release we use the local surface temperature of 550 K calculated164

for this location and Mercury’s orbital position. From the ensemble of trajectories165

we derive various quantities for the exosphere, of which the radial density profile of166

neutral particles and the ion production are used for the present studies.167

Ionization along a particle trajectory is calculated using the solar ionization168

rates given at the SwRI photoionization web page (http://phidrates.space.swri.edu).169

The MC code keeps track of the ion production in the exosphere and from that cal-170

culates an ion flux into the magnetosphere. The transport of ions inside the mag-171

netosphere is beyond the possibilities of our MC code, but is based on theoretical172

considerations detailed below. Since the ion production is at the cusp on the day-173

side and the MESSENGER observations were on the downwind side only qualitative174

comparisons between the measurements and the model can be performed. There is175

no spatial detail of the ion composition measurements available since the accumu-176

lated FIPS mass spectrum is integrated over the magnetosphere part of the flyby177

trajectory (Zurbuchen et al., 2008). Thus, using one-dimensional radial density pro-178

files for the neutral exosphere densities and the ion production is sufficient for this179

comparison.180

When a particle is ionized it becomes part of the magnetospheric particle pop-181

ulation if the ion is formed at an altitude below the magnetopause, the boundary182
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that separates the magnetosphere from the solar wind flowing past it. The altitude183

of this boundary in area around the cusp varies, most often falling within the range184

of 1000–2000 km (Winslow et al., 2012), thus we use 1500 km altitude for this dis-185

crimination (see Fig. 1). The majority of ions created outside the magnetopause are186

carried away with the solar wind as it flows past the magnetosphere. Motion of ions187

due to the electric and magnetic fields of this system and their transport to the lo-188

cation of MESSENGER are not modeled here. It is assumed that this acceleration189

and transport does not discriminate significantly in mass. Delcourt (2013) showed190

in recent modelling that because of the abrupt energization of newly-formed ions in191

the hermean magnetosphere, which is parallel to the magnetic field line, the dayside-192

to-nightside transport depends little upon the ion mass. This finding is in agreement193

with later MESSENGER FIPS measurements, which exhibit qualitatively similar194

features for both Na+-group and O+-group ions (Raines et al., 2013). Because the195

ion pickup and acceleration has an unknown efficiency for the transport of planetary196

ions from the dayside to the nightside, and the field-of-view limitations of FIPS, only197

qualitative comparisons between the observations and the model will be performed.198

Ion transport and acceleration has been studied theoretically in detail recently199

(Delcourt, 2013; Delcourt et al., 2002). These authors find that the two major con-200

tributions to ion acceleration from the dayside to the tail result from the curvature201

of the magnetic field lines and from the curvature of the E × B drift paths. Both202

accelerations are large because of the small magnetosphere of Mercury and the asso-203

ciated strong curvature of the magnetic field lines. This leads to a strong centrifu-204

gal acceleration of ions tailward from high to low latitudes, so that these ions enter205

the central plasma sheet on the downwind side in Mercury’s magnetosphere. De-206

pending on the cross-polar cap potential drop, this acceleration results in planetary207

ion energies ranging from hundreds of eV up to over 10 keV at their arrival at the208

nightside equatorial region (Delcourt, 2013). These energies are attained indepen-209

dent of the initial ion energy at their formation, even when the initial energy is well210

below the escape energy. Based on this tailward acceleration, we assume that the211

planetary ions recorded by FIPS will be well inside its energy range. Actually, later212

FIPS measurements reported an average energy of 2–4 keV for the recorded plane-213

tary ions, with substantial fractions of the Na+-group population at energies up to214

10 keV (Raines et al., 2013).215

Most of the ions causing sputtering of particles are from the solar wind hitting216

the surface at the cusps located at mid latitudes (Winslow et al., 2012). The plume217

of released particles is much bigger than the cusp area and trajectories of many exo-218

spheric particles are in areas of magnetospheric field lines connecting to the tail.219

The original composition model of Mercury’s surface (Wurz et al., 2010) was220

updated by comparison with the surface composition data that later became avail-221

able by the MESSENGER investigations, as discussed recently (Pfleger et al., 2015).222

For this work we also considered the most recent results from MESSENGER (Pe-223

plowski et al., 2016, 2015).224

Sputtering and micro-meteorite impact promote similar quantities of neutral225

particles into the exosphere (Wurz et al., 2010). The scale heights of sputtered par-226

ticles are significantly larger than for MIV (Wurz et al., 2010), thus having longer227

flight times in the exosphere. This results in larger photoionization yields from SP,228

thus their contribution to the ion input to the magnetosphere is dominating over the229

MIV produced ions. Therefore, we consider only sputtering for the contribution of230

refractory material in the comparison with the FIPS data.231

Thermal desorption and photon-stimulated desorption promote volatile species232

into the exosphere. For most of the volatile species only the TD process applies. For233

Na and K, both TD and PSD are possible release processes. At the mid latitudes234
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considered here for the cusp region, the surface temperature is about 550 K resulting235

in very high evaporation rates for Na and K from the population that is physically236

adsorbed on the surface. Theoretical evaporation fluxes are 1.2·1023 m−2 s−1 and237

2.4·1024 m−2 s−1 derived from the Na and K vapor pressures, respectively (Lide,238

2003), which means that all Na and K on the surface is immediately released to the239

exosphere, and the released flux is limited by the availability of Na and K on the240

surface. Since the release by PSD is many orders of magnitudes less efficient than241

thermal desorption in releasing Na and K atoms from the population that is phys-242

ically adsorbed by the surface, all the Na and K is released thermally, and PSD is243

therefore not considered further.244

To allow for a qualitative comparison of the measured ion composition spec-245

trum by FIPS with the prediction of our model we simulated the FIPS instrument246

performance where we assumed that the width of a mass peak in the FIPS spectrum247

is proportional to the mass of the species, with the scaling of the mass resolution248

derived from the end points in the measured mass spectrum given by the peak at249

mass 4 and mass 40. This assumption shows good agreement for the peak shapes250

when comparing the measured and modeled spectra. Relative sensitivities for all251

species where estimated, again, based on a carbon-foil time-of-flight mass spectrome-252

ter (Wurz, 1999).253

4 Results254

The exosphere model provides density profiles for the entire exosphere alti-255

tude range. Table 1 shows the detailed results of the calculation for the refractory256

species sputtered from the surface, using the solar wind flux of 2.1×1012 m−2 s−1,257

see above, during the flyby, and photoionization in the exosphere. The calculation is258

based on the global chemical composition of Mercury’s surface given before (Wurz et259

al., 2010) with updates based on recent MESSENGER data (Peplowski et al., 2016,260

2015). As example, exospheric density values for the sputtered species at the surface261

and the released flux are given in Table 1. Ionization fractions are calculated along262

the trajectories of the released particles based on the photoionization rate. In the263

absence of electro-magnetic fields, the ionization fraction times the neutral density264

gives an exospheric ion density. Here we calculate the ion fluxes introduced into the265

magnetosphere from the neutral fluxes released from the surface. For the whole ex-266

ospheric density profile ϵi,∞ is the fraction of the produced ions to the neutral par-267

ticle flux integrated over altitude from the surface to infinity. The fraction ϵi,1500268

is where the integral extends only to 1500 km altitude, and these ions will become269

part of the magnetospheric ion population. Finally, Table 1 gives the fluxes of ions270

entering the magnetospheric system. Figure 3, left panel, shows the density profiles271

for refractory species released by solar wind sputtering from the surface. Sputtered272

particles have large exospheric scale heights, about 1000 km, because of the energy273

imparted to sputtered atoms (Wurz et al., 2010). Nevertheless, most of the ion pro-274

duction is near the surface, which makes the choice of 1500 km for the boundary of275

the magnetosphere very uncritical.276

Table 2 shows the detailed results of the calculation of thermally released volatile277

species in the same format as Table 1, and Figure 3, right panel, shows the den-278

sity profiles for volatile species based on the compilation by Killen and Ip (1999).279

Note that for most of the volatile species only upper limits of their exospheric den-280

sities are available. Na and K are also thermally released from the population that281

is physically adsorbed by the surface, in contrast to sputtering and MIV that release282

Na and K species from the minerals present on the surface (reported in Table 1).283

Since the scale heights for thermally released particles are much lower than for sput-284

tering, there is a significantly lower production of photo-ions in the exosphere from285

thermally released particles. Nevertheless, some species would provide ion input into286
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Figure 2. Upper panel: Measured ion composition data from MESSENGER FIPS at the

downwind side of Mercury (Zurbuchen et al., 2008) during flyby (see Fig. 1). Lower panel: Cal-

culated ion fluxes from the exosphere model with modeled mass resolution for FIPS. Black lines

show the individual contributions from the different ions where Gaussian peak shapes are used

with parameters from the observations. The blue line shows the sum of all mass peaks from

sputtering, the red line shows the sum of all mass peaks.
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Figure 3. Left: Calculated density profiles for refractory species from solar wind sputtering.

Exospheric surface densities are taken from (Wurz et al., 2010), additive model, with updates

based on (Peplowski et al., 2016, 2015). Right: Calculated density profiles for volatile species by

thermal release. Exospheric surface densities are taken from (Killen & Ip, 1999), or are revised

based on comparisons with the FIPS spectrum (see main text), and are mostly upper limits.

Na and K are from volatile release, based on their calculated surface abundance. Note that the

vertical scales are different for the left and right panel.
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the magnetosphere that is much more than is compatible with the FIPS observa-287

tions.288

The lower panel in Fig. 2 shows the modeled mass spectrum for sputtered and289

thermally released particles, respectively, based on the ion fluxes entering the mag-290

netosphere. For the sputtered ions considered in the model, we find a fair agreement291

between the measured and the modeled mass spectra. The situation is different for292

the volatile species (Table 2), where the reported upper limits (Killen & Ip, 1999)293

have to be reduced considerably to be compatible with the FIPS spectrum. This will294

be discussed in detail below.295

At the lowest masses, the volatile species H and H2 are outside the measure-296

ment range of the reported FIPS m/q spectrum. The first species to be compared is297

He at mass 4, for which an exospheric density of 6.0 × 109 m−3 has been determined298

(see review by Killen and Ip (1999)), and which is used in the model. The modeled299

He is compatible with the measured ion mass spectrum. If He is from solar wind300

implantation into the surface regolith we can calculate its exospheric density assum-301

ing that the regolith is saturated with He, i.e., the implantation rate and the release302

rate from the regolith are the same. From that assumption we get a He exospheric303

density at the surface of 7.27 × 109 m−3, which is in reasonable agreement with the304

published value and the FIPS measurement. This estimate considers also the accu-305

mulation of He in the hermean exosphere, similar to the noble gases in the exosphere306

of the Moon (Wurz, Abplanalp, Tulej, & Lammer, 2012).307

Double charged ions are clearly present in the measured ion mass spectrum at308

m/q = 6 and at m/q = 8, see Fig. 2 upper panel, likely being C2+ and O2+ ions,309

and possibly Si2+ at m/q = 14. In our model we do not calculate the formation of310

doubly ionized species. We note however, that the photoionization rates to form311

them are about a factor 100 less than for the formation singly charged ions. The312

transport time of a few minutes to the tail (Delcourt, 2013; Delcourt et al., 2003) is313

not sufficient to produce significant amounts of doubly ionized species via photoion-314

ization. Thus, another mechanism, perhaps charge exchange or electron ionization315

might be responsible for their formation.316

At m/q = 12 we have the first ion resulting from sputtering, carbon, in good317

agreement with the measurements.318

At the water group, at m/q = 16 ... 20, we have only the contribution of O+
319

from sputtering, which is in good agreement with the FIPS spectrum. The OH+
320

contribution from sputtering is negligible. Other ion contributions to this mass group321

must arise from ionized volatile species in the exosphere. The OH contribution from322

the volatile inventory is compatible with the measured mass spectrum, thus its ex-323

ospheric density should be close to n0(OH) = 1.4 × 109 m−3 at the surface. The324

H2O from the volatile inventory is not compatible with the mass spectrum, its exo-325

spheric density should be much lower than the reported upper limit of n0(H2O) <326

1.5 × 1013 m−3 Killen and Ip (1999), a factor 560 smaller which gives n0(H2O) <327

2.7×1010 m−3. Ne from the volatile inventory also makes a contribution to this mass328

group, and the published upper limit is compatible with the measurements. How-329

ever, the Ne ion flux cannot be constrained well sitting on the flank of the peak at330

mass 23. If the exospheric Ne would have its origin in the solar wind its exospheric331

density at surface would be about n0(Ne) ≈ 3.12 × 107 m−3, about a factor 200 less332

than the reported upper limit of n0(Ne) < 6 × 109 m−3, which has been used in our333

calculations.334

With regard to the Na-group, at m/q = 22 ... 26, the ion signal has about335

equal contributions of Mg+ and Na+ ions from sputtering. In addition, the thermal336

release of Na from the population that is physically adsorbed on the surface is pro-337

–10–

This article is protected by copyright. All rights reserved.



manuscript submitted to JGR: Planets

viding a comparable ion contribution to this mass range. The total modeled signal338

in this group accounts for only about 60% of the measured signal. One possibility339

is that the Na atoms are pushed to the downwind side by the photon pressure, thus340

improving the transport efficiency, which is not considered here. Another possibility341

is that the ions recorded by FIPS originate mostly from the northern hemisphere,342

where twice the Na density on the surface was found compared to the global value343

(Peplowski et al., 2015).344

The Si-group, at m/q = 27 ... 33, is indeed mostly sputtered silicon, because of345

the high abundance of silicon on the surface and the high photoionization rate of Si.346

In addition, there is a small amount of Al+ ions contributing to this mass group.347

Given that the sputtered Si explains the mass peak at m/q = 28 well, the abun-348

dance of the volatile species N2 has to be n0(N2) < 5 × 109 m−3, well below the349

reported upper limit of n0(N2) < 2.3× 1013 m−3 Killen and Ip (1999).350

The group around mass 40 is dominated by contribution from sputtered Ca+351

ions, the sputtered K+ ion contribution is rather minor because of the small K abun-352

dance on Mercury’s surface. Ca+ ions also have been observed optically in Mercury’s353

tail (Vervack et al., 2010). The ion contribution by the thermal desorption of the K354

population that is physically adsorbed on the surface is small.355

Finally, based on our model we predict a small contribution of Fe+ ions to be356

part of the magnetospheric ion population, which is outside the measurement range357

of FIPS.358

Overall, there is a good qualitative agreement between the measured and mod-359

eled ion mass spectra. The most significant difference between the modeled and ob-360

served spectrum is at mass 32, where the modeled sulfur peak is much smaller than361

the measurement. However, at mass 32 there is a spurious signal of the instrument,362

and it is likely that some of the counts at mass 32 are actually due to dark counts,363

so that agreement with modeled spectra is not necessarily expected. Analysis of364

cruise data in early 2009 revealed the presence of additional dark counts not iden-365

tified in ground calibration, mostly in TOF channels corresponding to m/q above366

30 u/e. A dark count removal algorithm was developed and implemented for orbital367

data (Gershman et al., 2013), which effectively eliminates these counts. However,368

this algorithm has not been implemented on data from the first flyby, as it requires369

the large numbers of event words available only in later observations.370

The presence of the volatile species O2 and 40Ar in the exosphere can make up371

for the difference between the model and the measurement. An O2 exospheric den-372

sity at the surface of about n0(O2) ≈ 1.6 × 1011 m−3, a factor 160 less than the373

reported upper limit, and an Ar density of n0(
40Ar) ≈ 4.4 × 1010 m−3, a factor374

150 less than the reported upper limit, are compatible with the FIPS measurement.375

Although the FIPS mass spectrum is limited to m/q = 42, we can constrain the376

CO2 exospheric density based on the flank of the peak at m/q = 40 to n0(CO2) <377

4.0 × 109 m−3, well below the reported upper limit of n0(CO2) < 1.6 × 1013 m−3
378

Killen and Ip (1999).379

5 Conclusions380

We modeled the exospheric densities for the release processes sputtering and381

thermal desorption in detail for the time period of the first MESSENGER flyby of382

Mercury. For the sputter process we calculated the ion populations from the known383

surface composition of Mercury, and no fitting to the FIPS measurements was ap-384

plied; for thermal desorption we used reported exospheric densities from the litera-385

ture, which are mostly upper limits. From the exospheric densities we calculate ion386

production rates, where the largest contributions to the ion flux are from the near387

–11–
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surface space. A fraction of these ions will be transported to the tail if ionization oc-388

curs when the particle is on magnetic fields lines connecting to the downwind side.389

From these ions we produce mass spectra that we compared with the FIPS measure-390

ments performed during the flyby.391

We find good qualitative agreement between the modeled sputtered ions and392

the measured ion mass spectrum. Solar wind induced sputtering is the major pro-393

cess to contribute planetary ions to the magnetospheric ion population. In addition,394

thermal desorption of Na contributes a significant amount to the magnetospheric ion395

population. From the volatile species we can identify He, OH, H2O, and Ne in the396

measured mass spectrum. However, for most of the volatile species the upper limits397

reported earlier have to be reduced by orders of magnitude to be compatible the the398

measured ion spectrum.399
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