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1. Introduction 

1.1 Purpose and structure of this thesis 

The aim of this work is to investigate the applications of the neutral atom imaging to the 

environments of the Earth, Mars and Mercury. This innovative technique permits the 

study of energetic plasma by means of analysing the result of the interaction of this 

plasma with a neutral thermal population or with a surface. The main advantage, when 

compared to the direct ion detection, is that it is possible to have an instantaneous 

survey of the whole magnetosphere of a planet. An example could help. Before the first 

ENA data, most of the knowledge about the Earth magnetospheric plasma came from in 

situ measurements of ions, electrons and electromagnetic fields. Those measurements, 

of course, could not represent any real instantaneous situation, but only an averaged 

picture of it, since the temporal and spatial variation cannot be easily be distinguished. 

Some short time scale phenomena, such as substorms, have been found difficult to 

comprehend without a global and continuous imaging. Even if some information about 

the plasma may be extracted from other sources, such as UV imaging [like aurorae, e.g. 

Horwitz, 1987], some populations (for example, the ring current) remained invisible.  

Furthermore, neutral atom imaging gives information not only about the energetic 

plasma, but also about the thermal neutral population (in the case of charge-exchange) 

or about the surface composition (in the case of sputtering). Conversely, it is necessary 

to set up some dedicated unfolding techniques to recover the 3D plasma distributions 

from the 2D ENA images. In chapter 2 I will discuss the details of ENA and LENA 

imaging and how to extract information by using this technique.  

Chapters 3, 4 and 5 are focused on the environments of the Earth, Mars and Mercury; 

each chapter is followed by a section dedicated to ENA instrumental concepts. In some 

way, this structure reflects the chronology of my thesis work. In fact, as far as it 

concerns the Earth and Mars, some papers have been already accepted and published. 

Here I present a summary of my work, and most of the information is also contained in 

the included publications. The studies about Mercury, conversely, are in progress. For 

this reason I include here not only a submitted paper about Mercury, but also other 

unpublished results of my research in this last year.  

The Earth. In chapter 3 I will present an empirical model of H+ equatorial distribution in 
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the inner magnetosphere. I will use this model to reconstruct the global magnetospheric 

configuration during the geomagnetic storm of July 1991. The study could be a 

preliminary tool for ENA deconvolution techniques; moreover, it investigates the 

charge-exchange process, as a main loss of the magnetospheric plasma. In this frame, a 

new concept for a MH-ENA sensor is presented in section 3.4, as a first example of 

neutral atom space instrumentation. 

Mars and Mercury. While the Earth is, in principle, our main scientific objects, it is 

worth noting that Mars and Mercury represent some complementary “subsets” of the 

Earth. Mars has a faint atmosphere, but no large-scale magnetic field; Mercury has a 

magnetic field but only a tenuous exosphere. The complexity of the Earth 

magnetospheric environment, in addition to the ENA unfolding difficulties, makes it 

interesting to study those “laboratory planets”. 

Even if no ENA/LENA actual measurements have been done either for Mars or for 

Mercury until now, the scientific community is already focusing on these planets. As far 

as it regards Mars, ESA mission Mars Express (MEX) has reached Mars in December 

2003. The ASPERA-3 instrument, on board MEX, is about to collect the first ENA data 

about Mars; it is hence extremely important to focus our attention on the unfolding 

methods. Moreover, ENA imaging may also be applied to Phobos, a natural satellite of 

Mars. In this case, surface properties can be studied, and this will give information 

about the origin and history of this satellite. In section 4.2 I will present a new model for 

the exosphere of Phobos, which may also be applied to many other outgassing natural 

satellites. In sections 4.3 and 4.4 I will introduce an investigation technique for Phobos’ 

outgassing rate, and in sections 4.5 and 4.6 I will briefly resume main ASPERA-3 facts 

as well as my participation to the instrument development. Last but not least, I will 

show the first ENA data from ASPERA-3, collected while it was travelling to Mars. 

Concerning Mercury, both ESA (with Bepi Colombo) and NASA (with Messenger) 

space agencies are planning to explore this inner planet of the solar system. In this case, 

the lack of available data is proportional to the effort in studying this planet. The chance 

to have a Neutral Analyser (SERENA: Search for Exospheric Refilling and Emitted 

Neutral Abundances) on board Bepi Colombo has focused the attention of most of the 

ENA community, and of SERENA team too, on the study of this planet. In fact, before 

proposing such an instrument, it is crucial to know as many details as possible about the 

expected ENA/LENA signal. It is also important to point out what information may be 

obtained, which instrument sensitivity is necessary and which satellite attitude is 
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optimal. My effort here consists in the feasibility study of this kind of remote-sensing 

applied to Mercury’s environment. More particularly, a new model of magnetospheric 

ion and neutral circulation, which is one of the major goals of this thesis, has been 

developed and presented here.  

Furthermore, ENA/LENA imaging study merges here with the instrument design 

activity. In section 5.10 I will report designs for some proposed ENA/LENA sensors. 

Incidentally, just some days before the presentation of this thesis (December 2003), BC 

mission was definitely approved and SERENA experiment is selected to be part of the 

Italian payload, which will be proposed to ESA by the Italian Space Agency. 

Finally, in chapter 6 I will summarize my thesis work, I will stress the main scientific 

results, and I will propose future developments. 

This thesis includes, as a fundamental part, four published papers and a submitted one. 

However, I intend this thesis to be readable also without those papers. For this reason, 

some parts and main results presented in the papers are resumed, expanded or simply 

reported here, and some figures have been shared.  
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2. The Energetic Neutral Atoms 

2.1 Energetic and Low Energy Neutral Atoms: A brief history 

The existence of Energetic Neutral Atoms (ENAs), arising from charge-exchange of 

ionospheric plasma with the local exospheric gas, was discovered in the early 50’s. 

During an aurora, Meinel [1951] detected a blue-shifted Ha line, indicating that some 

precipitating Hydrogen ions were being neutralized. Some years later, Moritz [1972] 

reported the detection of protons of about two hundred keV at equatorial low altitudes. 

He suggested that they could have come from the outer radiation belt, turned into ENA 

by exchanging their charge with some neutral thermal population, then reached low 

altitudes without being affected by the magnetic field, and finally been re-ionised just 

before detection. In the 70’s, the ion detectors on board IMP 7, IMP 8 and ISEE-1, 

while the satellites were orbiting out of the magnetospheric environment, detected some 

   
 

 
Figure 1.1 Panel a) First ENA image reconstructed by Roelof and Williams from ISEE-1/MEPI data. 
Sun is to the right; the smaller circle represents Earth, with a terminator line crossing it. Other lines 
are examples of magnetic field lines for L values of 3 and 5. Panel b) Same image as a), simulated 
using a ring current model. From Roelof, [1987].  
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energetic particle flux coming from the Earth. The existence of ENA was again 

invoked, since no ion flux is expected in these regions. Since ENA fly almost 

unperturbed after their emission, more or less like photons, the scientific community 

started talking of  “ENA imaging”. Roelof [Roelof et al., 1985; Roelof and Williams, 

1988] reconstructed the first ENA image of the geomagnetosphere (Figure 1.1) by using 

an ion detector on ISEE-1 and thus opening the way to an ENA remote-sensing of both 

planetary magnetosphere and neutral population.  

Nowadays, after several other ENA detections by means of ion sensors, new 

instruments specifically designed for ENA imaging of the Earth magnetosphere are 

collecting useful data (such as IMAGE/M-H-LENA and CASSINI/INCA) or are about 

to be launched (such as those on board TWINS and DOUBLE STAR). Moreover, the 

potential of ENA imaging has become so clear that ENA sensors are also on board 

extra-terrestrial space exploration missions such as Mars Express (ASPERA-3) or 

Venus Express (ASPERA-4). A new concept ENA sensor has also been proposed for 

the future ESA exploration mission to Mercury, Bepi Colombo (BC).  

Neutral atom imaging may be applied not only to charge-exchange, but also to all 

processes producing directional neutral atoms. For example, if plasma interacts directly 

with a planetary surface, sputtering processes may occur and neutral atoms may be 

extracted. The detection of those neutrals may give information about both plasma and 

surface properties. Such a technique can be applied, for example, to the exploration of 

Mercury’s environment and a dedicated instrument package (SERENA) has been 

proposed on board BC.  

While ENAs coming from charge-exchange have energies between some hundreds of 

eV to some hundreds of keV, the typical energy of the sputtered neutrals is, generally, 

between fractions of eV to some hundreds of eV. For this reason, and also following a 

consolidated nomenclature, I will call ENAs only the formers, and I will introduce the 

term LENAs (low energy neutral atoms) for the latters. In the following, I will discuss 

those processes separately, but it is worth noting that this separation is made only to 

better explain the different features of the processes themselves. In fact, a neutral sensor 

is able to discriminate between emission processes only if the energy ranges are 

completely separated, and, in principle, this is not always true. 

2.1 Charge exchange process: imaging plasma-exosphere interaction 
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When an energetic ion collides with a neutral and non-energetic target particle, it may 

charge-exchange and be neutralized, becoming ENA. An electron and a small amount of 

kinetic energy are exchanged between the neutral and the ion. Some examples of this 

kind of process, active on the Earth and involving energetic ring current ions and cold 

atmospheric neutrals, are the following: 

H+ + H ® H + H+ 

O+ + H ® O + H+ 

H+ + O ® H + O+ 

O+ + O ® O + O+ 

In principle, the energy defect of the process is equal to the difference of the two atomic 

ionisation potentials [Hasted, 1964]. Charge-exchange is a resonance process; 

symmetrical when the species of the ion and the neutral are the same, and accidental 

otherwise [Stebbings et al., 1964; Hasted, 1964]. While the target is scattered at an 

approximately perpendicular angle with respect to the projectile path, the newly created 

ENA retains approximately both the energy and the direction of the colliding energetic 

ion. No longer affected by magnetic or electric fields, the ENA travels along ballistic 

trajectories (straight lines at these energies), and can be detected outside the interaction 

region. Figure 2.1 shows a scheme of this process. 

Let us consider a vantage point S0 and a unit vector . The differential ENA flux of 

direction  observed at S0 is generated by the interaction of the energetic ion fluxes 

with one or more ambient neutral populations in a generic point S along the line (S0, ). 

At S, the infinitesimal ion flux dJ+ directed toward S0 is: 

 , (2.1) 

where n+(l) is the ion density, v is the velocity, f (l, v) is the ion velocity distribution 

function and l  is the distance . If f is expressed by means of the kinetic energy E, 

the direction  and the infinitesimal solid angle dW, as usual, the above formula could 

be changed by using the following one: 

 . (2.2) 

At point S the mean free path of ions of energy E relative to charge exchange process is: 

v̂

v̂

v̂

( ) ( ) vv dlfvlndJ ,+=+

SS0

v̂

W= ddEvElfdlf )ˆ,,('),( vv



12 Chapter 2. The Energetic Neutral Atoms 

 12 

 , (2.3) 

where nk is the density of the kth neutral species at point S, sk is the charge-exchange 

cross-section between ions and the kth neutral species. We can now estimate the ENA 

infinitesimal flux dJE(E, ): 

;  (2.4) 

and the ENA differential flux integrated along a certain line of sight F ENA(E, ) : 

 . (2.5) 

Charge exchange (CE) cross sections are obviously function of energy (see figure 2.2) 

and have significant values only between 1 keV and some hundreds of keV. Typical 

value for the CE cross section is 10-16 cm-2; even if this value is not very high, in 

magnetospheric physics cases the integration path may be long enough to cause relevant 

ENA fluxes at S0. 

The ENA flux moving towards S0 may be removed by other processes, such as photon 

ionisation or stripping [C:son Brandt, 1999]. In this case, it is easy to include a 

destruction function by means of the mean free path lENA in equation (2.5) [Orsini et 

al., 1994]: 
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Figure 2.1 Scheme of the charge-exchange process. Energetic ion hits a neutral target (panel A) and 
gets an electron from it. After collision, it may proceed with a straight-line trajectory (panel B). 
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 . (2.6) 

In all cases discussed here, the medium can be considered “optically thin” to ENA, i.e. 

the mean free path is long enough, and ENA can transport information out of the 

generation region, thus allowing remote-sensing of the interaction process [Roelof et al., 

1985; Roelof, 1987; Henderson et al., 1997; Orsini and Milillo, 1999; Milillo and 

Orsini, 2001]. 

At the time CE creates new ENA, it removes ion from plasma flux. The ion destruction 

rate may be expressed as: 

 . (2.7) 

The integration in equation 2.5 is, almost always, solved numerically over a large 

number of directions to obtain a simulated ENA image. Moreover, as I will discuss 

better later in this section, while trying to unfold some ENA data a large number of 
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Figure 2.2 Charge exchange cross sections for H+ with some typical neutral exospheric species. Data 
from Barnett et al. [1977], Stebbings et al. [1977], and Barnett [1990]. 
 

 .    
 



14 Chapter 2. The Energetic Neutral Atoms 

 14 

simulated ENA image may be needed. In many cases, the plasma and exospheric 

properties are not defined by analytical functions, but by discrete grids. Hence, the 

integration step Ds and the angular resolution Da and Db must be small enough to have 

a very large number of integration points inside the same cell. In the end, this procedure 

may take a lot of time.  

Here I introduce a different kind of ENA simulation, which may be called “weighted-

grid integration”. It can be applied only if the plasma is defined over a 3D grid, and this 

happens, for example, if plasma distribution has been simulated numerically. The 

principle is to consider each plasma cell in the space as if it were a light source, and to 

treat ENA flux as light. Hence, to obtain the light as seen at vantage point S0, I will sum 

over all plasma cells, giving them a weight that is inversely proportional to the square of 

the distance between the cell (point Sijk) and S0. The ENA production rate  for 

any point of the grid may be calculated as: 

 , (2.8) 

and the total flux escaping from a cell located in Sijk and detected in S0 is: 

 , (2.9) 

where DV is the volume of the ijkth cell; fa ( ) is the 3D angular distribution function,  

is the direction from S to S0.  

This procedure may be faster than the previous one, especially if the plasma and neutral 

properties are defined over a discrete grid.  In the following, for historical reasons, I will 

use the former for Mars’ ENA imaging, and the latter for Mercury’s case. 

ENA deconvolution. I have already remarked that neutral atoms are good messengers of 

information. However, this information should be unfolded, because a 2D image, 

intrinsically, cannot have the amount of information stored in a 3D volume. The first 

and simplest kind of unfolding method for ENA data is simulating the corresponding 

ENA image by using theoretical or empirical models of plasma and neutrals, and then 

comparing the simulated image with the experimental one. A second step is to introduce 

some free parameters in the models and tune them until a good fit between real and 

simulated data is found. In section 5.7 I will show an example of the parameter tuning 

in the case of ENA generation in Mercury’s cusps.  
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Even if the easiest way to obtain information from ENA imaging is the method 

described above, it has been demonstrated [Roelof, 2003] that ENA imaging can 

produce interesting results even without models, if some intrinsic symmetry or property 

of the plasma can add enough additional information to remove the ENA ambiguity. In 

the case of the Earth, for example, the plasma distribution could not have the degrees of 

freedom of an arbitrary C°(R3®R) function, if we want it to satisfy the adiabatic 

expansion law. This consideration, plus the assumption that the pitch angle (PA) 

distribution is flat at the equator, is able to remove the “ENA ambiguity”. In the case of 

Mars, additional information may be obtained, for example, by considering that the 

plasma distribution must have, approximately, cylindrical symmetry around the Mars-

Sun axis. 

Finally, it must be noted that even in the cases where ENA images don’t need any 

magnetospheric model to be unfolded, they do need some to be understood. In fact, a 

sequence of ENA images, alone, is able to technically reconstruct a sequence of 

magnetospheric plasma distribution, but only a model is able to provide them with an 

interpretation, forecast their future development, and distinguish the physical processes 

involved. 

2.2 Sputtering process: imaging a planetary surface 

ENA image is as useful as the charge-exchange process is effective in removing ions 

from the magnetospheric plasma. This is the case of the Earth and Mars; elsewhere, 

such as at Mercury, plasma may interact directly with a planetary surface, and 

sputtering may be the dominant process (see sections 5.5 and 5.6). This latter process is 

the result of the impinging of a particle on a surface; if the impact energy (Ei) of this 

particle is sufficient, another particle (sputtered particle) may be extracted. The energy 

distribution of the sputtered particles, f(Ee), can be expressed as: 

 , (2.10) 

[Siegmund, 1969, Sieveka and Johnson, 1984], where Ee is the ejection energy and k is a 

normalization constant. The energy Eb is the surface binding energy and depends on the 

atomic species. Typical values for Eb are few eV, while Ei may reach values of some 
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keV. In this case, it may be shown that the shape of f(Ee), except for the highest 

energies, depends mostly upon the binding energy Eb, which corresponds approximately 

to the peak energy of the spectrum. Figure 2.3 shows two examples of this function in 

the cases of Oxygen and Sodium. 

The resulting LENA flux is hence: 

 , (2.11) 

where R is the fraction of the considered species in the soil composition, and Y is the 

yield for sputtering production. As for the ENAs coming from charge-exchange, the 

LENA flux may be simulated once the soil composition and the binding energy 

(depending on the atomic composition) have been assumed. 

The charge of the products arising from this particle bombardment depends both on the 

composition and the chemical structure of the planetary surface, but generally most of 

the sputtered particles are neutral. A more oxidized surface produces higher ion content, 

which is typically between 0.1% and 10% of the total.  
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Figure 2.3 Energy distribution function for sputtered particles, F(Ee), as a function of ejected Na 
(continuous line) and O particle (dashed line) energy Ee in the case of Ei = 1 keV (solar wind protons). 
Binding energies here are 2 eV for Oxygen [McGrath et al., 1986; Cheng et al., 1987] and 4 eV for 
Sodium [Lammer and Bauer, 1997]. 
 .    
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The LENA signal coming from the surface of the planet carries information about the 

precipitating energetic particles (neutrals and ions) and the surface properties. Even if 

there is no line-of-sight integration, the deconvolution may be difficult as well, and the 

LENA source is still not univocally determined.  In fact, the low energies of LENAs 

make their trajectories not rectilinear. In the case of energies close to or below the 

gravitational escape energy (typically some eV or fraction of eV), the trajectories must 

be treated taking into account the ballistic laws. In the case of Mercury, a hypothetic 

LENA sensor on board an orbiting spacecraft may detect particles coming from the 

other side of the planet. For lower energies, the situation merges with that of an 

exosphere, and LENA sensor will work as an exospheric neutral detector. In section 5.8 

I will show examples of LENA trajectories for medium and low energies. 
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3. The Earth: where all has started. 
This chapter is dedicated to my first work as a PhD student: storm-time monitoring of 

the Earth equatorial magnetosphere. The complexity of the terrestrial magnetosphere 

makes it extremely difficult to develop time-evolving theoretical models of plasma 

circulation. Here I will present an original approach, which uses an empirical model of 

the 90° pitch angle proton distribution in the equatorial plane [Milillo et al. 2001]. This 

model depicts a “virtual magnetospheric configuration”, statistically including all 

possible processes [Paper I, Paper II], and in the following is also referred to as 

reference model (section 3.1). 

In section 3.2 I will demonstrate that it is possible to reconstruct different 

magnetospheric configurations, i.e. to obtain modified models from the reference one, 

just tuning some of its numerical constant. 

Finally, I will show how to use in situ data to guide the model parameters. Their 

modulation during a geomagnetic storm leads to a time-series of different modified 

models, and hence a sequence of pictures of the magnetosphere during the storm. In 

other terms, the observed energy spectra collected in a single position are able, via the 

empirical model, to give information about global plasma properties such as ring current 

and partial ring current development, L-shell compression/stretching and cross-tail 

potential drop. In section 3.3 this method will be applied to CRRES/MICS/LOMICS 

data collected during July 1991 storm.  

This study does not directly involve ENA imaging; nevertheless, magnetospheric 

modelling is the basis for ENA simulation and unfolding. Moreover, the method 

described here can still be referred to as a “magnetospheric imaging”, obtained by 

applying the model to in situ data. Last but not least, this model is able to show how 

important the losses due to charge-exchange are, and, in turn, how useful ENA imaging 

is to monitor the magnetospheric configuration.  

In section 3.4 I will present the instrumental concepts and some preliminary simulations 

of a medium-high energy neutral analyser (MH-ENA NAOMI) proposed to ESA for the 

ISS (International Space Station). 

3.1 Reference model. 

The present analysis is based on an empirical model of the 90° pitch angle proton fluxes 
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in the equatorial plane of the Earth [Milillo et al., 2001]. The model is based on the 

AMPTE/CCE/CHEM experiment data, and it is a superposition of different functions 

representing different equatorial populations and/or physical processes; a complete 

description of the model is given in papers I and II.  

The model has been developed using a filtered data set, which represents a statistical 

configuration (AE < 100 nT) averaged during solar minimum. All large-scale spatial 

and temporal processes coexist in the model, which does not depict any specific and 

instantaneous configuration. However, in section 3.2 I will show that the model is able 

to reconstruct any magnetospheric configuration, provided that its numerical constants 

are opportunely tuned. 

The goal of this study is to reconstruct, via the model, the different configurations of the 

geomagnetosphere during a storm. Hence, among different segments/populations of the 

model, I am focusing on the ones that describe the injection and the diffusion of protons 

 
   

  
 

 
Figure 3.1 Colour-coded picture of the modelled 90° pitch angle differential proton fluxes as a 
function of LS and E at different MLT 
 
 

 .    
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in the equatorial magnetosphere. These functions, expressed in terms of H+ flux (FH+) 

versus L-Shell (LS), are summed to obtain the total H+ differential flux: 

 (3.1) 

where A, P and W simply stand for amplitude, peak positions and widths of the G2 and 

G3 gaussian functions. The first addendum in equation 3.1 describes the injected 

population, in the following simply referred to as CO+G2. The second addendum 

represents the diffused population, or simply G3 in the following (this nomenclature has 

been adopted for consistency with the model description in papers I and II).  

The FH+ versus energy (E) and Magnetic Local Time (MLT) dependency is not explicit 

in equation 3.1, but it is obtained by other gaussian and trigonometric functions for a 

total of 37 physical coefficients (see Paper II). The model is represented in figure 3.1; 

each panel is a colour-coded intensity map of the FH+ in the E vs. LS plane, and 

different panels refer to different MLT.  

The CO+G2 (injection-related) population is represented by the intense peak of FH+ at 

low energy. The energy corresponding to the peak of this population is function of the 

MLT. In fact, this population is more energetic at dusk than at dawn. This effect, also 

known as dawn-dusk asymmetry, will be discussed below. 

The G3 (diffusion-related) population is distinguishable by its high-energy peak at low 

LS; its shape is almost MLT-independent and its peak (PG3) has a strong LS vs. E inverse 

dependency. This effect follows theoretical predictions and has a strong implication in 

the monitoring of a geomagnetic storm, as it will be better explained in section 3.2. The 

G3 populations cannot be discriminated from the CO+G2 one at high LS, since there the 

former is generated by the latter.  

The model is able to reconstruct some of the magnetospheric quantities. The velocity 

distribution function f(v) can be obtained from FH+ (equation B.1 in appendix B); then, 

it is possible to obtain the particle density nH+ and the energy density e as the 

momentum of order two and four of the f(v) distribution (equations B.2 and B.3).  

If the pitch angle (PA) distribution is isotropic, the parallel and perpendicular pressures 

are both equal to (equation B.4), and the current density JH+ is derived from pressure 

P applying equation B.5.  

The electric field can be obtained from the mean kinetic energy = e/nH+ if we also 
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hypothesize that: i) protons motion is adiabatic; ii) E´B = 0; iii) E and B are time-

independent; iv) all the protons are injected in a small region with similar energy. 

Under hypotheses i), ii), and iii), and if all protons were injected at one point r0 with 

exactly the same energy E0, they all should follow the same trajectory, ruled by the 

guiding centre (GC) approximation (see appendix B). For the conservation of energy, at 

any point r reached by the protons, the energy spectrum should result in a sharp peak at 

energy K(r): 

  (3.3) 

where V is the electric potential and q is the charge. Under the more realistic hypothesis 

iv), the energy spectrum at point r extends to more than one energy K(r), and equation 

3.3 should be applied, as an approximation, to the mean kinetic energy . Under these 

assumptions, the map of lines of equal mean kinetic energy corresponds to the map of 

the equipotential lines. 

Figure 3.2 shows a comparison between the electric potential estimated by using 

equation 3.3 and the McIlwain [McIlwain, 1986] electric field model associated to quiet 

conditions. It is evident the good agreement between these models for LS > 5; at lower 

LS, however, this model is not able to reconstruct the electric field. In fact, since protons 

( ) ( )rrr 0 qVqVKK -+= 0)(

K

 
         

 
 
Figure 3.2 Quiet time electric potential contours, as calculated using the model (left panel) and as 

predicted by McIlwain [1986].  

 .    
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are supposed to be injected with approximately same energy, they should always have 

an energy spectrum that depicts a single population. Hence, this approximation is less 

valid when it is possible to recognize two different populations (LS < 5), because the 

diffused one (G2) is driven by non-adiabatic processes.  

3.2 Modified model.  

As mentioned before, it is necessary to tune the model coefficients to make the model 

fit a given, real magnetospheric configuration. As an example, we may imagine to 

detect a certain proton energy spectrum, at a given location P0 (LS0, MLT0) and at a 

given time t0. The situation is described by figure 3.3; the energy spectrum is a vertical 

segment at LS=LS0 in the panel corresponding to MLT0. In principle, it is not necessary 

to modify all the 37 model coefficients to obtain a good agreement between the 

experimental spectrum and the one predicted by the model. In fact, any spectrum is the 

sum of two populations (injected and diffused) and it is sufficient to introduce 6 

parameters that are able to modulate the peak position, intensity and width of these two 

populations. For simplicity, these parameters are normalized so that a value of 1 

represents the reference condition for each parameter. These parameters are summarised 

in table 3.1. 

The intrinsic correlation between these pure numbers and the model coefficients is 

discussed in paper II; however, it is more important to understand how the modification 

of these parameters reflects different physical configurations of the magnetosphere.  

The intensities B and D at some time t0 represent the relative importance of the two 

different processes versus time, until t0. The modulation of the cross-tail electric field 

 

Table 3.1 

Name Meaning Population 
A Related to energy of peak position (vs. L-Shell) 

G3 
Diffused D Intensity 

F Temperature or width 
C Related to energy peak position (vs. MLT) 

CO+G2 
Injected B Intensity 

E Temperature or width 
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and of the potential drop is related to the dawn-dusk asymmetry, which is in turn related 

to the difference of the energy of the (CO+G2) peak (factor C). An increase of C can be 

imagined as a translation of the whole (CO+G2) population towards higher energy in all 

panels in figure 3.1. Since the energy scale is logarithmic, the energy shift in the dusk 

sector will be higher than the one in the dawn sector. In the end, the difference in mean 

energy between these sectors will increase.  

In principle, there is no way to modify the peak position of the diffused population G3. 

This value, actually, follows the theoretical and empirical equation [Ejiri, 1978]: 

 . (3.4) 

Hence, an increase (decrease) of the G3 peak energy can be obtained only if we move 
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Figure 3.3 Colour-coded H+ differential flux in a LS vs. E plane, for a generic MLT. The dashed 
vertical line represents an energy spectrum at a single L-Shell (LS0). The coloured segments explain 
the meanings of the parameters B (intensity of CO+G2), C (related to position of CO+G2), E 
(temperature of CO+G2), D (intensity of G3), F (temperature of G3).  
 .    
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our point P0 to lower (higher) LS. Alternatively, we may imagine to be at a fixed point 

P0 and to observe an expanding (compressing) magnetosphere. Hence, I introduce a 

parameter A, which is defined as: 

  (3.5) 

where LS1 is the L-Shell for which the spectrum is calculated. Hence, A>1  (A<1) means 

that we have to move our point outward (inward) in order to find the proper energy 

spectrum, or that the whole magnetosphere has been compressed (stretched).  

In summary, the model is able to reconstruct any given magnetospheric configuration, 

provided that the six chosen parameters are opportunely tuned. 

3.3 Imaging the equatorial magnetosphere during a substorm 

I have shown that, given an experimental energy spectrum at a certain point P0, it is 

possible to find a set of parameters for which the model fits the experimental data. Once 

the best-fit parameters have been found, the global image of the magnetosphere can be 

obtained by using the model (this procedure may be performed iteratively if we have 

several spectra at different times and different positions). Now, the tasks I want to 

address myself to are the following: 

1) to validate the H+ model with experimental data, by verifying that it is possible to 

reconstruct any real magnetospheric spectrum; 

2) to reconstruct the time-development of the 6 chosen parameters, and discuss it in the 

frame of the interpretation given in section 3.2; 

3) to use the 6 parameters to obtain the whole equatorial magnetosphere configuration 

(ring current, electric field, plasma density and spectra). 

This method has been applied to proton energy spectra, collected by CRRES 

MICS/LOMICS experiment along the spacecraft orbit in the midnight-dusk quadrant 

between L ~4 and ~9, energies between 4 and 400 keV. Figure 3.4 shows the best-fitted 

parameters, function of time, during July 1991 storm. The coloured lines are the 

running-window time-averages of the parameters; the running-window covers one orbit 

(10 hours). In addition, AE, KP and Dst indexes are plotted to help the discussion. In 

the development of these indexes it is possible to recognize two main storm phases  

(approximately between DOY 190-191 and between DOY 194-195).  

Panel 3.4-B shows the development of parameter B. The good correlation between the 

0

1
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Dst depletions and B increases indicates that the model is able to reconstruct the 

injection and convection of new, fresh particles in the magnetosphere. A similar effect 

can be recognized in the width of the injected population (parameter E). After these 

processes decrease, loss processes such as charge-exchange rapidly erode the H+ signal 

 
Figure 3.4 Parameters C, B, E (position, intensity and temperature of CO+G2) and A, D, F (position, 
intensity and temperature of G3) vs. time during July, 1991 storm. Blank interval in first three 
parameter curves is due to instrumental failure. Dst, AE and Kp are shown in the first two panels. 
 
  

 .    
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at low energy. 

Parameter A is shown in panel 3.4-A. During the evolution of a storm, the 

magnetosphere stretches (A <1) before main phase development, then depolarises (A>1) 

just some time after injection of fresh particles [e.g. Lui, 2000], and finally slowly gets 

back to quiet time configuration (A=1) during the recovery phase. Actually, two major 

increases of A can be noted just after the two main storm phases, indicating that A is a 

good tracer of the magnetospheric instantaneous geometry. 

Parameter D is shown in panel 4.3-D. The intensity of the diffused population is 

expected to decrease during the main phase of the storm, when this population is 

removed from the magnetosphere due to the opening of the electric field and of the 

closed drift paths [Ebihara and Ejiri, 1998; Liemohn et al., 1999]. After the main phase, 

the new protons start to diffuse and G3 intensity reaches its maximum. As protons get 

closer to the Earth, however, they reach regions where exospheric densities are higher, 

and generally several loss processes affect the particle distributions. There, the charge-

exchange, as well as other loss processes, starts removing particles, and parameter D 

reacts to that by exhibiting a slow decrease. The reconstructed development follows 

exactly this theoretical prediction. Moreover, this interpretation explains a little 

difference between the two analysed recovery phases. In the first one, the G3 has 

enough time to reach its maximum, but not enough to decay back to the reference 

model; the second recovery phase is longer, and D decreases in an approximately 

exponential way.  

Once the six functions A(t), B(t) … F(t) have been reconstructed, it is possible to use 

them as an input for the model and obtain all the magnetospheric quantities at any time 

during the storm. Before attempting such a data-analysis, however, it is necessary to 

stress two considerations: i) experimental data set has been time-averaged, and since the 

satellite spends the most of its time in the outer part of the magnetosphere, the spectra 

collected in this region give a higher contribution to the fitting process; ii) during the 

injection phase, CO+G2 vs. LS deviate from the model, because electric field shielding 

decreases and particles penetrate deeper into the inner magnetosphere. For these 

reasons, during storm time, the inner part of the magnetosphere cannot be properly 

reconstructed until model improvements are done.  

In figure 3.5 I show the global reconstruction of mean kinetic energy (electric potential, 

panels A, B, C), energy density (panels D, E, F) and perpendicular current density 

(panels G, H, I) at three different stages of the storm.  
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Panels A, D, G refer to the initial phase of the storm (sudden commencement), just 

before the main phase. The cross-tail electric field penetrates into the inner part of the 

magnetosphere; the energy density intensifies at dusk because protons flush in that 

region and escape through the afternoon magnetopause [Ebihara and Ejiri, 2000]; at the 

same time the tail current intensifies and is directed towards dusk.  

During the main phase (panels B, E, H) the electric field is still dawn-dusk; the energy 

density is even higher because particles are being populating the inner-dusk regions; the 

current density shows the depolarisation of the magnetosphere, as it is localized at lower 

LS.  

A) B) C)  

D) E) F)  
 

G) H) I)  
 

Figure 3.5 Global reconstruction of electric potential (panels A, B, C), energy density (panels D, E, 
F) and perpendicular current density (panels G, H, I) at three different stages of the storm. Panels A, 
D, G: initial phase of the storm; panels B, E, H: main phase; panels C, F, I: recovery phase. 
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During the recovery phase (panels C, F, I) the co-rotating electric field shields the inner 

regions, the energy density becomes symmetric and the ring current closes around the 

Earth.  

In conclusion, this approach provides a unique tool to understand the dynamics of the 

inner magnetosphere, by taking into account that any given situation is driven by 

previous effects which are recorded and must be considered for a correct interpretation. 

I’ve already stressed that ENA images are in principle able to depict such real 

conditions, and a comparison with this model could be able to give the dynamical time 

profile that has led to the configuration photographed by ENA images (see also final 

comment in section 2.1).  

3.4 A new design for a Medium-High Energy Neutral Detector  

In this chapter I have discussed main magnetospheric features, and I have introduced an 

investigation method that could be considered as alternative or complementary to ENA 

remote-sensing.  

Before leaving this chapter, I will briefly discuss about ENA instrumentation applicable 

to the Earth’s magnetosphere. At present, several neutral particle detectors are part of 

the payload of spacecrafts actually orbiting around the Earth (IMAGE) or travelling to 

other planets (Cassini). Different detection techniques have been applied, depending on 

the energy of the detected particles. A summary of ENA flying detectors can be found, 

for example, in [C:son Brandt 1999] and [Wurz, 2000]. Here, as an example, I will 

introduce a new design of a medium-high energy neutral atom (MH-ENA) detector to 

be possibly located onboard the International Space Station (ISS): NAOMI (Neutral 

Atom Observer and Magnetospheric Imager). 

The scheme of this sensor is shown in figure 3.6. The instrument has energy, mass and 

direction resolutions, and is suited for ENA particles in the 1 keV-300 keV energy 

range.  

The detector consists of a pinhole-focusing ENA camera. First, high-voltage deflection 

plates remove the ion component of the entering flux and collimate the ENA flux. Then, 

the collimated neutrals pass through a thin carbon foil (CF). There, secondary electrons 

are emitted and the neutrals are ionised with a certain efficiency, depending on their 

energy. 
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The carbon foil is placed just above a double grid, which is charged at some electric 

potential DV. The electric field that is generated between grids causes the electrons to be 

accelerated upward; they are detected by a start-MCP (micro channel plate). At the 

same time, the positive-ionised fraction of the incoming neutrals is post-accelerated and 

deflected downward; depending on their energy, these ions impact onto a stop-MPC or 

onto a solid-state detector (SSD).  

For each event, it is possible to reconstruct the direction of the incoming neutral by 

analysing the position of the electron signal on the start-MCP. Moreover, the detector is 

able to resolve the time-of-flight (ToF) between CF and stop-MCP/SSD. 

The particles with energy less than or equal to qDV (some keV) are deflected and impact 

onto the stop-MCP. The impact position depends on the particle energy before the post-

acceleration (E); the particle energy after post-acceleration is simply E+qDV. This 

information, in addition to ToF, provides energy and mass resolution. The particles with 

energy well above qDV, as well as the non-ionised particles, travel more or less along 

  

 
Figure 3.6 NAOMI scheme and simulated trajectories. Red and blue surfaces are respectively stop-

SSDs and start-MCPs. Grid and carbon foil are in the middle of the figure; blue lines are protons’ 

trajectories; yellow lines are electrons’ trajectories. 
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straight lines and are collected onto the SSD. In this case, it is possible to roughly 

determine the particle energy in the ToF chamber by means of the pulse-height analysis 

on the SSD, and hence the mass of the particle. However, the initial particle energy 

(before CF) is not known, since is it not possible to determine the charge of the particle, 

and whether it has been post-accelerated or not.  

As an example, figure 3.7 shows a scatter plot of measured vs. true mass in a simulation 

of the instrument, for particles of about 1 keV, and with DV=20 kV. The error on the 

mass resolution has been computed taking into account only that on the ToF.  

 

 
 
Figure 3.7 Scatter plot of true mass versus measured mass in a simulated detector. The error on the 
mass is calculated taking into account only the ToF.  
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4. Mars and Phobos: waiting for Mars Express 
This part of the thesis is dedicated to Mars/Phobos environment in the frame of the 

forthcoming ESA mission Mars Express (MEX). More particularly, I will present here 

an application of ENA imaging at Mars: the investigation of the Oxygen population 

generated from natural satellite Phobos. In fact, the existence and the magnitude of this 

population could give precious information about the evolution of this moon [Fanale 

and Salvail, 1989]. This study has been already published, and the details can be found 

in paper III; here I will summarise the principal topics and the results.  

First, I will introduce some empirical models for proton plasma and neutral population 

at Mars, and a dedicated model for Phobos-originated Oxygen population. These neutral 

atoms are supposed to outgas from Phobos and fill a torus all along its orbit, but the 

existence of such a torus is still debated. So far, only indirect evidences of it have been 

found [Paper III]. The ENA imaging technique would be a useful investigation tool, 

since in next few months new data from ASPERA-3 sensor on board MEX will be 

available. While waiting for these data, the feasibility of such an investigation is 

   
 

 
 
Figure 4.1 Interaction of solar wind with Mars. Blue lines represent the proton trajectories as 
calculated by Kallio [1997]. The ring around the planet is a reconstruction of the Phobos Oxygen torus 
as it has been simulated in paper III. Dimensions of Phobos are not on scale. 
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discussed here.  

Last but not least, I will present here some fundamental concepts of ASPERA-3 

instrument as well as the first ENA data from ASPERA-3.  

4.1 Mars environment  

Introduction. The environment of Mars, the last of the terrestrial solar system planets, 

could have been for many aspects similar to the Earth’s one, because of comparable 

planetary dimensions and distances from the Sun. The main difference is probably the 

absence of a global magnetic field at Mars: this single lack leads to an enormous 

amount of consequences in the present and in the past of Mars’ environment.  

Since the solar wind interacts with Mars mainly through direct impact with the ambient 

atmospheric/exospheric gas [Kallio et al., 1997], charge-exchange is expected to be 

very effective. ENA imaging is hence a potentially useful tool to understand the 

geometry, the physics, and the dynamics of the plasma around Mars. 

    
 

 
 

Figure 4.2 Empirical model of the proton flow, based on ASPERA three-dimensional proton velocity 
measurements [Kallio, 1996]. Panel A) and B): proton streamlines and velocity, panel B) proton 
density; panel D) proton temperature. An axial symmetry around Sun-Mars axis has been postulated. 
The inner circumference shows the position of the planetary obstacle boundary; the outer one shows 
the position of Phobos’ orbit. 
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Mars “Magnetosphere” and neutral population. A schematic of Mars “magnetosphere” 

is shown in figure 4.1. Some examples of proton trajectories (blue lines), as well as 

Phobos’ torus, are shown. It could be useful to define specific regions of interaction 

[e.g. Vaisberg et al., 1990]. Going from the outside towards the planet, we find: 

1) a bow shock, where the solar wind starts to be deflected;  

2) a “magnetosheath”, a region between the bow shock and the magnetopause, where 

the solar wind particles are effectively deflected and mixed to planetary particles;  

3) a “magnetopause”, where the plasma speed decreases; 

4) a “magnetosphere”, the region inside the magnetopause; 

5) an obstacle boundary, no plasma or field penetrates it. 

The term “Magnetosphere”, as well as “Magnetopause” and “Magnetosheath”, doesn’t 

seem to  be appropriate in Mars context, since there is no magnetic field. Nevertheless, 

this nomenclature is widely used for consistence with the Earth topology, and for 

simplicity.  

The plasma model used in this study [Kallio, 1996] considers the solar wind origin 

plasma as composed by protons only. Figure 4.2 shows maps of the streamlines, the 

velocity, the density, and the temperature of the proton flow around Mars. This 

 
 
Figure 4.3 Neutral particle density profiles in the Martian exosphere versus altitude: Oxygen (dotted), 
Hydrogen (dash-dotted), and molecular Hydrogen (dashed), from Krasnopolsky and Gladstone, 1996. 
The solid line indicates the Mars surface. 
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empirical model, based on PHOBOS-2/ASPERA data (1989), is able to reconstruct all 

regions mentioned above. More particularly, if we refer to panel b), the red region is the 

unperturbed solar wind; the blue/green/orange region is the magnetosheath; the dark 

blue region is the magnetosphere. Bow shock and magnetopause are the boundaries 

between these regions; obstacle boundary corresponds more or less to planetary surface. 

According to this model, half of Phobos’ orbit is inside the bow shock, but its presence 

does not modify the model. In fact, due to its very small dimensions, Phobos is not able 

to deflect the proton flux on large scales. 

Our simplified model of neutral population considers Mars’ atmosphere and exosphere 

as composed only of Oxygen, Hydrogen and molecular Hydrogen. In fact, other neutral 

species are present (such as Helium, for example), but they have a lower charge-

exchange cross-section. The neutral profiles for those populations are approximated by 

exponential functions of the distance from Mars and are shown in figure 4.3; more 

details can be found in paper III. 

4.2 A model for Phobos’ torus 

Phobos, the inner of the natural satellites of Mars, is an irregular object with dimensions 

of 13.5 x 10.8 x 9.4 km and a mass of 1.08´1016 Kg. Its orbit is located on the ecliptic 

plane and is approximately circular. The orbital radius (RMP) is 9500 km  (@ 2.7 RM) and 

the revolution period is about 7 hours.  

The suggestive hypothesis that a dust/gas torus may surround Phobos’ orbit has been 

suggested since 1971 [Soter, 1971]. Lately, after PHOBOS-2 observation of Mars in 

1989, its presence has been invoked to explain some strange effects on IMF and 

electron density measurements [Ip and Banaszkiewicz, 1990; Horanyi et al., 1990; 

Dubinin et al., 1990; 1991].  

More particularly, one of the hypotheses is that Phobos may contain water [e.g.: Fanale 

and Salvail, 1989], and that surface outgassing of Oxygen may occur. The escaping 

particles should have enough energy to escape the attraction of Phobos, but not that of 

Mars. They are supposed to travel in ballistic orbits around Mars, thus leading to the 

formation of the neutral component of the above-mentioned torus. In any case, the 

presence of such a population is still an open question: if this Oxygen population is 

really present, which outgassing rate is responsible for it? A possible value, which could 

explain the PHOBOS-2 disturbances, is 1023 s-1 [Sauer et al., 1995; Paper III]; so far, 
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no direct observation of this population has been successful. The other hypothesis (a 

dust ring), however, seems to be less probable since a direct observation of a possible 

dust ring around Mars [Duxbury and Ocampo, 1988] didn’t evidence any significant 

signals. 

It is worth noting that Phobos’ orbit is partially embedded both in the Martian 

magnetosheath (in the dusk and dawn sectors) and in the magnetosphere (in the night 

side). Hence, the outgassing material around the orbit may interact not only with the 

undisturbed solar wind, but also with the plasma flowing around Mars [e.g.: Barabash 

and Lundin, 1994]. In my analysis, I will focus on the charge-exchange interaction 

between the Oxygen component of this torus and the energetic protons, and I will 

discuss on the feasibility of a detection of this population via ENA imaging.  

Theoretical studies [Krimskii, 1992] suggest that the torus cross section is 

approximately circular, and that the mean O density <no> inside is ~104 cm-3. 

Nevertheless, this value should necessary be higher close to Phobos. In this case, values 

up to no=106 cm-3 could be found [Paper III]. In fact, under the hypothesis of a free 

expansion from Phobos, the oxygen density near the satellite is: 

  ; (4.1) 

where rP is the distance from Phobos and vn  = drP / dt is the mean particle velocity 

while escaping from Phobos. This latter value can be obtained by using vn = (2 k TP 

/mO)1/2 = 500 m s–1, where TP = 250 K is the surface temperature of Phobos, and mO is 

the oxygen mass [Ip and Banaszkiewicz, 1990; Krymskii et al, 1992]. 

Some preliminary ENA simulations were done using this value, and the result was 

promising: ENA imaging should be able to investigate the outgassing rate from Phobos. 

Then I’ve decided to improve the accuracy on the estimation of the O density function 

inside the torus, by means of an ad hoc numerical, Monte-Carlo model. More than 107 

test particles trajectories have been tracked, taking into account gravitational and 

Coriolis force in the non-inertial frame of Phobos. The test-particle trajectories have 

been reconstructed with a special mix of analytic and numerical treatment, since full-

analytical trajectory solution in a non-inertial frame is not easy (more details can be 

found in paper III; used equations are in appendix B). The model includes a random 

source for Oxygen particles, and all possible loss processes.  

The result, in terms of neutral distribution no, is shown in figure 4.4. Here I adopt 

cylindrical coordinates: r is the distance from Mars, f is the angle from Phobos 
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direction, Dr=r- RMP. The two panels refer to two distinct bi-dimensional sections: [f, 

Dr, z = 0] (Panel A), and [z, Dr, f = 0] (Panel B). The O density no in a small region 

surrounding Phobos reaches values up to 2×105 cm–3. In the remainder of the torus no is 

almost f-independent, with a peak of » 3×104 cm-3 located at Dr=0.  

An important parameter for the Oxygen distribution simulation is lifetime t. There are 

three important causes of O-atom losses in Phobos’ torus: charge-exchange, photo-

ionisation and electron impact ionisation, and all of them cause relevant losses. A zero-

order estimation, using solar wind plasma parameters, leads to a charge-exchange loss 

frequency fCE = 10-7 s-1 [Paper III]. This value is comparable to other loss frequencies. 

In fact, at Mars’ orbit and during solar minimum, the photoionisation loss frequency is 

fg = 10-7 s-1, and the electron impact ionisation frequency is fe = 2×10-7 s-1 [Zhang et al., 

1993]. The total loss frequency f is the sum of all these frequencies (f = 4×10-7 s-1), and I 

have hence considered an oxygen gas lifetime t = f -1 = 2 10 6 s. 

 

4.3 Mars ENA imaging 

If we want to study the outgassing rate of Phobos by means of ENA imaging, the ENA 

flux coming from Mars environment should be considered as “background”, even if it 

is, actually, the major objects of ASPERA-3 investigation. The estimation of such a 

 
 

Figure 4.4 Simulated neutral Oxygen density near the orbit of Phobos for different bi-dimensional 

sections: f versus r, z=0 (Panel A); r versus z, f=0 (Panel B); Q = 1023 s-1. Phobos position is at 

r=0, f=0°, z=0; its velocity is directed toward the increasing f. 
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background is a preliminary step for this investigation.  

The ASPERA-3 package on board MEX includes a Neutral Particle Imager (NPI), with 

good angular resolution but no energy resolution, and a Neutral Particle Detector 

(NPD), with low angular resolution (more details in section 4.5). Hence, for some 

realistic vantage point configurations, I have simulated some ENA images and the 

related ENA energy spectra.  

An example of Mars’ ENA image is shown in figure 4.5. The vantage point, in this 

case, is at (-1.3 RM, 2.9 RM, 0) in Mars-Solar-Ecliptic (MSE) coordinates, and it is 

schematised as a grey point in figure 4.6. The dotted line represents Mars’ obstacle 

boundary. The ENA differential flux has been calculated by using line of sight 

integration (equation 2.5), and then it has been integrated over all energies (from 10 eV 

to 2 keV). Two peaks can be recognized in the image: a narrow and circular one centred 

on the sunward direction, and a more extended one closer to the planet. The first is 

related the ENA flux generated outside the bow shock by the unperturbed solar wind; 

the second is related to the ENA flux generated in the magnetosheath, by the 

 
 
Figure 4.5 Pseudo-color map of the ENA differential flux, function of the elevation and azimuth 
angle, if only Mars exosphere was present. The dashed line represents Mars’ obstacle boundary. 
Azimuth angle is measured on the equatorial plane, beginning from Mars’ centre; elevation angle is 
measured perpendicular to the equatorial plane, Mars’ centre is at 180°. 
  



39 Chapter 4. Mars 

 39 

thermalised solar wind. Figure 4.7 (solid line) shows the ENA spectra relative to Figure 

4.5. The spectrum related to Mars’ ENA flux (solid line) is the envelope of the fluxes 

from all regions. The low energy flux (below 400 eV) is generated very close to Mars’ 

surface (see figure 4.2); the high energy flux (0.4-2 keV) results both from unperturbed 

solar wind outside the bow shock, and from deflected solar wind in the magnetosheath.  

4.4 A simple deconvolution: Phobos’ outgassing rate  

The hydrogen ENA flux generated at Mars can be considered as the sum of two: the one 

coming from Mars’ exosphere and the one coming from Phobos’ torus. The first is 

almost always detectable; the latter, due to the small dimensions of Phobos’ torus (see 

figure 4.4), is not. In fact, the integration path is, in most cases, too small to produce a 

noticeable ENA flux. The most favourable configuration for this latter signal occurs 

when the vantage point is located on Mars’ equatorial plane and close to Phobos. 

During MEX mission, three useful Phobos’ close approaches are planned [Barabash, 

private communication]. 

Figure 4.8 shows the ENA flux generated by Phobos’ neutral population, with the 

exclusion of the background signal reported in figure 4.5, assuming hypothetically that 

Q = 1023 s-1 (see previous comments in section 4.2). 

The ENA image is of course concentrated on the equatorial plane. Here, the peak 

 

 
 
Figure 4.6 Scheme of the relative Mars-Phobos-ASPERA position, as used for ENA images 
simulation of figures 4.5, 4.8, 4.9. 
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intensity is higher than the “background” in the same location. However, if we look at 

the ENA spectrum (figure 4.7, dashed line), we note that it is well below the 

background at any energy. Hence, such a measurement is possible only via NPI. I have 

also simulated ENA images and spectra for other different Mars-Phobos-vantage point 

configurations, but if the vantage point is placed outside the equatorial plane the ENA 

flux from Phobos is not detectable. This latter fact suggests a way to make the 

measurement of Q.  

The polar orbit of MEX crosses the equatorial plane at approximately right angles. 

While approaching Phobos, its period is roughly the same as Phobos’ one (7 hours). 

Even if the torus virtually extends to infinity, the region where O density is noticeable is 

very thin, i.e. less than 200 km. Hence, ASPERA-3 will be at a “good” vantage point 

position only for one or two minutes. During this time, the ENA image detected from 

NPI should be similar to the superposition of figures 4.5 and 4.8. The result is shown in 

figure 4.9. Just before (or just after) this crossing, the ENA image should be the one of 

figure 4.5. The difference between those images is the ENA flux coming from Phobos’ 

torus. Since this flux is simply proportional to the O neutral density no, a rough 

estimation of Q is possible.  

 
 
Figure 4.7 Spectra of the ENA fluxes coming from Mars (solid line) and Phobos (dotted line), 
integrated over all directions in the sky. Vantage point and Phobos position are the same as in figure 
4.5. 
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The very short time scale should guarantee that the external conditions do not change. 

In any case, this can be verified by comparing the ENA image just before with the one 

just after the encounter. According to my simulation, the angular resolution of NPI (4.6° 

´ 11.5°) should be good enough to resolve the thin signal in the equatorial plane.  

In conclusion, the presence of a neutral population originated from Phobos induces an 

 
Figure 4.8 ENA image simulation: same as 4.5, if only Phobos torus-halo was present. 

 
Figure 4.9 ENA image simulation: overall ENA image resulting from the superposition of ENA 

images in figures 4.5 and 4.8. 
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extra ENA signal that should be detectable. In the considered configuration, this allows 

the estimation of the outgassing rate Q, but only if Q is equal or greater than 1023 s-1. 

Since I have used the most favourable conditions (vantage point/Phobos configuration), 

it is not realistic to imagine the detection of a smaller rate. Anyhow, this consideration 

does not affect the feasibility of this measure. In fact, disturbances on PHOBOS-2 data 

can be explained by outgassing only if Q ³ 1023 s-1. If this last hypothesis is right, NPI 

sensor will detect some extra signal/disturbance during MEX-Phobos approach, and Q 

will be estimated in detail.  

4.5 ASPERA-3 Instruments 

During my thesis, I actively participated to the development of the ASPERA-3 

experiment (Analyser of Space Plasmas and EneRgetic Atoms). More particularly, I 

was responsible for the development of both data display and real-time analysis 

software (DDU, Data Display Unit). The scientific instrumentation (figure 4.10), part of 

the MEX payload, includes both ion and electron sensors, and two different neutral 

analysers: NPI (Neutral Particle Imager) and NPD (Neutral Particle Detector). Here I 

  
 

 
 
Figure 4.10 ASPERA-3 Layout. 
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will briefly resume some concepts about these two last instruments.  

NPI is substantially an imager. It has neither energy nor mass resolution, but good 

angular resolution. It is placed over a rotating platform, in order to perform a 3D full 

exploration. It has a cylindrical shape, with symmetry axis at right angles to the rotation 

axis. Figure 4.11 is a section of the instrument in a plane containing the symmetry axis, 

showing two of the 32 sectors of the instrument. 

The sensor head is provided with electrostatic deflection plates, which remove the 

incoming ions. The neutrals are allowed to hit a 32-faced target. The sputtered particles 

produced by the collision, and/or the reflected neutral, can hit the micro channel plate 

(MCP) below. The MCP, with 32 anodes revealing which sector has been crossed, 

operates in negative-bias mode, and hence can accept all projectiles except electrons. 

The UV entering the instrument are suppressed by using a resin-based graphite-

dispersion target. A summary of the instrument characteristics is given in table 4.1. 

 
Figure 4.11 NPI scheme. 
  

 

Table 4.1 

Energy Range 0.1 – 60 KeV 

Angular Resolution 4.6° x 11.5° 

Azimuthal sectors 32 

Geometrical factor 2.5 102 cm2 sr 

Efficiency ~1% 

Power 0.8 W 

Mass 0.7 kg 
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NPD is substantially a mass and energy spectrometer, with poor angular resolution 

(~30°). Two NPD units are included in ASPERA-3, and placed over the rotating 

platform looking at opposite directions. Detecting the energy or the mass of a neutral 

implies that this neutral must be perturbed somehow (this consideration has a very 

important exception: see section 5.10). In general, this happens either forcing it to cross 

a very thin carbon foil (as for MH-ENA, section 3.4), or deflecting it by an ionising 

surface at very low grazing angles. The ionisation through a carbon foil is not suitable 

for low energy neutrals; hence, NPD uses the surface-scattering technique. Particles are 

not necessary ionised; upon their scattering on the surface some electrons are released 

and the detection of the latters makes the start of a ToF measurement. Figure 4.12 

shows a 3D view of the instrument. 

After the deflection plates, similar to those of NPI, the neutrals hit a graphite surface. 

Table 4.2 

Energy Range 100ev – 10 KeV 

Energy Resolution 16 step 

Azimuthal sectors 3 

Efficiency ~1%-50% 

Power 1.5 W 

Mass 1.8 kg 

 
 

 
Figure 4.12 NPD scheme. 
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The result of this collision is the ejections of some electrons, which are collected on two 

start-MCPs using appropriate electric field. The electrons detection gives the start time. 

After the collision, the particle (sometimes ionised) is scattered and proceed until it 

reaches a stop target. The electrons ejected are collected over stop-MCP to give the stop 

time. The time-of-flight measurement gives the particle velocity, while the number of 

collected stop-electrons roughly gives the particle energy, and then the masses. Table 

4.2 gives a summary of NPD characteristics.  

4.6 ASPERA-3 First image 

During ASPERA-3 development, I have been responsible of the Data Display Unit 

(DDU), under the direction of Dr. Stefano Orsini. After MEX launch (June 2, 2003) the 

instrument has been switched-on to perform some on-flight calibrations and tests. I have 

actively participated to these operations, and DDU s/w has been used extensively. In 

particular, some data have been collected during a changing in the satellite attitude. 

Figure 4.13 shows the DDU control panel and the NPI data collected between 18:00 and 

21:20 July 9, 2003. The deflection voltage was off, i.e. most of the detected particles 

   

 
 

Figure 4.13 DDU monitor with first ENA data. On y axis: sectors. On x axis: time. Colours are coded 
according to count rate. 
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were solar wind ions. Figure 4.14 shows, for the same time interval, the Sun’s position 

within the NPI sectors. The movement of the Sun’s signal across sectors from 19 to 26 

clearly shows that all those sectors are working fine. Conversely, is it not clear why 

sector 16 is counting particles, since it should be artificially blocked.  

After a six months’ flight, Mars Express is going to be inserted into an orbit around 

Mars. The ASPERA instrument is about to collect and send us the first ENA data of 

Mars’ environment.  

 
 

 
Figure 4.14 Position of the Sun direction respect to sectors of NPI, function of time, in the same 
period as in figure 4.12 (from K. Jonsson, private communication). 
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5. Mercury and the ESA mission Bepi Colombo. 
In this part of the thesis, I will discuss about general features of ENA imaging at 

Mercury. I will first consider the present knowledge of Mercury’s environment (5.1); 

then I will introduce the models of Mercury’s magnetosphere, exosphere and surface 

composition adopted for further calculations (5.2). In section 5.3 I will present a 

preliminary simulation of Mercury’s equatorial proton circulation, and discuss about the 

existence of a ring current at Mercury. In sections 5.4 and 5.5, a general model of proton 

circulation in all Hermean magnetosphere will be developed, and its results will be 

applied to ion-sputtering and exospheric profile simulations (5.6), and ENA emission 

simulations (5.7). The feasibility of neutral atom imaging will be also discussed (5.8), as 

well as the related instrument requirements (5.9). This study includes also a published 

paper (Paper IV) and a submitted one (Paper V). 

The importance of this study will been enhanced, however, if we consider that the future 

Bepi Colombo mission to Mercury will probably include a Neutral Particle Analyser 

(NPA-SERENA), led by Dr. Orsini and his SERENA group at IFSI. The ESA planning 

of this mission has induced a big effort by the international community to produce 

   

 

 
 
Figure 5.1 Magnetic field profile inside Mercury’s magnetosphere as measured by Mariner 10 in 
March 1975. 
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simulations and feasibility studies. This chapter resumes my personal contribution to 

such an effort. Actually, it may be assumed as one of the main results of my thesis, 

especially because it provided a major support to the selection of SERENA. 

5.1 Mercury’s Environment 

Prelude. Why looking at Mercury? The Hermean environment is from almost all angles 

very different to the Earth’s one. Its small distance from the Sun makes surface 

temperature and daily excursion extremely high; the eccentricity of its orbit causes a 

high variability in the solar wind conditions at Mercury; the absence of an atmosphere 

and the weakness of the intrinsic magnetic field result in a peculiar magnetospheric 

behaviour. These extreme conditions make Mercury a unique case in the solar system: 

Mercury can be referred to as a “laboratory planet”, and all scientific results obtained at 

Mercury can be applied, even if not transferred, to the Earth.  

Mercury’s magnetosphere. The Hermean magnetosphere was an almost complete 

mystery until 1974, when the first spacecraft to approach Mercury, Mariner 10, revealed 

the existence of an intrinsic magnetic field (see figure 5.1). The magnetic field 

  

 

 
 
Figure 5.2 Block diagram showing main exchange processes in Mercury’s environment. [A. Milillo, 
private communication, 2003]. 
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estimation has large uncertainty, because it is difficulty to separate the internal and 

external magnetic field components [Connerney and Ness, 1988]. Nevertheless, the 

dipole moment is probably between 284 and 358 nT RM3 [Ness et al., 1975], pointing 

approximately 10° from the South Pole. For reference, the Earth’s dipole is 

approximately 3´104 nT RE3.  

Peculiarities in Mercury’s magnetosphere arise also from the extreme conditions of the 

solar wind at Mercury’s orbit (0.3÷0.44 AU), which differs substantially from the 

average conditions present at 1 AU. Parker spiral forms an angle of about 20° with the 

solar wind radial direction, while it is approximately 45° at the Earth. This implies a 

change of the relative ratio of the IMF components with respect to the near Earth 

conditions, and a modified solar wind-magnetosphere relationship. The average solar 

wind density is about ten times higher than at the Earth, and this value varies 

considerably due to the high eccentricity of the orbit of the planet, going from 34  

at the aphelion (0.44 AU), to 83  at the perihelion (0.29 AU). Solar wind speed is 

approximately 430 km/s, and the dynamic pressure is, on average, 16 nPa.  

Applying all above parameters, it has been estimated that the sub-solar point, where the 

internal and external pressures balance together, is at the distance of 1.5÷1.7 RM from 

Mercury’s centre [Siscoe and Cristofer, 1975; Goldstein et al., 1981], while at the Earth 

this point is located at 11 RE. This latter consideration may be applied while trying to 

simulate the Hermean magnetosphere with a scaled model of the Earth’s one (see 

section 5.2): with respect to magnetospheric dimensions, Mercury appears to be seven 

times bigger than the Earth. This scale factor has many important implications, for 

example, in the development of a ring current around the planet. In fact, at the Earth, 

this current develops at ~ 5 RE, which corresponds to ~ .7 RM at Mercury, i.e. below the 

planetary surface. Hence, the injecting ions from the tail fall down to the planet before a 

complete revolution. This feature will be better discussed in section 5.3. 

Last but not least, a smaller spatial scale implies a smaller time scale at Mercury. 

Magnetospheric processes are ten times shorter than at the Earth (few minutes instead of 

approximately 1 hour) [Siscoe et al., 1975], and they are highly conditioned by the solar 

wind parameters [Luhmann et al., 1998].  

Plasma sources. The origin of a hermean magnetospheric ion can be essentially either 

interplanetary (solar wind) or planetary (exospheric thermal ions). Both these sources 

are located in the dayside.  

-3cm
-3cm
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Solar wind plasma can enter the magnetosphere when magnetic reconnection occurs 

between IMF and Mercury’s intrinsic B field [Luhmann et al., 1998; Killen et al., 2001]. 

Massetti et al. [Paper IV] have estimated that about one half of the magnetosheath ions 

that lie on reconnected field lines actually crosses the magnetopause, while the 

remaining part is reflected by the boundary. The ions entering the magnetosphere may 

either reach the planet surface, causing ion sputtering; or be diffused toward closed field 

lines and start circulating; or exchange their charge with the thermal exospheric atoms 

(see section 2.1), thus producing a H-ENA signal in the keV range. The small 

inclination of Parker’s spiral causes the contribution of the IMF By component to be less 

relevant than at the Earth, and the magnetic reconnection at the dayside magnetopause is 

essentially driven by the IMF Bz component. Moreover, the increasing weight of the 

IMF Bx component might play a role in the way Mercury’s magnetosphere links with 

the solar wind [e.g. Sarantos et al., 2001, Killen et al., 2001, Kallio and Janhunen, 

2003]. The three panels of figure 5, Paper IV, show position, extension of the open 

field lines area, and energy distribution mapped on the northern dayside surface of 

Mercury in response to different solar wind conditions.  

The ions of planetary origin at Mercury may come both from the photo-ionised 

exospheric gas and from the ionised component of ion-sputtering product. The ion-

sputtering is the dominant source in the area where solar wind precipitates. Those ions 

have generally an initial energy up to some eV, depending both on the process involved 

in the generation of the exosphere and on the photo-ionisation efficiency. Once 

extracted, they are trapped by the magnetic field and start to circulate within the 

magnetosphere. 

Mercury’s Exosphere. The UV spectroscopic observations on Mariner-10 and ground 

based observations of the gaseous envelope of Mercury established the presence of H, 

He, O, Na, K and Ca [Killen and Ip, 1999; Morgan and Killen, 1997; Bida et al., 2000]. 

Moreover, other volatile constituents such as H2, N2, O2, H2 and CO2 are expected 

[Wurz and Lammer, 2003]. All those species, together, do not establish an atmosphere, 

having too small a column density. The gaseous envelope of Mercury is hence 

uncollisional, and gas atoms interact mainly with the surface and with magnetospheric 

plasma. A schematic summary of the refill and loss processes is shown in figure 5.2. 

The main exospheric sources are due to release processes of atoms from the surface. 

The released particle energy depends on the process involved. Photon stimulated 

desorption (PSD), thermal evaporation and micrometeoroid impact produce low energy 
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(few eV) particles. Ion-sputtered neutrals reach higher energies (see equation 2.10). 

Among the emitted atoms, some are gravitationally bound, and fall back onto the 

surface; the others (especially the sputtered ones) have enough energy to escape from 

the exosphere. The major exospheric losses are photo-ionisation, especially in the 

dayside hemisphere, recombination with the soil and Jeans escape. 

Another process involving exospheric neutrals is charge-exchange. This process, 

however, is numerically less important; it produces high-energy neutrals that escape 

from the exosphere very fast, and replaces them with thermal ions. 

Final considerations. Given previous argumentations, Mercury’s magnetosphere has 

sometimes been referred to as a ”pocket magnetosphere”. The occurring processes are 

simpler than at the Earth. The whole Mercury environment/system, from the point of 

view of a space scientist, may be schematised as magnetosphere + exosphere + surface. 

The lack of knowledge about Mercury, hence, is due mostly to the lack of data, more 

than to the complexity of the related physics. If we look at the future, we expect to have 

much more data after the NASA and ESA missions Messenger and Bepi Colombo.  

5.2 Adopted models 

Magnetic field model. Since most of the magnetic field features are uncertain, with the 

exception of the mean dipole moment (see section 5.1), in this study I have tried to 

reconstruct the magnetic field around Mercury using two different approaches. First, I 

started with a pure dipole (M=300 nT RM3), limited by a parabolic magnetopause in the 

dayside hemisphere (an ellipsoid: subsolar point at x=1.7 RM).  

This model has been used in the preliminary study of the equatorial circulation (see 

section 5.3), but since it cannot reconstruct most of the magnetospheric features (such as 

open field lines, for example) it has been discarded in the following of the study 

(sections 5.4-5.7). Subsequently, in order to model the dayside proton circulation 

(section 5.4), I have modified a T96 Tsyganenko model, according to the study of 

Massetti et al. [Tsyganenko, 1996; Paper IV]. The use of such a complex model 

introduces the difficulty of having several parameters to guess. Its main features are: i) 

defined realistic magnetopause; ii) large-scale Region 1 and 2 Birkeland current 

systems; iii) IMF penetration across the magnetospheric boundary [Tsyganenko, 1996]. 

It accepts both IMF By and Bz as independent input parameters. 
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First of all, to take into account the differences between both the intensities of the 

magnetic fields and the radii of Mercury and the Earth, I have divided every space 

constants in the T96 model by a factor 6.9, like in previous analyses based on the 

Mariner 10 data [e.g., Siscoe et al. 1975, Luhmann et al. 1998]. Then, I have removed 

from the model the contribution of the ring current, because the presence of this 

structure in the magnetosphere of Mercury is uncertain; a more detailed discussion of 

this feature will be reported in section 5.3. I have also assumed a 50% contribution of 

Birkeland’s currents in the T96 model, which is a halfway position between the Earth’s 

case and a null contribution. In fact, due to the expected lack of a conducting ionosphere 

on Mercury, there is still a wide debate regarding the existence of field-aligned currents 

[Slavin et al., 1997].  

Finally, it must be noted that: i) this model does not describe the field depression caused 

by the diamagnetic effect of the plasma engulfing the magnetospheric cusps; ii) it is not 

possible to introduce a non-zero x component of IMF magnetic field; iii) the model is 

stationary, and hence it cannot take into account particle acceleration due to magnetic 

field line drag. 

As a reference configuration, here I assume BIMF= (0, 0, -20) nT, which can be 

considered as reasonable values [Paper IV], if we discard the Bx component. Other 

 
 
Figure 5.3 Magnetic field as simulated by the model in the reference conditions (see section 5.2). 
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configurations of the magnetosphere have been considered by changing some of the 

IMF components (By= ±5 nT and Bz= -10 nT), in order to study the plasma circulation 

dependence on the above-mentioned parameters. Figure 5.3 shows the magnetic field 

lines in the reference conditions. 

Electric field model. At very early stages of this study (section 5.3), I have 

approximated the electric field with a simple stationary and uniform one, in the dawn to 

dusk direction (y axis), and with different absolute values in the range 0.1-10 mV/m, 

which seems to be a reasonable range for |E| in the hermean magnetosphere (see 

below). Then, this field has been modified by supposing the surface of Mercury to be, 

alternatively, both conductive and non-conductive, as there is still some controversy 

about this feature. This model of electric field has been used in the preliminary study of 

the equatorial circulation (see section 5.3), but since it was not consistent with the 

magnetic field one it has been discarded in the following of the study (sections 5.4-5.7). 

It is possible to develop a model for the electric field taking into account the magnetic 

field one. In fact, with the assumption: 

 , (5.1) 

V(r) in an arbitrary point of space can be calculated following the B field line as far as it 

reaches any region where V(r) is well known, and E is calculated from V. Following the 

study of Delcourt et al, [2003] here I have assumed, as a zero order hypothesis, that the 

potential at the surface of Mercury is similar to the Volland [Volland, 1978] potential at 

the ionosphere of the Earth. Using appropriate solar wind parameters, and taking into 

account the smaller size of Mercury’s magnetospheric cavity with respect to the Earth’s 

one, we can estimate a cross-polar cap potential drop (PD) between 10 and 100 kV 

[Delcourt et al., 2003]. Willing to test the particle trajectories under different 

conditions, here I use PD = 10 kV as “reference” condition [Ogilvie et al. 1977], PD = 

100 kV as “high PD” condition and the less realistic value of 1 KV as “extremely low 

PD” condition. This last value intentionally reduces the influence of E, and can be also 

used to evaluate the importance of E in the reconstruction of the proton circulation.  

The mean electric field in the central magnetotail is, in these three cases, equal to 1, 10 

and 0.1 mV/m respectively.  

Exosphere model. As mentioned before, the exospheric components may come from 

several sources. My model includes only those species that have a significant CE cross-

section in the case of proton projectiles, i.e. H, H2, He and O. According to Wurz and 

Lammer [2003], H, H2 and He may come from thermal emission as well as from 

0=´BE
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micrometeorite impacts; their density vertical profiles are shown in figure 5.4. It is 

worth noting that H2 density has been depleted as indicated by authors. Oxygen is 

supposed to be produced substantially from ion-sputtering [Wurz and Lammer, 2003]. 

In this latter case, the process is included in the dayside proton circulation model 

(section 5.4). Hence, I have estimated the O vertical profile, and compared the result 

with experimental estimations. The vertical profile for O is discussed in section 5.6 and 

shown in figure 5.4. Exceptionally, also ion-sputtered Sodium has been considered as an 

exospheric constituent, and its vertical profile has been simulated (section 5.6). Even if 

it has no implications with CE, due to its low cross-section, this element may be 

considered as an important tracer of Mercury exospheric behaviour [Killen et al., 1990] 

since it can be observed from the Earth.  

Surface Model. The surface model includes only Oxygen and Sodium. Even if there are 

some discrepancies among authors on the binding energies of these two species, 

theoretical computations suggest that the binding energies of Oxygen and Sodium are 

respectively 2 eV [McGrath et al., 1986; Cheng et al., 1987] and 3-4 eV [Lammer and 

Bauer, 1997], and these values have been used in the following of my study. Other 

authors [Weins et al., 1997], after having measured that the empirical distribution of Na 

particles sputtered from a Na2SO4 surface (pressed powder sample) peaks at 1.5 km/s, 

have deduced lower values (.54 eV) for the related binding energy. If those empirical 

measures were found correct, and considering that the lower is Eb the less is the 

function F at energies well above Eb, the sputtering flux calculated in the following 

should be reduced of a factor 10 approximately. In section 5.6 I will discuss the 

implications of the sputtering process for the exospheric abundance of Na and O. 

 
 
Figure 5.4 Exospheric density vertical profiles at Mercury (dayside) for different components. From 
Wurz and Lammer [2003]. 
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Proton source. In my simulation I start tracking the protons as they cross the 

magnetopause (MP), entering the magnetosphere from the magnetosheath. In this latter 

region the protons of solar wind origin are decelerated, compressed and heated. The H+ 

density exhibits a bulk in the subsolar region; as the protons move tailward along the 

flanks of the magnetosphere, their velocity grows and their temperature and density 

decrease.  

In agreement with the T96 model, I have approximated the dayside magnetopause with 

an ellipsoid, and all test particle trajectories start from this surface. According to this 

model, the distance between the surface of Mercury and the magnetopause at the 

subsolar point is approximately 0.5 RM. 

Proton mean energy and density functions over this surface have been derived from the 

work of Spreiter et al. [1966], and adapted to the case of Mercury [Paper IV]. Figure 

5.5 shows contours of H+ density and mean energy on the MP surface, in a MLT vs. 

geographic latitude reference system.  

It should be noted that the mean proton energy peaks near the subsolar point, whereas 

the proton group velocity increases while they move away from it, as they are dragged 

together with the frozen-in IMF. Here we consider the energy of those protons in the 

reference system of the magnetic field lines, since the magnetic field is steady in our 

model. Hence, the energy we use as initial condition for our test particle reaches its 

maximum near the subsolar point, where the proton acceleration due to magnetic 

reconnection is higher [Paper IV]. 

It may be useful to estimate the total H+ flux impacting the MP of Mercury, as predicted 

A) B)  
 
 
Figure 5.5 Panel A): Lines of equal H+ density at the magnetopause, in the MLT versus Latitude 
plane. Panel B): same as A), with lines of equal H+ mean energy at the magnetopause. 
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by the model, in order to have a reference value when discussing the proton 

precipitation on the planetary surface. Integrating the data shown in figure 5.5 over all 

the MP, a total flux between 2 and 3´1027 s-1 is found. It is worth noting that this value, 

as well as the distribution of protons over MP and the shape of the MP itself, depend on 

the external conditions, such as the SW velocity and density. However, in this model I 

use a fixed source. A change in the unperturbed SW density reflects linearly upon the 

estimated magnetospheric H+ density, and can be included by applying a simple 

proportion; the change of the MP shape has been neglected for simplicity. 

5.3 Equatorial proton circulation at Mercury: a partial ring current? 

The main purpose of this study is modelling the proton precipitation in the cusp regions, 

and the subsequent dayside circulation. Before doing this, one question must be 

answered: is the tail sunward convection capable to feed the equatorial plasma 

circulation? Most of the authors [Orsini et al., 2001; Lukyanov et al., 2001] suggest that 

this process, if present, cannot turn-on a steady ring current or even a partial ring 

current. In fact, as mentioned before, the dimension of the planet, if compared to its 

magnetosphere, is too big to let room enough for a ring current. To better validate this 

hypothesis I have run an extremely simple model, based on the guiding centre 

approximation and on the continuity equation. The simulation considers only the 

protons circulating in the night-side equatorial plane (r,j) of Mercury and with a 90° 

pitch angle. To demonstrate the absence of a stable ring current there is no need of a 

whole 3-dimensional simulation. In fact, the particles that have 90° PA and populate the 

equator experience, in general, fewer losses with respect to those particles that have 

different PA. These latter particles, actually, get closer to the planet at their mirroring 

points, where CE is more efficient and planetary impacts are more probable. 

The guiding centre (GC) approximation supposes that the proton trajectories come from 

the superimposition of two motions: a circular motion around the guiding centre, due to 

Lorenz force, and the drift of the guiding centre itself. Hence, on the average, a particle 

moves only if its GC does, and this may happen either if there is an electric field (“E´B 

drift”) or if the magnetic field is non-homogeneous (“B-gradient drift” and “B-curvature 

drift”). In principle, this approximation is valid if the GC drift velocity may be 

neglected if compared to the velocity of the particle itself. As I will discuss in detail 

later, this assumption is not valid in the whole space around Mercury. However, in the 
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equatorial plane this assumption is generally reasonable: a preliminary estimation of the 

error indicates that the discrepancy between the GC path and the real path is less than 

10% of the path length. For the purpose of this preliminary study, this approximation is 

hence acceptable.  

Since protons are treated as a fluid, we have the continuity law: 

 , (5.2) 

where nH+ and u are respectively the proton density and velocity, while F and S are two 

functions for the proton sources and sinks. Here, this equation must be applied to a 3 

dimensional space: r and j are the polar coordinates of the GC of the protons in the 

equatorial plane; K is the kinetic energy of the protons themselves. The first two 

components (ur and uj) of the velocity u are given by the E´B plus the B-gradient drift, 

using electric and magnetic models described in section 5.2. The third component of the 

velocity (uk) can be estimated considering that, as a zero order hypothesis, only the 

electric field is able to change the kinetic energy of the particle. Hence, we have: 

 . (5.3) 

In our case, the function F for the sources is assumed to be zero everywhere except at 

instant t=0, when an arbitrary source has been considered. In fact, since we want to 

demonstrate the impossibility of a stable circulation in the equatorial regions of 

Mercury, it is sufficient to suppose some a-priori extended distribution in the tail. If this 

source leads to a rapid disappearing of protons, then all possible sources do the same. 

The nH+(0) function used here is a simple gaussian function in the three dimensions r, j, 

K.  

The function S for the sinks is calculated taking into account charge exchange and 

collisions with the planet. Charge-exchange losses have been estimated using neutral 

density of H, He and O given by Wurz and Lammer [2003], and relative cross-sections 

(figure 5.4). As far as it concerns the planetary collisions, I have adopted an ad hoc 

function dp representing the probability for a proton to hit the surface after each 

integration step dt. In fact, GC method approximates the trajectory of a particle with a 

drifting circle or radius equal to Larmor radius (RL). Hence, a particle close to the 

planetary surface may have part of this circle inside the planet. Function dp is 

proportional to the particle velocity v and inversely proportional to RL:  
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  (5.4) 

Equation 5.2 has been solved numerically. To have a good accuracy, the integration step 

dt and the grid sizes (Dr, Dj, DK) must satisfy the relation:  

  (5.5) 

in every point of the grid. A good compromise between machine-time consumption and 

accuracy has been found using a grid of 50´50´50 bins and dt=10-2 s. 

Figure 5.6 shows an example of the evolution of the H+ population, in the case of 

Tsyganenko modified B model and with a “conductive” planetary surface. The mean E 

field in this case is 1 mV/m. Protons move sunward under the E´B drift and then 

clockwise around the planet under the B-grad drift, depending on their energy. In fact, 

this latter drift is energy-dependent, and after a while the higher energy protons will 
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Figure 5.6 Equatorial H+ flux as simulated using the continuity equation and guiding centre approximation 
and an arbitrary source. Panels A, B, C: H+ Flux @ 1 keV, respectively after 0, 20, 100 s. from the 
injection; panels D, E, F: H+ Flux @ 5 keV, after 0, 20, 100 s from injection. Colour is coded according to 
H+ flux using an arbitrary scale. 
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concentrate in the dusk side. This feature is similar to what happens at the Earth, and 

has been already discussed. It is worth noting that, for all other possible external 

configurations, the time evolutions of protons are very similar to this one. 

I have run similar simulations with different external configurations, starting with the 

“dipole B + uniform E” configuration described in section 5.2 and then using the 

“Tsyganenko B + Volland E ” one. In all cases, no ring current or partial ring current 

has ever been able to form. The CE and the planetary collisions rapidly remove the 

protons from the magnetosphere. In figure 5.7 I show the relative intensity of the proton 

flux (@ 90° PA) versus the elapsed time, in the same case as figure 5.6. 

As a matter of fact, even if some short-time proton circulation is possible in the night 

side, it will hardly extend to the dayside. A stable circulation of protons around Mercury 

is extremely difficult, and a complete and stable ring current is not able to form. This 

latter consideration is important also while reconstructing the B field by means of a 

Tsyganenko model (see section 5.2). 

5.4 Dayside proton circulation at Mercury: model description  

Simulation of H+. To obtain a full spatial, pitch angle and energy distribution of the 

protons in the magnetosphere of Mercury I have used a Monte-Carlo (MC) single-

particle model. I have simulated the trajectories of a large number of protons (hereafter 

 
 
 
Figure 5.7 Relative abundance of protons in the equatorial plane of Mercury, as a function of time 
elapsed since injection, respect to proton abundance at t=0. The H+ distribution at is arbitrary. 
  
 
 



61 Chapter 5. Mercury 

 61 

called “test particles”) by solving the full equation of motion (including electromagnetic 

and gravitational forces). In fact, Larmor’s radius of protons in the energy range I am 

analysing (approx. 0.1÷10 keV) is generally not small when compared with the 

dimension of Mercury magnetosphere. Hence, non-adiabatic effects may become of 

crucial importance for most of the ion magnetospheric transport [Delcourt et al., 2003], 

and the use of an adiabatic treatment based on the guiding centre approximation will 

lead to non-negligible errors when reconstructing H+ paths in full 3D space around 

Mercury.  

Each test particle trajectory begins at the bow shock of Mercury (see section 2.4) and 

finishes if either:  

1) the test particle hits the surface of the planet; or 

2) the test particle reaches a non-connected IMF field line; or 

3) the test particle gets too far from Mercury in the nightside (r>10 Rm).  

The H+ distribution function in space, energy (E) and pitch angle (a) has been 

reconstructed over a 5-dimensional grid, and it is represented by a matrix Nijklm. The 

grid extends from 1 to 2 Mercury radii (RM), 0 to 24 h (MLT), –90° to 90° (latitude), 0° 

to 180° (pitch angle) and 100 eV to 10 keV (energy); the number of bins for each 

dimension is respectively 8´48´24´4´4.  

In this simulation, each test particle represents a certain number of real protons. If we 

assume that all those protons were “born” (i.e. they enter the simulation region) from 

the same point Q on the MP within an infinitesimal surface DSQ, then they all have the 

same trajectory. We can also imagine that those protons were “born” from DSQ with a 

fixed frequency 1/DT. If the H+ flux at Q is FQ, the time interval between protons is: 

  (5.6) 

Since they are equally spaced in time along the trajectory (forming a sort of “train”), the 

total number of protons N within an arbitrary cell ijklm is simply T/DT, where T is the 

time a proton stays within that cell. This time is the same for both protons and the 

associated test particle: 

  (5.7) 

where dt is the time integration step for the test particle and n is the number of times 

that, during its trajectory, the associated test particle is inside that cell. It follows that: 
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  (5.8) 

Hence, after every integration step dt, I just have to increase the value of the bin 

corresponding to its position (Nijklm) of a value wH+: 

 . (5.9) 

The function fCE takes into account the losses due to charge-exchange with the neutral 

exosphere of Mercury. This function has been calculated solving numerically the 

following differential equation: 

 , (5.10) 

where si and ni are the charge-exchange cross section and the local number density of 

the ith neutral species (see figures 2.2 and 5.4). The 5-D number density ( ) of H+ 

in any point of the grid is obtained by dividing the bin value Nijklm by its 5D-volume, 

while the proton flux FH is simply nH+ times v(E). The surface DSQ may be estimated 

just dividing the total surface where the generation of test particles occurs, by the 

number of test particles that have been run.  

In principle, to perform an accurate numerical integration of the motion, it should be 

necessary to calculate the electric field for a very large number of points along each 

trajectory. This procedure, in general, is very expensive in terms of machine-time, 

because at each point it is necessary to trace the magnetic field line up to the planetary 

surface (see section 5.2). To permit the simulation of a large number of test particles, I 

have preliminarily estimated the electric potential V on the vertexes of a three-

dimensional cubic grid. The potential in any other point can be calculated via 3-linear 

interpolation using the eight nearest vertexes. The bin size is 500 km, which leads to an 

error on the potential, which has been empirically found to be less than 5 ‰. This error 

may be neglected if compared to other uncertainties in the model.  

Simulation of neutral particles. In this model, neutral particle emission is related to 

ion circulation through two processes: ion-sputtering and charge exchange. In fact, such 

processes are included in the model as proton losses, and both of them may produce 

neutral particles. In section 6 and 7 I will present simulated neutral signal coming from 

both processes.  
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Sputtering. This process has been discussed in section 2.2. Here I solved the integral in 

equation 2.11 in a numerical way. Every time a test-particle hits the surface, it is 

converted to a test-neutral or a test-ion, with random initial direction. The energy is 

chosen randomly according to energy distribution in equation 2.10 (see figure 2.2); the 

species of the sputtered particle is chosen randomly according to different relative 

abundances Rk; the weight w in equation 2.11 is multiplied by a factor Yk. This new test-

particle may, of course, hit the surface again: the procedure exposed here is then 

performed again, as far as its weight is greater than one and its energy is able to produce 

sputtering (Ei>Eb). 

In this study I have concentrated my attention to Oxygen and Sodium only. In fact, both 

O and Na have been observed in the exosphere of Mercury [Broadfoot at al., 1976; 

Potter and Morgan, 1985, 1997]. The overall fraction of Oxygen (RO), if we consider all 

molecules containing O, may be up to 50% [Wurz and Lammer, 2003]. The sodium 

content of the surface (RNa) has been estimated to be within 0 and 1.4 % [Goettel, 

1988]; here I have chosen a halfway value, i.e. 0.5%. Yields for those species strongly 

depend on the molecular structure of the surface; here I have adopted a rough value of 

0.1 for both O and Na, since the uncertainty on the surface abundance probably 

overcomes the error on the yield. It is worth noting that a bad estimation of either Y or R 

does not affect the estimated vertical profile of the neutral emitted population, but it can 

be considered as a scale factor for the whole density distribution function of neutrals. 

More particularly, an overestimation of the O sputtering flux may come from 

considering the same yield for all surface constituents containing Oxygen.  

The surface binding energy, conversely, has a deep impact on the energy spectrum of 

the particles emitted towards the exosphere. For any Ei >>Eb, in fact, it may be shown 

that fS (Ee, Ei) peaks approximately at Eb/2. Surface binding energies are, generally, of 

the order of some eV; here I have adopted, respectively, 3.5 eV and 2 eV for O and Na. 

Some recent studies [e.g. Weins et al., 1997] indicate lower values (~.5 eV) for the Na 

binding energy. Considering that the lower is Eb the less is the function F at energies 

well above Eb, if this estimation is found correct, the Na flux from ion-sputtering 

calculated in the following should be reduced of a factor of 10 approximately.  

Charge-Exchange. This process has been discussed in section 2.1. The ENA flux and 

images have been obtained by using equation 2.9; cross-sections for H+ colliding 

various neutral species (H, H2, He and O) are shown in figure 2.2; estimated exospheric 

densities (from Wurz and Lammer [2003]) are shown in figure 5.4; all processes have 
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been considered. It is worth noting that the H2 density has been depleted as suggested 

by authors. The depletion coefficient here is 0.01, in order to be conservative with the 

estimation of ENA fluxes. 

5.5 Dayside proton circulation at Mercury: results 

Here I present the simulation results in terms of H+ circulation. Six different sets of 

boundary conditions have been used, and about 3´105 test-particles have been tracked 

for each set. A particular set of boundary conditions, called “reference” conditions, is: 

BIMF=(0, 0, 20) nT, PD = 10  kV. Then I have changed PD (1 kV and 100 V), By (± 5 

nT) and Bz (-10 nT). To reduce the amount of runs, I have not explored all combinations 

of these values, but just all variations of a single parameter from the “reference” one. 

This must be taken into account in general, since variations of potential drop and BIMF 

often occur simultaneously.  

To obtain the H+ number density nH+, the differential number density ( ) has been 

integrated over all pitch angles and over two different energy ranges: 0.1-1 keV and 1-

10 keV. Particles outside these two ranges have been discarded. 

To help the discussion, I present an overall summary of results (table 5.1), sections of 

H+ density (figure 5.8) and maps of H+ flux on the surface (figure 5.9). Table 5.1 shows 

three parameters that synthesize some features of the H+ flux impacting the surface, i.e. 

the total flux (FT), the mean MLT ( ) and the mean latitude ( ). Those 

parameters have been calculated for different boundary conditions and energy ranges. In 

particular, the mean position of the H+ spot on the surface corresponds roughly to the 

bulk of the emission of the sputtered neutrals, which will be monitored by the NPA-

SERENA orbiting sensor; the total flux of H+ impacting the surface has important 

implications on the exospheric refilling.  

Panels in figure 5.8 show colour-coded sections of the H+ density distribution. Each 

panel shows nH+ over the superposition of two different surfaces: the one outside the red 

circle is the x-z plane; the one inside the red circle is a hemisphere just above Mercury’s 

surface, in the dawn side. The Sun is on the right. Different panels refer to different 

external conditions and energy ranges. It is worth noting that panels in figure 5.8 do not 

show the protons that cross the magnetopause (thus becoming elements of the 

simulation) in the south hemisphere. In this way, the protons that are found in the 

addE
dnH +

SMLT Sj



65 Chapter 5. Mercury 

 65 

southern hemisphere can be immediately identified as “bouncing protons”. To obtain 

the complete distribution it is sufficient to superimpose this H+ distribution to another 

one, which is symmetric to the first with respect to the equatorial plane.  

Panels in figure 5.9 show polar-stereographic projections of the H+ flux on the northern 

surface of Mercury, colour-coded according to the log10 of the intensity. This flux has 

been obtained by using the H+ density distribution function (position, energy and PA), in 

the cells just above the surface. However, a small error will arise from this procedure 

because those cells have a height of about 300 km, and even if the B field lines can be 

considered more or less parallel over this short scale, some protons may bounce inside 

 

Table 5.1 

Energy 
Range 
(keV) 

By 
(nT) 

BZ 
(nT) 

P. Drop 
(V) 

Total 
Flux 

(1025 s-1) 

Mean MLT 
(hh:mm) 

Mean Lat 
(°) 

Total: 
.1÷10 

-5 -20 104 18 11:36 44 

0 -10 104 16 11:40 48 

0 -20 103 27 10:40 37 

0 -20 104 19 11:39 44 

0 -20 105 5.6 11:38 63 

5 -20 104 21 11:28 44 

Low Energy: 
.1÷1 

-5 -20 104 3.6 11:54 57 

0 -10 104 3.3 12:04 60 

0 -20 103 4.8 11:53 53 

0 -20 104 3.7 11:54 57 

0 -20 105 0.94 11:51 67 

5 -20 104 3.8 11:50 57 

High Energy: 
1÷10 

-5 -20 104 16 11:28 38 

0 -10 104 13 11:27 42 

0 -20 103 22 10:24 31 

0 -20 104 16 11:32 39 

0 -20 105 4.7 11:32 60 

5 -20 104 17 11:19 38 
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this cell. The flux obtained in this way is hence an upper limit for the real flux at the 

surface. Different panels refer to different external conditions and energy ranges. 

General features. In a typical H+ simulated distribution it is possible to recognize three 

different and peculiar populations, whose relative intensity is a matter of interest of the 

A)   B)  

C)   D)  

E)   F)  

G)   H)  
Figure 5.8 Colour-coded maps of H+ density over two different surfaces: x-z plane (outside the red 
circle) and Mercury surface (inside red circle). Panels A, C, E, G: low proton energy (100 eV – 1 
keV); Panels B, D, F, H: high proton energy (1-10 keV). Panels A, B: reference condition. Panels C, 
D: same as A, B, but low potential drop (PD=1 kV). Panels E, F: same as A, B, but high potential 
drop (PD=100 kV). Panels G, H: same as A, B, but low IMF (Bz = -10 nT).  
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present study. The first one (a), present in all external conditions, is the population 

precipitating towards the planet along the magnetic field lines. Some of them are 

bounced by the increasing magnetic field; the others reach the planetary surface. During 

this motion, particles are drifted northward by the E´B drift and westward by the grad-

B drift. The former is energy-independent; the latter is more efficient for the highest 

energies. The proton source is symmetric around noon, and any longitudinal shift in the 

surface precipitation (evidenced by the parameter ) is due to B-grad drift. 

The second population (b) is made by protons that are bouncing in the dayside, and is 

concentrated between the subsolar point and the surface. The third population (g) is 

made by protons that move westward and eventually hit the surface in the nightside. 

Both these two last populations are generated from the first, because of the diffusion 

through field lines. Diffusion occurs if the temporal or spatial scale of the B field 

variations is shorter, respectively, than the Larmor period or radius. In the present study, 

however, only the second case is of interest, because the B field is static.  

Reference conditions. Panels 5.8A and 5.8B show the precipitating H+ in the 

“reference conditions” for different energy ranges. In both cases the a population 

extends down to the surface, but high energy protons (1-10 keV, panel 5.8B) impact 

Mercury at lower latitudes  with respect to low energy ones (100 eV – 1 keV, panel 

5.8A). In fact, the mean energy of the H+ at the magnetopause is higher when close to 

the sub-solar point (see figure 5.4). The population close to the Low Latitude Boundary 

Layer [Paper IV] is able to diffuse towards lower latitudes and start bouncing, raising 

the b population. Low energy protons are injected at higher latitude and cannot 

experience any bouncing. No b population is, in fact, recognizable in panel 5.8A. 

The H+ flux impacting the surface (see panels 5.9A, 5.9B) is up to 109 cm-2 s-1 for low-

energy protons and up to 5´109 cm-2 s-1 in the case of high-energy protons. The mean 

flux intensity in the open field line area is approximately 108÷109 cm-2 s-1 for both 

energy ranges, which is in agreement with previous studies [McGrath at al. 1986]. The 

difference of the distribution for the two energy ranges is more evident if we consider 

the position of the precipitating protons (see table 5.1 and panels 5.9A, 5.9B), which is 

(11:32 MLT, 39°) for protons above 1 keV, and (11:54 MLT, 57°) for protons below 1 

keV. The shift between these two populations is due to the energy-dependence of 

the B-grad drift.  

SMLT

SMLT
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Electric field variation. In this analysis I have used two extreme values for the 

potential drop (1 kV and 100 kV) in order to have two extreme conditions for the 

electric field. The mean |E| in each case is respectively .1 mV/m and 10 mV/m (see 

section 2.3). The first, clear effect of the increasing/decreasing E is the 

A)   B)  

C)   D)  

E)   F)  

G)   H)  
 

Figure 5.9 Colour-coded maps of H+ flux over Mercury’s surface. Panels A, C, E, G: low proton 
energy (100 eV – 1 keV); Panels B, D, F, H: high proton energy (1-10 keV). Panels A, B: reference 
condition. Panels C, D: same as A, B, but low potential drop (PD=1 kV). Panels E, F: same as A, B, 
but high potential drop (PD=100 kV). Panels G, H: same as A, B, but different IMF (By = -5 nT).  
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increasing/decreasing of the northward shift of the surface footprint due to the E´B 

drift. This effect is energy-independent, and actually is clearly recognizable by 

comparing figures 5.8C with 5.8E (low energy), and 5.8D with 5.8F (high energy). The 

same comparison may be done, with identical results, on figure 5.9 (panels C, E, D, and 

F), using the H+ flux at the surface instead of the density. 

Another evident effect, originated from the same cause, is the modulation of b and g 

population magnitude. With the increasing of the E field, in fact, protons are drifted 

northward, and no b population is able to form. Conversely, if the potential drop is low, 

the B-grad drift becomes predominant for high and low energy protons, and the g 

population is drifted more westward, while b population does not change significantly. 

In this case, high-energy particles may reach the nightside. Panel 5.8D clearly indicates 

that g particles are bouncing during their drift, and they are gradually getting closer to 

the planet. Hence, a sort of small “partial ring current” is able to form; an important 

consequence of this drift is the possibility of proton precipitation in the nightside and 

the subsequent emission of sputtered particles from that region (panel 5.9D). As far as it 

concerns low energy protons (panels 5.8C and 7C), some of them are drifted westward, 

but the bulk precipitates directly onto the surface with a small spread. 

According to table 5.1, intense electric fields cause less surface precipitation. The 

protons are supposed to be deflected northward and to be lost in the nightside.  

In order to evaluate the effect of the E´B drift on the H+ precipitation in the reference 

conditions, we may assume that PD = 1 kV reduces the influence of the electric field, so 

that it roughly corresponds to a “zero electric field” condition. By comparing total 

precipitating flux as reported in table 5.1, in the cases of PD=10 kV  (19´1025 s-1) and 

PD=1 kV (26´1025 s-1), we can conclude that at least one third of the protons that could 

precipitate onto the planetary surface are removed by E´B drift.  

Magnetic field variation. The efficiency of the reconnection process is roughly 

proportional to the negative z component of the BIMF field. This phenomenon has been 

studied here by comparing the “reference” case with the case of BIMF=(0, 0, -10) nT. 

The total precipitating flux, in this latter case, is lower (4.2 1026 cm-2 instead of 5 1026 

cm-2). Moreover, protons impact at higher latitudes on the average (see table 5.1). There 

is no other evident modulation on the density distribution shape (see figures 5.8G and 

5.8H); the b population is slightly more evident, and there is less nightside precipitation. 
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In conclusion, the influence of Bz parameter is more on the intensity rather than on the 

shape of the nH+ distribution function. 

The influence of the By component, as one may aspect, is mainly on the footprint 

longitude, with a westward shift of about 3° for each 10 nT. There is no other evidence 

of an influence of the By component on the general shape of the H+ distribution, 

probably because IMF drives the input of the plasma more than the circulation after 

injection (see figures 5.9G and 5.9H for example). 

It is worth noting that, in terms of influence, the BIMF variation seems to be less relevant 

than PD also because in the first case I have chosen a more conservative position. 

Actually, more extreme conditions can be expected at Mercury; the Bz component, for 

example, may range between –30 and 30 nT, to say nothing of the Bx component 

absence. 

5.6 Sputtering at Mercury  

In this study I concentrate on the sputtering of Oxygen and Sodium. Both of them have 

been proved to exist in Mercury’s exosphere: the first has been observed by Mariner 10 

UVS [Broadfoot at al., 1976]; the second has been detected by ground-based 

observations [Potter and Morgan, 1985]. I will first discuss the simulated vertical 

profiles for these species, as they are a general matter of interest; then I will concentrate 

on the feasibility of monitoring the cusp proton precipitation by means of a neutral 

particle imager (ELENA).  

Figure 5.10 shows the estimated mean vertical profile for these species in the dayside 

exosphere (solid lines). These densities have been calculated considering sputtering as 

the only source; since other source processes (i.e. photo-stimulated disorption and 

thermal emission) are possible, such densities may be considered as lower limits. 

Moreover, I don’t take into account the “ambient atoms” [Killen and Ip, 1999], i.e. 

atoms that are not at their first ballistic orbit. Dashed lines represent the vertical profiles 

over the point of maximum proton precipitation, and can be considered as an upper limit 

for sputtering-generated exosphere. These values have been obtained using the 

“reference” conditions, and the vertical profile density in other cases can be estimated 

just applying a simple proportion, using total flux in table 5.1. Sputtering emission, in 

fact, is roughly proportional to precipitating flux (Ei does not modify much the emission 

spectrum, except for very high Ei). Hence, densities may be up to 50% higher (for 
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example in the minimum potential drop conditions), or down to 80% lower (in 

maximum potential drop conditions). 

As far as it concerns Oxygen, the estimated total column density is between 5´108 and 

5´109 cm-2, the surface density is between 20 cm-3 and 200 cm-3 and the scale-height is 

between 500 and 1000 km. Once again, it is worth noting that the thermal part of this 

population is underestimated: the first measure of the Oxygen exospheric content made 

by Mariner UV camera indicates 7´103 cm-3 as an upper limit, even if the scale-eight 

estimation was doubtful.  

As far as it concerns Na, it has been noted [Killen et al., 2001] that its temporal 

variability was found to be compatible with solar activity, which is in turn related to 

sputtering. The estimated total column density is up to 108 cm-2, whereas the measured 

value is considerably higher (between 1 and 3 x1011 cm-2 [Killen et al., 1990]). This 

may be explained if sputtering were not the first source for exospheric sodium. Another 

reason, which must be taken into account while discussing the results, is that I have 

intentionally discarded the ambient atom (i.e. neutral scattering on the surface plus 

accommodation/release), which have lower energy and reside in the lower part of the 

exosphere. Their inclusion in the model will be a further step, and will lead to a 

 
Figure 5.10 Exospheric density for O and Na, function of altitude from planetary surface, calculated 
considering sputtering as the only release process (solid lines, 2). Dashed lines (1) still consider only 
sputtering, but refer to the vertical profile in the region of maximum ion precipitation.   
  
 



72 Chapter 5. Mercury 

 72 

modelled sodium exosphere more concentrated in the lower altitudes. Scale-height 

analysis seems to confirm this last hypothesis. For example, simulated scale-height for 

Na is about 500 km, and a factor 10 greater than that observed (50 km) [Killen et al. 

1990, Wurz and Lammer, 2003].  

We now want to speculate on the possibility of remote-sensing the plasma-surface 

interaction. The estimated total proton flux on Mercury surface is between 1026 s-1 and 

7´1026 s-1, depending on external conditions. For comparison, we can obtain the amount 

of protons removed in one second by the charge-exchange process by integrating the 

charge-exchange loss function (equations 2.3 and 2.7) in all the 5D space. This value is 

between 1022 s-1 and 1024 s-1, depending on the boundary conditions and exospheric 

models. We can conclude that surface impact is the first cause of loss, in terms of 

magnitude, for proton plasma circulation. Consequently, sputtering process is an 

important source for the refilling of the exosphere, and since both sputtering and CE 

result in neutral atoms production, neutral atom imaging of the sputtering process is 

probably the best way to make remote-sensing of the plasma circulation. The Bepi 

Colombo/planetary orbiter (BC-MPO) is expected to have a neutral particle analyser on 

board. The proposed package (SERENA) includes a neutral particle imager (ELENA) 

with angular (~2°) and energy (~5%) resolution. Such an instrument would be able to 

detect the high-energy tail of the neutral sputtering emission, approximately above 10 

 
 
 
Figure 5.11 Colour-coded O-ENA flux generated by ion-sputtering on the northern surface of 
Mercury. Flux is integrated over all energies above escape energy (1.4 eV). 
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eV. These particles travel more or less along straight lines (escape energy is 1.4 eV for 

O and 2 eV for Na) and their detection at MPO orbit (height: 1500 km at apocentre, 400 

km at pericentre) would give an image of the sputtering release at the surface. Figure 

5.11 shows the simulated intensity of sputtered O flux at the surface, integrated over all 

energies above 10 eV and over all directions, in the “reference conditions”; in the same 

configuration, the Na flux is similar in shape and approximately 1% of the O flux. In 

both cases, the intensity is high enough to be detected by ELENA; the angular 

resolution of the instrument results in a surface resolution down to tens of km. It is 

hence possible to monitor the variations in shape and intensity of the H+ precipitation on 

the surface by the ELENA sensor on board BC. Since ELENA sensor can discriminate 

masses, the high surface resolution would permit the observation of differences in the 

surface local composition. Last but not least, the global analysis of the sputtering 

erosion of the surface would give unique information about the present and the past of 

Mercury’s surface, revealing if (and how) the solar wind/surface interaction, in the past 

millions of years, has influenced the present surface composition.  

5.7 ENA production at Mercury  

Even if charge-exchange is not the main loss mechanism for magnetospheric protons, 

monitoring the product of such an interaction allows having important information 

about the magnetospheric and exospheric properties [Barabash, 2001]. In this frame, I 

will first discuss the general feasibility of ENA imaging and then its implications for 

neutral particle sensors on board MMO and MPO. 

ENA images have been simulated, for different vantage points, by applying the 

procedure described in section 2.1 (weighted cell integral) to the simulated H+ density 

shown in figure 5.8. After a preliminary study, I have focused on two different positions 

for the vantage point. The first one is in the tail region, outside the equatorial plane but 

still in the shadow of the planet; as an example, I have chosen the point P1: (-1.8, 0, 0.8) 

RM. From this point, by looking sunward, it is possible to monitor simultaneously the 

plasma precipitating into the cusp, and that escaping in the dawn region. The second 

point P2, which can be located in the dawn hemisphere, approximately on the y axis and 

with r < 2, is a good point to look at the g population that drifts from dayside to 

nightside. In my study I have located P2 at (0, -2, 0) RM.  
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Figure 5.12 shows simulated ENA images, as seen from P1 in a “fish-eye” projection, 

for different PD values and integrated over two different energy ranges: 100 eV-1 keV, 

and 1 keV-10 keV. As for figure 5.8, protons that enter the simulation area in the 

southern hemisphere are not shown. Generally, in these images, it is possible to observe 

ENA coming from two different H+ populations. The first one is a, made by protons 

A) B)  

C) D)  

E) F)  
 
Figure 5.12 Simulated ENA images, from a vantage point in the nightside (P1=[-1.8, 0, 0.8] RM). 
Colour is coded according to ENA flux, integrated over two energy ranges: 100 eV - 1 keV (panels A, 
C and E) and 1-10 keV (panels B, D and F). The boundary conditions are: BIMF = (0, 0, -20) nT; PD = 
10 kV (panels A and B), PD = 1 kV (panels C and D), PD = 100 kV (panels E and F).  
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that are precipitating into the cusp regions or that are passing above the North Pole 

before escaping in the nightside, and that get close enough to experience charge-

exchange with the hermean exosphere. This process results in an intense signal in the 

upper part of the ENA image. The second population (g), which is clearly evident 

especially for low PD and in the higher energy range, is made of protons that are 

drifting westward and are bouncing during their motion. These protons reach low 

altitude at their mirroring points, and even if their flux is generally lower than the flux 

of the precipitating ones, they may produce an intense ENA signal, distinguishable in 

the right side of ENA images.  

The westward proton circulation is generated by B-grad drift, the intensity of which is 

proportional to proton energy. Hence, the second ENA signal is present only at energies 

above 1 keV; moreover, the B-grad drift dominates the E´B drift if the PD is low. 

Hence, the second ENA peak is more evident for low values of PD. 

Similar considerations apply to ENA images simulated from point P2 (Figure 5.13). In 

this case the ENA signal has been integrated over all energies. In addition to a and g 

populations, which are clearly distinguishable, those protons that are mirroring in the 

dayside (b) generate a clear ENA signal as well. The ENA signal in the centre of the 

image comes from the g population, and hence increases as the PD decreases.  

Generally, the information carried by ENA images need to be unfolded, applying 

models of plasma and exosphere. However, the simulations suggest that ENA imaging 

at Mercury, alone, is able to give some useful information. This happens, for example, if 

the vantage point is in P1. There, the proton precipitation into the cusp can be directly 

  
 

A) B) C)  
 
Figure 5.13 Simulated ENA images, from a vantage point in the dawn sector  
(P2=[0, -2.1, 0] RM). Colour is coded according to ENA flux, integrated over all energies (100 eV-10 
keV). The boundary conditions are: BIMF=(0, 0, -20) nT; PD = 10 kV (panel A), PD = 1 kV (panel B), 
PD = 100 kV (panel C). 
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monitored: any increase is immediately reflected in an increase of the ENA flux, since 

no other sources contribute. The ENA sensor on board MMO could address itself to 

such investigations. Moreover, in the case of a vantage point located in position similar 

to P2, it is also possible to instantaneously monitor the open field line area on the 

surface. The chosen position for the vantage point is suitable for the MPO, and hence 

for NPA-SERENA. The SERENA/ELENA sensor will cover a field of view of about 

2°´60°. Providing a proper spacecraft attitude, the detection of the a and b populations 

in the dayside will be possible by means of ENA imaging. At the same time, it will be 

possible to detect the g population that is drifting in the space between the sensor and 

the surface (through ENA imaging), as well as the g population that is precipitating onto 

the surface of Mercury (through the imaging of the directional neutral atoms coming 

from ion-sputtering).  

5.8 Neutral atom detection at Mercury. Instrumentation and feasibility 

Instrumentation. The ENA sensors discussed so far, such as NAOMI (section 3.5) and 

NPD (section 4.5) need to make a two-step measurement for each incoming ENA in 

order to resolve simultaneously mass and energy. To do this, it is necessary, in 

principle, to interact with the ENA; such an interaction (with a carbon foil or surface) 

perturbs the neutral and affects the precision of the measurement.  

An innovative technique is presented here: the sensor ELENA (Emitted Low-Energy 

Neutral Atoms) is a Time-of-Flight Detector, based on the state-of-the art of ultra-sonic 

oscillating choppers (>100 kHz) and mechanical gratings.  

The incoming neutral particles are separated from ions by HV plates. Then the micro-

valve choppers let neutrals enter the chamber with a definite timing. Particles are then 

flown into a TOF chamber, and finally detected by a 2-dimesional stop array (based on 

MCPs and discrete anode sets). The mechanical layout of the instrument is shown in 

figure 5.14: the stop surface is on the top; the particle entrance, with shutters, is on the 

bottom. 

The MCP “sees” a sequence of pulses generated by the oscillation of the random mask 

with respect to a fixed collimator (see figure 5.15); the random intervals are multiples of 

Dt. We can imagine this “opening/closing” as a sequence of ones and zeros, i.e. an array 

si of length N. Each element of array si represents a fixed time interval Dt. Let F(t) be 

the time of flight distribution of neutral particles; Fi is the discrete representation of it, 
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with i=1,N. The signal on the MCP in the interval j (Zj) is hence equal to [Wilhelmi and 

Gompf, 1969]: 

  (5.11) 

where C is a normalisation constant and Uj is introduced to take into account the noise. 

The array si should be a random array, i.e. its autocorrelation function should be zero. 

Let Sjk be a circulant matrix, obtained from si: 

 ; (5.12) 

in this case, equation 5.11 can be written in a more compact notation: 

  (5.13) 

and, in principle, the ToF distribution F can be obtained from the MCP signal Z by 

inverting matrix S.  

Figure 5.16 shows the transform simulator for ELENA. Red line is the energy spectrum 

of an input, mono-energetic signal. Blue line is the energy spectrum of the reconstructed 

signal, as simulated by using a Monte-Carlo model and equation 5.13. If the 

signal/noise ratio were too small, an alternative solution is to use non-random 
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Figure 5.14 ELENA mechanical layout.  
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sequences, with s1=1 and sj>1=0. We can measure the ToF of each single particle by 

assuming that it has entered the chamber in the middle of the first “opening”. In this 

case, it is necessary to find a compromise between the ToF resolution (Dt), the number 

of ToF channels (N-1) and the duty cycle (N×Dt). The particle energy is measured in the 

same way as NPD (see section 4.5); the particle mass is known once having measured 

its energy and velocity. The main characteristics of ELENA sensor are shown in table 

5.2. 

Feasibility. One of the main scientific purposes of this study is to investigate the 

feasibility of neutral atom imaging at Mercury. In doing this, we must take into account 

that different production processes need different treatment. Neutral atoms coming from 

charge-exchange have been simulated by using a Monte-Carlo model (in sections 5.4 

and 5.5), and their detection has been discussed. Neutral atoms coming from the surface 

 
Figure 5.15 ELENA shuttering concept. 
  
 

Table 5.2 

Intrinsic field-of-view (IFOV) 1.8° x 1.8° 

Total field-of-view (FOV) 60° x 1.8° 

swath width (cross track, 8 pixels) 
102.96 km @t 400 km altitude 

386.40 km @ 1500 km altitude 

swath length (along track, 1 pixel) 
12.87 km @ 400 km altitude 

> 48.30 km @ 1500 km altitude 

dwell time 5 s 
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could be generated by using the same model, but in this case the resolution of the 

numerical grid is probably too rough. Those latter neutrals, in fact, do not travel in 

straight lines (because of their lower energy), hence a little variation in energy and 

direction at the surface may completely change their trajectory. Moreover, since this 

study may also give some advice about suitable ELENA allocation on board BC, 

several tests must be done in a short time. The study of the trajectory from source to 

detector, hence, needs a separate, analytical treatment.  

To achieve this goal, I have developed a dedicated tool of analysis. The philosophy of 

this tool is in the questions: “for a given instrument allocation, field of view and energy 

range, which signal is detectable?” and “can a strong surface composition anisotropy be 

resolved by the neutral flux entering the instrument?”. To give the answers, the model 

just backtracks the particle trajectories from the sensor to the surface. This can be done 

analytically by solving the gravitational equation of motion. The mathematical 

procedure is very simple and is not reported here; the used equations are in Appendix B.  

 
 
Figure 5.16 Sample transform simulator for ELENA. Red line is the energy spectrum of an input, 
mono-energetic signal, simulated using a Monte-Carlo model. Blue line is the energy spectrum of the 
measured signal, as reconstructed by using equation 5.13. 
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As an example, I show the simulations of the source that may produce a signal in the 

range 10-1000 eV. The results are shown in figure 5.17. The simulation shows that 

neutral mass spectrometer, detecting particles below 50 eV (namely: STROFIO, part of 

the SERENA package) detects a signal that is generated in a narrow region. If 

STROFIO is pointing towards RAM (as in figure 5.17A) this region lies around the 

surface projection of the satellite’s orbit. Within this region, however, it is not possible 

to determine the location where sputtering has occurred. As far as it concerns ELENA 

(figure 5.17B), some uncertainty arises from the energy detection. In fact, an error on 

the detected energy results in an error on the estimation of the source position. This 

error is due to the combination of the satellite velocity (2÷3 km/s) and the detected 

particle velocity, which depends on the energy. Hence, this error can be neglected for 

energies above hundreds of eV. For low energy particles, however, this additional error 

should be considered. As an example, a 50% error on the energy of detected sodium @ 

20 eV results in a 25 km error on the position of the source, which must be added to the 

intrinsic error due to IFOV (see table 5.2); this error decreases to less than 10 km for 

sodium @ 200 eV and is negligible above 500 eV.  

 
 
Figure 5.17 Footprints of LENA trajectories that can be detected from BEPI COLOMBO spacecraft. 
Coloured points on the surface of Mercury are colour-coded according to the sputtering energy. Green 
curve is the spacecraft orbit, red lines represent the sensor viewing angle for two different proposed 
sensors: STROFIO, a low energy exospheric sensor (left panel), and ELENA, a mid energy directional 
sensor (right panel). 
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6. Summary and Conclusions 
Here I’m presenting a summary of the scientific results of this work. Among them, I’m 

focusing on the three most important ones, i.e. the global reconstruction of the ring 

current during a geomagnetic storm, the feasibility of the ENA investigation applied to 

Phobos and a global modelling of the Solar Wind/Mercury interaction. 

6.1 Earth equatorial proton distribution during storm time 

Nowadays, the importance of ENA imaging among the instruments of investigation of 

the magnetosphere of the Earth has been widely accepted. Actually, several orbiting 

spacecrafts include ENA sensor as part of their payload. Nevertheless, ENA imaging 

needs to be used in addition to accurate plasma circulation models to produce the best 

results.  

It is important to understand how plasma modelling and ENA imaging are 

complementary. As an example, we may consider an arbitrary configuration of the 

model presented in chapter 3 and a given ENA image of the same plasma circulation. 

ENA imaging gives 2D information about a 3D volume; the model gives information 

and interpretation about the H+ distribution over a 2D equatorial plane. Even if ENA 

imaging alone is able to give an accurate reconstruction of the plasma circulation, only a 

model is able to focus and distinguish the physical processes occurring, to provide a 

correct interpretation of the present and, eventually, a forecast of the future. 

The main scientific steps/results of this study are: 

1) the model is able to reconstruct any instantaneous real magnetospheric configuration;  

2) it is possible to monitor the storm-time development of proton distribution by using 

this model tuned by best-fitting some selected parameters with experimental data, 

3) details on partial/global ring current evolution, energetic particle flow patterns and 

electric potential can be obtained through model analysis.  

At present, the model has been tested using CRRES/MICS/LOMICS data collected 

during July 1991; in the future, the use of more experimental data (if possible, observed 

by two or more spacecrafts simultaneously) is recommended. Moreover, the future 

inclusion of a pitch angle analysis in the model will allow to reconstruct the full 3D 

magnetospheric circulation. In this way, the comparison between ENA images as 

predicted by the model and as actually observed by, for example, IMAGE/MENA-
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HENA will be possible.  

6.2 ENA and Mars-Phobos environment 

One of the main open questions about Phobos’ exosphere composition and outgassing 

rate is related to the presence of a gas/dust torus along its orbit. Its presence has been 

suggested, but never observed, after PHOBOS-2 observations in 1989; a definite 

clarification of such an intriguing issue would be of fundamental interest to determine 

the time evolution of Phobos.  

In chapter 4, I have presented a method able to investigate Phobos’ exosphere 

properties. I have simulated the ENA signal/disturbance generated by the interaction 

between the solar wind and the outgassed Oxygen, as expected according to an original 

O-torus model. The simulations show that this ENA signal may be discriminated from 

the background for particular positions of the vantage point. This technique can give 

relevant information, and determine the major characteristics of neutral outgassing, 

whose rate has not been directly measured. The importance of such a study is clear, if 

we consider that the simulated ENA images will be compared with in situ 

measurements. In fact, ESA mission Mars Express (MEX), launched in June 2003, will 

have at least three close approaches to the natural satellite Phobos. The data collected by 

the ASPERA-3 instrument on board MEX will probably give the scientific community 

an ultimate answer to the Phobos-torus dilemma.  

More generally, many issues related to the effects of the interaction between solar wind 

and Martian environment will be addressed by ASPERA-3. In fact, the ENA imaging 

technique is a powerful tool to understand the fundamental role played by the solar 

wind for the planetary evolution. 

6.3 Neutral Atom imaging of Mercury’s Environment 

In this study I have presented a Monte-Carlo model of the magnetosphere of Mercury, 

and I have used it as an input for the simulation of neutral particle emission from both 

the surface (via ion-sputtering) and the exosphere (via charge-exchange).  

The main purposes of this study are: an investigation of the dayside H+ circulation, and 

a feasibility analysis of the neutral particle imaging technique while applied to it.  

Major steps. The development of the magnetospheric model involves:  

1) modifying a T96 magnetic field model;  
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2) reconstructing the electric potential by using a Volland model of ionospheric 

potential;  

3) reconstructing the H+ distribution on the magnetopause;  

4) estimating the error caused by the actual neglecting of the H+ convection from the 

tail, by using a very simple model of Hermean “ring-current”. Incidentally, this last 

estimation has given another proof of the non-existence of such a current in the 

equatorial plane of Mercury.  

Model limits. Among the limits of the model, I have to mention the absence of a Bx 

component in the modelled BIMF, and the fact that the magnetopause surface has not 

been modified while tuning the external conditions. In any case, it is important to 

remember that the high uncertainties about Mercury’s environment may cause the 

highest errors. 

The accommodation/release of particles on the surface has not been taken into account; 

this process will be included in a future study. Here, it causes an underestimation of the 

exospheric Na and O, but this fact does not affect the estimation of the neutral atom 

fluxes as detected by ELENA. In fact (see figure 5.11), this estimation has been done by 

considering only “directional” particles (i.e. above escape energy), which by definition 

cannot be “re-accommodated”. 

As a matter of fact, one of the exospheric species that give a higher contribution to ENA 

generation in our model is H2. The exospheric density of H2, as given by Wurz and 

Lammer [2003], has been intentionally depleted as suggested by authors. The factor 

adopted here (0.01) is intentionally low, and leads to a conservative estimation of ENA 

fluxes.  

Main results. This model has reconstructed the general circulation of protons in the 

dayside hemisphere of Mercury; so far, this model does not foresee any intense H+ 

circulation in the nightside. Three main H+ populations have been identified, and their 

behaviour under different external conditions has been discussed.  

The model is able to estimate the total flux on the surface in different external 

conditions. This value has important implications in modelling the ion-sputtered- 

originated exosphere of Mercury (see section 5.6). If we compare it to the total H+ 

crossing the MP (~2´1027 s-1, see section 5.2), we can conclude that about one tenth of 

it is able to precipitate onto the planetary surface, depending on the external condition. 

The remaining part is mostly bounced back; actually, the E´B drift prevents a 

considerable amount of protons from falling down to Mercury’s surface. According to 
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this estimation, and taking into account that we have used extreme potential drop 

conditions, the modulation of the surface precipitation made by the potential drop seems 

to be comparable to the one made by the IMF magnetic field. 

After the H+ circulation has been reconstructed for different external conditions, I have 

focused my attention on plasma loss processes, more particularly on surface collisions 

and charge-exchange. Both these processes open the way to a remote-sensing of the 

plasma circulation via neutral atom imaging; in fact, both of them produce neutral 

atoms. Moreover, sputtering process resulting from surface collisions is expected to be a 

powerful tool of investigation, since: i) proton fluxes on the planetary surface may be 

extremely high; ii) surface composition may be analysed as well as plasma circulation.  

In this frame, I have studied the feasibility of neutral atom remote-sensing made by the 

SERENA/ELENA instrument on board Bepi Colombo/MPO. As a matter of fact, such 

an instrument should be able to address itself to all the scientific issues discussed in this 

study. 
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Appendix A: Acronyms 
AE Auroral Electrojet Index 

AU Astronomical Unit (1.469´1011 m) 

CE Charge exchange 

CF Carbon Foil 

Dst Disturbance Storm index 

ENA Energetic Neutral Atom 

FOV Field of View 

GC Guiding Centre 

Kp Planetary K index 

LENA Low Energy Neutral Atom 

LS L-Shell 

MC Monte-Carlo 

MCP Micro Channel Plate 

MLT  Magnetic Local Time 

PD (Cross-tail) Potential Drop 

RE Earth Radius 

RM Mars/Mercury Radius 

SSD Solid State Detector 

SW Solar Wind 

TOF Time Of Flight 

 



95 Appendix B 

 95 

Appendix B: Symbols, useful equations and laws 
 

B.1 Electro-magnetism and plasma properties   

f(v) Velocity distribution function 

m Particle mass 

F(v) Particle flux 

n Particle density 

v Particle velocity 

e Energy density 

vE (Guiding centre) E´B drift velocity 

vÑB (Guiding centre) Grad-B drift velocity 

E Electric field vector 

B Magnetic field vector 

Br, Bq, Bf Magnetic field components in spherical coordinates 

MB Magnetic moment 

rL Larmor radius 

P^ Perpendicular plasma pressure 

P// Parallel plasma pressure 
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B.2 Ballistic orbits equations 

G  Gravitational constant 

M  Planetary mass 

r  particle position  

v  particle velocity 

a  Apocentre 

b  Pericentre 

L  Momentum 

E  Energy 
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Appendix C: Planetary fact sheet  
Table C.1 

 Mars The Earth Mercury 

Mass (1024 kg) 0.64185 5.9736 0.3302 

Volume (1010 km3) 16.318 108.321 6.083 

Equatorial radius (km) 3397 6378.1 2439.7 

Polar radius (km) 3375 6356.8 2439.7 

Mean density (kg/m3) 3933 5515 5427 

Surface gravity (m/s2) 3.71 9.80 3.70 

Escape velocity (km/s) 5.03 11.19 4.3 

Bond albedo 0.250 0.306 0.119 

Solar irradiance (W/m2) 589.2 1367.6 9126.6 

Black-body temperature (K) 210.1 254.3 442.5 

Maximum surface Temperature 

(K) 

- - 700 

Minimum surface Temperature 

(K) 

- - 90 

Semi-major axis (106 km)  227.92 149.60   57.91 

Sidereal orbit period (days)  686.980 365.256 87.969 

Orbit eccentricity  0.0935 0.0167 0.2056 

Length of day (hrs)  24.6597 24.0000 4222.6 
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Mars Atmosphere 

Surface pressure: 6.36 mb at mean radius (variable from 4.0 to 8.7 mb depending on 

season) [6.9 mb to 9 mb (Viking 1 Lander site)] 

Surface density: ~0.020 kg/m3 

Scale height: 11.1 km 

Total mass of atmosphere: ~2.5 x 1016 kg 

Average temperature: ~210 K (-63 C) 

Diurnal temperature range: 184 K to 242 K (-89 to -31 C) (Viking 1 Lander site) 

Wind speeds: 2-7 m/s (summer), 5-10 m/s (fall), 17-30 m/s (dust storm) (Viking Lander 

sites) 

Mean molecular weight: 43.34 g/mole  

Atmospheric composition (by volume):  

Major: Carbon Dioxide (CO2) - 95.32%; Nitrogen (N2) - 2.7% Argon (Ar) - 1.6%; 

Oxygen (O2) - 0.13%; Carbon Monoxide (CO) - 0.08%  

Minor (ppm): Water (H2O) - 210; Nitrogen Oxide (NO) - 100; Neon (Ne) - 2.5; 

Hydrogen-Deuterium-Oxygen (HDO) - 0.85; Krypton (Kr) - 0.3; Xenon (Xe) - 

0.08 

 

Mercury Atmosphere 

Surface pressure: ~10-15 bar  

Average temperature: 440 K (167 C) (590-725 K, sunward side) 

Total mass of atmosphere: <~1000 kg 

Atmospheric composition: 42% Oxygen (O2), 29% Sodium (Na), 22% Hydrogen (H2), 

6% Helium (He), 0.5% Potassium (K), possible trace amounts of Argon (Ar), 

Carbon Dioxide (CO2), Water (H2O), Nitrogen (N2), Xenon (Xe), Krypton (Kr), 

Neon (Ne) 

 

 

[From http://nssdc.gsfc.nasa.gov/planetary/factsheet] 
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Table C.2 . Atmospheric abundances and loss rates at Mercury 

Species 

Surface 

abundance  

(cm-3) 

Total Zenith 

Column  

(cm-2) 

JeansFlux 

(cm-2 s-1) 

T=550 

Photo-ionisation 

lifetime (sec) 

R=0.386 AU 

Photoionisation 

rate ( cm-2 s-1) 

R=0.386 AU 

H 23; 230  a 3x109  h 2.7  l 2.0x106  l 1.5x103  l 

He 6.0 x103  a <3x1011  h  5.3  l 2.8x106  l 1.1x105  l 

O 4.4x104  a <3x1011  h  6.3x10-9  l 7.4x105  l 4.0x105  l 

Na 1.7-3.8x104  a 2x1011  i 6.9x10-15  l 

5500-14000  m-e 2.1x107  m-e 

14000-38000  m-t 7.4x106  m-t 

25000  n  

K 3.3x102  b 1x109  b  
9.0x104  l 1.5x105  l 

6700  n  

Ar < 6.6x10 6  a 
<2x1013  h  

1.3x109  k 
 4.8x105  l 4.2x107  l 

20Ne 
6x103 day  c 

7x105 night  c 
3.7x1010  h    

H2 < 2.6x107  a <8.7x1014  h  2.3x106  l 8.8x108  l 

O2 < 2.5x107  a <9.6x1013  h  2.6x105  l 2.7x109  l 

N2 < 2.3x107  a <1x1010  h  4.1x105  l 4.5x104  l 

CO2 <1.6x107  a <4.5x1013  h  1.9x105  l 2.0x108  l 

H2O < 1.5x107  a 
<1x1012  e 

<1x1014  h  
 3.7x105  l 2.0x108  l 

OH 1.4x103  d,e >1x1010  d,e  6.2x105  l  2.7x106  l 

Mg 7.5x103  d 3.9x1010  d    

Ca 
387  d 

<239  f 

<1.2x109  d  

< 7.4x108  e 

1.1x108  j 

   

Fe 340  d 7.5x108  d    

Si 2.7x103  d 1.2x1010  d    

S 
5x103  d 

6x10 5  g 

2.0x1010  d 

2.0x1013  g 
 1.3x105  l 

1.5x105  l 

1.5x108  l 

Al 654  c 3.0x109  d    
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a  Hunten et al. [1988]: measurements or upper limits 

b Potter and Morgan [1988] 

c Hodges [1974]: model abundance 

d Morgan & Killen [1997]: model abundances 

e Killen et al. [1997]:  model abundances 

f Sprague et al. [1993]: measured upper limit 

g Sprague et al. [1995]: prediction 

h  Shemansky [1988]: Mariner 10 measurements 

i  Killen et al. [1990]: measured abundance 

k Killen et al. [2002]: model abundance  

j Bida et al. [2000] 

l Killen and Ip [1999] 

m Huebner et al. [1992] ionisation rates: experimental (e), theoretical (t) for quiet and 

active Sun 

n Cremonese et al. [1997] 

[A. Milillo, private communication] 
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[1] The most probable magnetospheric condition during solar minimum is investigated by
using the empirical model of the equatorial proton fluxes presented by Milillo et al.
[2001]. The model consists of several segments that reproduce the effects of different
physical processes. Those segments describing particle injection and diffusion in the
equatorial magnetosphere are considered. The model provides an overall picture of the
magnetosphere plasma distributions, thus allowing estimates of the major physical
parameters. From this statistical distribution we reconstruct the pattern of the electric field
equipotential lines on the equatorial plane. We compute drift paths of test particles at
different initial energies and positions, and we focus on both open and closed trajectories
and examine through energy-time spectrograms typical features, like dawn-dusk
asymmetries of particle transport or flux depletions at specific energies (ion spectral gaps).
Some selected parameters of the model are properly varied in order to investigate its
possible capability to reproduce different magnetospheric conditions. INDEX TERMS: 2740
Magnetospheric Physics: Magnetospheric configuration and dynamics; 2730 Magnetospheric Physics:
Magnetosphere—inner; 2778 Magnetospheric Physics: Ring current; 2708 Magnetospheric Physics: Current
systems (2409); 2760 Magnetospheric Physics: Plasma convection; KEYWORDS: ring current, empirical model,
proton fluxes, proton distribution, electric potential model

Citation: Milillo, A., S. Orsini, D. C. Delacourt, A. Mura, S. Massetti, E. De Angelis, and Y. Ebihara, Empirical model of proton
fluxes in the equatorial inner magnetosphere: 2. Properties and applications, J. Geophys. Res., 108(A5), 1165,
doi:10.1029/2002JA009581, 2003.

1. Introduction

[2] Milillo et al. [2001] (hereafter referred as Paper 1)
presented a new empirical model, based on measurements
performed by the AMPTE/CCE/CHEM experiment; this
model is able to reproduce an average global distribution
of the proton fluxes at 90! pitch angle in the equatorial inner
magnetosphere. The used dataset represented the most
probable configuration (characterized by AE < 100 nT)
during solar minimum. The model consisted of the sum of
five distinct segments as a function of L-shell, energy, and
MLT, dependent on 43 numerical factors.
[3] In principle the given factor values are able to

simultaneously represent all the possible processes. More
specifically, due to the data selection criteria, all of the
large-scale spatial and temporal processes occurring during
magnetic storms coexist into the model. It follows that this
model should be unable to match any specific storm phase,
unless the factor values are properly tuned. This has been

already stated in Paper 1, where it is also explained that any
ion population or plasma regime may be described by
specific parts of the resulting function, thus allowing
separate studies of specific processes. Basically, the analysis
of the factors allows speculating on those physical quanti-
ties that play an important role in the magnetospheric
dynamics.
[4] In this paper we will speculate on those segments

(identified in section 2) describing the proton fluxes con-
vected under the combined action of dawn-dusk electric
field and magnetic field gradient, as well as those describing
the proton fluxes diffused and accelerated by betatron
processes due to the action of magnetic and electric field
fluctuations [e.g., Blanc et al., 1999].
[5] According to the storm picture of Ebihara and Ejiri

[1998] and Liemohn et al. [1999] and to the IMAGE
observations [C:son Brandt et al., 2002], during the very
first phases of a storm the particles are injected from the tail
in open drift paths and are lost in the dayside magnetopause.
Later, during the recovery phase, convection electric field
weakens, the open trajectories become closed, and the ions
are trapped in a symmetric ring current. Hence the diffused
preexisting populations are swept out during the storm main
phase and are recreated when the newly injected particles
fall down into closed paths and have time to diffuse [Kozyra
et al., 2002]. Moreover, Chen et al. [1993] show that the
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trapped population at high energy increases during a storm.
This population is due to diffused particles as well as to
convected particles, and contribution of diffusion is more
important when the storm main phase is longer [Chen et al.,
1994]. Hence it is possible that during the latest phases of a
storm the injected and diffused populations are simultane-
ously present in the ring current region, where they slowly
decay mainly through charge-exchange processes [Daglis et
al., 1999]. This picture fits with the model characteristics;
hence it is reasonable to consider that the model described
in Paper 1 is basically depicting a quiet magnetosphere, just
refilled by storm injection.
[6] In order to test the model capability to represent local

and instantaneous proton distributions, a comparison
between the modeled flux and an example of proton spectra,
collected by the CRRES/MICS instrument during a quiet
time period will be shown in section 2.
[7] In section 3 an estimation of the major physical

parameters associated to the model will be carried out.
The quantitative analysis of these physical parameters
(density, mean kinetic energy, magnetic moment, magnetic
pressure, ring current intensity) can provide an overall
picture of a late recovery phase magnetosphere and, more
generally, of the most probable magnetospheric configura-
tion where the disturbances may develop.
[8] The uncertainty of the equatorial electric field esti-

mates is one of the most crucial difficulties when attempting
to model the ring current region. Theoretical estimations of
the various components of the total electric field [e.g., Vol-
land, 1978] are only a first-order approximation for describ-
ing the real processes in the inner magnetosphere. On the
other hand, empirically derived models [e.g., McIlwain,
1972] have been shown to be more appropriate to depict
the magnetospheric conditions [Liemohn et al., 2001]. In
section 4 we will examine the equatorial electric field pattern
as derived by the average kinetic energy equipotential lines.
[9] In section 5, by using these electric potential contours,

we will compute the single particle drift paths at different
initial energies and positions. We will focus on both open
and closed drift paths and examine, through energy-time
spectrograms, well-established observational features such
as dawn-dusk asymmetries of particle transport [Sheldon
and Hamilton, 1993; Milillo et al., 1996] or flux depletions
at specific energies (ion gaps) [Kovrazhkin et al., 1999;
McIlwain, 1972].
[10] In section 6 we will analyze the effect induced in a

made-up magnetosphere obtained by varying the model
according to three factors, sensitive to magnetospheric
parameters and/or processes.
[11] We will conclude by summarizing the main results in

section 7.

2. Modeled Proton Distribution

[12] As stated in Paper 1, the plasma population that
originates from the action of convection is described by a
wide gaussian function versus L-shell at energies of tens of
keV that exhibits a cut-off close to the Earth (L ! 3) (that is,
the CO + G2 functions weighted by a step function), while
the diffused population is described by another gaussian
function at higher energies that has an energy versus L
dependence (that is, the G3 function). Hence in the follow-

ing we will use a subset of the model that includes only the
mentioned functions. Since the L-shell (l) used in the
original AMPTE/CCE/CHEM dataset has been derived by
applying a simple dipolar magnetic field, we make the
assumption that it corresponds to the geocentric distance
(r) when mapped onto the equatorial plane (that is, l = r).
Hence the proton differential flux per energy and steradiant,
f, that we will consider in the following is

f lð Þ ¼ AG2 % exp & l & PG2ð Þ2

2 %WG22

 !

þ CO

" #

% exp & IS2

l & PSð Þ2

 !

þ AG3 % exp & l & PG3ð Þ2

2 %WG32

 !

ð1Þ

The log-energy (e) and MLT (h) dependences of the factors
are shown in Figures 4 and 9 of Paper 1.
[13] The proton fluxes at eight selected MLT are shown in

a color-coded picture (Figure 1) as a function of l (between 3
and 9.5) and e (ranging from 3 to 5.5 log(eV)). The diffused
population (G3), characterized by increasing energy versus
geodistance decreasing, is clearly distinguishable; the more
intense injected population (CO + G2) is observed at lower
energies and is characterized by nearly constant energy
versus geodistance. While the diffused population is almost
symmetric in MLT, the second one is affected by the dawn-
dusk asymmetry. The two populations mix up in the outer
regions (l > 5), while they are clearly separated in the inner
regions. For this reason we prefer to analyze the two
populations together, by keeping in mind that the diffused
population originates from the other one and that it is well
defined only within l < 5.
[14] Generally, the particles move in the inner magneto-

sphere accordingly to the conservation of the first adia-
batic invariant; hence it could be interesting to map the
energy differential fluxes at different magnetic moments
m ¼ K?

B ¼ K
B ; where K is the kinetic energy of the 90! pitch-

angle particles. In this way, by analyzing the energy differ-
ential flux intensities, which are proportional to the absolute
velocity distribution function, the phase-space regions occu-
pied by any specific population convected or diffused in the
magnetosphere may be studied. Since the modeled proton
fluxes refer to magnetospheric activities with AE < 100 nT,
we have decided to use the McIlwain [1972] magnetic field
model associated to quiet conditions. In Figure 2 the differ-
ential flux at MLT 0000 as a function of l and m (Figure 2a),
and four equatorial maps of the proton differential fluxes,
each at a fixed m value (Figures 2b, 2c, 2d, and 2e), are shown.
[15] From this analysis it is not possible to trace the

particle trajectories or to investigate the process able to
produce the observed distributions, anyway some consid-
erations on the possibility of populating each magneto-
spheric region with particles at specific m are possible.
Moreover, the relative intensification of different regions
could provide information on the source location. The
particle paths will be analyzed with more detail in
section 5, by using the equation of motion.
[16] In Figure 2a, the two CO + G2 and G3 populations

exhibit distinct m versus l trends at l < 5. The former
decreases versus lower l, generally implying a nonconser-
vation of the first adiabatic invariant. While the latter slowly
increases versus lower l, although it is nearly constant at m
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!0.4 keV/nT. This essentially implies the m conservation;
nevertheless the diffusion coefficient does not seem to
follow exactly the standard diffusion law.
[17] Possible different interpretations could be given for

the apparently contradictory behavior of the G3 function.
Sheldon [1994] analyzed a quiet time dataset derived by the
same AMTE/CCE/CHEM data used to obtain our averaged
dataset. His analysis of the high-energy distribution evinced
that below L-shell = 6, internal (probably ionospheric)
electric field fluctuations cause most of the cross-L transport
and that the radial trend of these ionospheric fields suggests
that they are shielded from the magnetosphere.
[18] It could be noticed that at higher m (!1.077 keV/nT,

Figure 2b) the protons do not enter into the inner magneto-
sphere. On the contrary, the m ! 0.4 keV/nT proton
population shown in Figure 2c is distributed inside the
whole inner magnetosphere, thus implying that it is prob-
ably trapped into closed trajectories so that it has time to
diffuse across the magnetic field lines. This population
reflects the G3 distribution identified at high energies in
Figure 1. Since the magnetic energy is dominant with
respect to the electric energy, the flux isocontours of the
high-energy particles follow the B-field equipotential lines.
The observed noon-midnight asymmetry reflexes the
stretched magnetic filed configuration.

[19] In Figure 2d (m ! 0.18 keV/nT) we can clearly see a
dawn-dusk asymmetry so that the flux is stronger in the
dusk side. Furthermore, we can see that particles charac-
terized by this magnetic moment populate the L-region
between 5 and 10. At lower m (!0.04 keV/nT, see
Figure 2e) the fluxes are again MLT dependent, like the
case shown in Figure 2d. Actually, in opposition to previous
case, the flux is more intense in the dawnside; in fact, these
populations are sensitive more to electric field convection
than to gradient/curvature drifts. They populate the inner
regions; nevertheless, the source of these particles is not
clearly distinguishable, since the fluxes peak inside the
simulation region. It is possible that these particles have
been transported inside the magnetosphere during more
disturbed magnetospheric conditions (not included in the
AMPTE/CCE/CHEM data set) and subsequently that they
have been trapped when the magnetospheric activity has
relaxed. Alternatively, they could be the result of processes
that cause the violation of m conservation, for instance
Coulomb collisions.
[20] A comparison between the modeled flux and the

proton spectra collected by the CRRES/MICS instrument,
in the energy range 20–300 keV, at three different MLT and
L-shells, during a quiet time period (18 April 1991), is
shown in Figure 3. Within the energy range of the instru-

Figure 1. Color-coded picture of the modeled 90! pitch angle differential proton fluxes as a function of
l and e at different h.
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ment the main portion of the CO + G2 population is hardly
discernable because the peak of the distribution is located
below the low energy limit. However, the most energetic G3
distribution as well as the high-energy portion of the CO +
G2 is identifiable in the observed profiles. We may notice
that generally the modeled spectra are hotter than the
observations. This is probably due to the effect of the
averaging process. Nevertheless, we notice that the spectra
are generally well reproduced, especially considering that
we are comparing local and instantaneous spectra with
spectra averaged over more than 2 years.

3. Magnetospheric Parameters

[21] Aiming to reconstruct the major magnetospheric
parameters in order to obtain an average global view of

the inner equatorial magnetosphere, we first need to com-
pute the velocity distribution function f(v). This function is
related to the differential flux f, shown in equation (1),
through the following expression:

f v; rð Þ ¼ f m v&2 ð2Þ

where m and v are particle mass and flow velocity,
respectively.
[22] To compute the particle density and other physical

parameters we need to know the angular distribution of the
flux, that is, the pitch angle distribution. Presently, the
model is not yet able to reproduce the pitch angle depend-
ence; hence we must do some guessing. Here, for simplicity
we assume an isotropic flux, that is, a flat pitch angle
profile. This assumption is more appropriate during per-

Figure 2. (a) Grey-scaled contours of the differential proton fluxes at MLT 0000 as a function of l and m.
The solid lines delimit the energy range 1–300 keVof our model. Lower panels: grey-scaled maps of the
equatorial differential proton fluxes at fixed m value: (b) m = 1.077 keV/nT, the energy corresponding to the
maximum flux (in the outer regions of the night side) is 29 keV; (c) m = 0.442 keV/nT, the energy
corresponding to the maximum flux (in the outer regions of the night side) is 12 keV; (d) m = 0.181 keV/nT,
the energy corresponding to the maximum flux (close to the outer regions of the midnight-dusk side) is
!6 keV; (e) m = 0.038 keV/nT, the energy corresponding to the maximum flux (inside the night side
magnetosphere) is!5 keV. The radial distances 3 and 9.5 RE are evidenced with dashed circles. The Earth is
schematically shown at the center of each panel, the bold hemisphere indicating the night side.
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turbed periods at l above 4 [Lui et al., 1987]; anyway, as a
first-order analysis, we can neglect such anisotropies.
[23] Under the previous assumption, we can derive the

particle density N:

N ¼ 4p
Z

f v; rð Þv2dv ð3Þ

[24] The global equatorial particle density contours are
shown in Figure 4. The particles are denser in the night
sector, close to midnight at r = 5 RE. In fact, this is the
region where the bulk of the particles are injected from the
tail.
[25] The energy density e can be easily computed by the

following expression:

e ¼ 2pm
Z

f v; rð Þv4dv ð4Þ

[26] If the pitch angle distribution is isotropic, the normal
magnetic pressure P? is equal to the parallel pressure Pk,
and it can be expressed:

P? ¼ Pk ¼
2

3
e ð5Þ

[27] In Figure 5a the normal pressure is represented in a
color-coded picture. The pressure values range between 2
and 7 nPa. In previous literature the value of the modeled
ring current pressure [e.g., Ebihara and Ejiri, 2000] as well
as the empirical estimates of the quiet time plasma pressure
[Lui and Hamilton, 1992], are of the same order of magni-
tude, even if during a storm the estimations can exhibit
values up to 10 nPa. The pressure shown in Figure 5a
increases with distance between r = 3 and 4 RE, where it
reaches its maximum value, and then it starts decreasing.
These results are in good agreement with other estimates
recently shown in the literature [e.g., Lui and Hamilton,
1992; De Michelis et al., 1999; Ebihara and Ejiri, 2000;
Liemohn et al., 2001]. The pressure profile versus MLT is
mainly symmetric, although it shows a little asymmetry; in
fact, in the dusk-midnight sector it is a little bit more intense.
This pressure profile is comparable to the modeled pressure

during the late recovery phase [Ebihara and Ejiri, 2000;
Liemohn et al., 2001], giving confidence that the current
model, in its present configuration, roughly depicts a late
recovery phase magnetosphere.
[28] The normal current J? is

J? ¼ B

B2
( rP? þ Pk & P?

! " B %rð ÞB
B2

# $

ð6Þ

being positive for westward currents. By assuming isotropic
pitch angle distributions, the last term in equation (6) can be
neglected; hence the normal current can be simply written
as

J? ¼ & 1

B

@P?

@l
: ð7Þ

[29] In the present computations the magnetic field mod-
eled by McIlwain [1972] that refers to quiet time conditions

Figure 4. Gray-scaled picture of the modeled proton
density in the equatorial plane. As in Figure 2, the r = 1, 3,
and 9.5 RE shells are shown.

Figure 3. Comparison between modeled (dashed lines) and observed (solid lines) proton spectra at
three different MLT and L_shells. The data were collected by the CRRES/MICS instrument in the energy
range 20–300 keV, during a quiet time period (18 April 1991).
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is adopted. Such a quiet time configuration is the most
probable one, as shown in Paper 1.
[30] Figure 5b shows the normal current derived from our

model. It is clear that a weak eastward current is present
inside r = 4 RE, while a weak westward current is present at
higher r. The westward current exhibits MLT asymmetry; in
fact, it reaches 4 nA/m2 in the midnight-dusk sector, while it
takes lower values in the noon-dawn sector. Eastward and
westward currents up to 10 nA/m2 are predicted in a similar
configuration during late recovery phase periods by the
simulations of Ebihara and Ejiri [2000] and of Kozyra et al.
[2002]. Probably, the magnitude of the current in our
computations is less intense due to the model average
architecture. Our calculations obtained by this empirical
model validate the hypothesis of a not negligible presence
of a partial ring current that resides in the dusk-midnight
region, even during recovery phases.
[31] In Figure 6 the mean kinetic energy

K ¼ e
N

ð8Þ

is mapped. The equipotential lines show that the kinetic
energy is higher in the inner region and decreases with
distance. Even for these parameters, a clear MLT asymmetry
can be outlined. At dusk, the mean kinetic energy does not
extend below 20 keV, while at dawn it reaches lower values.
This is a clear evidence of the heating/cooling effect due to
the adiabatic motion of the plasma when a dawn-dusk
electric field is present [Sheldon and Hamilton, 1993;
Milillo et al., 1996]. This argumentation will be more
stressed in the next section.
[32] Figure 7 maps the mean first adiabatic invariant at

90! pitch angle:

!m ¼ K

B
ð9Þ

[33] The mean m values are almost constant around 0.2
keV/nT. This value increases only in the dusk outer region,
where it reaches 0.6 keV/nT. The small variation of the

mean magnetic moment in the inner regions indicates, on
average, that plasma originating from similar sources (char-
acterized by a certain mean magnetic moment) fills these
regions. A simple interpretation of the mentioned uniform-
ity is that the particles are mostly trapped. As a matter of
fact, the contribution of the high-energy diffused population
dominates in equations (8) and (9). The magnetic moment
variation in the dusk side, at higher distances, shows that
particles with higher m populate these regions, probably
through open trajectories.

4. Electric Potential Model

[34] In this Section a simple electric potential derivation,
by using a few assumptions on the magnetospheric con-
ditions, is presented. If we consider an almost quiet time

Figure 5. Color-coded pictures of (a) normal pressure and (b) normal current density computed by
using the empirical model. Westward currents are positive. As in Figure 2, the r = 1, 3, and 9.5 RE shells
are shown.

Figure 6. Contour plot of the mean kinetic energy (keV)
as derived by using the empirical model. As in Figure 2, the
r = 1, 3, and 9.5 RE shells are shown.
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magnetosphere, we can assume that (1) there is no electric
field parallel to B; (2) the electric and magnetic fields are
time independent; (3) the particle motion is adiabatic,
particles not involved in loss processes maintain constant
the first magnetic moment (m) and the total energy; and (4)
the protons originate from a localized region in the tail with
a gaussian-like energy distribution.
[35] Given the previous assumptions, the whole inner

magnetosphere is populated by protons exhibiting distribu-
tions with the same average total energy. Hence we can
argue that particles with similar kinetic energies and similar
pitch angles (e.g., 90! at equator) originating from neigh-
boring regions are transported toward similarly localized
regions in the inner magnetosphere. It follows that we may
establish a more or less direct relationship between initial
and final kinetic energies as well as regions of space.
However, since in this empirical model the injected and
the diffused populations that are transported under different
magnetospheric conditions coexist and since the diffused
population originates by processes that do not conserve the
total energy, we assume that where these two populations
are decoupled (i.e., the distribution is no more single, at
l < 5), our approach is no more valid.
[36] The total energy (W) is given by the sum of the

kinetic energy (K) and the electric potential (U) energy:

W ¼ K þ qU ð10Þ

where q is the particle charge.
[37] If the particles move in the magnetosphere with total

energy conservation, then a variation of the electric poten-
tial corresponds to variation of the kinetic energy:

"K ¼ &q"U ð11Þ

Hence the equipotential lines of the mean kinetic energy,
shown in Figure 6, have the same shape of the electric
equipotential lines. A kinetic energy difference of 1 keV
corresponds to an electric potential drop of &1 kV. We may
estimate that the total dawn-dusk potential drop is !15 kV,
corresponding to a mean electric field of !0.1 mV/m. This
estimation matches with a weak electric field characterizing
the end of a storm [e.g., Wygant et al., 1998; Ejiri et al.,
1978].
[38] However, the particle distributions do not conserve

the average total energy in the whole magnetosphere, also
due to loss processes. If we consider the major loss
processes in the magnetosphere, we can see that charge-
exchange acts at low energies and at low distances [e.g.,
Daglis et al., 1999]. Coulomb collisions act in a similar way
but with a minor contribution [Ebihara et al., 1998]. The
wave-particle interactions act at higher energy and higher
latitudes but with a minor contribution during quiet time
[e.g., Daglis et al., 1999, Jordanova et al., 1999, 2001].
[39] Hence if the previous assumptions are verified, the

electric field equipotential pattern can be reconstructed in
this straightforward manner in the outer regions of the inner
magnetosphere (5 RE < r < 9.5 RE). As a matter of fact, there
is a very good agreement between the modeled mean kinetic
energy equipotential lines and the empirically derived
electric potential lines as mapped by McIlwain [1972].
The model can be a useful tool to reproduce the global
evolution of the electric potential pattern during storm
development (our next future goal). Actually, the electric
field could be underestimated, due to the fact that the
assumptions listed in section 4 may be partially violated
in real conditions. Anyway, these limitations of the pro-
posed electric field model do not affect the intrinsic validity
of this approach.

5. Particle Drift Path

[40] In this section, by using the single-particle code
of Delcourt et al. [1992], we compute the trajectories of
equatorially trapped protons in the quiet configuration of
Tsyganenko [1989] magnetic field model. We consider that
their magnetic moment remains constant and we use the
guiding center approximation. In order to test the applic-
ability of the electric potential model proposed in previous
section, we check if the typical features observed in the
magnetospheric plasma distributions are reproduced as
obtained by other authors by using different electric poten-
tial models. Since the electric potential model derived in the
previous section is valid only in the outer regions, in the
inner regions we match this model with the McIlwain
[1986] electric potential model for Kp = 2 (UMI) by adding
a potential drop offset "U = &17.5. More specifically, we
use the following expression.

U ¼
&K &K ) UMI þ"U

UMI þ"U &K < UMI þ"U

8

<

:

ð12Þ

[41] We traced the forward trajectories of the outer
night-side particles at energies between 1 keV and 10 keV
("K = 1 keV). In Figure 8 sample trajectories are traced
from MLT 2200, 2300, 0000, 0100, 0200 and three initial

Figure 7. Contour plot of the mean first adiabatic
invariant (keV/nT) at 90! pitch angle as derived by using
the empirical model. As in Figure 2, the r = 1, 3, and 9.5 RE

shells are shown.
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energies 1, 3, 10 keV. The higher energy test particles
(Figure 8a) exhibit open trajectories drifting toward the
dusk magnetopause, in accordance with the simulations
performed by Takahashi and Iyemori [1989]. This last
behavior implies a sharp decrease of the 90! pitch angle
particle flux (see Figure 2b and 2c), in agreement with the
observed butterfly-shaped pitch angle distributions of the
night-side particles at l > 7 [Fritz et al., 2000]. We have
found out that the threshold energy value between closed
and open trajectories toward dusk is 5 keV. More gener-
ally, this study shows that, during quiet times, the particles
at energy )10 keV, injected from the tail can reach the
inner regions only through diffusion processes, in accord-
ance with what we argued form Figure 2c, while the !3–4
keV particles are able to fill through adiabatic motion the
outer part of the nightside magnetosphere (L-shell between
5 and 9), increasing their energy up to 20 keV (Figure 8b),
as seen also in Figure 2d. On the contrary, the test particles
with lower energy (<1–2 keV particles) cannot enter nor
populate the inner regions during quiet times, since they
are lost in the dawn side of the equatorial plane (Figure 8c),
as proved by the maps of Figure 2e. It must be noticed that
some of the traced trajectories seem to intersect the
trajectory of themselves; this is due to the rough gridding
steps that we have used in the electric potential computa-
tion in the code, anyway this does not modify the results
of our qualitative analysis.
[42] In the dayside magnetosphere the modeled fluxes are

significantly attenuated in the low energy range, within a
MLT-dependent interval (see Figure 1). Actually, these flux
decreases or gaps occur at higher/lower energies in the
dawn/dusk sectors, respectively. Such features are in good
agreement with in situ measurements both at high latitudes
[Kovrazhkin et al., 1999] and near the equator [McIlwain,

1972]. In the dayside sector, such spectral gaps are likely
due to enhanced residence times (larger than the ion life-
time) in the magnetosphere [Kovrazhkin et al., 1999] rather
than to an inward limit of penetration from the magnetotail
or transition from open to closed orbits [Shirai et al., 1997].
Recently, Buzulukova et al. [2002] have analyzed accurately
the ion gaps during quiet time, and they have found that the
reproduction of this kind of gap is greatly sensitive to the
convection model and to the assumed particle source.
Aiming to verify the effectiveness of such an interpretation
in the frame of our electric field derived configuration, in
Figure 9 the backward trajectories of particles at energies
between 1 and 19 keV ("K = 2 keV) are traced from r =
7.5 RE and MLT = 1000 (Figure 9a), 1200 (Figure 9b), and
1400 (Figure 9c). The trajectories are traced up to r = 7.7,
since the ion loss rate is almost negligible out of this shell.
We would like to notice that not only the particle residence
time is important to determine the flux depletion but also the
radial profile of the backward trajectory as well as the
particle energy history play a role. In fact, the more
the trajectory penetrates into the magnetosphere, the more
the particle impacts on geocoronal neutrals. Actually, the
geocoronal density decreases with Earth’s distance as well
as the rate of charge-exchange processes. On the other hand,
particles with higher energy have lower charge-exchange
cross sections and hence longer lifetimes. As a result, by
comparing panels 2 and 3 of Figure 9 in the three (a, b, and c)
configurations, it is clear that the residence times (within
r = 7.7) always maximize at the energy of the flux minima.
As stated by Buzulukova et al. [2002], the ion spectral gap
observations verify the average convection pattern during
quiet time. The identification of such gaps in our model
based on average magnetospheric plasma data indicates that
they frequently occur in the dayside magnetosphere.

Figure 8. Samples of forward trajectories of the outer night-side particles traced from r = 8.9 RE, MLT
2200, 2300, 0000, 0100, 0200 and initial energies (a) 10 keV, (b) 3 keV, and (c) 1 keV. The starting
positions are labeled by diamonds. In the background the electric field equipotential lines derived from
equation (12) are mapped by dotted lines. As in Figure 2, the r = 1, 3, and 9.5 RE shells are shown.

Figure 9. (opposite) Backward trajectories of the dayside particles from r = 7.5 RE, up to maximum 7.7 RE for different
energies, between 1 and 20 keV, for (a1) MLT 1000, (b1) MLT 1200, (c1) MLT 1400. The starting positions (i.e., final in
time) are labeled by diamonds. As in Figure 8, the electric field equipotential lines are mapped by dotted lines, and the r =
1, 3, and 9.5 RE shells are shown. Spectra of the modeled proton fluxes at the final position for MLT 1000, MLT 1200, and
MLT 1400 are shown in (a2), (b2), and (c2) panels, respectively. Residence times versus energies are plotted in panels (a3)
for MLT 1000, (b3) for MLT 1200, and (c3) for MLT 1300.
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6. Effects on the Model Induced by Variation of
Selected Factors

[43] In Paper 1 the model consisted of the sum of five
distinct segments as a function of L-shell, energy, and MLT,
dependent on several numerical factors. In the present paper
we have studied a subset of the model, consisting of those
segments describing both the convected and the diffused
proton populations. In the introduction section we noticed
that this model should be unable to perfectly match any
specific storm phase, unless the factor values are properly
tuned. As a matter of fact, the analysis of the most sensible
factors should allow speculating on the dominant physical
regimes in any specific geomagnetic condition. For this
purpose we will analyze the profiles of the mean kinetic
energy, of the plasma pressure and of the ring current
density as a function of these factors, selected as in the
following.

6.1. Factors Identification

[44] Since the increase of the convection electric field
produces new plasma entry, it is reasonable that, during
perturbed periods the CO + AG2 intensity (factor COA +
AG2A, see Paper 1) could increase as well. Hence we
introduce a new parameter:

B ¼ COA þ AG2Að Þ*= COA þ AG2Að Þ

where the asterisk indicates the modified factor. As an
example, we will modify this factor by imposing B = 5.
[45] Figure 8 of Paper 1 shows the CO + AG2 contour

plot as a function of MLT and e. Let us now consider the
factor COAG2B, i.e., the CO + AG2 maximum-flux energy.
A direct consequence of the observed profile is that the two-
dimensional semilog plot of COAG2B versus MLT exhibits
a linear trend (see Figure 10). Since this MLT asymmetry is
clearly due to the convection electric field intensity, we note
that the intercept H of the semilog linear function COAG2B
is strongly related to the asymmetry rate. Hence H is
assumed to be a potential-drop sensitive factor. As an
example, we will recompute the model by increasing the
selected factor of 20%, that is:

C ¼ H*=H ¼ 1:2:

[46] As soon as fresh injected plasma populates the
magnetospheric equatorial plane, particle-trapping mecha-
nisms should cause a significant increase of the G3 pop-
ulation. For this reason we consider factor AG3 described in
Paper 1 as a useful quantity to estimate such an effect. For
example we may assume:

D ¼ AG3*=AG3 ¼ 3:

6.2. Magnetospheric Parameters Variation

[47] Figure 11 shows the modified configuration of mean
kinetic energy (top), perpendicular pressure (middle), and
ring current (bottom). The three columns (from the left)
relate to B = 5, C = 1.2, and D = 3, respectively.
[48] The mean kinetic energy computed by applying B = 5,

is shown in Figure 11a. With respect to the unmodified

model (see Figure 6) we may notice that the enhanced
population at low energy becomes dominant also in the
inner regions so that the G3 high-energy population does
not prevail any more. Anyway, the global dawn-dusk
energy drop does not change significantly. Hence by
increasing B the consequent dawn-dusk potential drop
remains unmodified, whereas the plasma circulation in the
inner region seems to be less effective in shielding the
convection electric field. This could prove that the inner
proton distributions are convected there by an electric
potential profile different from the quiet time configuration.
Figure 11b shows the mean kinetic energy contours, com-
puted by assuming C = 1.2. The equipotential lines assume
a more x-aligned configuration so that if we refer them to
the electric potential, we can argue that this parameter is
able to control the convection electric field intensity. This
intensity deduced by this figure ranges between 0.3 mV/m
in the night-side and 0.8 mV/m in the dayside out of
distances of 6 RE. These values are a little bit lower than
the ones estimated during major storms (up to 1 mV/m at
geosyncronous distances around midnight). The reason of
this could consist in different argument. First of all, the
inner configuration, where major electric field are foreseen,
could not be correctly reconstructed; furthermore, as stated
before, probably the absolute value of the electric field is a
little bit underestimated, moreover other parameters in the
empirical model related to the two populations described
could play a role. If the model is modified in order to
intensify the G3 population, specifically D = 3, the kinetic
equipotential lines assume a more circular symmetry, also in
the outer regions as shown in Figure 11c. This configuration
could be referred to a recovery time magnetosphere, thus
evidencing that the convection electric field gives a minor
contribution during this phase.
[49] The pressure profile, computed by applying B = 5, as

shown in Figure 11d, exhibits a MLT asymmetry. It reaches
its maximum value (around 12 nPa) at r ffi 4.5 RE and
MLT ffi 2000. The intensity is comparable to the pressure
modeled by Ebihara and Ejiri [2000] during the main phase
of the 10–11 April 1997 storm; the intensification at dusk is
in accordance with the recent ring current models and the
geodistance of the maximum intensity is comparable to the
maximum energy density modeled by Liemohn et al.
[2001]. The pressure slowly decreases with distance; at

Figure 10. Unmodified factor COAG2B (solid line) and
modified factor with C = 1.2 (dashed line), plotted as a
function of MLT and e.
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r ffi 8 RE it becomes 50% of maximum. Conversely, in the
other mentioned models the pressure decreases more
abruptly so that at the given distance it is reduced by a
factor of 10. The perpendicular pressure computed by
applying C = 1.2 is shown in Figure 11e. The pressure
asymmetry is evident also in this configuration. The mag-
netospheric pressure increases, and in the dusk-midnight
sector it reaches 15 nPa. Anyway, we notice a broad
increase of the pressure in the whole inner magnetosphere.
The pressure profile shown in Figure 11f, is obtained by
assuming D = 3; it grows up to more than 20 nPa in the
dusk-midnight sector, and conversely to Figure 11d and 11e,
it seems more concentrated in the inner regions below r =
5 RE, and shows up a relevant decrease of a factor of 10 at
r = 8 RE. This MLT asymmetry is a direct consequence of
the asymmetric structure of the high-energy population
indicated in the original averaged AMPTE/CCE/CHEM
dataset. Generally, this profile is similar to the theoretical
pressure profiles derived by Ebihara and Ejiri [2000], even
if our peak intensity is located closer to the Earth. Since the

simulations presented in that paper include only convection
without diffusion, it is likely that the G3 population is not
only caused by diffusion processes so that the lower energies
are partially populated by ions convected inward along open
trajectories (as a matter of fact the G3 is superposed to the
CO + G2 at lower energies/higher l). This interpretation
agrees with the scenario proposed by Chen et al. [1993];
according to their studies, for particles at m < .01 keV/nT
(K < 110 keV at l + 3) the inward transport is mainly
convective, at .01 < m < .25 keV/nT (110 keV < K < 280
keV at l + 3) there is a transition between direct con-
vective access and radial diffusion, and at m > .25 keV/nT
(K > 280 keV at l + 3) diffusion becomes predominant.
[50] The equatorial perpendicular current distribution,

shown in Figure 11g and 11h, exhibits several asymmetric
structures, located at different radial distances. In the outer
regions a westward partial ring current peaks in the night
sector, reaching in the two panels !5 and !8 nA/m2,
respectively. This partial current could be related to the
equatorial closure of the Region 2 field-aligned currents

Figure 11. Modified configuration of mean kinetic energy (top panels), perpendicular pressure (middle
panels) and ring current (bottom panels). The three columns (from the left) relate to B = 5, C = 1.2, and
D = 3, respectively. As in Figure 2, the r = 1, 3, and 9.5 RE shells are shown.
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[Schield et al., 1969; Zmuda and Armstrong, 1974] that are
always present when convection is strong, as seen by polar-
orbiting spacecraft [Blanc et al., 1999]. Close to this
current, at lower distances, an eastward current, peaking
in the dusk sector (!3 nA/m2), extends up to 8 RE. By
looking at the panels, especially at Figure 11g, we may
notice a sort of vortex in the dusk-noon sector, L-shell 5–7.
Actually, this kind of vortex could be the product of
diamagnetic effects observed especially during perturbed
periods [e.g., Smith et al., 1960; Cahill, 1966, 1973;
Potemra at al., 1985; Wygant et al., 1998; Terada et al.,
1998; Tsyganenko et al., 1999] and just theoretically com-
puted by Ebihara and Ejiri [2000]. In fact, as stated by
Ebihara and Ejiri [2000], the magnetospheric currents
would produce, in the dusk-noon sector, magnetic depres-
sions and intensifications. These locally induce ion drifting
clockwise around the magnetic depressions and vice versa
ion drifting anticlockwise around the magnetic ‘‘hills.’’
[51] In the inner regions two other current systems, less

intense and more isotropic, can be identified. The external
one (more evident in Figure 11g) moves duskward and
exhibits a light asymmetry in the dusk sector; while the
most internal current turns eastward, again peaking in the
dusk sector (!4 nA/m2). The two current systems just
described are much more enhanced and asymmetric in
Figure 11i (from 5 nA/m2 at 0700 to 9 nA/m2 at 1900),
where the G3-related D parameter is increased. From the
previous considerations it follows that this asymmetric
partial ring current probably reproduces the current gener-
ated by the particles injected from open trajectories directly
in the inner regions.

7. Summary and Conclusion

[52] This paper may be considered as the continuation of
Paper 1. There, we showed the architecture of an empirical
model, developed by best-fitting average in situ proton
fluxes observed by AMPTE-CCE/CHEM. Here, we have
interpreted the model major outcomes, by computing on a
global scale the physical parameters characterizing the inner
equatorial magnetosphere.
[53] In the following, the major results are listed.
[54] 1. We have outlined the presence in the model of two

main proton populations, related to magnetospheric injec-
tion and diffusion, respectively. By assuming that these
populations are the major magnetospheric contributors,
some relevant magnetospheric parameters have been
derived: proton density, mean kinetic energy and magnetic
moment, perpendicular pressure and current density. The
showed contours generally reproduce the reference behav-
iors, theoretically predicted during low geomagnetic activity
(i.e., end of recovery phases).
[55] 2. A new electric potential model, simply derived

from the mean kinetic energy maps, has been proposed.
This model evidences the actual dawn-dusk and noon-mid-
night asymmetry of the electric potential in the inner
magnetosphere. The contours, basically comparable to the
McIlwain [1972] empirical model, are valid down to l!5–6
and at lower distances can be well matched to the quiet time
McIlwain [1986] model. This map can be directly traced
from the proton energy spectra effectively measured on the
equatorial plane, in any configuration.

[56] 3. By mapping the magnetic moment and by tracing
the particle drift pattern, we have seen that the model
predicts the entrance of particles with m ffi 0.14 keV/nT.
On the contrary, particles with higher magnetic moment
have open trajectories so that they are convected duskward
and vanish in the duskside magnetopause; and the particles
with lower m should be convected dawnward and lost in the
dawnside magnetopause. Nevertheless, such particles may
populate the inner regions under different conditions.
[57] 4. We have shown that the analysis of three sensible

factors allows speculating on the dominant physical regimes
in any specific geomagnetic condition. (1) The intensifica-
tion of the flux of the convected population, typical in a
perturbed magnetosphere, produces additional current sys-
tems. In particular, we observe currents related to diamag-
netic effects as well as the equatorial closure of the
enhanced Region 2 field-aligned currents. (2) The intensi-
fication of the diffused high-energy population produces a
partial ring current, actually foreseen during storm-time
periods. (3) The electric potential intensity is controlled
by a third parameter, described in Section 6.
[58] The shown analysis is presently limited to the study

of 90! pitch angle proton equatorial distribution; hence the
computation of the physical quantities could be affected by
other contributions. For instance, since the oxygen ion
density is relevant during major storms [Daglis, 1997],
the previous considerations could be subjected to modifica-
tions when the storms are more intense. The extension of
the present model to different pitch angles and ion species
will be performed in future studies.
[59] In conclusion, we want to remark that this empirical

model exhibits an interesting potential capability in describ-
ing the ring current dynamics. Hence in a further paper we
will apply the model for studying the time development of
geomagnetic storms, as traced by in situ satellite data.
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[1] The interactions between the solar wind and the neutral gas from Mars’ moon Phobos
and from the Martian exosphere are examined in order to check the feasibility of the
energetic neutral atoms (ENA) remote sensing technique applied to Phobos’ environment.
Both solar wind and Mars exosphere models, as given in the literature, have been used.
The density distribution of an outgassed neutral oxygen population located at Phobos’
orbit has been simulated via Monte Carlo integration. Images and energy spectra of ENA,
escaping through charge exchange processes, have been reconstructed applying a line
of sight integration method. The performed simulation shows that the ENA signal
originated from Phobos’ environment is faint while observing far from Phobos location;
anyway, it could be detected in some particular Mars-Phobos vantage point configurations.
The possibility that the neutral oxygen outgassing rate might be estimated through
ENA signal deconvolution is briefly discussed. INDEX TERMS: 6230 Planetology: Solar System
Objects: Martian satellites; 6025 Planetology: Comets and Small Bodies: Interactions with solar wind plasma
and fields; 5464 Planetology: Solid Surface Planets: Remote sensing; 5465 Planetology: Solid Surface Planets:
Rings and dust; KEYWORDS: Phobos-Mars-solar wind interaction, satellite, ENA imaging, remote sensing

Citation: Mura, A., A. Milillo, S. Orsini, E. Kallio, and S. Barabash, Energetic neutral atoms at Mars, 2, Imaging of the solar wind-
Phobos interaction, J. Geophys. Res., 107(A10), 1278, doi:10.1029/2001JA000328, 2002.

1. Introduction

[2] The purpose of this paper is to check the feasibility of
imaging the Mars-Phobos ambient by detecting energetic
neutral atoms, in the frame of the ASPERA-3 experiment on
board of the ESA/Mars Express mission that will be
launched in 2003. This instrument includes a neutral par-
ticle imager (NPI) with full 3D view and angular resolution
of 10! ! 5!, and a neutral particle detector (NPD) with
30! ! 5! angular resolution and 16 energy steps between
100 eV and 10 keV. During its mission, the Mars Express
spacecraft will fly close to Phobos at distances down to 200
km for quite a few times. This opens up an exciting
possibility to study the interactions of the Phobos’ outgas-
sing with the solar wind and prove (or disprove) the earlier
finding made by ASPERA on board the PHOBOS-2 mis-
sion [Dubinin et al., 1990]. More generally, ASPERA-3 will
provide new opportunities for the study of the properties of
solar wind protons [Holmström et al., 2002], of the plane-
tary energetic protons [Lichtenegger et al., 2002], and of the
planetary oxygen ions [Barabash et al., 2002].

[3] The solar wind interacts with Mars and its natural
satellites, mainly through direct impact with the ambient
atmospheric/exospheric gas and the solid bodies of the
satellites. Recent results of the MAG/GR instrument on
board of Mars-Global-Surveyor showed that Mars has a
nonhomogeneous and localized magnetic field of crustal
origin [Acuña et al., 1998, 1999, 2001]. Anyway, in a first
approximation, the magnetic field effects on the global
interaction between Mars and the solar wind may be
assumed as marginal. Hence in the following we will
consider Mars as a nonmagnetized planet.
[4] Given the previous assumptions, specific regions of

interaction may be defined [e.g., Vaisberg et al., 1990] as:
(1) a bow shock, where the solar wind impacts the planetary
environment; (2) a ‘‘magnetosheath,’’ where the solar wind
particles are deflected and mixed to planetary particles; (3) a
‘‘magnetopause,’’ where the plasma speed decreases; (4) a
‘‘magnetosphere,’’ where the energies slow down and the
density increases; and (5) an obstacle boundary, no plasma
or field penetrates it.
[5] Concerning Mars’ natural satellites, Phobos and Dei-

mos, we must take into account that a rocky body without a
magnetic field and without an atmosphere interacts with the
solar wind plasma only with its surface and with the
outgassing material surrounding the body. Hence a bow
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shock able to deflect the solar wind flow does not form
around them.
[6] Here we investigate the solar wind interaction with

the H, H2 and O gas components of Mars/Phobos environ-
ment. When a H+ collides with a neutral particle, it may
charge exchange and be neutralized, becoming H-ENA.
The charge exchange is a symmetrical resonance process
in the case of H target [Hasted, 1964], and an accidental
resonance process in the cases of O target [Stebbings et
al., 1964] and H2 target [Hasted, 1964]. Hence only a few
eV are lost in this interaction, and the newly created ENA
retains approximately both the energy of the colliding
energetic ion and its direction (see section 5.3 for further
details).
[7] If its mean free path is long enough, such ENA can

transport information out of the generation region, thus
allowing remote sensing of the interaction process [e.g.,
Roelof et al., 1985; Roelof, 1987; Henderson et al., 1997;
Orsini and Milillo, 1999; Milillo and Orsini, 2001].
[8] Charge exchange processes are expected to be very

effective at Mars, because the solar wind can reach altitudes
where the density of the atmospheric neutrals is quite high
(up to 106 cm!3). Hence ENAs imaging is a potentially
useful tool for understanding the geometry, the physics, and
the dynamics of the plasma around Mars. [e.g., Kallio et al.,
1997].
[9] Mars closest satellite, Phobos, is orbiting nearby the

equatorial plane of the planet at a distance of about 2.7 RM

from Mars. Outgassing phenomena may produce a gas torus
along its orbit [e.g., Ip and Banaszkiewicz, 1990; Horanyi et
al., 1990; Dubinin et al., 1990, 1991]. In this paper, we
show that a denser neutral population should also be present
closer to the satellite. Phobos’ orbit is partially embedded in
the Martian magnetosheath (in the dusk and dawn sectors)
and in the magnetosphere (in the nightside). Hence its
outgassing material may interact not only with the undis-
turbed solar wind, but also with the plasma flowing around
Mars [e.g., Barabash and Lundin, 1994].

[10] The described interaction can produce a supplemen-
tary ENA signal near the satellite as well as along its orbit.
This signal could be detected from appropriate vantage
points, and discriminated from the background ENA signal
of Martian origin. In this way, new information on Phobos
environment could be achieved.
[11] In section 2, we discuss the model of plasma dis-

tribution in the Martian environment and the characteristics
of Mars’ atmosphere and exosphere, considered as a basic
reference for our analyses. Then, we add the outgassing
neutral population coming from Phobos, which generates a
torus along its orbit as well as a halo around it. In section 3,
we describe the ENA simulation method, and in section 4
we show the resulting simulated ENA images from both
Mars and Phobos. In section 5, we discuss the shape of
Phobos’ torus with the intent to obtain an estimation of the
outgassing rate by analyzing the ENA signal. In the end of
this section, possible improvements of the described proce-
dures are highlighted. Finally, in section 6 we summarize
the main results.

2. Models Description
2.1. Proton Flux Model

[12] The empirical model of the proton flow is based on
ASPERA three-dimensional proton velocity measurements,
and is ascribed to Kallio [1996]. It gives proton velocity,
density and temperature in a bidimensional plane, postulat-
ing an axial symmetry around Sun-Mars axis. A gas
dynamic relationship is used to approximate the proton
temperature in the magnetosheath and in the magneto-
sphere. The model includes a bow shock, a magnetopause
and an inner obstacle boundary, which, here, is a sphere of
radius equal to 1.05 Mars’ radii (RM). This model involves
streamlines that penetrate the magnetopause in the wake as
well as on the dayside [Kallio et al., 1997]. The presence of
Phobos does not modify the model. In fact, due to its very
small dimensions, Phobos is not able to deflect the proton

Figure 1. Empirical model of proton flux around Mars: (a) streamlines, (b) protons speed V/VSW, (c)
proton density n/nSW, (d) proton temperature T/TSW [from Kallio, 1996].
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flux. Figure 1 shows maps of the streamlines, the velocity,
the density, and the temperature of the proton flows around
Mars, as modeled by Kallio [1996]. The inner circum-
ference shows the position of the planetary obstacle boun-
dary, while the outer one shows the position of Phobos
orbit. It is worth to notice here that, according to this model,
half of Phobos’ orbit is inside the bow shock.

2.2. Models of Neutral Atom Distributions

2.2.1. Mars’ Atmosphere and Exosphere
[13] Our simplified model considers Mars’ atmosphere

and exosphere as composed only of oxygen, hydrogen, and
molecular hydrogen. It is known that helium is also present
in Mars environment [Krasnopolsky and Gladstone, 1996],
but its presence has not been taken into account, due to its
lower charge exchange cross section. The neutral profiles
for hydrogen populations are approximated by exponential
functions, depending on the exospheric temperature and on
the distance from Mars [Krasnopolsky and Gladstone,
1996]. The oxygen population is made of a thermal com-
ponent at low altitude plus a nonthermal corona [Zhang et
al., 1993a]. Figure 2 shows the density of those species
versus distance from Mars during low solar activity. Since
the exospheric temperature depends on solar activity and
solar wind conditions, the neutral particle density profiles
versus altitude show similar variability. For the same reason
also the relative abundances show significant variations:
during high activity the main contribution is due to oxygen,
while during more quiet periods the hydrogen is the main
atmospheric component [Kallio et al., 1997]. In this paper,
we concentrate our analysis on the low-activity periods.
2.2.2. Phobos’ Gas Torus and Halo
[14] Phobos is the natural satellite closest to the planet. Its

orbit, located on the ecliptic plane, is approximately circu-
lar, at 9500 km from Mars (RMP); the orbital period is 7
hours. It is an irregular object with an average radius of
about 10 km; its mass is only 10!8 times the mass of Mars.

It has been suggested that Phobos may contain water [e.g.,
Fanale and Salvail, 1989], and that surface-outgassing
phenomena may occur. If the escaping velocity of an out-
gassing particle is small compared to that of Phobos, this
particle is trapped in a keplerian orbit around Mars [Ip and
Banaszkiewicz, 1990]. Hence all of the trapped particles fill
a torus, which is, approximately, the envelope of all the
permitted trajectories [Krymskii et al, 1992]. This torus is
positioned on the ecliptic plane, and has an approximately
circular cross section. Both the dimension of the torus and
the related density of neutrals depend on the velocity
distribution of the escaping particles, on the neutrals loss-
decay time t and on the surface outgassing rate dN/dt = Q,
where N is the number of particles. Sauer et al. [1995],
when attempting to model the Deimos interaction with solar
wind, show that an outgassing rate of 1023 s!1 would be
consistent with PHOBOS-2 IMF and plasma data. More-
over, Krymskii et al. [1992] and Ip and Banaszkiewicz
[1990] show that such a rate could be considered as a basic
reference also for Phobos outgassing. With an oxygen
outgassing rate Q = 1023 s!1, for a lifetime t = 2 " 106 s
(see section 5.1), and for a total volume Vof 1025 cm3 [e.g.,
Ip and Banaszkiewicz, 1990; Krymskii et al, 1992], the
average neutral oxygen density (hnoi) inside the torus is:

noh i ¼ N

V
¼ Qt

V
: ð1Þ

By using the given quantities, it follows that hnoi&104

cm!3.
[15] Close to Phobos, the gas density is higher. In fact,

under the hypothesis of a free expansion from Phobos, the
oxygen density near the satellite is:

no ¼
dN

dV
¼ dN

4pr2PdrP
¼ 1

4pr2P

dN

dt

dt

drP
¼ Q

4pr2Pvn
; ð2Þ

where rP is the distance from Phobos and vn = drP/dt is the
mean escape velocity. If TP = 250 K is the surface
temperature of Phobos, and mO is the oxygen mass, vn =
(2kTP/mO)

1/2 = 500 m s–1 [Ip and Banaszkiewicz, 1990;
Krymskii et al, 1992]. The resulting no may be up to 106

cm!3.
[16] In order to better estimate the density function inside

this torus, we have simulated the trajectories of 107 test
particles, escaping from Phobos with initial velocity ran-
domly distributed. The lifetime of each test particle has been
set equal to t. At any chosen time t0, each particle i, actually
contributing to the total gas density, may be considered as
outgassed at instant t0 ! Ti, where Ti is chosen randomly
between 0 and t. Then, each trajectory has been integrated
in Phobos noninertial frame, with steps of 0.1 s, from t0 ! Ti
to t0, taking into account Mars gravity, as well as centrifugal
and Coriolis force. The gravity of Phobos has not been
considered here because, in any point of space, it is less than
1% of that of Mars.
[17] In the model, each test particle starts moving from

Phobos along a random direction, and the magnitude of the
initial velocity is randomly distributed around its mean
value vn following Maxwell’s law. Due to its small dimen-
sions, Phobos may be considered as a point located in the
origin of the reference frame. Hence each test particle starts

Figure 2. Neutral particle density profiles in the Martian
exosphere versus altitude: oxygen (dotted), hydrogen (dash-
dotted), and molecular hydrogen (dashed) [from Krasno-
polsky and Gladstone, 1996]. The solid line indicates the
Mars surface.
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its motion in the origin, and any subsequent impact between
the particle and Phobos is neglected.
[18] Since the integration time Ti of a test particle is often

greater than its orbital period around Mars, it is not
necessary to numerically integrate the trajectory of a particle
over the entire time Ti. In fact, each test particle moves
around Mars an integer number of times mi, plus an extra
time !Ti equal to:

!Ti ¼ Ti " miT
*
i ; ð3Þ

where Ti
* is the period of a full orbit around Mars in its

inertial frame. According to Kepler’s law, the orbital period
can be written:

T*i ¼ TP
hi
RMP

! "3=2

; ð4Þ

and where hi is the main axes of the i-particle elliptical orbit
around Mars, in its inertial frame, and TP is Phobos orbital
period. Since we do know the total energy and the
momentum at starting time t0, it is easy to find using
energy and momentum conservation laws [e.g., Hodges,
1994].
[19] Hence at instant t0 – !Ti, the test particle is in the

same position as at instant t0 – Ti, in Mars’ inertial frame. It
is easy to calculate the position of the particle at instant t0 –
!Ti in Phobos’ noninertial frame, and then integrate the
motion via numerical computation only on the residual time
!Ti. The precession of the i-particle orbit due to Mars
motion around the Sun has been neglected. The space around
Mars has been divided into cells, based on a three-dimen-
sional grid in cylindrical coordinates centered on Mars:
- r, the distance from Mars, with a 20 km resolution;
- z, the altitude above the ecliptic plane, with a 20 km

resolution;
- f, the angle between the particle and Phobos, with a

resolution of 15!.

[20] The gas density nijk inside the generic cell of volume
Vijk has been assumed proportional to (number of particles)/
Vijk at instant t0. Finally, the density has been normalized in
order to have:

X

i

X

j

X

k

nijkVijk ¼ tQ: ð5Þ

The two panels of Figure 3 show the derived gas density
distribution on two distinct bidimensional sections: f, r =
r " Rmp, z = 0. (Panel A), and z, !r, f = 0. (Panel B).
The halo density profiles, located in a small quasi-circular
region surrounding Phobos, reach values up to 2 % 105

cm–3. The torus along the orbit of Phobos exhibits density
versus r profiles almost f-independent, with a peak of &3 %
104 cm"3.

3. Method for ENA Simulation Through
Line of Sight Integration

[21] The differential ENA flux observed, for any energy
and line of sight, at a given vantage point S0, is generated
by the interaction of the energetic ion fluxes with the
ambient neutral gas. Concerning ion fluxes, only protons,
characterized by a Maxwellian velocity distribution func-
tion, are considered in the present study. At each point S
along the line of sight, the velocity distribution function f
(l, v) is:

f l; vð Þ ¼ 1

pw lð Þ2

 !3=2

e
"j v"u lð Þð Þj2

w lð Þ2

# $

; ð6Þ

where l is the distance S " S0, u(l ) is the mean proton
velocity and w is the thermal velocity defined as:

w lð Þ ¼ 2kT lð Þ
mHþ

! "1=2

: ð7Þ

Figure 3. Simulated neutral oxygen density near the orbit of Phobos for different bidimensional sections:
(a) f versus r, z = 0; (b) !r versus z, f = 0; Q = 1023 s"1. Phobos’ position is at !r = 0, f = 0!, z = 0; its
velocity is directed toward the increasing f. See color version of this figure at back of this issue.
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[22] Here, T is the solar wind temperature as in the proton
flux model shown in section 2.1, k is the Boltzmann
constant, and mHþ is the proton mass. So at point S the
proton infinitesimal flux dJHþ , directed toward S0, is:

dJHþ ¼ nHþ lð Þvf l; vð Þdv; ð8Þ

where nH+(l) is the proton density.
[23] By expressing f (l,v) as a function of l, kinetic energy

E and direction _v

f 0 l;E;_vð ÞdEd! ¼ f l; vð Þdv ð9Þ

where d! is the infinitesimal solid angle, we may estimate
the ENA infinitesimal flux dJENA(E,

_v ) and the ENA
differential flux integrated along a certain line of sight
"ENA(E,

_v ) as:

dJENA E;_vð Þ ¼
Z

l¼1

l¼0

dJHþ

X

k

sknk lð Þ

dr ¼
Z

l¼1

l¼0

2E

mHþ

! "1=2

f 0ðl;E;_v Þ
X

k

sknk lð ÞnHþ lð Þdl dE d!

"ENAðE;_v Þ ¼
dJENAðE;_vÞ
dE d!

¼
Z

l¼1

l¼0

2E

mHþ

! "1=2

f 0ðl;E;_v Þ
X

k

sknk lð ÞnHþ lð Þdl;
ð10Þ

where nk is the density of any neutral species, sk is the
charge exchange cross section between protons and the kth

neutral species (H, H2, O), as shown in Figure 4.

4. Hydrogen ENA Images and Spectra
Simulation

[24] The hydrogen ENA flux examined here results from
charge exchange processes occurring between the solar
wind protons and the thermal neutral gas. This flux origi-
nates from two different regions: Mars’ exosphere and
Phobos’ halo. However, due to the small dimensions of
the Phobos’ halo (see Figure 3), only at particular vantage
points the related ENA signal (mixed with the stronger
signal originating from Mars’ exosphere) is sufficiently high
to be discriminated. More particularly, the best configura-
tion for detecting such a signal requires a vantage point
located on Mars’ equatorial plane.
[25] An example of Mars’ exospheric ENA image,

considered here as the background signal, is shown in
Figure 5a. The Mars-Solar-Ecliptic (MSE) coordinates of
the chosen vantage point S0 are xSo = %1.3 RM, ySo = 2.9 RM,
zSo = 0 RM, where RM is Mars’ radius (see Figure 5d). The
dotted line represents Mars’ obstacle boundary. In this case,
the numerical integration of equation (10) has been per-
formed with dl = 0.01 RM. The ENA differential flux with
angular resolution #q = 2! is integrated over all energies,
from 1 eV to 2 keV. The figure shows clearly two different
peaks: a narrow one centered on the sunward direction, and a
more extended one close to the planet. The first is due to the

ENA flux generated directly by the interaction between the
solar wind outside the bow shock and the outer exosphere.
The second is related to the signal resulting from the
interaction between the thermalized solar wind inside the
magnetosheath and the inner exosphere. The simultaneous
observation of these two separate ENA regions clearly
indicates that the vantage point is downstream of the Martian
bow shock. It is worth to notice that the obtained ENA fluxes
are in good agreement with those calculated by Kallio et al.
[1997], who used an alternative approach based on a Monte
Carlo method.
[26] Figure 5b shows the ENA signal generated by

Phobos’ neutral population (with the exclusion of the back-
ground signal reported in Figure 5a), assuming hypotheti-
cally that Q = 1023 s%1 (see previous comments in section
2.2.2). The vantage point is the same as in Figure 5a;
Phobos’ MSE coordinates are: xP = %0.9 RM, yP = 2.6 RM,
zP = 0 RM (see Figure 5d).
[27] The overall ENA image (Figure 5c) would result

from the superposition of the two simulated pictures shown
in Figures 5a and 5b. For almost all directions, the back-
ground from Mars’ environment obscures the signal from
Phobos. Nonetheless, the Phobos’ ENA flux in between
400–600 on Mars’ equatorial plane is higher and detectable.
[28] Figure 6 shows the ENA spectra relative to Figure 5,

integrated over all directions in the sky. The spectrum
related to Mars’ ENA flux (solid line) is the envelope of
the fluxes from three different regions. The signal at lower
energy (2–6 eV) is generated close to Mars surface, where
the energy of the proton flux is low (subsolar point). The
signal at higher energy (0.4–2 keV) results from interaction
of neutral gas with unperturbed solar wind outside the bow
shock (&1–2 keV), as well as deflected solar wind in the
magnetosheath.
[29] Phobos’ ENA energy spectrum (dashed line) exhibits

a trend similar to the previous one. On the other hand, its

Figure 4. Cross section for charge exchange process
between protons and hydrogen (dash-dotted) [Barnett,
1990], oxygen (dotted) [Stebbings et al., 1964], and
molecular hydrogen (solid) [Barnett, 1990] versus energy.
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intensity is comparable to Mars’ ENA spectrum only in the
0.4–2 keV range. This is due to the position of Phobos’
orbit, which allows the halo-torus neutral gas to interact
only with the unperturbed or magnetosheath solar wind.

5. Discussion

[30] In our study, we have analyzed the characteristics of
the oxygen neutral population, outgassed from Phobos, and
distributed along its orbit around Mars. Furthermore, we
have attempted to interpret the ENA signal originated
through charge exchange between such a neutral gas and
the directional proton flux.

5.1. Phobos’ Neutral Oxygen Distribution

[31] Phobos’ neutral oxygen distribution function has
been reconstructed via Monte Carlo simulation. Usually,
this approach allows getting information about the density
distribution from the entire test particle trajectory [e.g.,
Hodges, 1994], which could be obtained by using numerical
or analytical computations. However, in our case this simple
method is subjected to two significant limitations: (1) the
trajectory of a test atom is too long to allow numerical
integration of the motion without large computational
errors; (2) the presence of noninertial forces makes the
analytical approach difficult to perform. In the case of long

Figure 6. Spectra of the ENA fluxes coming from Mars
(solid line) and Phobos (dotted line), integrated over all
directions in the sky. Vantage point and Phobos position are
the same as in Figure 5.

Figure 5. (a) Pseudocolor map of the ENA differential flux, function of the elevation and azimuth
angle, if only Mars exosphere was present. The dashed line represents Mars’ obstacle boundary. Azimuth
angle is measured on the equatorial plane, beginning from Mars’ center; elevation angle is measured
perpendicular to the equatorial plane, Mars’ center is at 180!. (b) Same as Figure 5a, if only Phobos torus-
halo was present. (c) Overall ENA image resulting from the superposition of Figures 5a and 5b. The flux
is integrated over all energy from 1 eV to 2 keV. (d) The spheres show an equatorial view of the relative
positions of Mars (red), Phobos (blue), and the vantage point (gray); the Sun is up. See color version of
this figure at back of this issue.
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trajectories in noninertial frames, the only way to solve this
problem is to use first analytical and then numerical
computations (see section 2.2.2).
[32] It is possible to find an analytical function, which

fits the empirical data. With the exclusion of Phobos’
halo, the neutral density on the z = 0 plane can be esti-
mated by a very simple function with only two free
parameters:

n r;fð Þ ¼ A

Bþ j r % RMP j
; ð11Þ

where A = 7.25 & 108 ± 7.17 & 106, and B = 1.20 & 104 ±
2.30 & 102, if n is expressed in cm%3 and r is expressed
in m. The correlation coefficient between this function
and the data is 0.996. This function may be easily
extended to the whole space around Phobos’ orbit, since
the cross section of the torus is approximately circular
(see Figure 3b).
[33] The discussed distribution is obviously influenced by

loss processes. There are three main causes of O atom
ionization in Phobos’ torus: charge exchange, photoioniza-
tion and electron impact ionization. All of the mentioned
processes do produce significant loss of neutral gas. In fact,
after ionization, oxygen is supposed to be removed by Jeans
escape and solar wind capture. The detailed estimate of the
relative contribution of the mentioned processes would need
a careful analysis of the plasma circulation around Phobos.
A zero-order estimate could be based on solar wind plasma
features, taking into account that Phobos is embedded by
solar wind-like plasma for more than half of its period. With
this assumption, the proton velocity VSW = 4 & 107 cm s%1,
and density nSW = 2.5 cm%3 may be considered. This yields
a proton flux of 1 & 108 cm%2 s%1. Taking into account the
H+-O charge exchange cross section (see Figure 4), we
obtain a charge exchange frequency fCE = 10%7 s%1. It is
worth noticing that charge exchange effect is comparable to
other loss processes. As a matter of fact, at Mars’ orbit,
during solar minimum, the photoionization frequency is fg =
10%7 s%1, and the electron impact ionization frequency is
fe = 2 & 10%7 s%1 [Zhang et al., 1993b]. The total loss
frequency f is then the sum of all these frequencies ( f =
4 & 10%7 s%1 ). Hence we have generally considered an
oxygen gas lifetime t = f %1 = 2 & 10 6 s (see section
2.2.2).

5.2. ENA Signal Analysis and Outgassing Rate
Estimation

[34] From these simulations, it results that the ENA flux
generated close to Phobos is detectable, but only for
particular configurations. As an example, in Figure 5 we
have analyzed the ENA signal if detected from a vantage
point located on Mars’ equator. The chosen 80! & 80!
field of view is centered on a line of sight parallel to the
deflected solar wind direction. The Sun direction is inside
the field of view; the Sun is a source of strong background
noise, due to both the photon radiation and the unper-
turbed solar wind ENA signal. Nevertheless, from Figure 5
it appears that most of the incoming signal from Phobos
can be discriminated from this background. The signal is,
of course, maximum in the equatorial plane. We have
simulated ENA images and spectra for many different

Mars-Phobos vantage point configurations, and observed
that if the vantage point is placed outside from the
equatorial plane, the ENA flux from Phobos becomes very
weak, and hardly detectable.
[35] The neutral density from Phobos depends on the

outgassing rate Q as well as on the mean lifetime t. The
shape of the distribution, however, depends only on t,
which is known with a sufficient accuracy [Zhang et al.,
1993b]. Hence the neutral density originated from Phobos,
as well as the related ENA signal, are simply proportional to
Q (see equations (5) and (9)). From our simulation, it results
that the presence of a neutral population originated from
Phobos induces an extra ENA signal that is detectable. This
potentially allows the estimate of Q by analyzing the ENA
signal.

5.3. Model Limits and Future Improvements

[36] In the present study a preliminary analysis of the
interaction between the solar wind and the Mars/Phobos
system is performed. The properties of the system environ-
ment, as well as those of the nearby solar wind are not
well known. Therefore the used analytical model of the
ion flux includes several free parameters to control the
properties of the plasma near the planet, like the height of
the obstacle boundary, the magnetopause location and
shape, and others. Moreover, we are forced to make some
assumptions on the neutral distribution of the system.
Further improvements to the present analysis could be
better modeling of: (1) the proton flux (including the
nonhomogeneous and localized magnetic field effects
[Acuña et al., 2001]), (2) the exospheric neutral density
(presently approximated by an exponential extrapolation
that overstates densities at great distances), (3) the fast-
oxygen corona (up to altitudes 7000 km form the surface
[e.g., Hodges, 2000; Kim et al., 1998])
[37] In the present study, the solar activity is assumed

low. However, solar activity fluctuations should be consid-
ered, since the exospheric temperature depends on solar
activity and solar wind conditions, the neutral particle
density profiles versus altitude show similar variability.
For the same reason also the relative abundances show
significant variations: during high activity the main contri-
bution is due to oxygen, while during more quiet periods the
hydrogen is the main atmospheric component [Kallio et al.,
1997]. Hence the resulting ENA fluxes could be different
during high activities.
[38] Energetic O+ ions (not considered here) of planetary

origin have been detected both in the flanks of the Martian
magnetosphere and in the central tail by Phobos/ASPERA
instrument [Kallio et al., 1995]. The charge exchange
between the neutrals and the oxygen ions could be
effective in the Mars environment [Kallio and Koskinen,
1998].
[39] The simplified outgassed neutral population consid-

ers oxygen as the only constituent. This simplification
comes out from the fact that such a population has been
effectively hypothesized by Dubinin et al. [1990]. A more
sophisticated model should eventually include all of the
possible components/phenomena.
[40] The ENA imaging technique is based on the assump-

tion that, after charge exchange process, the H-ENA retains
the energy and the direction of the incoming proton. In the
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case of an asymmetric/accidental resonance process (like
H+-O), the energy variation (a few eV) may be assumed as
negligible in our case [Stebbings et al., 1964]. The differ-
ential cross section ds qð Þ

d! , in the energy range between 500 eV
and 5 keV, strongly peaks in the forward direction
(within 2.5!), even if large scattering angles may occur
[Lindslay et al., 1996]. The presence of a scattering angle
in the charge exchange process may result in a blurring
of the ENA images. In the present study, such an effect
has not been taken into account. In fact, the H-ENA flux
originated from H+-O interaction comes from both Mars’
and Phobos’ environments. However, the bulk of the H-
ENA flux from Mars’ environment is originated from
H+-H interactions (exhibiting a very low scattering), due
to both the higher hydrogen density and the higher
charge exchange cross section (see Figures 2 and 4).
Hence the blurring of the total signal due to scattering
may be neglected on first approximation. The H-ENA
flux from Phobos is supposed to originate only from H+-O
interactions; the peak energy (see Figure 6) falls within the
0.5–5 keV range mentioned before. Generally, the related
scattering should not be negligible even if, due to the
small distance between the source and the vantage point, it
should not strongly affect our results. Further improve-
ments to the present analysis could consider the scattering
angle of the charge exchange process, simply by increas-
ing the temperature of the proton fluxes. In fact, we could
simulate scattering at charge exchange process by adding
to the proton temperature w (a free parameter of our
model) a further free parameter "w, due to scattering.

6. Conclusions

[41] One of the main aspects about Phobos’ exosphere
composition and outgassing rate is related to the presence
of water on this Martian satellite; a definite clarification of
such an intriguing issue would be of fundamental interest
for determining the time evolution of Phobos [e.g., Fanale
and Salvail, 1989]. In the present study, we have presented
a method able to investigate Phobos’ exosphere properties,
by simulating the ENA signal generated through interac-
tion between the solar wind and the outgassed neutrals.
The simulations show that oxygen outgassing generates an
ENA flux, whose signal may be discriminated from the
background for particular positions of the vantage point.
This technique can provide relevant information, useful for
determining the major characteristics of neutral outgassing,
whose rate has not been directly measured. This procedure
may be improved by considering more neutral species,
various solar activity conditions, and by adding a model
for the local magnetic field.
[42] The simulated ENA signal will be tested with in

situ measures: the ASPERA 3 instrument, on board the
next ESA mission Mars Express that will be launched in
2003, will give the scientific community an opportunity to
analyze the ENA signal from the Mars/Phobos system,
hence procuring an important tool for the future of
planetary investigation.

[43] Acknowledgments. Janet G. Luhmann thanks the referees for
their assistance in evaluating this paper.

References
Acuña, M. H., et al., Magnetic field and plasma observations at Mars: Initial
results of the Mars global surveyor mission, Science, 279(5357), 1676,
1998.

Acuña, M. H., et al., Global distribution of crustal magnetism discovered by
the Mars global surveyor MAG/ER experiment, Science, 284(5415), 790,
1999.

Acuña, M. H., et al., Magnetic field of Mars: Summary of results from
the aerobraking and mapping orbits, J. Geophys. Res., 106, 23,403,
2001.

Barabash, S., and R. Lundin, On a possible dust-plasma interaction at Mars,
IEEE Trans. Plasma Sci., 22(2), 173, 1994.

Barabash, S., M. Holmström, A. Lukyanov, and E. Kallio, Energetic neutral
atoms at Mars, 4, Imaging of the oxygen escape, J. Geophys. Res., 107,
10.1029/2001JA000326, in press, 2002.

Barnett, C. F., Collisions of H, H2, He and Li atoms and ions with atoms
and molecules, in Atomic Data for Fusion Ser., vol. 1, Rep. ORNL-6086,
edited by H. T. Hunter et al., Oak Ridge Nat. Lab., Oak Ridge, Tenn.,
1990.

Dubinin, E. M., R. Lundin, N. F. Pissarenko, S. V. Barabash, A. Z. Zakhar-
ov, H. Koskinen, K. Schwingenschuh, and Y. G. Yeroshenko, Indirect
evidences for a gas/dust torus along the Phobos orbit, Geophys. Res. Lett.,
17, 861, 1990.

Dubinin, E. M., N. F. Pissarenko, S. V. Barabash, A. Z. Zakharov, R. Lundin,
H. Koskinen, K. Schwingenschuh, and Y. G. Yeroshenko, Tails of Phobos
and Deimos in the solar wind and in the Martian magnetosphere, Planet.
Space Sci., 39(1), 123, 1991.

Fanale, F. P., and J. R. Salvail, Loss of water from Phobos, Geophys. Res.
Lett., 16, 287, 1989.

Hasted, G. B., Physics of Atomic Collisions, 416 pp., Butterworths, Lon-
don, 1964.

Henderson, M. G., G. D. Reeves, H. E. Spence, R. B. Sheldon, A. M.
Jorgensen, J. B. Blake, and J. F. Fennell, First energetic neutral atom
images from polar, Geophys. Res. Lett., 24, 1167, 1997.

Hodges, R. R., Jr., Monte Carlo simulation of terrestrial hydrogen exo-
sphere, J. Geophys. Res., 99, 23,229, 1994.

Hodges, R. R., Jr., Distribution of hot oxygen for Venus and Mars,
J. Geophys. Res., 105, 6971, 2000.

Holmström, M., S. Barabash, and E. Kallio, Energetic neutral atoms at
Mars, 1, Imaging of solar wind protons, J. Geophys. Res., 107,
10.1029/2001JA000325, in press, 2002.

Horanyi, M., M. Tatrallyay, and J. G. Luhmann, Simulations of dust
particles in the Martian environment, Geophys. Res. Lett., 17, 857,
1990.

Ip, W.-H., and M. Banaszkiewicz, On the dust/gas tori of Phobos and
Deimos, Geophys. Res. Lett., 17, 857, 1990.

Kallio, E., An empirical model of the solar wind flow around Mars,
J. Geophys. Res., 101, 11,133, 1996.

Kallio, E., and H. Koskinen, Ion acceleration in the Martian plasma envir-
onment, Adv. Space Res., 21, 573, 1998.

Kallio, E., H. Koskinen, S. Barabash, C. M. C. Nairn, and K. Schwin-
genschuh, Oxygen outflow in the Martian magnetotail, Geophys. Res.
Lett., 22, 2449, 1995.

Kallio, E., J. G. Luhmann, and S. Barabash, Charge exchange near
Mars: The solar wind absorption and energetic neutral atom production,
J. Geophys. Res., 102, 22,183, 1997.

Kim, J., A. F. Nagy, J. L. Fox, and T. E. Cravens, Solar cycle variability of
hot oxygen atoms at Mars, J. Geophys. Res., 103, 29,339, 1998.

Krasnopolsky, V. A., and G. R. Gladstone, Helium on Mars: EUVE and
PHOBOS data and implications for Mars’ evolution, J. Geophys. Res.,
101, 11,765, 1996.

Krymskii, A. M., T. K. Breus, M. K. Dougherty, D. J. Southwood, and W. I.
Axford, The electromagnetic effects of the solar wind interaction with the
Phobos neutral gas halo and dust torus, Planet. Space Sci., 40(8), 1033,
1992.

Lichtenegger, H., H. Lammer, and W. Stumptner, Energetic neutral
atoms at Mars, 3, Flux and energy distribution of planetary energetic
H atoms, J. Geophys. Res., 107, 10.1029/2001JA000322, in press,
2002.

Lindslay, B. G., D. R. Sieglaff, D. A. Schafer, C. L. Hakes, K. A. Smith,
and R. F. Stebbings, Charge transfer of 0.5-, 1.5-, and 5-keV protons with
atomic oxygen: Absolute differential and integral cross sections, Phys.
Rev. A, 53, 212, 1996.

Milillo, A., and S. Orsini, Energetic neutral atoms: Potential merits and first
observations, Recent Res. Devel. Geophys. Res., 3, 153, 2001.

Orsini, S., and A. Milillo, Magnetospheric plasma loss processes and
energetic neutral atoms, Nuovo Cimento C, 22(5), 633, 1999.

Roelof, E. C., Energetic neutral atom image of a storm-time ring current,
Geophys. Res. Lett., 14, 652, 1987.

SSH 5 - 8 MURA ET AL.: ENA IMAGING OF SOLAR WIND-PHOBOS INTERACTION



Roelof, E. C., D. G. Mitchell, and D. J. Williams, Energetic neutral atoms
E 50 keV from the ring current: IMP 7/8 and ISEE 1, J. Geophys. Res.,
90, 10,991, 1985.

Sauer, K., E. Dubinin, K. Baumgartel, and A. Bogdanov, Deimos: An
obstacle to the solar wind, Science, 269, 1075, 1995.

Stebbings, R. F., C. H. Smith, and H. Ehrahardt, Charge transfer be-
tween oxygen atoms and O+ and H+ ions, J. Geophys. Res., 69, 2349,
1964.

Vaisberg, O. L., J. G. Luhmann, and C. T. Russell, Plasma observations of
the solar wind interaction with Mars, J. Geophys. Res., 95, 14,841,
1990.

Zhang, M. H. G., J. G. Luhmann, S. W. Bougher, and A. F. Nagy, The
ancient oxygen exosphere of Mars: Implication for atmosphere evolution,
J. Geophys. Res., 98, 10,915, 1993a.

Zhang, M. H. G., J. G. Luhmann, A. F. Nagy, J. R. Spreiter, and S. S.

Stahara, Oxygen ionization rates at Mars and Venus: Relative contribu-
tion of impact ionization and charge exchange, J. Geophys. Res., 98,
3311, 1993b.

!!!!!!!!!!!!!!!!!!!!!!!
S. Barabash, Swedish Institute of Space Physics, P.O. Box 812, SE-98128

Kiruna, Sweden. (stas@irf.se)
E. Kallio, Finnish Meteorological Institute, Vuorikatu 15 A, P.O. Box

503, FIN-00101 Helsinki, Finland. (Esa.Kallio@fmi.fi)
A. Milillo, A. Mura, and S. Orsini, Istituto di Fisica dello Spazio

Interplanetario, CNR, via del Fosso del Cavaliere 100, I-00133 Roma,
Italia. (anna.milillo@ifsi.rm.cnr.it; mura@ifsi.rm.cnr.it; stefano.orsini@
ifsi.rm.cnr.it)

MURA ET AL.: ENA IMAGING OF SOLAR WIND-PHOBOS INTERACTION SSH 5 - 9



Figure 3. Simulated neutral oxygen density near the orbit of Phobos for different bidimensional sections:
(a) f versus r, z = 0; (b) !r versus z, f = 0; Q = 1023 s!1. Phobos’ position is at !r = 0, f = 0!, z = 0; its
velocity is directed toward the increasing f.

Figure 5. (a) Pseudocolor map of the ENA differential flux, function of the elevation and azimuth
angle, if only Mars exosphere was present. The dashed line represents Mars’ obstacle boundary. Azimuth
angle is measured on the equatorial plane, beginning from Mars’ center; elevation angle is measured
perpendicular to the equatorial plane, Mars’ center is at 180!. (b) Same as Figure 5a, if only Phobos torus-
halo was present. (c) Overall ENA image resulting from the superposition of Figures 5a and 5b. The flux
is integrated over all energy from 1 eV to 2 keV. (d) The spheres show an equatorial view of the relative
positions of Mars (red), Phobos (blue), and the vantage point (gray); the Sun is up.
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Mapping of the cusp plasma precipitation on the surface of Mercury

S. Massetti,a,∗ S. Orsini,a A. Milillo,a A. Mura,a E. De Angelis,a H. Lammer,b and P. Wurz c

a Istituto di Fisica dello Spazio Interplanetario, Consiglio Nazionale delle Ricerche, via Fosso del Cavaliere 100, I-00133 Roma, Italy
b Space Research Institute, Department of Extraterrestrial Physics, Austrian Academy of Sciences, Schmiedlstr. 6, A-8042 Graz, Austria

c Physikalisches Institut, University of Bern, Sidlerstr. 5, CH-3012 Bern, Switzerland

Received 15 November 2002; revised 21 August 2003

Abstract

The presence of a magnetosphere around Mercury plays a fundamental role on the way the solar wind plasma interacts with the planet.
Since the observations suggest that Mercury should occupy a large fraction of its magnetosphere and because of lack of an atmosphere,
significant differences in solar wind-magnetosphere coupling are expected to exist with respect to the Earth case. On the basis of a modified
Tsyganenko T96 model we describe the geometry of the magnetic field that could characterize Mercury, and its response to the variations
of the impinging solar wind and of the interplanetary magnetic field. The investigation is focused on the shape and dimension of the open
magnetic field regions (cusps) that allow the direct penetration of magnetosheath plasma through the exosphere of Mercury, down to its
surface. The precipitating particle flux and energy are evaluated as a function of the open field line position, according to different solar
wind conditions. A target of this study is the evaluation of the sputtered particles from the crust of the planet, and their contribution to the
exospheric neutral particle populations. Such estimates are valuable in the frame of a neutral particle analyser to be proposed on board of the
ESA/BepiColombo mission.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The presence of a magnetosphere around Mercury plays
a fundamental role on the way the solar wind plasma inter-
acts with the planet (e.g., Ness et al., 1976). On the other
hand, the existence of a weak intrinsic magnetic field to-
gether with the absence of an atmosphere, leads to important
differences between the magnetospheric phenomena acting
on Earth and Mercury. The magnetosphere of Mercury has
been the object of various studies (e.g., Goldstein et al.,
1981; Slavin et al., 1997; Luhmann et al., 1998; Killen et
al., 2001), and some of them discussed the interaction of the
solar wind plasma with the planetary surface. Nevertheless,
because of the small amount of data available (Mariner 10
flybys, see Ness et al., 1976), modelling the magnetic field
of Mercury involves some uncertainty. The relevant amount
of crucial physical issues related to Mercury’s environment
induced the international space agencies (NASA, ESA, and
ISAS) to plan important space missions devoted to the ex-

* Corresponding author.
E-mail address: stefano.massetti@ifsi.rm.cnr.it (S. Massetti).

ploration of this planet (Messenger and BepiColombo). The
scientific community is now facing the challenge to design
instruments and improve data processing according to the
present knowledge and theoretical expectations.
The present work aims to realize a tool of analysis to be

used for determining the different configurations that could
occur on the basis of the variation of the input parameters
within a range of realistic values, without pretending to de-
pict an “exact” model of the magnetosphere of Mercury. The
uncertainties arising from many factors (e.g.: the density of
the exosphere, magnetic field strength and geometry, sur-
face conductivity, and others) force us to focus on qualitative
more than on quantitative aspects. On the basis of a modified
Tsyganenko T96 model (Tsyganenko, 1996), we establish
the geometry of the magnetic field that could characterize
Mercury, and its response to the variations of the impinging
solar wind. The investigation is focused on the shape and di-
mension of the regions characterized by open magnetic field
(magnetospheric cusps) that allow the direct penetration of
magnetosheath plasma through the exosphere of Mercury,
down to its surface. Section 2 is focused on the solar wind
condition at Mercury’s orbit, the model of Mercury’s mag-

0019-1035/$ – see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2003.08.005
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netosphere and the magnetosheath properties. Section 3 de-
scribes the acceleration mechanism associated with the mag-
netic reconnection on the dayside magnetopause. Section 4
shows the characteristics of the open field related area on
Mercury, and Section 5 illustrates the sputtering generated
by the magnetosheath plasma interaction with Mercury’s
surface. Summary and discussion are given in Section 6.

2. Sun–Mercury relationship and input parameters

2.1. The solar wind at Mercury

The solar wind at Mercury’s orbit (0.29–0.44 AU) differs
substantially from the average condition present at 1 AU.
The Parker’s spiral forms an angle of about 20◦ with the so-
lar wind direction, less than half of the value at the Earth’s
orbit (∼ 45◦), which implies a change of the relative weight
of the interplanetary magnetic field (IMF) components with
respect to the near Earth conditions, thus modifying the solar
wind—magnetosphere interaction. Burlaga (2001) reported
the IMF at Mercury to be 3–6 times the average strength
at 1 AU (B(E) ∼ 5 nT); by assuming a mean value of 4.5
we have B(M) = 4.5B(E) ∼ 23 nT, and by taking into ac-
count the direction of the Parker’s spiral we can estimate
the IMF tangential component at Mercury to be roughly
Bt (M) ∼ sin 20◦B(M) ∼ 8 nT. In the case of Mercury, the
contribution of the IMF By component is less relevant than
at the Earth, so that the magnetic reconnection at the dayside
magnetopause is essentially driven by the IMF Bz compo-
nent. Moreover, the increasing weight of the IMF Bx com-
ponent might play a role in the way the Mercury’s magne-
tosphere links with the solar wind (e.g., Kabin et al., 2000;
Sarantos et al., 2001). Nevertheless, we expect the IMF at
the orbit of Mercury to be characterised by strong deviation
from the nominal Parker spiral, especially during periods of
high solar activity. In the present study we focused on the ef-
fects associated with the IMF tangential component and the
Bx contribution is not taken into account. The average solar
wind density is about a factor of ten higher than at the Earth’s
orbit, even if this value varies considerably due to the high
eccentricity of the planetary orbit (Burlaga, 2001): in fact,
using the formula derived from the data of Helios spacecraft
between 0.3–1.0 AU (Bougeret et al., 1984):

(1)N = 6.4× R−2.1 cm−3

we obtain Nmin = 34 cm−3 at aphelion (R = 0.44 AU),
Nmax = 83 cm−3 at perihelion (R = 0.29 AU), and aver-
age value Nave = 52 cm−3 (R = 0.36 AU), compared to
N ∼ 6 cm−3 at 1 AU. Table 1 reports some important av-
erage values evaluated for R = 0.36 AU (e.g., Kabin et al.,
2000; Burlaga, 2001).

2.2. Modeling the magnetosphere of Mercury

In the present work, we approximate the magnetosphere
of Mercury by means of a modified Tsyganenko T96 model

Table 1
Average solar wind parameters at Mercury

Solar wind speed 430 km s−1
Solar wind density 52 cm−3
Solar wind ion temperature ∼ 2× 105 K
Dynamic pressure 16 nPa
Ion sound speed 74 km s−1
Alfvén speed 120 km s−1
Specific heat ratio (γ ) 5/3
Mach number (M∞) 5.8
Alfvénic Mach number (MA∞) 3.6

(Tsyganenko, 1996). This magnetospheric model version in-
cludes an explicitly defined realistic magnetopause, large-
scale Region 1 and 2 Birkeland current systems, the IMF
penetration across the magnetospheric boundary, and ac-
cepts both IMF By and Bz components as independent input
parameters. We removed the contribution of the ring cur-
rent, since Mercury’s magnetic field seems to be not able
to trap particles into closed drift paths around the planet,
although the injection of plasma into the magnetosphere dur-
ing magnetic substroms could generate at least a transient
partial-ring current (e.g., Orsini et al., 2001; Lukyanov et al.,
2001). Due to the expected lack of a conducting ionosphere
on Mercury there is still a wide debate regarding the exis-
tence of field-aligned currents, together with the existence
of mechanisms capable to allow the closure of the magne-
tospheric current systems. In the present work, our choice is
to assume a 50% contribution of the Birkeland currents in the
T96 model, that is an halfway position between the Earth’s
case and a null contribution. In addition, to address the dif-
ferences of both the intensity of the magnetic field and the ra-
dius of Mercury with respect to the Earth, we have scaled the
T96 model by a factor 6.9, like in previous analyses based on
theMariner 10 data (e.g., Luhmann et al., 1998). To find the
open magnetic field lines (the field lines that cross the mag-
netopause and merge with the IMF), we used the subroutine
Locate (Tsyganenko, 1996) that approximates the dayside
magnetopause with an ellipsoid, as in the T96 model. In
this context, it must be noted that, as well as other magne-
tospheric models, the T96 model does not describe the field
depression caused by the diamagnetic effect of the plasma
engulfing the magnetospheric cusps (Tsyganenko and Rus-
sell, 1999). To some extent, this lack causes a misrepresen-
tation of the Mercury’s magnetosphere/magnetopause on the
dayside, which must be kept in mind when dealing with
the cusp-related regions (low latitude boundary layer, cusp
proper and mantle), since these areas are much wider on
Mercury than on Earth.

2.3. The magnetosheath of Mercury

The magnetosheath is the region localized between the
bow shock and the magnetopause (the thin current layer
enveloping the magnetosphere), and it is populated by ther-
malised solar wind plasma that flows anti-sunward along the
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Fig. 1. Overall properties of the magnetosheath plasma parameters, density (N , left panel), velocity (V , right panel, upper values) and temperature (T , right
panel, lower values), as a function of the position along the magnetosheath (after Song et al., 1999), and normalized to the unperturbed solar wind values.

flanks of the magnetosphere: the plasma is decelerated, com-
pressed and heated in the subsolar region, then its speed
increases progressively as the plasma moves tailward, with
density and temperature gradually decreasing. In addition,
on the dayside magnetosheath the frozen-in IMF dragged
by the shocked solar wind plasma undergoes intensification,
resulting from the compression of the plasma on the subso-
lar region. The parameters needed for defining the magne-
tosheath plasma environment were derived from the work of
Spreiter et al. (1966), where the ratio of the local velocity
(V ), density (N ), and temperature (T ) with respect to the
unperturbed upstream values (V∞, N∞, and T∞), were cal-
culated for an hydromagnetic flow around a magnetosphere
(see Fig. 1).
In the Spreiter et al. (1966) work, most of the calcula-

tions were done for a gasdynamic free-streamMach number
∼ 8, which in the case of a magnetosphere should be more
properly identified by a free-stream pseudo Mach number
(Spreiter et al., 1966):

(2)M∗
∞ = M∞MA∞/

(

M2
∞ + M2

A∞ − 1
)1/2

where M∞ and MA∞ are the free-stream Mach number and
Alfvén Mach number, respectively, of the solar wind. We
have extrapolated the V/V∞, N/N∞ , and T/T∞ variation
along the magnetopause assuming that in the case of Mer-
cury M∗

∞ ∼ 3 (using data of Table 1), although the V/V∞
ratio is roughly independent from M∗

∞. Then, these three
parameters were fitted as a function of the distance from the
subsolar point “d” along the GSM X-axis, as follow:

(3)V/V∞ = −0.249d + 0.953d1/2,
(4)N/N∞ = 3.300− 3.220d + 1.400d1.5,
(5)T/T∞ = 1+ 3.000

(

1− (V /V∞)2
)

.

Figure 2 shows V/V∞ (solid line, right scale) andN/N∞
(dashed line, left scale) in the upper panel, and T/T∞ in the
lower panel.

Fig. 2. Magnetosheath parameters variation along the magnetopause, as a
function of the distance from the subsolar point, scaled to Mercury: T /T∞
(lower panel), V/V∞ (solid line, upper panel) and N/N∞ (dashed line,
upper panel).

3. A tool of analysis for the plasma precipitation at
Mercury

3.1. Properties of the Earth’s magnetospheric cusp regions

Before investigating the direct solar wind plasma entry
into the magnetosphere of Mercury, we briefly describe in
the following the configuration of the regions where this
process takes place on the Earth’s magnetosphere. Actu-
ally, the geomagnetic regions generally referred as cusps
(one for each hemisphere) exhibit a complex structure. The
cusp regions are usually divided into three sub-regions: the
low latitude boundary layer (LLBL), the cusp proper (cusp)
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and the mantle. The relative position and size of these sub-
regions depend on the IMF By and Bz component, and when
magnetic merging occurs at the dayside magnetopause with
Bz < 0, the LLBL lies equatorward the cusp proper and the
mantle poleward of it (e.g., Newell and Meng, 1992). The
three regions are divided according to the energy and flux
of the precipitating particles along those magnetic field lines
that are connected to the IMF: the particle energy is at max-
imum in the LLBL and decreases when moving through the
cusp and the mantle, while the particle flux has a maximum
in the cusp proper.
The differentiation between the cusp sub-regions is also

affected by a velocity filter effect, due to the fact that the
higher the particle energy is (and speed), the less is the time
it takes to flow along the field line: as a result, the lower en-
ergy particles are dragged at higher latitude as the open field
line convects poleward. On the Earth, there is a step in the
flux distribution between the LLBL and the cusp proper due
to the existence of two distinct plasma populations in the
magnetosheath: a lower energy component (E < 1.3 keV)
with ∼ 80% of the density, and a higher energy one (E >

1.3 keV) with the remaining 20% of the density (Fuselier et
al., 1999). The hotter population is thought to be constituted
by solar wind ions that, after being reflected back at the bow
shock, perform a partial gyration into the upstream region
before crossing the shock to enter the magnetopause (Fuse-
lier et al., 1999, and references therein). This fact, associated
with the velocity filter effect, causes the LLBL particles to
be more energetic than expected on a basis of a single mag-
netosheath population.

3.2. Dayside magnetic reconnection and plasma entry

When the interplanetary magnetic field (which is com-
pressed inside the magnetosheath) has a component that
is antiparallel to the magnetospheric field near the magne-
topause, a magnetic reconnection occurs between the two
fields, and the magnetosheath plasma can cross the magne-
topause and precipitate toward the planet. The reconnected
fields generate a rotational discontinuity that moves away
from the merging site, along the magnetopause itself. If the
magnetopause is approximated as a one-dimensional dis-
continuity we can define a reference frame located on the
discontinuity, called de Hoffmann–Teller frame (HT), where
the reconnected field line is at rest.With respect to the planet,
the HT frame moves along the magnetopause with velocity
V HT, which depends both on the flow velocity in the mag-
netosheath and on the magnetic tension due to the geometry
of the reconnected field line. In the HT reference frame the
energy and pitch angle are conserved, and the bulk flow on
either side of the discontinuity is field-aligned and moving
at the local Alfvén speed: in fact, by applying the tangen-
tial stress balance condition, one finds that the change in the
momentum of the plasma must balance the magnetic field
tension, and that the field-aligned speed of the plasma in
the HT frame must be equal to the Alfvén speed in both the

Fig. 3. Sketch of a reconnected field line on the dayside magnetopause, il-
lustrating the parameters associated with the de Hoffman–Teller reference
frame: V A-SH and V A-SP are the Alfvén speed on the magnetosheath and
on the magnetosphere side, which are tangent to the local magnetic field;
ϕ and θ are the angles formed by V A-SH and V A-SP with the magnetopause
(dashed gray line); V SH is the flow velocity in the magnetosheath (black ar-
row tangent to magnetopause); and V HT is the HT reference frame velocity
(white arrow).

magnetosheath and the magnetosphere (Cowley and Owen,
1989; Cowley, 1995).
Figure 3 depicts the geometry of a reconnected field line

on the GSM XZ-plane (dayside, i.e., X > 0), assuming
IMF pointing southward (Bz < 0): V A-SH and V A-SP are
the Alfvén speed on the magnetosheath and on the magne-
tosphere side, which are tangent to the local magnetic field;
ϕ and θ are the angles formed by V A-SH and V A-SP with the
magnetopause (dashed gray line); V SH is the flow velocity in
the magnetosheath (black arrow tangent to magnetopause);
and V HT is the HT reference frame velocity (white arrow).
In general, the aforementioned vectors do not lie on the same
plane, and the stress balance condition in the HT frame can
be written as (e.g.: Cowley and Owen, 1989; Lockwood and
Smith, 1994; Cowley, 1995; Lockwood, 1995):

(6)V ′
SH = ±(VA-SH cosϕ)b̂SH-MP

the upper (lower) sign refers to the Northern (Southern)
hemisphere, where V A-SH is antiparallel (parallel) to the
field line, and cosϕ = b̂SH · b̂SH-MP, being b̂SH and b̂SH-MP
the unit vector along the magnetosheath field line and its
projection on the magnetopause, respectively. In the planet
reference frame this translates to

(7)V HT = V SH ∓ (VA-SH cosϕ)b̂SH-MP.

Since the minimum field-aligned velocity of the injected
magnetosheath plasma is zero in the HT frame, in the planet
frame we have:

(8)Vmin = (V HT · b̂SP)b̂SP → Vmin = VHT cosθ,

where b̂SP is the unit vector along the magnetospheric field
line. For the resulting peak and maximum field-aligned ve-
locity of the magnetosheath distribution in the planet frame,
we have:

(9)V p = Vmin + VA-SPb̂SP → Vp = VHT cosθ + VA-SP,
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(10)
V max = V p + Vthb̂SP → Vmax = VHT cosθ + VA-SP + Vth,

where V th is the plasma thermal speed. From Eqs. (8)–(10)
the corresponding energies Emin, Ep, and Emax can be cal-
culated. In the present study the HT concept is applied to
the dayside magnetopause of Mercury, assuming the mag-
netic field to be approximated by the modified T96 model
described in Section 2.2.

4. LLBL, cusp, and Mantle precipitations on Mercury’s
surface

By applying of the above-described tool of analysis, we
can outline the plasma entry through open field lines on the
dayside surface of Mercury. In the following, the results of a
preliminary analysis are shown, obtained by varying the in-
put parameters within realistic ranges. We assume a 50% of
the magnetosheath plasma on reconnected field lines to actu-
ally cross the magnetopause (the remaining 50% is reflected
by the boundary) by applying a reflection factor of 0.5,
which is a typical value in the case of the Earth (e.g., Lock-
wood, 1997). In addition, we estimated the fraction of the
precipitating ions reaching the planet surface along recon-
nected field lines to be limited to particles with a pitch-angle
smaller than 35◦ (loss cone angle), being the remaining ones
reflected back due to the intensification of the magnetic field
toward the planet. The pitch angle (α) limit is derived from
the relation:

(11)sin2 α = BSS/BSURF,

where the magnetic field strength at the subsolar point (BSS)
and at the planet surface (BSURF) are about 100 and 300 nT,
respectively. By combining the two aforementioned estima-
tions we get an overall factor equal to 0.1, which means that
only 10% of the nominal flux precipitates onto the planet.
To reduce the number of variables involved in the calcu-

lations, we consider the Alfvén speed in the magnetosheath
to be constant and equal to V A-SH = 120 km s−1 (Table 1),
while the magnetospheric Alfvén speed is tentatively set to
be V A-SP = 6V A-SH (owing to the lower plasma density in
the magnetosphere), because of the large uncertainties on the
exospheric density distribution around Mercury (Lammer
and Bauer, 1997; Lammer et al., 2003, companion paper;
Wurz and Lammer, 2003). These values are in line with typi-
cal Alfvénic speeds at both outer and inner side of the Earth’s
magnetopause (e.g., Lockwood, 1997). The plasma thermal
speed V th affecting Vmax (Eq. 10) and Emax, is derived from
the magnetosheath plasma temperature calculated by means
of Eq. (5). For a 2× 105 K solar wind, from Eq. (5) we get
T ∼ 0.8×106 K at the subsolar point of the Mercury’s mag-
netopause, to be compared with T ∼ 4.4× 106 K in the case
of the Earth, with a ratio of about 1/5. Finally, all the cal-
culations were performed for the case of a zero tilt angle for
the magnetic dipole of Mercury, which is a likely situation
(Ness et al., 1976).

Fig. 4. Results obtained for an open field line moving on the XZ-plane
(IMF BZ = −10 nT). Upper panel: θ angle, open field line length (L) from
planet surface to the magnetopause, and HT frame distance from the sub-
solar point (D) measured along the magnetopause. Lower panel: particle
energy minimum, peak and maximum Emin, Ep, and Emax. The vertical
dotted line marks the nominal cusp location (θ = 90◦ and minimum of L).

Figure 4 shows typical parameters plotted as a function of
latitude, characterizing the time evolution of a reconnected
field line that moves from low to high latitudes along the
meridian on the GSM XZ-plane (as depicted in Fig. 3), and
calculated with a solar wind pressure Pdyn = 16 nPa, IMF
By = 0 nT, and IMF Bz = −10 nT. In the upper panel: θ an-
gle, open field line length (L) from planet surface to themag-
netopause, and distance (D) of the HT frame from the sub-
solar point measured along the magnetopause, the vertical
dotted line marks the nominal cusp location, where θ = 90◦

and L is minimum. In the lower panel: particle distribu-
tion energies Emin, Ep, and Emax. By comparing the two
panels of Fig. 4, we can see that the injected particle ener-
gies: (a) initially increase as the field line straightens (LLBL,
θ < 90◦, Lat∼ 45◦–49◦); (b) subsequently decrease to mag-
netosheath values in the cusp (no energy gain, θ ∼ 90◦,
Lat∼ 53◦); (c) finally reach lower and lower valueswhen the
field line moves through the mantle (θ > 90◦, Lat> 53◦). To
minimize arbitrary hypotheses, in this preliminary study we
neglected the velocity filter effect, and assumed the magne-
tosheath filled by just one plasma population (defined by the
Eqs. (3)–(5)). In fact, part of the solar wind plasma imping-
ing on the bow-shock of Mercury could be energised, giving
rise to a second (hotter) magnetosheath plasma population,
as happens at the Earth (Section 3.1). In this case, thanks
to the velocity filter effect, the Mercury’s LLBL will be more
energetic than shown here, and there will be also a step in the
energy between the LLBL itself and the cusp proper. How-
ever, the shape and size of the open field area, together with
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Fig. 5. Mapping of the open field area as a function of the incident peak
energy (keV, left scale) on the northern dayside surface of Mercury (only
the field lines crossing the magnetopause within 2RM from the planet
are considered). The three panels show the both area position and dimen-
sion according to different solar wind conditions: (top) Pdyn = 16 nPa,
By = 0 nT, and Bz = −10 nT; (middle) Pdyn = 16 nPa, By = −5 nT, and
Bz = −10 nT; (bottom) Pdyn = 60 nPa, By = −5 nT, and Bz = −10 nT.

the mean flux of the precipitating particles, are not affected
by these choices, as most of the results derived here.
The three panels of Fig. 5 show both position and exten-

sion of the surface area with open field lines (AO), mapped
on the northern dayside surface of Mercury in response to
different solar wind conditions. The area is gray-coded ac-
cording to the energy Ep of the particle distribution. We
mapped only the open field lines that cross the magnetopause
within 2RM (the field lines at higher latitudes are open in-
deed, but the rate of solar wind plasma entry is low, since
theymap far in the magnetic tail), by using a 5◦ longitude per
2.5◦ latitude grid. The three configurations were calculated
for: Pdyn = 16 nPa (Vsw = 400 km s−1, Nsw = 60 cm−3),
By = 0 nT, and Bz = −10 nT (top panel), Pdyn = 16 nPa,
By = −5 nT, and Bz = −10 nT (middle panel), Pdyn =
60 nPa (Vsw = 600 km s−1 and Nsw = 100 cm−3), By =
−5 nT, and Bz = −10 nT (bottom panel). By comparing
Figs. 4 and 5, we notice that most of the energy (and flux)
of the precipitating magnetosheath particles is deposited on
a region that is narrow in latitude, but conversely extended
in longitude. This region can be identified as low latitude
boundary layer (LLBL, θ < 90◦), while the remaining area is

characterized by a monotonous decrease of both energy and
flux of the precipitating particles. In the upper panel of Fig. 5
we can observe what should be a typical configuration of the
open field area of Mercury’s cusps during moderate south-
ward pointing IMF, under the assumption of a typical solar
wind pressure at 0.36 AU (16 nPa): the open area ranges be-
tween about 45◦ and 65◦ in latitude, and about−40◦ and 40◦

in longitude. In the middle panel we see the effect associated
with a negative IMF By (causing the shift of cusp proper
toward dawn) that drags the whole open area eastward. In
this case, the open area expands equatorward to about 40◦

latitude, and the most intense precipitation occurs on the
South–West edge of the open area itself. Finally, the effect
associated by a strengthening of the solar wind pressure up
to 60 nPa is shown in the lower panel of Fig. 5. The open area
shifts slightly eastward and expands poleward, mostly on the
North–East edge. The ramming of the solar wind over the
Mercury’s magnetosphere causes a strong tailward bending
of the magnetic field lines, and inhibits the particle precip-
itation at high latitudes, focusing the plasma entry on the
equatorial edge of the open area. This effect is associated
with an increase of both particle flux and energy, due to the
rise of V sw and/or Dsw that causes the P dyn intensification.
It must be stressed that all the above considerations apply
also to the southern magnetic cusp, apart the fact that the
IMF By effect reverses in this hemisphere.
When comparing the results of Fig. 5 with those of Saran-

tos et al. (2001) (Figs. 2 and 4), derived on the basis of
the TH93 magnetospheric model (Toffoletto and Hill, 1993)
with the explicit contribution of the IMF Bx component,
we note a substantial match of the longitudinal extent of
the open field area (about 80◦–90◦) and its displacement
in response of IMF By variations. Nevertheless, a differ-
ence exists about the open area latitudinal width: their inter-
val ranges between 60◦ to 10◦–20◦ (IMF Bz = −5 nT and
−20 nT, respectively) in latitude, to be compared with our
range of about 65◦–45◦. In the TH93 model, the main ef-
fects of a strong IMF Bx are a North–South asymmetry and
an equatorward expansion of the cusp region. The Sarantos
et al. (2001) analysis was performed with a rather low so-
lar wind pressure Pdyn = 3.4 nPa (four times smaller than
the mean values at Mercury), and by assuming the penetra-
tion fraction of the IMF through the magnetopause (which is
a free parameter of the TH93 model) to be as high as 40%,
twice the Earth’s case. Since both values affect the geome-
try of the magnetic field lines, the above comparison should
be considered as only indicative.
The size of the open field associated area is an important

parameter for characterizing the plasma precipitation on the
planet, and we derived the dependence of the area size with
respect to the IMF Bz (Fig. 6, upper panel) and to the solar
wind pressure P dyn (Fig. 6, lower panel). In the upper panel
the open area is calculated with constant Pdyn = 20 nPa
(Vsw = 450 km s−1,Nsw = 60 cm−3), while in the lower one
with a constant IMF Bz = −10 nT, and by assuming IMF
By = 0 nT in both cases. We see that the open field area is
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Fig. 6. Open field area (AO) of Mercury’s cusps as a function of the IMF
Bz component (upper panel), and of the solar wind pressure P dyn (lower
panel). The two sets of data were derived with IMF By = 0, together with
the IMF Bz and P dyn values indicated in the legends.

Table 2
Mean values of particle flux and open field area at Mercury (Pdyn = 20 nPa)
IMF Open field Particle flux Open field
Bz (nT) area (cm2) (cm−2 s−1) area rate (s−1)

−10 2.8× 1016 4.1× 108 1.1× 1025
−20 5.4× 1016 3.8× 108 2.1× 1025
−30 8.3× 1016 3.7× 108 3.0× 1025

more modulated by IMF Bz than by P dyn variations. The de-
pendence on IMF Bz is nearly linear and can be expressed
as:

(12)AO(%) ∼ −0.36Bz (nT).

The dependence on P dyn is weak and exhibits a kink at about
30 nPa (in the present case where IMF Bz = −10 nT); two
linear relations can tentatively approximate the trend:

(13a)AO(%) ∼ 2.962+ 0.028Pdyn (nPa), Pdyn < 30 nPa,
(13b)AO(%) ∼ 3.624+ 0.003Pdyn (nPa), Pdyn > 40 nPa.

In a first approximation, and within the assumptions consid-
ered, the effect of the solar wind pressure on the open field
related area can be assumed to be negligible. As reference,
Table 2 shows three mean values of the open field area and
particle flux at Mercury, computed for IMF Bz = −10,−20,
−30 nT, and Pdyn = 20 nPa. The mean particle flux through
the open field area (last column) increases by a factor propor-
tional to |IMF Bz/10 nT|, while the mean particle flux itself
decreases slightly due to the increase of the relative weight

of the low flux regions (cusp proper and mantle). As a re-
alistic upper limit for the particle flux precipitation we get
the value of about 2× 109 cm−2 s−1, obtained with Pdyn =
164 nPa (Vsw = 700 km s−1, Nsw = 200 cm−3), V A-SH =
180 km s−1, and V A-SP/V A-SH = 8, which leads to a mean
particle flux across the Mercury’s cusps of ∼ 1026 s−1.

5. Discussion: surface sputtering and ENA production
from cusp-mapped surface of Mercury

Where the open field lines intersect the planetary sur-
face, the soil becomes directly linked to the magnetosheath
plasma population, and then exposed to ion precipitation.
The ion impact on the soil leads to a particle release process
called “ion-sputtering” (e.g., Lammer and Bauer, 1997;
Killen et al., 2001; Lammer et al., 2003; Wurz and Lam-
mer, 2003). The sputtered particles follow ballistic trajecto-
ries, before falling back to the surface or escaping from the
planet, depending on their initial energy and direction. The
energy distribution for sputtered particles, F(Ee), with ejec-
tion energy Ee, can be expressed as (Sieveka and Johnson,
1984):

(14)F(Ee) ∼ Ee

(Ee + Eb)3

[

1−
√

Ee + Eb

Ei

]

,

where Ei is the energy of the incident particle and Eb is the
surface binding energy of the sputtered particle. The prod-
ucts arising from this particle bombardment depend both on
the composition and chemical structure of the planet sur-
face. In the case of Mercury, the small amount of data does
not allow any precise estimate of the surface composition.
However, the presence of H, He, O, Na, K, and Ca in the
exosphere of the planet was established by both space and
ground-based observations (Broadfoot et al., 1976; Potter
and Morgan, 1986; Bida et al., 2000). Because the sodium
spatial and temporal distribution was found to be compatible
with solar activity variations (Killen et al., 2001), sputter-
ing may be an important process. Since sodium is likely
bound to oxygen (oxide composites), the binding energy
could be assumed to be 2 eV (McGrath et al., 1986). Fig-
ure 7 shows the normalized integral of F(Ee), from Ee to
infinity, as a function of ejected particle energy Ee, in the
case of Ei = 1 keV solar wind protons (assuming an over-
all binding energy for oxygen equal to 4 eV, Lammer and
Bauer, 1997).
If we derive F(Ee) from Eq. (14) and then apply the es-

timated precipitating ion fluxes as obtained in the analysis
performed in the previous paragraph, we can estimate the
neutral atom (ENA) fluxes extracted by the soil of Mercury.
Figure 8 shows an estimation of the sputtered Na-ENA (right
scale) and O-ENA (left scale) fluxes, induced by the mag-
netosheath plasma precipitating throughout the Mercury’s
northern cusp. The fluxes are calculated by using the sur-
face sputter yield derived in our companion paper (Lammer
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Fig. 7. Normalized integral (from Ee to infinity) of the energy distribution
of Na and O sputtered particles, as a function of their ejection energy Ee,
in the case of Ei = 1 keV solar wind protons.

Fig. 8. Gray-coded Na-ENA (right scale) and O-ENA (left scale) flux
spatial distribution (calculated assuming an energy Ep for all precipitat-
ing particles) generated by ion-sputtering from the open field area, on the
northern dayside surface of Mercury. As in Fig. 5, the three panels refer
to different solar wind conditions: (top) Pdyn = 16 nPa, By = 0 nT, and
Bz = −10 nT; (middle) Pdyn = 16 nPa, By = −5 nT, and Bz = −10 nT;
(bottom) Pdyn = 60 nPa, By = −5 nT, and Bz = −10 nT.

et al., 2003), 0.07 for sodium and 0.03 for oxygen in the
case of 1 keV proton impacts, and by assuming a relative
abundance of 0.0053 for sodium and 0.8 for oxygen in the
soil of Mercury. Moreover, we consider that all precipitating
ions have the same energy Ep (corresponding to the magne-

tosheath distribution peak as derived from Eq. (9)), and that
the energy distribution of the sputtered particles is integrated
above the energy corresponding to the escape velocity from
the planet (4.3 km s−1 ∼ 2 eV for Na).
Using the same input values of Fig. 5 we derived the

three patterns illustrated in Fig. 8. According to the pat-
terns depicted in Fig. 5, the ENA induced by ion-sputtering
have a distribution peaked in a narrow band on the equator-
ward edge of the open field area (upper panel). The ENA
distribution is stretched in longitude, with a East–West dis-
placement controlled by the IMF By (middle panel). An
increasing solar wind pressure P dyn (due to an increase of
V sw and/or N sw) causes the widening of the sputtered area
and an intensification of the signal (lower panel). Within the
ion-sputtering context, the solar wind plasma precipitating
through cusp regions can be seen as a beam that probes the
planet surface, and induces a signal whose geographical ex-
tension and intensity depend on the incoming solar wind
conditions, whereas its mass spectrum is strongly related to
the atomic composition of the soil.

6. Summary

We modelled the solar wind interaction with the magne-
tosphere of the planet Mercury by means of a numerical tool
of analysis. Our study is focused on the direct solar wind
plasma entry through the magnetic cusps of Mercury. In par-
ticular, details on the size and shape of the regions where the
open magnetic field lines map, as well as on the particles
acceleration generated by the magnetic reconnection with
the interplanetary magnetic field are given. For IMF Bz =
−10 nT, we found a mean open field area of 2.8×1016 cm2,
a mean proton flux of 4.1 × 108 cm−2 s−1, and a proton
precipitation rate via open field area of 1.1× 1025 s−1. We
evaluated also the upper limit of the mean proton flux precip-
itating along open field lines, under non-extreme solar wind
conditions, to be of the order of 2× 109 cm−2 s−1. For the
first time, a pattern of the plasma precipitation through the
open dayside magnetosphere of Mercury as a function of the
particle energy is given. The acceleration produced by the
magnetic reconnection on the dayside magnetopause seems
to be able to increase the solar wind plasma energy up to sev-
eral keV, while the reconnection mechanism itself causes the
most energized particles to fall within a narrow band on the
equatorward edge of the open field area, while the rest of the
open field area is populated by particles with monotonously
decreasing energy. In addition, we simulated the ENA sig-
nal produced by Na sputtered atoms, under different solar
wind conditions, according to the sputtering yield calculated
in our companion paper (Lammer et al., 2003). The ENA
signal derived reveals to be a proxy of the solar wind plasma
precipitation pattern through the open field lines.
The determination of the energy and flux precipitation

pattern is useful for the analysis of the phenomena related
to the direct solar wind plasma interaction with the surface
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of Mercury, as particle release by ion-sputtering, resulting
in thermal and non-thermal atom emission. The ENA sig-
nal is triggered by the state of the impinging solar wind, and
its mass spectrum is expected to reflect the surface atomic
composition, possibly giving information on the elemental
composition of the Mercury surface.
A Neutral Particle Analyser (NPA-SERENA) is proposed

for the ESA BepiColombo mission to Mercury. This detec-
tor consists of three spectrometers, capable to detect neutral
atoms from thermal energies up to tens of keV, with high
time and space resolution. NPA-SERENA will be able to
monitor the sputtering-induced refilling of the exosphere, as
well as the high-energy part of the non-thermal (directional)
neutrals. Such measurements will allow the investigation of
the solar wind interaction with the surface, providing new
insights on the exosphere together with surface composition
and erosion processes.
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Abstract

In this study we discuss the proton circulation and the neutral atom emission at Mercury. The H+ distribution in space, energy and
pitch angle has been simulated by means of a single-particle Monte Carlo model. The applied electric and magnetic field model has been
parameterized to take into account different boundary conditions such as interplanetary magnetic field and cross-tail potential drop. Particular
attention has been paid to the estimation of the surface-sputtered neutral atoms and the energetic neutral atoms generated via charge-exchange
process. The peculiar configuration of the hermean magnetosphere, as it is expected after the Mariner-10 observation of a weak magnetic
field, allows a significant part of the incoming solar wind to enter Mercury’s environment. For the Bz < −10 nT conditions, intense ion fluxes
are expected in the cusp regions, which are extremely large when compared to the Earth’s ones. The solar wind particles are likely to rapidly
leave the hermean magnetosphere or precipitate onto the planetary surface, thus originating neutral particle emission via ion-sputtering. Two
instruments, proposed to fly on board ESA mission BepiColombo (namely: the NPA-IS SERENA suite on the MPO segment and the ENA
instrument on the MMO segment) will monitor the neutral signal as well as the precipitating ion particles. The modeled distribution presented
here may be considered as a reference tool for the future observations.
© 2005 Elsevier Inc. All rights reserved.

Keywords:Mercury; Plasma; Magnetosphere

1. Introduction

SinceMariner-10 observations ofMercury revealed an in-
trinsic magnetic field (Ness et al., 1976), several studies have
been focused on the solar wind/magnetosphere/exosphere/
surface interaction at Mercury (Goldstein et al., 1981; Slavin
et al., 1997; Killen et al., 2001). The weakness of the in-
trinsic magnetic field and the absence of an atmosphere
make the magnetospheric phenomena on Mercury extremely
peculiar. In fact, numerical simulations (e.g., Kallio and
Janhunen, 2003) and theoretical studies (e.g., Massetti et
al., 2003) suggest that the solar wind may directly access
to the inner magnetosphere and reach the surface of Mer-
cury. The interaction between solar wind/magnetospheric
ions with the surface results in ion-sputtering process, which

* Corresponding author. Fax: +39-064993-4383.
E-mail address: mura@ifsi.rm.cnr.it (A. Mura).

is one of the sources of the exospheric populations; the
role of ion-sputtering among other exospheric-feeding sur-
face processes, such as thermal desorption and photon-
stimulated desorption, is still disputed (Sprague et al., 1998;
Killen and Ip, 1999; Wurz and Lammer, 2003; Leblanc and
Johnson, 2003).
The purposes of the present study are: (i) to investigate

the circulation of protons of solar wind origin in the dayside
of the planet; (ii) to obtain a first-order quantitative esti-
mation of their contribution to Mercury’s magnetosphere;
(iii) to estimate the neutral flux generated by ion-sputtering
process in different external configurations; (iv) to discuss
the feasibility of the neutral-particle imaging of the plasma
circulation and the surface. In fact, important information
about surface and plasma circulation properties could be ob-
tained by means of the detection of the directional emitted
neutrals. For this reason, we focus our attention to ion-
sputtering and CE (charge exchange) processes only, since
other surface source of neutrals (for example, thermal and

0019-1035/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.12.010
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photon-stimulated desorption) could not provide energetic
(i.e., suitable for imaging) particles (Lammer et al., 2003).
Even if we do not discuss explicitly other release process,
this study could be also a useful tool for the evaluation of
the relative importance of the exospheric sources.
We have used a three-dimensional, single-particle Monte

Carlo model to reconstruct the trajectories, the spatial dis-
tribution and the energy spectrum of H+ ions, following
the study by Delcourt et al. (2003). The investigation is fo-
cused on the regions characterized by open magnetic field
(magnetospheric cusp), where magnetosheath plasma can di-
rectly penetrate through the exosphere of Mercury down to
its surface. Within the limits of the model, we show that this
plasma is able to generate a noticeable amount of neutral par-
ticles, both via charge-exchange with the neutral exosphere
of Mercury and via ion-sputtering processes on its surface.
Moreover, we show that the neutral flux coming from both
those processes is extremely sensible to the external condi-
tions (i.e., the interplanetary magnetic field and the cross-tail
potential drop), thus leading to a “neutral imaging” investi-
gation technique for Mercury’s magnetosphere and surface,
through directional neutral atoms detection.
While the scientific community is waiting for future

Mercury exploration missions (BepiColombo and Messen-
ger), uncertainties persist about most of Mercury’s magne-
tospheric features (density of the exosphere, surface conduc-
tivity, magnetic field strength and geometry), and it is diffi-
cult to develop an “exact” model of the magnetosphere of
Mercury. Hence, the model introduced in this paper should
be compared with others (for instance, Kallio and Janhunen,
2003), in order to come to a most-probable configuration.
To this purpose, we explore the different configurations that
could occur by varying the input parameters within a range
of realistic values.
The boundary conditions of the simulation, in terms of

electric and magnetic field, is illustrated in Section 2; the
source of test particles will be discussed in Section 3. In
Section 4 we present the 3D Monte Carlo model, includ-
ing ion-sputtering and charge-exchange. In Sections from
5 to 7 we present the results in terms of (i) proton circu-
lation; (ii) neutral particles emission via ion-sputtering and
charge exchange; (iii) estimated exospheric vertical profiles.
Summary and conclusions are given in Section 8. In Appen-
dix A we discuss a very simple ring-current model, used to
evaluate: (i) the possible H+ nightside-to-dayside equator-
ial convection; (ii) the error made by considering only the
cusp-precipitating protons as plasma source; (iii) the error
made by neglecting the ring-current contribution in the Tsy-
ganenko model.

2. Boundary conditions

2.1. Solar wind at Mercury

The magnetic and the electric field models developed
in this study originate respectively from Tsyganenko T96

(Tsyganenko, 1996) and Volland (Volland, 1978) models,
which refer to the Earth. They have been modified consider-
ing the different intrinsic magnetic field of Mercury and the
different properties of the solar wind at the orbit of Mercury
(0.36± 0.08 AU). At these distances from the Sun, Parker’s
spiral forms an angle of about 20◦ with the solar wind direc-
tion, thus changing the relative weight of the interplanetary
magnetic field (IMF) components with respect to the Earth
conditions. The IMF strength at Mercury is from 3 to 6 times
the average strength at 1 AU (5 nT) (Burlaga, 2001), which
leads to a mean value of about 20 nT. At Mercury, the solar
wind proton density N+ is highly variable, due to the high
eccentricity of the planetary orbit. Here we have assumed a
mean value of about 10 times the solar wind density at the
Earth, which leads to N+ = 60 cm−3; the unperturbed so-
lar wind velocity and dynamical pressure adopted here are,
respectively, 450 km s−1 and 20 nPa (Massetti et al., 2003).

2.2. Magnetic field model

Once assumed these solar wind conditions, we have re-
constructed the magnetic field around Mercury by means of
a modified T96 Tsyganenko model (Luhmann et al., 1998;
Massetti et al., 2003). Its main features are: (i) defined real-
istic magnetopause; (ii) large-scale Region 1 and 2 Birkeland
current systems; (iii) IMF penetration across the magne-
tospheric boundary (Tsyganenko, 1996). It accepts both IMF
By and Bz as independent input parameters.
First of all, to take into account the differences between

both the intensities of the magnetic fields and the radii of
Mercury and the Earth, we have divided every space con-
stants in the T96 model by a factor of 7, like in previous
analyses based on the Mariner 10 data (Siscoe et al., 1975;
Luhmann et al., 1998). Then, we have removed from the
model the contribution of the ring current, because the pres-
ence of this structure in the magnetosphere of Mercury is un-
certain; a more detailed discussion of this feature is reported
in Appendix A. We have also assumed a 50% contribution
of Birkeland currents in the T96 model, which is a halfway
position between the Earth’s case and a null contribution. In
fact, due to the expected lack of a conducting ionosphere on
Mercury, there is still a wide debate regarding the existence
of field-aligned currents (Slavin et al., 1997). Moreover, this
assumption is consistent with the electric field model (see
next section).
Finally, it must be noted that: (i) this model does not de-

scribe the field depression caused by the diamagnetic effect
of the plasma engulfing the magnetospheric cusps; (ii) it is
not possible to introduce a non-zero x component of IMF
magnetic field; (iii) the model is stationary and hence it can-
not take into account particle acceleration due to magnetic
field line drag. Even if the magnetic reconnection at the
dayside magnetopause is essentially driven by the IMF Bz

component (Massetti et al., 2003), the Bx component should
play a role in the magnetosphere solar wind coupling (e.g.,
Kabin et al., 2000; Sarantos et al., 2001), because of the
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different orientation of the Parker’s spiral at Mercury with
respect to the Earth’s case. In principle, one could expect
to have more proton penetration with a Bx -interconnected
magnetosphere (Kallio and Janhunen, 2004). Unfortunately,
as stated above the present magnetic field model does not al-
low us to explore such configurations; As a reference config-
uration, here we assume BIMF = (0,0,−20) nT, which may
be considered as reasonable values (Massetti et al., 2003),
if we discard the Bx component. Other configurations of
the magnetosphere have been considered by changing BIMF
components (By = ±5 nT and Bz = −10 nT), in order to
study the dependence from the parameters of the plasma cir-
culation. Northward IMF configurations are not discussed
here, since we have observed no significant proton circula-
tion if Bz > −10 nT.

2.3. Electric field model

The electric field in any point of the space is obtained
from the electric potential V (r). With the assumption: E ·
B= 0, V (r) in an arbitrary point of the space can be calcu-
lated following the B field line as far as it reaches any region
where V (r) is well known. As a zero order hypothesis, here
we have assumed that the potential at the surface of Mercury
is similar to Volland potential. The first Volland analytical
formula for the potential Φ was (Volland, 1975):

(1)Φ = −iAi

(
L

Li

) pi
2
eiτ ,

where L is the shell parameter of a coaxial dipole field
(L = rR−1 sin−2 θ ), τ is the local time, Ai , Li , and pi are
parameters to be given separately in two different zones: po-
lar cap (pi = −1) and mid/low latitudes (pi = 4). In our
work, however, we have adopted a second version of this for-
mula (Volland, 1978). In this case, between the two above-
mentioned regions a third region is defined (mid latitudes).
The application of such a model to Mercury’s case has been
already discussed by Delcourt et al. (2003).
The absence of an ionosphere at Mercury may make it

difficult to comprehend whether and how the field-aligned
currents, if present, can close the electric circuit between
the planet and the cross-tail potential drop. The argument
is still widely debated, even if some evidences of the pres-
ence of field-aligned current at Mercury exist (Slavin et
al., 1997). Using the given solar wind parameters, and tak-
ing into account the different size of Mercury’s magne-
tospheric cavity with respect to the Earth’s one, we can esti-
mate a cross-polar cap potential drop (PD) between 10 and
100 kV (Delcourt et al., 2003). To explore the behavior of
the model under different external conditions, here we use
PD = 10 kV as “reference” condition (Ogilvie et al., 1977;
Ip, 1987), PD = 100 kV as “high PD” condition and PD =
1 kV as “extremely low PD” condition. This last value in-
tentionally depletes the influence of E, and can be also used
to evaluate the importance of E in the reconstruction of the
proton circulation.

The mean electric field in the central magnetotail is, in
these three cases, equal to 1, 10, and 0.1 mVm−1, respec-
tively.

3. Proton source

In our simulation we start tracking the protons as they
cross the magnetopause (MP), entering the magnetosphere
from the magnetosheath. In agreement with the T96 model,
we have approximated the dayside magnetopause by means
of an ellipsoid, and all test particle trajectories start from
this surface. According to this model, the distance between
the surface of Mercury and the magnetopause at the subsolar
point is approximately 0.5 Mercury radii (RM ).
Proton mean energy and density functions over this sur-

face have been derived from the work of Spreiter et al.
(1966), and adapted to the case of Mercury by Massetti et al.
(2003). Figure 1 shows contours of H+ density and mean-
energy on the MP surface, in a MLT vs. geographic latitude
plane, obtained by using the unperturbed solar wind density,
velocity and dynamical pressure discussed in Section 2.1.
For simplicity, we have assumed the proton flux, in a given
point of the magnetopause, as mono-energetic (with energy
equal to the local mean energy), and the pitch angle (PA)
distribution as flat.
It should be noted that the mean proton energy peaks

near the subsolar point, whereas the proton bulk velocity in-
creases while they move away from it, as they are dragged
together with the frozen-in IMF. Here we consider the en-
ergy of those protons in the reference system of the mag-
netic field lines, since the magnetic field is steady in our
model. Hence, the energy we use as initial condition for our
test particle reaches its maximum near the subsolar point,
where the proton acceleration due to magnetic reconnection
is higher (stress balance condition in de Hoffmann–Teller
reference frame; for more details see, for example, Massetti
et al. (2003)).
It may be useful to estimate the total H+ flux impacting

the MP of Mercury, as predicted by our model, in order to
have a reference value when discussing the proton precipita-
tion on the planetary surface. A very rough calculation, made
by using the planetary cross-section, the unperturbed solar
wind velocity and density, gives a number between 1026 and
1027 s−1. It is worth noting that this value, as well as the dis-
tribution of protons over the MP and the shape of the MP
itself, depends on the external conditions, such as the SW
pressure. However, in our model we use a source with fixed
parameters: a change in the unperturbed SW density results
in a linear variation of the proton magnetospheric density;
the change of the MP shape after pressure modification has
been neglected for simplicity. This model gives proton dis-
tribution over all the MP. In principle, test particles could
be generated all over this surface, and then let be free to
possibly enter the magnetosphere. However, since they ap-
proximately follow the magnetic field lines, only the part of
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Fig. 1. Panel (A): Lines of equal H+ density at the magnetopause, in the
MLT versus Latitude plane, in cm−3. Panel (B): same as (A), with lines of
equal H+ mean energy at the magnetopause, in keV.

the MP that, according to the T96 model, is magnetically
connected with the surface is actually a source for magne-
tospheric protons.

4. Simulation concepts

4.1. Simulation of H+

To obtain the proton distribution in the magnetosphere of
Mercury we have used a Monte Carlo (MC) single-particle
model. We have simulated the trajectories of about Ntp =

2 × 106 protons (hereafter called “test particles”) by solv-
ing the full equation of motion (including electromagnetic
and gravitational forces). In fact, non-adiabatic effects may
become of crucial importance for most of the ion magne-
tospheric transport (Delcourt et al., 2003), and the use of an
adiabatic treatment based on the guiding center approxima-
tion will lead to non-negligible errors when reconstructing
H+ paths in full 3D space around Mercury.
Each test particle trajectory begins at the magnetopause

of Mercury (see Section 3) and finishes if either:

(i) the test particle hits the surface of the planet; or
(ii) the test particle reaches a IMF field line not connected

with Mercury’s surface; or
(iii) the test particle gets too far from Mercury in the night-

side (r > 10RM ).

The H+ distribution function in space, energy and pitch
angle has been reconstructed over a 5-dimensional grid, as-
sociated to a matrixNjklmn. The grid extends from 1 to 2RM

in radius (r), 0 to 24 h in magnetic local time (MLT),−90◦ to
90◦ in latitude (ϕ), 0◦ to 180◦in pitch angle (α) and 100 eV
to 10 keV in energy (E); the number of bins for each dimen-
sion is respectively 8× 48× 24× 4× 4.
We have divided the MP into a number of Ntp elementary

surfaces #Si . Each test particle starts from one #Si and,
in our simulation, represents a certain number of real pro-
tons. We can assume that all those protons are “born” (i.e.,
they enter the simulation region) within #Si , and with fixed
initial energy (see Section 3). Since the number Ntp is rel-
atively high, we can assume that #S is infinitesimal, and
all protons generated there have the same trajectory. We can
also imagine that those protons are “born” from #Si with a
fixed frequency 1/#T . If the H+ flux at #Si is Φi , the time
interval between these protons is:

(2)#T = 1
Φi#Si

.

Since they are equally spaced in time along the trajectory
(forming a sort of “train”), the number of protons N∗ within
an arbitrary cell jklmn is simply T/#T , where T is the time
a proton stays within that cell. Since this time is the same for
both protons and the associated test particle, we have:

(3)T = N∗#T = ndt,

where dt is the time integration step for the trajectory and n

is the number of times that, during this trajectory, the asso-
ciated test particle is inside that cell. It follows that:

(4)N∗ = ndt

#T
= n(dt Φi#Si).

Hence, after every integration step dt , we just have to in-
crease the value of the bin corresponding to its position
(Njklmn) of a value w:

(5)w = dt Φi#Si.
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Fig. 2. Cross section for charge-exchange between H+ and various neutral
species: H (dotted line), He (dashed line), O (dash-dotted line), and H2
(solid line). Data from Barnett et al. (1977), Stebbings et al. (1964), Barnett
(1990).

A coefficient fCE has been multiplied to w to take into ac-
count the losses due to charge-exchange with the neutral ex-
osphere of Mercury. This coefficient is function of the time
elapsed since the test particle generation, and has been cal-
culated solving numerically the following differential equa-
tion:

(6)
{

fCE(0) = 1,
dfCE
dt = fCE|v|

∑
i σini,

where σi and ni are the charge-exchange cross-section (see
Fig. 2) and the local number density of the ith neutral
species. The neutral species included in this simulation are
H, H2, He, and O; their vertical density profiles have been
given by Wurz and Lammer (2003). It is worth noting that
the H2 density has been depleted as suggested by authors.
The depletion coefficient here is 0.01, in order to be conser-
vative with the estimation of ENA fluxes.
The quantity (dnH+/dE dα) in any point of the grid is

obtained by dividing the bin valueNjklmn by the relative 5D-
volume, while the proton flux (ΦH) is obtained by knowing
the density, the velocity v(E) and the PA distribution.
In principle, to perform an accurate numerical integration

of the motion, it should be necessary to calculate the electric
field in a very large number of points along each trajectory.
This procedure, in general, is very expensive in terms of
machine-time, because at each point it is necessary to trace
the magnetic field line up to the planetary surface (see Sec-
tion 2.3). To permit the simulation of a large number of test
particles, we have preliminarily estimated the electric poten-
tial V on the vertexes of a three-dimensional cubic grid. The
potential in any other point can be calculated via 3-linear
interpolation using the eight nearest vertexes. The bin size
is 500 km, which leads to an error on the potential, which
has been empirically found to be less than 5!. This error

may be neglected when compared to other uncertainties in
the model.

4.2. Simulation of neutral particles

In our model, neutral particle emission is related to ion
circulation through two processes: ion-sputtering and charge
exchange. In fact, such processes are included in our proton
model as proton losses, and both of them may produce neu-
tral particles. In Sections 6 and 7 we will present simulated
neutral signal coming from both processes.

4.2.1. Sputtering
This process is the result of the impinging of a H+ on the

surface of Mercury; if the impact energy (Ei ) is sufficient,
a particle, in most cases neutral, may be extracted from the
surface. The energy distribution of the sputtered particles,
fS(Ee,Ei), can be expressed as:

fS

(
Ee,E

′
i

)
∝

{
Ee

(Ee+Eb)3

[
1−

(Ee+Eb

E′
i

)1/2]
Ee ! Ei − Eb,

0 Ee > Ei − Eb,

(7)E′
i = Ei

4m1m2

(m1 + m2)2

(Sigmund, 1969; Sieveka and Johnson, 1984; Betz and
Wien, 1994), where Ee is the ejection energy, Ek

b is the
surface binding energy of the atomic kth species extracted,
m1 and m2 are the masses of the projectile and the target
atom. For simplicity, in our calculations we have assumed
E′

i = Ei , since this approximation leads to an error on the
energy spectrum that is below 2% for the oxygen and below
4% for the sodium. The consequent neutral flux is hence:

(8)
dΦk

dEe
= YkRk

Emax∫

Emin

dΦH+

dEi
fS(Ee,Ei) dEi,

where Yk and Rk are the yield and the relative abundance of
the kth species respectively. In our MC simulation, this equa-
tion is solved numerically. Every time a test-particle hits the
surface, it is converted to a test-neutral or a test-ion, with
random initial direction. The energy is chosen randomly ac-
cording to energy distribution in Eq. (7); the species of the
sputtered particle is chosen randomly according to different
relative abundances Rk ; the weight w in Eq. (5) is multiplied
by a factor Yk . This new test-particle may, of course, hit the
surface again: the procedure exposed here is then performed
again, as far as its weight is grater then one and its energy is
able to produce sputtering (E′

i > Eb).
In this study we have concentrated our attention to oxy-

gen and sodium only. In fact, both O and Na have been ob-
served in the exosphere of Mercury (Broadfoot et al., 1976;
Potter and Morgan, 1985, 1997). The overall fraction of oxy-
gen (RO) in the surface minerals, if we consider all mole-
cules containing O, may be up to 50% (Wurz and Lammer,
2003). The sodium content of the surface (RNa) has been es-
timated to be within 0 and 1.4% (Goettel, 1988); here we

anonimo
Highlight
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have chosen a halfway value, i.e., 0.5%. Yields for those
species strongly depend on the molecular structure of the
surface; here we have adopted a rough value of 0.1 for both
O and Na, since the uncertainty on the surface abundance
probably overcomes the error on the yield. Moreover, the
yield also depends on the ion energy and direction; a com-
plete description can be found in (Lammer et al., 2003). It
is worth noting that a bad estimation of either Y or R does
not affect the estimated vertical profile of the neutral emitted
population, but it can be considered as a scale factor for the
whole density distribution function of neutrals. More partic-
ularly, an overestimation of the O sputtering flux may come
from considering the same yield for all surface constituents
containing oxygen.
The surface binding energy, conversely, has a deep impact

on the shape of the energy spectrum of the particles emit-
ted. If Ei ! Eb , in fact, it may be shown that fS(Ee,Ei)

peaks approximately at Eb/2. Surface binding energies are,
generally, of the order of some eV; here we have adopted, re-
spectively, 3.5 and 2 eV for O and Na. Some studies (Weins
et al., 1997) indicate lower values (∼0.5 eV) for the Na bind-
ing energy. Considering that the lower is Eb the less is the
function F at energies well above Eb , if this estimation is
found correct, the Na flux from ion-sputtering calculated in
the following should be reduced by a factor of 10 approxi-
mately.

4.2.2. Charge exchange
This process may occur when an energetic H+ hits an

exospheric neutral; the result is a hydrogen energetic neu-
tral atom (ENA), retaining both energy and direction of the
incoming H+ (for a complete discussion see, for example,
Hasted (1964)). Since ENAs travel on straight lines just as
photons, ENA imaging is a common way to indicate the
ENA flux detected at some vantage point Q, while looking
at different directions. ENA imaging is a powerful tool to
obtain information about both plasma and exospheric prop-
erties (see, for example, Roelof et al. (1985)).
We want to compute the total ENA flux detected in point

Q integrated over a given energy range. The ENA produc-
tion rate for unitary length dΦENA/ds for any point of the
grid may be calculated as:

(9)
dΦENA

ds
= nH+

dfCE

dt
,

where fCE is the function defined in Eq. (6), and nH+ is
the proton number density obtained by integrating dnH+/

(dE dα) over all pitch angles and over the given energy
range. The total flux escaping from a cell located in Pjkl

and detected in Q is:

(10)ΦENA(Q)jkl = dΦENA(Pjkl)

ds
#Vfα(v̂)

1
|QP |2

,

where #V is the volume of the jklth cell; fα(v̂) is the 3D
angular distribution function, v̂ is the direction from P toQ.
The function fα can be obtained from the PA distribution

function (included in the 5D model of protons), with the hy-
pothesis that the distribution does not depend on gyroangle.
It is then sufficient to integrate over all jkl cells to obtain the
ENA image at Q.

5. Proton dayside circulation

Here we present our results in terms of H+ circulation.
Six different sets of boundary conditions have been used,
and about 3× 105 test-particles have been tracked for each
set. A particular set of boundary conditions, called “refer-
ence” conditions, is: BIMF = (0,0,20) nT, PD = 10 kV.
Then we have changed PD (1 kV and 100 V), By(±5 nT)

and Bz(−10 nT). To reduce the amount of runs, we have not
explored all combinations of these values, but just all vari-
ations of a single parameter from the “reference” one. This
must be taken into account in general, since variations of po-
tential drop and BIMF often occur simultaneously.
To obtain the H+ number density nH+ , the differential

number density (dnH+/(dE dα)) has been integrated over
all pitch angles and over two different energy ranges: 0.1–1
and 1–10 keV. Particles outside these two ranges have been
discarded.
To help the discussion, we present an overall summary of

results (Table 1), sections of H+ density (Fig. 3) and maps of
H+ flux on the surface (Fig. 4). Table 1 shows four parame-
ters that synthesize some features of the H+ flux impacting
the surface, i.e., the total flux (FT ), the mean MLT (MLTS )
and the mean latitude (ϕ̄S ). Those parameters have been cal-
culated for different boundary conditions and energy ranges.
In particular, the mean position of the H+ spot on the sur-
face corresponds roughly to the bulk of the emission of the
sputtered neutrals, which will be monitored by the NPA-
SERENA orbiting sensor; the total flux of H+ impacting the
surface has important implications on the exospheric refill-
ing.
Panels in Fig. 3 show color-coded sections of the H+

density distribution. Each panel shows nH+ over the super-
position of two different surfaces: the one outside the red
circle is the x–z plane; the one inside the red circle is a hemi-
sphere just above Mercury’s surface, in the dawn side. The
Sun is on the right. Different panels refer to different ex-
ternal conditions and energy ranges. It is worth noting that
panels in Fig. 3 do not show the protons that cross the mag-
netopause (thus becoming elements of the simulation) in the
south hemisphere. In this way, the protons that are found in
the southern hemisphere can be immediately identified as
“bouncing protons.” To obtain the complete distribution it
is sufficient to superimpose this H+ distribution to another
one, which is symmetric to the first respect to the equatorial
plane.
Panels in Fig. 4 show polar-stereographic projections of

the H+ flux on the northern surface of Mercury, color-coded
according to the log10 of the intensity. This flux has been
obtained using the estimated H+ 5D distribution function in
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Table 1

Energy range
(keV)

By

(nT)
Bz

(nT)
P. drop
(V)

Total flux
(s−1)

Mean MLT
(hh:mm)

Mean lat
(◦)

Area
(m2)

Total:
0.1–10

−5 −20 104 4.4× 1025 11:28 42 1.9× 1013
0 −10 104 3.7× 1025 11:54 47 1.4× 1013
0 −20 103 6.0× 1025 10:40 36 3.0× 1013
0 −20 104 4.1× 1025 11:41 43 1.8× 1013
0 −20 105 1.1× 1025 11:23 57 1.6× 1013
5 −20 104 4.4× 1025 11:27 42 1.9× 1013

Low energy:
0.1–1

−5 −20 104 6.8× 1024 11:44 58 9.3× 1012
0 −10 104 9.4× 1024 11:52 60 8.3× 1012
0 −20 103 9.4× 1024 11:43 53 9.8× 1012
0 −20 104 7.2× 1024 11:42 58 9.5× 1012
0 −20 105 1.6× 1024 11:09 67 1.1× 1013
5 −20 104 7.4× 1024 11:37 57 9.6× 1012

High energy:
1–10

−5 −20 104 3.6× 1025 11:25 38 1.6× 1013
0 −10 104 3.2× 1025 11:54 43 1.1× 1013
0 −20 103 5.0× 1025 10:33 32 2.4× 1013
0 −20 104 3.4× 1025 11:40 40 1.4× 1013
0 −20 105 9.8× 1024 11:24 56 1.4× 1013
5 −20 104 3.6× 1025 11:25 39 1.5× 1013

Fig. 3. Color-coded maps of H+ density over two different surfaces: x–z plane (outside the red circle) and Mercury surface (inside red circle). Panels (A), (C),
(E), (G): low proton energy (100 eV–1 keV). Panels (B), (D), (F), (H): high proton energy (1–10 keV). Panels (A), (B): reference condition. Panels (C), (D):
same as (A), (B), but low potential drop (PD= 1 kV). Panels (E), (F): same as (A), (B), but high potential drop (PD= 100 kV). Panels (G), (H): same as (A),
(B), but low BIMF(Bz = −10 nT).

the cells just above the surface. However, a small error will
arise from this procedure. In fact, those cells have a height of
about 300 km, and even if the B field lines can be considered
more or less parallel over this short scale, some protons may
bounce inside this cell. The flux obtained in this way is hence
an upper limit for the real flux at the surface. Different panels
refer to different external conditions and energy ranges.

5.1. General features

In a typical H+ simulated distribution it is possible to
recognize three different and peculiar populations, whose
relative intensity is a matter of interest of the present study.
The first one (α), present in all external conditions, is the
population precipitating towards the planet along the mag-
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Fig. 4. Color-coded maps of H+ flux over Mercury’s surface. Panels (A), (C), (E), (G): low proton energy (100 eV–1 keV). Panels (B), (D), (F), (H): high
proton energy (1–10 keV). Panels (A), (B): reference condition. Panels (C), (D): same as (A), (B), but low potential drop (PD = 1 kV). Panels (E), (F): same
as (A), (B), but high potential drop (PD= 100 kV). Panels (G), (H): same as (A), (B), but different BIMF(By = −5 nT).

netic field lines. Some of them are bounced by the increasing
magnetic field; the others reach the planetary surface. Dur-
ing this motion, particles are drifted northward by the E×B
drift and westward by the grad-B drift. The former is energy-
independent; the latter is more efficient for the highest ener-
gies. The proton source is symmetric around noon, and any
longitudinal shift in the surface precipitation (evidenced by
the parameter MLTS ) is due to B-grad drift.
The second population (β) is made by protons that are

bouncing in the dayside, and is concentrated between the
subsolar point and the surface. The third population (γ ) is
made by protons that move westward and eventually hit the
surface in the nightside.

5.2. Reference conditions

Figures 3A and 3B show the precipitating H+ in the “ref-
erence conditions” for different energy ranges. In both cases
the α population extends down to the surface, but high en-
ergy protons (1–10 keV, Fig. 3B) impact Mercury at lower
latitudes with respect to low energy ones (100 eV–1 keV,
Fig. 3A). In fact, the mean energy of the H+ at the mag-
netopause is higher when close to the sub-solar point (see
Fig. 1). The population close to the Low Latitude Boundary
Layer (Massetti et al., 2003) is able to move towards lower
latitudes and to start bouncing, raising the β population. The
low energy protons are injected at higher latitude and cannot
experience any bouncing. No β population is, in fact, recog-
nizable in Fig. 3A.

The H+ flux impacting the surface (see Figs. 4A, 4B) is
up to 5× 108 cm−2 s−1 for low-energy protons and may ex-
ceed 109 cm−2 s−1 in the case of high-energy protons. The
mean flux intensity in the open field line area is approxi-
mately 108 cm−2 s−1 for both energy ranges, which is in
agreement with previous studies (McGrath et al., 1986). The
difference of the distribution for the two energy ranges is
more evident if we look at the mean position of the pre-
cipitating protons (see Table 1 and Figs. 4A, 4B), which is
(11:40 MLT, 40◦ N) for protons above 1 keV, and (11:42
MLT, 58◦) for protons below 1 keV.

5.3. Electric field variation

In this analysis we have used two extreme values for the
potential drop (1 and 100 kV) in order to have two extreme
conditions for the electric field. The mean |E| in each case is
respectively 0.1 and 10 mVm−1 (see Section 2.3). The first,
clear effect of the increasing/decreasing E is the increas-
ing/decreasing of the northward shift of the surface footprint
due to the E × B drift. This effect is energy-independent,
and actually is clearly recognizable by comparing Fig. 3C
with Fig. 3E (low energy), and Fig. 3D with Fig. 3F (high
energy). The same comparison may be done, with identical
results, on Fig. 4 (panels (C), (E), (D), and (F)), using the
H+ flux at the surface instead of the density.
Another evident effect, originated from the same cause, is

the modulation of β and γ population magnitude. With the
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increasing of the E field, in fact, protons are drifted north-
ward and no β population is able to form. Conversely, if the
potential drop is low, the B-grad drift becomes predominant
for high and low energy protons, and the γ population is
drifted more westward, while β population does not change
significantly. In this case, high-energy protons may reach
the nightside. Figure 3D clearly indicates that γ particles
are bouncing during their drift, and they are gradually get-
ting closer to the planet. Hence, a sort of small “partial ring
current” is able to form; an important consequence of this
drift is the possibility of proton precipitation in the nightside
and the subsequent emission of sputtered particles from that
region (Fig. 4D). As far as it concerns low energy protons
(Figs. 3C and 4C), some of them are drifted westward, but
the bulk precipitates directly onto the surface with a small
spread.
According to Table 1, intense electric fields cause less

surface precipitation. The protons are supposed to be de-
flected northward and to be lost in the nightside.
In order to evaluate the effect of the E × B drift on the

H+ precipitation in the reference conditions, we may assume
that PD = 1 kV depletes the influence of the electric field,
so that it roughly corresponds to a “zero electric field” con-
dition. By comparing total precipitating flux as reported in
Table 1, in the cases of PD = 10 kV (4.1 × 1025 s−1) and
PD = 1 kV (6 × 1025 s−1), we conclude that at least one
third of the protons that could precipitate onto the planetary
surface are removed by E×B drift.

5.4. Magnetic field variation

The efficiency of the reconnection process is roughly pro-
portional to the negative z component of the BIMF field.
This phenomenon has been studied here by comparing the
“reference” case with the case of BIMF = (0,0,−10) nT.
The total precipitating flux, in this latter case, is lower
(3.7 × 1025 cm−2 instead of 4.1 × 1026 cm−2). Moreover,
protons impact at higher latitudes on the average (see Ta-
ble 1). There is no other evident modulation on the density
distribution shape (see Figs. 3G and 3H); the β population
is slightly more evident, and there is less nightside precipita-
tion. In conclusion, the influence of Bz parameter is more on
the intensity rather than on the shape of the nH+ distribution
function.
There is no evidence of an influence of the By component

on the general shape of the H+ distribution (see Figs. 4G and
4H for example).
It is worth noting that, in terms of influence on the pro-

ton distribution, the BIMF variation seems to be less relevant
than PD because in the first case we have chosen a more con-
servative range of values. Actually, more extreme conditions
can be expected at Mercury; the Bz component, for exam-
ple, may range between −30 and 30 nT, to say nothing of
the Bx component disregarding.

Fig. 5. Exospheric density for O and Na, function of altitude from planetary
surface, calculated considering sputtering as the only release process (solid
lines, (2)). Dashed lines (1) still consider only sputtering, but refer to the
vertical profile over the point of maximum proton precipitation.

6. Sputtering emissions

In this study we concentrate on the sputtering of oxygen
and sodium. Both of them have been proved to exist in Mer-
cury’s exosphere: the first has been observed by Mariner 10
UVS (Broadfoot et al., 1976); the second has been detected
by ground-based observations (Potter and Morgan, 1985).
We will first discuss the simulated vertical profiles for these
species, as they are a general matter of interest; then we will
concentrate on the feasibility of monitoring the cusp proton
precipitation by means of a neutral particle imager.
Figure 5 shows the estimated mean vertical profile for

these species in the dayside exosphere (solid lines), obtained
by averaging the neutral density at a given height in the
dayside hemisphere. These densities have been calculated
considering sputtering as the only source; other important
processes, such as photon-stimulated and thermal desorp-
tion, must be considered separately. Moreover, we do not
take into account the “ambient atoms” (Killen and Ip, 1999),
i.e., atoms that are not at their first ballistic orbit. Dashed
lines represent the vertical profiles over the point of maxi-
mum proton precipitation, and can be considered as an up-
per limit for sputtering-generated exosphere. These values
have been obtained using the “reference” conditions, and
the vertical profile density in other cases can be estimated
just applying a simple proportion, using total flux in Ta-
ble 1. Sputtering emission, in fact, is roughly proportional
to precipitating flux (Ei does not modify much the emission
spectrum, except for very high Ei ). Hence, densities may
be up to 50% higher (for example in the minimum poten-
tial drop conditions), or down to 80% lower (in maximum
potential drop conditions).
As far as it concerns oxygen, the estimated total column

density is between 5 × 108 and 5 × 109 cm−2, the surface
density is between 20 and 200 cm−3 and the scale-height es-
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timation is between 500 and 1000 km. The first measure of
the oxygen exospheric content made by Mariner UV cam-
era indicates 7 × 103 cm−3 as an upper limit, even if the
scale-eight estimation was doubtful. As far as it concerns
Na, it has been noted (Killen et al., 2001) that its temporal
variability was found to be compatible with solar activity,
which is in turn related to sputtering. On the other hand, our
estimated total column density is up to 108 cm−2, whereas
the measured value is considerably higher (between 1 and
3 × 1011 cm−2, Killen et al., 1990). This fact may be ex-
plained if sputtering were not the first source for exospheric
sodium, as suggested by Leblanc and Johnson (2003). An-
other reason, which must be taken into account while dis-
cussing the results, is that we have intentionally discarded
the ambient atoms (i.e., neutral scattering on the surface plus
accommodation/release), which have lower energy and re-
side in the lower part of the exosphere. Their inclusion in
our model will be a further step, and will lead to a modeled
sodium exosphere more concentrated in the lower altitudes.
Scale-height analysis seems to confirm this last hypothesis.
For example, simulated scale-height for Na is about 500 km,
and a factor 10 greater than that observed (50 km) (Killen
et al., 1990; Wurz and Lammer, 2003). Another effect that
is not taken into account in our simulation is the possible
high spatial and temporal variability of sodium content in the
hermean surface, which has been suggested by observations
(Sprague et al., 1998) and theoretical studies (e.g., Leblanc
and Johnson, 2003).
We now want to speculate on the possibility of remote

sensing the plasma–surface interaction, as suggested by
Grande (1997). The estimated total proton flux on Mercury
surface is between 1025 and 1026 s−1, depending on exter-
nal conditions. For comparison, we can obtain the amount

of protons removed in one second by the charge-exchange
process by integrating the charge-exchange loss function
(Eq. (6)) in all the 5D space. This value is between 1022
and 1024 s−1, depending on the boundary conditions and ex-
ospheric models. We can conclude that surface impact is the
first cause of loss, in terms of magnitude, for proton plasma
circulation. Consequently, sputtering process is an impor-
tant source for the refilling of the exosphere, and since both
sputtering and CE result in neutral atoms production, neu-
tral atom imaging of the sputtering process is probably the
best way to make remote-sensing of the plasma circulation.
The ENA instrumentation on board BepiColombo will be
able to detect the high-energy tail of the neutral sputtering
emission, approximately above 10 eV. These particles travel
more or less along straight lines (escape energy is 1.4 eV for
O and 2 eV for Na) and their detection at MPO orbit (height:
1500 km at epicenter, 400 km at pericenter) would give an
image of the sputtering release at the surface.
Figure 6 shows the simulated intensity of sputtered O flux

at the surface, integrated over all energies above 10 eV and
over all directions, in the “reference conditions”; in the same
configuration, the Na flux is similar in shape and approxi-
mately 1% of the O flux. In both cases, the intensity is high
enough to be detected by ENA instruments; provided that the
angular resolution of the instrument results in a surface res-
olution down to tens of km, it will be possible to monitor
the variations in shape and intensity of the H+ precipita-
tion on the surface. Also, in the case that the ENA sensor
can discriminate masses, the observation of differences in
the surface local composition will be possible. Last but not
least, the global analysis of the sputtering erosion of the sur-
face would give unique information about the present and
the past of Mercury’s surface, revealing if (and how) the so-

Fig. 6. Color-coded O-ENA flux generated by ion-sputtering on the northern surface of Mercury.



H+ circulation and neutral atom emission at Mercury 315

Fig. 7. Simulated ENA images, from a vantage point in the nightside (P1 = (1.8,0,0.8)RM ). Color is coded according to ENA flux, integrated over two energy
ranges: 100 eV–1 keV (panels (A), (C), and (E)) and 1–10 keV (panels (B), (D), and (F)). The boundary conditions are: BIMF = (0,0,−20) nT; PD= 10 kV
(panels (A) and (B)), PD= 1 kV (panels (C) and (D)), PD= 100 kV (panels (E) and (F)).

lar wind/surface interaction, in the past millions of years, has
influenced the present surface composition.

7. ENA emissions

Even if charge-exchange is not the main loss mechanism
for magnetospheric protons, monitoring the product of such
an interaction allows having important information about the
magnetospheric and exospheric properties (Barabash et al.,
2001). In this frame, we will first discuss the general feasi-
bility of ENA imaging and then its implications for a generic
neutral particle sensor on board BepiColombo.
ENA images have been simulated, for different vantage

points, by applying the procedure described in Section 4.2
to the simulated H+ density shown in Fig. 3. After a prelim-
inary study, we have focused on two different positions for
the vantage point. The first one is in the tail region, outside
the equatorial plane but still in the shadow of the planet; as
an example, we have chosen the point P1: (−1.8,0,0.8)RM .
From this point, by looking sunward, it is possible to mon-
itor simultaneously the plasma precipitating into the cusp,
and that circulating in the dawn region. The second point
P2, which can be located in the dawn hemisphere, approxi-
mately on the y axis and with r < 2, is a good point to look
at the γ population that drifts from dayside to nightside. In
our study we have located P2 at (0,−2,0)RM .

Figure 7 shows simulated ENA images, as seen from P1
in a “fish-eye” projection, for different PD values and inte-
grated over two different energy ranges: 100 eV–1 keV, and
1–10 keV. As for Fig. 3, protons that enter the simulation
area in the southern hemisphere are not shown. Generally, in
these images it is possible to observe ENA coming from two
different H+ populations. The first one is α, made by protons
that are precipitating into the cusp regions or that are pass-
ing above the North Pole before escaping in the nightside,
and that get close enough to experience charge-exchange
with the hermean exosphere. This process results in an in-
tense signal in the upper part of the ENA image. The second
population (γ ), which is clearly evident especially for low
PD and in the higher energy range, is made of protons that
are drifting westward and are bouncing during their motion.
These protons reach low altitude at their mirroring points,
and even if their flux is generally lower than the flux of the
precipitating ones, they may produce an intense ENA signal,
distinguishable in the right side of ENA images.
The westward proton circulation is generated by B-grad

drift, the intensity of which is proportional to proton energy.
Hence, the second ENA signal is present only at energies
above 1 keV; moreover, the B-grad drift dominates the E×B
drift if the PD is low. Hence, the second ENA peak is more
evident for low values of PD.
Similar considerations apply to ENA images simulated

from point P2 (Fig. 8). In this case the ENA signal has
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Fig. 8. Simulated ENA images, from a vantage point in the dawn sector (P2 = (0,2.1,0)RM ). Color is coded according to ENA flux, integrated over all
energies (100 eV–10 keV). The boundary conditions are: BIMF = (0,0,−20) nT; PD= 10 kV (panel (A)), PD= 1 kV (panel (B)), PD= 100 kV (panel (C)).

been integrated over all energies from 100 eV to 10 keV.
In addition to α and γ populations, which are clearly distin-
guishable, those protons that are mirroring in the dayside (β)
generate a clear ENA signal as well. The ENA signal in the
center of the image comes from the γ population, and hence
increases as the PD decreases.
Generally, the information carried by ENA images need

to be unfolded, applying a model of plasma and exosphere.
However, our simulations show that ENA imaging at Mer-
cury, alone, is able to give some useful information. This
happens, for example, if the vantage point is in P1. There,
the proton precipitation into the cusp can be directly moni-
tored: any increase is immediately reflected in an increase of
the ENA flux, since no other sources contribute. Moreover,
in the case of a vantage point located in position similar to
P2, it is also possible to instantaneously monitor the open
field line area on the surface. The chosen position for the
vantage point is suitable for the MPO, and hence for NPA-IS
SERENA; the detection of the α and β populations in the
dayside will be possible by means of H-ENA imaging. At
the same time, it will be possible to detect the γ population
that is drifting in the space between the sensor and the sur-
face (through H-ENA imaging), as well as the γ population
that is precipitating onto the surface of Mercury (through
the imaging of the directional neutral atoms coming from
ion-sputtering).

8. Summary and conclusions

In this study we have presented model of the proton cir-
culation around Mercury, and we have used it as an input
for the simulation of neutral particle emission from both the
surface (via ion-sputtering) and the exosphere (via charge-
exchange).
In order to properly simulate the particle flow patterns,

we have used a modified a T96 magnetic field model to-
gether with a Volland model of the ionospheric potential.
Then, the H+ distribution on the magnetopause has been
reconstructed, and used as a source for the model. Any pos-

sible proton source in the nightside has been neglected, after
having proved the absence of trapped trajectories. Inciden-
tally, this last estimation proves the non-existence of any
ring-current in the equatorial plane of Mercury.
The magnetic field model has been developed from an

Earth-based model, so that it does not include a non-zero
IMF Bx component: this missing contribution could have
some impact in our predictions, so that it will be considered
in a further study. Moreover, the shape of the magnetopause
surface is fixed, i.e., not sensitive to solar wind actual con-
ditions, which are, indeed, highly variable and may alter the
magnetopause structure and particle access.
Photon stimulated desorption, thermal desorption proc-

esses, as well as particle accommodation/release processes
on the surface have not been taken into account in our model.
Anyway, such a disregard does not affect the estimation of
the neutral atom fluxes as detected by any ENA imager on
board BepiColombo, which deals only with “directional”
particles (i.e., above escape energy).
The assumed exosphere composition, as derived by Wurz

and Lammer (2003), includes H, H2, He, and O. In par-
ticular, H2 gives the most significant contribution to ENA
generation. Since H2 has not been directly observed, its ex-
ospheric vertical profile has been intentionally depleted (in
accordance with authors’ suggestions); the factor adopted
here (0.01) is intentionally very low, to avoid any possible
overestimation of ENA fluxes.
The major outcomes from our study may be summarized

as follows:

• The presented model reconstructs the circulation of
protons in the dayside hemisphere of Mercury; so far, it
does not foresee any intense H+ circulation in the nightside.
Three major H+ populations have been identified, respec-
tively made by protons precipitating towards the planet along
the magnetic field lines, protons bouncing in the dayside, and
protons drifting westward.

• We have estimated the total flux on the planetary sur-
face in different external conditions. In the reference case,
the proton precipitation rate is about 4× 1025 s−1, over an
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area of about 2×1013 m2. If we compare this rate to the total
H+ flux crossing the MP (1026–1027 s−1, see Section 4.1),
we can conclude that about one tenth of it is able to precip-
itate onto the planetary surface, depending on the external
conditions. In our simulation, proton precipitation is pos-
sible only in southward IMF conditions; moreover, in the
presence of a strong potential drop, the proton precipitation
onto the surface could be reduced considerably.

• The model includes charge-exchange as a loss mecha-
nism. Under our assumptions, this process is able to remove
approximately 4×1024 protons in one second, i.e., 1% of the
incoming solar wind protons. We have simulated the H-ENA
signal that could be detected from different vantage points.
In an optimal vantage point configuration, the integrated H-
ENA flux can be up to 106 cm−2 s−1 sr−1; the H-ENA im-
ages seem to be very sensitive to the external conditions. In
this frame, we have studied the feasibility of neutral atom
remote sensing made by a generic ENA instrumentation on
board BepiColombo. As a matter of fact, such an instrument
should be able to address all the scientific issues discussed
in this paper.

Appendix A. Ring current at Mercury?

It has been widely debated about the existence of a ring
current at Mercury, and about the lifetime of the plasma in
the equatorial regions. The weak magnetic field seems to
be not able to trap particles into closed drift paths around
the planet, although the injection of plasma into the mag-
netosphere during magnetic substorms could generate at
least a transient partial ring current (Orsini et al., 2001;
Lukyanov et al., 2001).
Our assumption that such a ring current does not exist

has two implications: we discard nightside to dayside pro-
tons transport, and we remove the ring current contribution
in the T96 model. To be confident in this hypothesis, we
have preliminary performed an extremely simple simulation
of the ring current at Mercury. The simulation is based on
both the continuity equation and the guiding center (GC) ap-
proximation. Such an approximation may be assumed to be
reasonable on the equatorial plane, at short distance from the
planetary surfaces (Delcourt, private communication). This
model considers only the protons circulating in the night-
side equatorial plane of Mercury with a 90◦ pitch angle.
In fact, to demonstrate the absence of a stable ring current
there is no need of a whole 3D simulation. Particles at 90◦

PA populating the equator have, indeed, a longer lifetime
with respect to those that are more field-aligned. These lat-
ter particles, getting closer to the planet at mirroring points,
experience more CE and surface-impact losses.
As these protons are treated as a fluid, for the Liouville

theorem:

(A.1)
dnH+

dt
+ ∇(nH+u) = F − S,

where nH+ and u are respectively the proton density and
velocity, while F and S are two functions for the proton
sources and sinks. In our case, this equation must be applied
on a 3D space (r,ϕ,K): r and ϕ are the polar coordinates of
the protons GC in the equatorial plane; K is introduced as
the third dimension in the phase-space, being the kinetic en-
ergy of the protons. The first two components (ur and uϕ) of
the velocity u are given by the E × B plus the B-gradient
drift, by using electric and magnetic models described in
Sections 2.2 and 2.3. The third component of the velocity
(uk) can be estimated considering that, as a zero order hy-
pothesis, only the electric field is able to change the kinetic
energy of the particle. Hence, we have:

(A.2)uk = dK

dt
= dK

dx

dx

dt
+ dK

dy

dy

dt
= Exux + Eyuy.

In our case, the function F for the sources is assumed to be
zero everywhere. In fact, since we want to demonstrate the
impossibility of a stable circulation in the equatorial regions
of Mercury, it is sufficient to suppose some a-priori extended
distribution in the tail and see how fast it decays, in the ab-
sence of a steady source. The nH+(0) function used here is
a simple Gaussian function in the three dimensions r , ϕ, K ,
and is shown in Figs. 9A and 9D.
The function S for the sinks is calculated taking into

account charge exchange and collisions with the planet.
Charge-exchange losses have been estimated using neutral
density of O, H2, and H given by Wurz and Lammer (2003),
and relative cross-sections (Fig. 2). As far as it concerns the
planetary collisions, we have adopted an ad-hoc function dp

representing the dt-probability for a proton to hit the surface.
In fact, GC method approximates the trajectory of a particle
with a drifting circle of radius equal to Larmor radius (RL).
Hence, a particle close to the planetary surface may have
part of this circle inside the planet. Function dp is propor-
tional to the particle velocity v and inversely proportional
to RL:

(A.3)dp =






0 r > (RM + RL),
v dt
2πRL

RM < r < (RM + RL),

1 r < RM.

Equation (A.2) has been solved numerically using a grid of
50 × 50 × 50 bins. After having defined the grid, we have
preliminary estimated the error we make using GC approx-
imation: the discrepancy between the GC path and the real
path, inside one grid cell, is in any case less than 10% of the
path length. For the purpose of this preliminary study, this
approximation is hence acceptable.
Figure 9 shows an example of the evolution of the H+

population, in the case of the reference conditions. Protons
move sunward under the E × B drift and then clockwise
around the planet under the B-grad drift, depending on their
energy. In fact, the latter drift is energy-dependent, causing
the higher energy protons to concentrate in the dusk side.
It is worth noting that the time evolutions of the pro-

tons, as simulated in all possible external configurations (see
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Fig. 9. Equatorial H+ flux as simulated using the continuity equation and guiding center approximation and an arbitrary source. Panels (A), (B), (C): H+ flux
@ 1 keV, respectively after 0, 20, 100 s from the injection; panels (D), (E), (F): H+ flux @ 5 keV, after 0, 20, 100 s from injection. Color is coded according
to H+ flux using a logarithmic scale, normalized to the maximum of the initial flux.

Fig. 10. Relative abundance of protons in the equatorial plane of Mercury, as
a function of time elapsed since injection, with respect to proton abundance
at t = 0. The H+ distribution at is arbitrary.

Sections 2.2, 2.3), are very similar to that shown in Fig. 9.
Hence, the results of our simulations show that, in all cases,
it is difficult for protons to reach the dayside, since charge-
exchange and planetary collisions rapidly remove the pro-
tons from the magnetosphere.
In Fig. 10 we show the relative intensity of the proton

flux versus the elapsed time, in the same configuration as in
Fig. 9. About 50% of the protons are lost in the first 20 s,
and only 20% are still circulating after 40 s.

As a matter of fact, we conclude that, even if some short-
time proton circulation is possible in the night side, it will
hardly extend to the dayside. A stable circulation of pro-
tons around Mercury is extremely improbable, and no ring
current is able to form. This latter consideration is impor-
tant also while reconstructing the B field with a Tsyganenko
modified model (see Section 2.2).
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