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Abstract Charged particle sputtering, micrometeoroid impact vaporization, and photon-stimulated
desorption are fundamental processes operating at airless surfaces throughout the solar system. At larger
bodies, such as Earth’s Moon and several of the outer planet moons, these processes generate tenuous
surface-bound exospheres that have been observed by a variety of methods. Phobos and Deimos,
in contrast, are too gravitationally weak to keep ejected neutrals bound and, thus, are suspected to generate
neutral tori in orbit around Mars. While these tori have not yet been detected, the distribution and density
of both the neutral and ionized components are of fundamental interest. We combine a neutral Monte Carlo
model and a hybrid plasma model to investigate both the neutral and ionized components of the Phobos
torus. We show that the spatial distribution of the neutral torus is highly dependent on each individual
species (due to ionization rates that span nearly 4 orders of magnitude) and on the location of Phobos with
respect to Mars. Additionally, we present the flux distribution of torus pickup ions throughout the Martian
system and estimate typical pickup ion fluxes. We find that the predicted pickup ion fluxes are too low to
perturb the ambient plasma, consistent with previous null detections by spacecraft around Mars.

1. Introduction

Neutral particle emission from airless surfaces is a fundamental process that occurs throughout the solar
system. Several processes contribute to the ejection of neutrals, including charged particle sputtering
[e.g., Biersack and Eckstein, 1984; Wurz et al., 2007], micrometeoroid impact vaporization (MIV) [Eichhorn, 1976],
photon-stimulated desorption [Yakshinskiy and Madey, 1999, 2004], and thermal sublimation/desorption.
Reflection of incident charged particles as energetic neutral atoms is also known to occur [e.g., Wieser et al.,
2009; Rodríguez et al., 2012]. At large bodies, such as Earth’s Moon or the larger moons of the outer planets,
many neutral species are ejected with velocities below escape speed and thus remain bound, forming
so-called surface-bounded exospheres. To date, such neutral exospheres have been detected via a variety of
methods at Mercury [e.g., Potter and Morgan, 1985, 1986; McClintock et al., 2008], the Moon [Hoffman et al.,
1973; Feldman et al., 2012; Stern et al., 2012; Benna et al., 2015], the Galilean satellites [e.g., Hall et al., 1995;
Carlson, 1999; Feldman et al., 2000; Cunningham et al., 2015], and some of the Saturnian satellites [Teolis et al.,
2010; Tokar et al., 2012]. Neutral coronae around bodies too gravitationally weak to keep ejected neutrals
bound have also been theorized yet not detected to date; these objects include asteroids [e.g., Morgan and
Killen, 1998; Schläppi et al., 2008; Altwegg et al., 2012] and Mars’ moons Phobos and Deimos [Soter, 1971;
Mura et al., 2002; Cipriani et al., 2011]. Since the surfaces of each of these bodies are directly exposed to
the ambient space environment, detection and characterization of these exospheres or coronae may deliver
detailed knowledge about both the surface composition and the nature of the fundamental processes that
govern surface interactions.

Mars possesses two small moons, Phobos and Deimos, believed to be either captured asteroids from the main
asteroid belt (or beyond) [e.g., Hartmann, 1987; Pollack et al., 1979; Pajola et al., 2013] or accretionary products
from either Mars’ primordial formation [Veverka and Burns, 1980, and references therein] or from a late-era
impact [Craddock, 2011; Rosenblatt and Charnoz, 2012; Witasse et al., 2014; Citron et al., 2015]. Neither Phobos
nor Deimos contain sufficient mass to keep ejected neutrals gravitationally bound; thus, we do not expect,
and no observational evidence has otherwise suggested, that Phobos and Deimos possess surface-bounded
exospheres. Despite this, it has been long suspected that neutrals ejected from Phobos and Deimos, while
not bound to the moons themselves, may still be bound inside Mars’ gravitational well and, thus, would form
a tenuous, extended set of tori around Mars [Soter, 1971]. Early observations by the Phobos-2 mission sug-
gested the presence of such tori indirectly via the detection of anomalous perturbations to the magnetic field
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and plasma environment of Mars roughly correlated with the positions of Phobos and Deimos [Dubinin et al.,
1991]; however, later observations by the Mars Global Surveyor (MGS) mission failed to detect any statistically
significant correlation between observed plasma/field anomalies and the orbits or locations of the moons
[Øieroset et al., 2010], casting doubt on the interpretation of Phobos-2 observations as evidence of Phobos
and/or Deimos tori. Additionally, while the Mars Express (MEX) spacecraft has observed solar wind proton
reflection from Phobos’ surface [Futaana et al., 2010], no detection of Phobos-originating neutrals or pickup
ions has been reported to date by the MEX mission [Witasse et al., 2014].

Production of the putative Phobos and Deimos tori has been postulated by a number of different processes,
including direct water outgassing [Fanale and Salvail, 1989], absorption and reemission of Martian coronal
atomic oxygen [Ip and Banaszkiewicz, 1990], micrometeoroid impact vaporization, and charged particle sput-
tering from both the solar wind [Cipriani et al., 2011] and heavy Martian pickup ions (mainly O+) [Poppe and
Curry, 2014]. For example, Mura et al. [2002] assumed a water outgassing source as postulated by Fanale and
Salvail [1989] with a production rate of Q = 1023 s−1 and characteristic neutral temperature of T = 250 K. Their
predicted torus structure resembled a thin ring of neutrals only 200 km in radius colocated along the Phobos
orbit at 2.7 RM (≈9150 km) with peak densities of nearly 105 cm−3. The relatively high production rate assumed
from direct outgassing of water vapor has been ruled out by later observations [Øieroset et al., 2010], and
more recent estimates for the production rate due to charged particle sputtering are on the order of 1019 s−1

[Cipriani et al., 2011; Poppe and Curry, 2014]. Using this lower production rate, Cipriani et al. [2011] modeled the
density of several neutral species representative of Phobos’ surface (O, Na, Mg, Al, Si, and Fe) [Vernazza et al.,
2010] and found densities between 10−4 and 10−1 cm−3 within 500 km of Phobos. Such small neutral densities
are far too low to be detected with in situ neutral mass spectrometers, yet it was estimated that remote obser-
vations of solar scattering lines could yield a positive detection in the case of Mg [Cipriani et al., 2011]. To date,
however, the possible detection of the Phobos torus via pickup ions has only recently been discussed [Poppe
and Curry, 2014], motivated by the arrival at Mars of the Mars Atmosphere and Volatile EvolutioN (MAVEN) mis-
sion [Jakosky et al., 2014]. Detection of torus pickup ions is an attractive method of confirming the presence
of the torus as charged particle detectors are typically capable of much lower count sensitivity than neutral
mass spectrometers.

Thus, in order to further define the neutral and ionized components of the Phobos torus, we have per-
formed detailed simulations using a combination of a neutral Monte Carlo dynamics model and a hybrid
plasma/ionized test particle model. These models allow us to make quantitative estimates of the spatial dis-
tribution and absolute magnitude for both the density of torus neutrals and the flux of torus pickup ions.
In section 2, we describe the details and assumptions for both models and present the results for the neu-
tral and ionized components in sections 2 and 3, respectively. Finally, we discuss the results and conclude
in section 4.

2. Phobos Neutral Torus
2.1. Neutral Monte Carlo Model
In order to investigate the three-dimensional structure of the Phobos neutral torus, we have developed
a Monte Carlo model that traces the trajectories of individual neutral atoms after their ejection from the
surface of Phobos due to either charged particle sputtering, micrometeorite impact vaporization (MIV), or
photon-stimulated desorption (PSD) in the case of Na only [Yakshinskiy and Madey, 1999, 2004]. Table 1 lists
the various characteristics of the modeled neutral species relevant for both the neutral Monte Carlo and test
particle models (see section 3.2). The surface composition of Phobos can be approximated by that of a D-type
asteroid, neglecting the Stickney region of Phobos which appears compositionally different [Rivkin et al., 2002;
Vernazza et al., 2010]. The assumed composition for Phobos is dominantly silicate in nature with an additional
strong iron presence, as well as several more minor species. In sum, we model six species: O, Na, Mg, Al, Si,
and Fe. We note that while oxygen is the dominant component of our assumed Phobos surface material by
number, any oxygen torus from Phobos will most likely be overwhelmed by the presence of Martian coronal
oxygen, especially during solar maximum conditions [e.g., Chaufray et al., 2007]. Nevertheless, the other five
species are not expected to have origins from Mars itself and, thus, provide a set of unique “tracer” species
that, if detected, are highly suggestive of origins from Phobos.

The main force acting on the neutral atoms is gravity from Mars, as the very small gravitational perturba-
tions from Phobos and Deimos can be safely neglected. Solar radiation pressure is also included for Na.
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Table 1. The Mass, Mass Fraction, Number Fraction, Production Rates, Ionization Rates, Peak Neutral Density, and Peak
Pickup Ion Flux for the Dominant Atomic Species Generated Through Sputtering at Phobos

O Na Mg Al Si Fe

Mass (amu) 16 23 24.3 27 28 56

Mass fractiona,b 0.41 0.005 0.10 0.017 0.13 0.21

Number fraction 0.64 0.005 0.14 0.015 0.11 0.09

Neutral production rates (s−1)

Sputtered production rate 1.2 × 1019 1.0 × 1017 2.9 × 1018 3.1 × 1017 2.2 × 1018 1.8 × 1018

PSD production rate – 2.7 × 1018 – – – –

Ionization rates (s−1)

Photo-ionization ratec 2.0 × 10−7 3.4 × 10−6 4.0 × 10−7 5.6 × 10−4 1.6 × 10−5 6.1 × 10−6

EI ionization rated

Solar wind 1.9 × 10−8 2.3 × 10−7 2.2 × 10−7 3.4 × 10−7 2.3 × 10−7 2.1 × 10−7

Magnetosheath 1.5 × 10−6 3.3 × 10−6 4.0 × 10−6 7.3 × 10−6 7.3 × 10−6 4.4 × 10−6

Magnetotail 1.0 × 10−8 5.1 × 10−8 5.7 × 10−8 9.5 × 10−8 7.9 × 10−8 5.7 × 10−8

CX ionization ratee 9.6 × 10−8 3.6 × 10−7 1.2 × 10−7 1.2 × 10−7 1.2 × 10−7 1.2 × 10−7

Peak neutral density (cm−3) 1.6 × 10−3 3.8 × 10−4 5 × 10−4 4.3 × 10−5 3.5 × 10−4 4.4 × 10−4

Peak pickup ion flux (cm−2 s−1)f 125 15 31 6 10 14
aVernazza et al. [2010].
bCipriani et al. [2011].
c Assuming solar median conditions at 1.5 AU [Huebner and Mukherjee, 2015].
dSee text for electron temperature and density.
eAssuming nsw = 3 cm−3, vsw = 400 km/s.
fAssuming median solar wind/UV conditions.

Based on calculations of the radiation pressure acceleration of Na at Earth’s Moon [Smyth and Marconi, 1995],
we extrapolate to 1.5 AU and adopt an acceleration of a = 2.0 cm s−2 in the antisunward direction for Na atoms
at Mars/Phobos. We omit the axial tilt of Mars with respect to the ecliptic plane (≈25∘). Neutral particles for
each species are launched from the surface of Phobos with a velocity distribution dependent on the rele-
vant process: for charged particle sputtering a Sigmund-Thompson distribution is used [Thompson et al., 1968;
Sigmund, 1969]; for MIV, a Maxwellian velocity distribution with temperature T = 3000 K is used [Eichhorn,
1976]; and for photon-stimulated desorption, a Maxwellian with temperature T = 2000 K is used [Yakshinskiy
and Madey, 2004]. MIV-produced neutrals are released isotropically from the surface, while both sputtered
neutrals and PSD-generated Na are released from the dayside of Phobos with a cosine solar zenith angle dis-
tribution. All particles are assigned an initial weight, wi , based on their ejection velocity relative to the chosen
velocity distribution, i.e., wi = f (ve), where f (v) is the chosen velocity distribution (MIV, sputtering, or PSD)
and ve is the ejection velocity of the neutral from the surface of Phobos. As time evolves the weight for each
individual neutral is decreased according to the total ionization rate of each species as wi+1 = wie

−dt∕𝜏 , where
dt is the Monte Carlo time step and 𝜏 is the total ionization lifetime for a specific species (see discussion of ion-
ization lifetimes in section 2.2 below). Neutral particles are traced until one of three conditions occurs: (1) the
particle hits Mars, (2) the particle leaves the simulation domain (i.e., is lost from the Martian system), or (3) the
weight of the particle falls below 10−6 of its original weight due to ionization. Throughout the simulation
of each individual particle, we also track the instantaneous location of Phobos around Mars. At times when
Phobos passes four locations along its orbit (noon, dusk, midnight, and dawn), the density and flux of the neu-
tral particles are recorded in three-dimensional arrays with size 20×20×20 RM centered on Mars with cell size
0.1RM. Each simulation includes 5× 107 particles, sufficient enough to fully populate the velocity distribution.

2.2. Neutral Ionization Rates
In order to determine the ionization loss rates from the neutral torus, we include photo-ionization, elec-
tron impact ionization, and solar wind proton charge exchange ionization for all six neutral species.
Photo-ionization rates at 1.5 AU are calculated from Huebner and Mukherjee [2015]; solar median values for
each species are listed in Table 1. Electron impact (EI) ionization cross sections are taken from Bartlett and
Stelbovics [2002, 2004] for all six species. Figure 1a shows the electron impact ionization cross sections as a
function of electron impact energy. EI ionization of oxygen peaks at energies of approximately 100 eV with
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Figure 1. (a) The electron impact ionization cross section as a function of impacting electron energy for all six species
modeled in the torus [Bartlett and Stelbovics, 2002, 2004]. (b) The ionization frequency as a function of electron
temperature for all six selected species in the torus for two example electron densities: (i) ne = 5 cm−3 (solid lines) and
(ii) ne = 50 cm−3 (dashed lines). The corresponding range photo-ionization frequencies at 1.5 AU (solar minimum to
solar maximum) are shown as vertical colored bars to the right of the panel. Note that the photo-ionization frequency
for Al is off the top of the panel and denoted by the arrow.

a maximum cross section of 𝜎 = 10−16 cm2. Sodium, magnesium, and iron have EI ionization cross sections
nearly 5 times that of oxygen, 𝜎 ≈ 5 × 10−16 cm2 but centered at much lower energies near 10–20 eV. Silicon
and aluminum have the highest EI ionization cross sections of 7 × 10−16 and 8.5 × 10−16 centered at slightly
higher energies of 25 and 50 eV, respectively. All cross sections drop to zero for decreasing energies less
than ≈10 eV, while maintaining extended tails to 1 keV electron energies and above. Using the cross sections
shown in Figure 1a, we can calculate the ionization frequencies (measured in s−1) for various values of the
ambient electron temperature and density. We assume a Maxwellian electron distribution and integrate the
electron flux over the EI cross sections. Figure 1b shows the result of this calculation for all six species as a
function of the Maxwellian electron temperature, for two example densities: (i) ne = 5 cm−3 (solid lines) and
(ii) ne = 50 cm−3 (dashed lines). These densities are roughly representative of the solar wind and Martian mag-
netosheath, respectively. For electron temperatures between 10 and 100 eV, most ionization frequencies are
between 10−7 and 10−6 s−1 for ne = 5 cm−3 and between 10−6 and 10−5 s−1 for ne = 50 cm−3. For comparison,
we also show the range of photo-ionization frequencies at 1.5 AU (i.e., solar minimum to solar maximum) as
corresponding colored bars to the right of Figure 1b [Huebner and Mukherjee, 2015]. The relative importance
of photo-ionization and electron impact ionization varies significantly by species. At one end, oxygen has
a photo-ionization frequency of ≈ 4 × 10−7 s−1, higher than electron impact ionization frequencies in the
solar wind at Te = 10 eV yet significantly lower than EI ionization frequencies in the Martian magnetosheath,
where Te ≈ 20–100 eV. In contrast, the photo-ionization frequency of aluminum is on the order of 10−3

(off the chart) and, thus, always greater than the EI ionization frequency at Mars. The other species lie between
these two end-members, with both photo-ionization and EI ionization playing a role in ionizing the neutral
Phobos torus species. Finally, charge exchange (CX) cross sections are estimated for 1 keV protons from the
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Figure 2. The total ionization frequency (electron impact, charge exchange, and photo-ionization) for all six species as a
function of location with respect to Mars (assuming cylindrical symmetry). Phobos’ orbit is shown as the dashed line.

following sources: O [Stebbings et al., 1964], Na [Aumayr et al., 1987; Ebel and Salzborn, 1987], Mg [Pandey et al.,
2007], and Fe [Rutherford and Vroom, 1972]. Al and Si are assumed to have identical cross sections as Fe.

To implement the photo-ionization, electron impact ionization, and charge exchange ionization in the neu-
tral Monte Carlo model as a loss term for neutrals, we have adopted a relatively simple model. We set the
photo-ionization rates equal to each species’ respective solar median rate and apply this rate whenever a neu-
tral atom is sunlit, i.e., not in Mars’ optical shadow. For electron impact ionization, we define three plasma
regions: (i) the solar wind, (ii) the Martian magnetosheath, and (iii) the Martian magnetotail. The boundaries
between these three regions are taken from the statistical study of Vignes et al. [2000]. The plasma param-
eters in each region, which control the EI ionization frequency, are (i) solar wind, ne = 5 cm−3, Te = 10 eV;
(ii) Martian magnetosheath, ne = 50 cm−3, Te = 50 eV; and (iii) Martian magnetotail, ne = 0.5 cm−3, Te = 20 eV
[see, e.g., Dubinin et al., 2008]. While these boundaries and plasma parameters are necessarily averaged and
represent a fairly simple model, they nevertheless capture, to first order, the varying EI ionization frequen-
cies for torus neutrals around Mars. For CX ionization rates, we assume that the solar wind is a 1 keV proton
beam with density 5 cm−3 and velocity 400 km/s. We assume identical values for use in estimating the mag-
netosheath CX ionization rate. This may not accurately capture the CX ionization in the shocked, heated,
and decelerated magnetosheath plasma; however, this suffices to calculate the CX contribution in the mag-
netosheath. CX ionization is set to 0 in the magnetotail. Table 1 lists the photo-ionization, electron impact
ionization, and charge exchange ionization rates for all species used in the model. Figure 2 shows the total
ionization frequency (photo + EI + CX) as a function of position relative to Mars for each species. For all species
except Al, variations in the ionization frequency between the solar wind, magnetosheath, magnetotail, and
optical shadow are seen. The highest ionization frequencies for these species occur within the magnetosheath
where electron impact ionization is at its highest (along with the contributions from photo-ionization and
charge exchange). Aluminum, whose photo-ionization frequency is nearly 2 orders of magnitude higher than
its EI ionization frequency, has an indistinguishable change in total ionization frequency between the solar
wind, magnetosheath, and magnetotail and only drops to its minimum in the optical shadow of Mars, where
EI ionization from tail electrons is the only ionization process. Lastly, we emphasize again that these values
are average in nature and do not capture the inherent variability, both spatial and temporal, that may alter
the total ionization frequencies shown here.

2.3. Neutral Torus Distributions
Figure 3 shows the equilibrium neutral Phobos torus distributions resulting from charged particle sputtering
for the six selected species in both the ecliptic (xy) and meridional (yz) planes. Each case is normalized to its
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Figure 3. The Phobos torus neutral distributions generated through charged particle sputtering shown in both the
ecliptic (xy) plane and the meridional (yz) plane for (a, b) oxygen, (c, d) sodium, (e, f ) magnesium, (g, h) aluminum,
(i, j) silicon, and (k, l) iron, respectively. All panels are normalized with respect to their own maximum, for comparison.

own respective maximum, for comparison, and shown for Phobos at dusk. O, Mg, Si, and Fe share a common
neutral torus morphology with a maximum at the position of Phobos, a plume of neutrals directed sunward
originating directly from Phobos, and a partial, asymmetric, ring-like torus encircling most of Mars. The plumes
originating from Phobos are due to freshly ejected neutrals that have velocities near or above the requisite
Martian escape velocity. In contrast, the ring-like structure is formed by neutrals ejected from Phobos that
have velocities at or below Martian escape velocity and, thus, remain bound in orbit around Mars. The asym-
metric nature of the torus between the dawnside and duskside of Mars is due to the addition or subtraction
of Phobos’ orbital velocity (≈2 km/s) to the sputtered neutral velocity distribution. At dusk, Phobos’ orbital
motion is antisunward, and thus, neutrals ejected from the dayside of Phobos are decelerated in the Martian
frame and, thus, are more likely to be bound to Mars. At dawn, Phobos’ orbital motion is sunward, and sput-
tered neutral velocities are added to Phobos’ velocity such that the sputtered velocity distribution contains a
higher fraction above escape velocity. Differences in the thickness of the torus by species are due to both dif-
fering initial ejection velocity distributions and the varying ionization timescales across species. Na neutrals
possess a plume of freshly ejected particles similar to that of the previous species; however, solar radiation
pressure distorts and diffuses any ring- or torus-like structure. Finally, the Al neutral torus is unique among the
species modeled. Due to the relatively short photo-ionization lifetime of Al relative to the mean orbital period,
the Al neutrals do not form a torus encircling Mars but rather a very limited corona around the instantaneous
position of Phobos. The meridional distribution for all species peaks at the location of Phobos (y = +2.7 RM),
declines moderately inward of the orbit of Phobos toward Mars, and declines sharply outside of the orbit of
Phobos. The neutral distributions extend several Martian radii in height above and below the Phobos orbital
plane. Smaller differences in the vertical extent of the neutral torus between different species are due to both
the differing masses between species and differing ionization timescales.

Figure 4 shows the neutral torus distributions for micrometeoroid impact vaporization in the same format as
Figure 3. O, Mg, Si, and Fe have similar distributions, with a full, nearly isotropic torus formed around Mars
and a local maximum at the position of Phobos. The Na distribution for MIV neutrals is complex, reflecting the
role that solar radiation pressure plays in distorting the individual neutral trajectories. The distorted Na neu-
tral distribution is analogous to observations of solar radiation-induced perturbations of Na clouds at Earth’s
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Figure 4. The Phobos torus neutral distributions generated through micrometeoroid impact vaporization in the same
format as Figure 3.

Moon [e.g., Mendillo et al., 1997; Lee et al., 2011], comets [e.g., Cremonese et al., 1997], and the Jovian system
[e.g., Smyth and Combi, 1988; Smyth, 1992; Burger and Johnson, 2004]. Finally, similar to the sputtered neutral
distribution, Al neutrals form a small coma around the instantaneous position of Phobos itself. We note that
the lower temperature of vaporized material relative to sputtered neutrals implies that very little of the mate-
rial is lost from the torus due to either ballistic escape from the Martian system or infall into Mars’ atmosphere.
Thus, the main escape channel for torus neutrals produced through micrometeorite impact vaporization is
ionization and loss to the solar wind or Martian magnetosphere.

In addition to the relative densities shown in Figures 3 and 4, we can estimate the absolute density of each
neutral species within the torus. For sputtering, we use the orbit-averaged neutral production rates calculated
by Poppe and Curry [2014], who estimated a total production rate of Qsp = 1.5–6 × 1019 s−1. For the calcu-
lations here, we use an intermediate value of Qsp = 3 × 1019 s−1, noting the degree of variability expected
from both the solar wind and Martian planetary ion outflux. Micrometeorite impact vaporization will also

Figure 5. The density of sputtered Phobos torus neutrals for all six species
along the y axis. Phobos is located at y = +2.7 RM (i.e., dusk) at the dashed
line.

contribute; however, Cipriani et al.
[2011] has estimated that MIV produc-
tion is roughly 2 orders of magnitude
smaller than surface sputtering
(QMIV∼1017 s−1); thus, we neglect the
MIV contribution further in this study
(although we do note that signifi-
cant enhancements may occur during
meteor showers [i.e., Christou, 2004,
2010]). Extrapolating calculations per-
formed for Earth’s Moon [Sarantos
et al., 2012], we calculate a Na PSD
generation rate of 2.7× 1018 Na atoms
s−1. Using the number fraction of each
species present in the regolith, the
fractional production rate for each
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species can be calculated, listed in Table 1. Figure 5 shows the absolute density of each neutral species as
a function of distance along the y axis in the Phobos orbital plane with Phobos located at dusk, y = +2.7
RM (vertical dashed line). Oxygen is the dominant component of the neutral torus with a maximum density
near Phobos of 1.6 × 10−3 cm−3. Sodium, magnesium, silicon, and iron have nearly equivalent densities in
the torus near Phobos, with maxima of approximately 4–5 × 10−4 cm−3. Finally, aluminum has the smallest
density with a maximum of approximately 4.3 × 10−5 cm−3. These densities are comparable to those found
in earlier simulations [Cipriani et al., 2011], and thus, we reach a similar conclusion that in situ neutral mass
spectrometers are unable to measure the putative Phobos torus in neutral form. Such small densities are
more likely to be measured in their ionized form by charged particle detectors (i.e., see Halekas et al. [2015]
for measurements of lunar pickup ions using the ion mode from a neutral mass spectrometer).

3. Phobos Pickup Ions
3.1. Hybrid Plasma Model
In order to define the flux of Phobos torus pickup ions within the Martian system, we require the background
magnetic and electric fields. The electromagnetic fields within the Martian magnetosphere are calculated by
a hybrid plasma model (particle ions/fluid electrons), previously used to study objects such as the Moon both
globally and regionally [e.g., Holmström et al., 2012; Fatemi et al., 2015], Mars [Holmström and Wang, 2015],
and the outer planet moons [Lindkvist et al., 2015]. While the details of the hybrid model are described in
Holmström [2013], we briefly discuss the specific application of the model for Mars used here. In order to
adapt the hybrid model for Mars, we have included a cold, outflowing ionospheric plasma source consisting
of planetary O+ ions. We do not include the presence of Martian crustal fields because we wish only to capture
the gross morphology of the Martian magnetosphere and are not pursuing a detailed study of ionospheric
or magnetospheric physics at Mars. Variations in ionospheric outflow at Mars can impact the structure of the
Martian magnetosphere downstream from the planet, potentially affecting the magnetic and electric field
structure at the orbit of Phobos downstream, yet a full investigation of this variability is beyond the scope
of the current paper. The model uses a domain of 12 × 17 × 17 RM with a 400 km (0.118 RM) grid cell size. We
use standard solar wind parameters at Mars’ orbital distance, with density 4.0 cm−3, flow speed 400 km/s, ion
and electron temperatures of 50,000 K (4.3 eV) and 140,000 K (12.0 eV), respectively, and an alpha-to-proton
density ratio of 0.05. We ran two cases for the interplanetary magnetic field configuration: Parker spiral with
B = [2.1, 2.1, 0] nT and Bz with B = [0, 0, 5.0] nT. The model possesses a Chapman profile for atmospheric ions
(O+ only) with a total ion production rate of 5×1024 s−1, atmospheric scale height of 250 km, and cosine solar
zenith angle distribution, all of which are consistent with previous work [e.g., Fox and Hać, 1997; Chaufray et al.,
2007; Valeille et al., 2009].

Figure 6 shows the density, bulk velocity, magnetic field magnitude, and electric field magnitude, respectively,
in the ecliptic plane (xy) for the Bz case from the hybrid model. The structure of the Martian magnetosphere
is clearly seen, with a bow shock, magnetosheath, and magnetotail all well formed, in agreement with many
other models of the Mars-solar wind interaction [Brain et al., 2010, and references therein]. The dotted line in
each panel denotes the approximate location of the Martian bow shock as best fit to the hybrid model results
using the axisymmetric function derived by Vignes et al. [2000], namely, r = L∕(1 + 𝜖 cos 𝜃), measured from
the focus x = XO, where r and 𝜃 are the standard cylindrical coordinates, and L and 𝜖 are the semilatus rec-
tum and eccentricity, respectively. Fits to Mars Global Surveyor data yielded an average set of fit parameters,
{XO, L, 𝜖} = {0.64, 2.04, 1.03}, while the best fit determined for this hybrid simulation run yielded slightly dif-
ferent parameters of {XO, L, 𝜖} = {0.90, 2.13, 1.10}. With these parameters, the Vignes et al. [2000] function
fits the bow shock surface reasonably well, noting some asymmetry between the dawn and dusk flanks of
the bow shock (most likely induced by the inherent asymmetry of the convection electric field). The slight
difference between the parameters derived for our hybrid simulation run and the average Vignes et al. [2000]
parameters is best understood in light of the average nature of the MGS results versus the single hybrid model
result shown here. The bow shock location is most likely a function of the ionospheric production rate, the
solar wind pressure, and the IMF orientation. Finally, we also note the multiple shock structure along the dusk
flank of the magnetosphere in these results; such a structure has been previously observed in other hybrid
simulations [e.g., Burgess, 1989; Shimazu, 2001; Brain et al., 2010].

3.2. Torus Pickup Ion Distributions
To determine the density and flux of torus pickup ions, we used the results of the neutral torus Monte Carlo
model and the electromagnetic fields from the hybrid model (Figure 6) as input to a particle tracing model.

POPPE ET AL. PHOBOS NEUTRAL AND ION TORUS 8



Journal of Geophysical Research: Planets 10.1002/2015JE004948

Figure 6. The (a) density, (b) velocity, (c) magnetic field, and (d) convection electric field in the Martian magnetosphere
from the plasma hybrid model for the Bz case. The Parker spiral results are qualitatively similar with different directions
for the magnetic and electric fields (not shown). The orbit of Phobos is shown as the dashed line, and the solar wind
velocity and IMF direction are denoted in each panel. The dotted line shows the approximate location of the bow shock
fit to the model of Vignes et al. [2000] for this simulation (see text for full discussion).

Figure 7. (top row) The pickup ion flux for Al+, Si+ , and Fe+ , respectively, for Parker spiral IMF. (bottom row) The pickup
ion flux for Al+ , Si+ , and Fe+ , respectively, for Bz IMF. The orbit of Phobos is shown by the dashed line, and the
instantaneous position of Phobos is at Martian noon. The electric field direction for each case is shown in the lower
right corner of the Al+ panel. The location of the Martian magnetospheric bow shock as determined from the hybrid
model is denoted in each panel by the dotted curve.
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Figure 8. The Al+ pickup ion flux from the Phobos torus in the ecliptic plane for varying local time positions of Phobos
under Bz IMF conditions. The orbit of Phobos is shown by the dashed line, and the instantaneous position of Phobos is
shown as the solid white dot. The location of the Martian magnetospheric bow shock as determined from the hybrid
model is denoted in each panel by the dotted curve.

The ion tracing model tracks the trajectory of pickup ions born from the Phobos torus through the electro-
magnetic environment of Mars’ magnetosphere. For each species, ions are initialized throughout a sphere of
6RM surrounding Mars and assigned a weight according to the total ionization rate (i.e., neutral density times
ionization frequency) at that location for each species. At every time step, each ion is advanced according to
the Lorentz force using a fourth-order Runge-Kutta algorithm with electromagnetic fields interpolated from
the hybrid grid to the instantaneous position of the ion. Each ion is tracked until it either intersects Mars or
escapes from the simulation domain entirely. For each species, we traced 5 × 106 particles and recorded their
position and velocity on a 14 × 16 × 16 RM grid with 0.1RM grid spacing for calculation of the density and
isotropic flux.

Figure 7 shows the flux for Al+, Si+, and Fe+ pickup ions from the Phobos torus for the two IMF configurations,
Parker spiral and Bz , with Phobos located at noon local time. The Parker Spiral case is shown in Figure 7
(top row) as a cut in the xz plane at y = 0, while the Bz case is shown in Figure 7 (bottom row) as a cut in the
xy plane at z = 0. In the Parker spiral case, torus pickup ions are accelerated northward from the torus along
the interplanetary and magnetospheric electric field. The highest concentrations of Al+ fluxes are found just
northward of Phobos, corresponding to the concentration of neutral Al near Phobos (see Figure 3g). Both
Si+ and Fe+ ions have much more extended fluxes due to the fully populated neutral torus for these species
(Figures 3i and 3k, respectively). For Bz IMF conditions, shown in Figure 7 (bottom row), torus pickup ions are
mainly confined to the Phobos orbital plane as the electric field is generally in the y direction. Ions born in the
solar wind (i.e., outside the Martian bow shock) follow classical E × B pickup trajectories and are quickly con-
vected away from Mars. Al+ ions remain fully outside the Martian magnetosphere while Phobos is at noon,
while the Si+ and Fe+ ions, which originate from broad torus neutral distributions, have a significant amount
of flux inside the magnetosphere. This flux originates from both ions generated within the magnetosphere
and also ions that have been generated “upstream” of the magnetosphere (in the sense along the electric
field) and have been accelerated into and across the magnetotail. Maximum fluxes for these species in the Bz

case are nearly identical to those in the Parker spiral case. The absolute pickup ion flux for each species has
also been calculated using the neutral densities shown in Figure 5 and the total ionization rates. Al+, Si+, and
Fe+ pickup ions have maximum fluxes of approximately 6, 10, and 14 cm−2 s−1, respectively. Maximum fluxes
for all species are listed in Table 1, with a total maximum flux summed over species of ≈200 cm−2 s−1.
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The distribution of torus pickup ions is also determined by the instantaneous position of Phobos about its
orbit. Figure 8 shows the flux of Al+ pickup ions in the Phobos orbital plane for the Bz IMF case only but for
selected positions of Phobos along its orbit: (a) noon, (b) dusk, (c) midnight, and (d) dawn. For comparison,
Figure 8a reproduces the Al+ pickup ion flux presented earlier in Figure 7, with a concentrated beam of ions
following classical E×B pickup trajectories out of the Martian system. In Figure 8b, Phobos has moved a quarter
of the way around its orbit. Here most Al+ pickup ions are generated just inside the Martian bow shock and
are convected down and across the Martian magnetotail. Some fraction of these ions are accelerated into the
Martian ionosphere and atmosphere and, similar to Martian planetary pickup ions (typically O+), may play a
role in sputtering the Martian atmosphere and inducing atmospheric loss [e.g., Luhmann and Kozyra, 1991;
Leblanc et al., 2015]. These Al+ ions, along with other metallic species originating from Phobos, will eventually
neutralize in the atmosphere of Mars and represent a source of metals in the upper atmosphere, in addition
to metal ions and neutrals deposited from meteoric ablation [e.g., Molina-Cuberos et al., 2003]. We note that
the other torus species (i.e., Fe, Mg, and Si) will also contribute to metallic fluxes to the atmosphere of Mars
over a larger range of Phobos local times given that their neutral distributions are much broader than that for
Al. In Figure 8c, Phobos is located at midnight and the total ionization rate is significantly lower since most
of the neutral Al cloud is in shadow (see Figure 2). The overall magnitude of Al+ fluxes at this time is lower
than that at other times when Phobos and the neutral Al cloud are in sunlight. The ions that are produced
are convected cross tail and down tail and lost from the Martian system. Finally, Figure 8d shows the pickup
ion flux at dawn. Similar to the results at noon, Figure 8a, the Al+ ions are mainly born in the solar wind and
quickly convected away.

4. Discussion and Conclusion

The models presented here have quantified the neutral and ionized torus generated from the interaction of
Phobos with its ambient plasma environment given knowledge of relevant processes gained from the study
of other airless bodies in the inner solar system. Phobos’ neutral torus is mainly produced through solar wind
sputtering of surface material, and thus, the composition of the torus reflects the surface composition of
Phobos. Assuming a typical D-type asteroidal surface composition [Rivkin et al., 2002], dominant species
include oxygen, magnesium, iron, aluminum, silicon, and sodium. The neutral Monte Carlo model demon-
strates that most of these species should form fully populated tori in orbit around Mars concentric with
Phobos’ orbit. Aluminum, as an exception, has a relatively short photo-ionization lifetime of approximately 30
min, and Al neutrals are ionized and lost to the solar wind or Martian magnetosphere before extending fully
in orbit around Mars. Subtler differences in the neutral distributions between torus species are ascribed to
both differing ionization lifetimes and ejection velocity distributions. The overall density of the Phobos torus
is estimated to be very low, <10−2 cm−3 in total across all species, presenting an extreme challenge for in situ
neutral measurements.

Our neutral model can be compared with previous estimates for the structure and density of the Phobos torus.
Mura et al. [2002] modeled the torus as produced from active outgassing of oxygen from Phobos (as proposed
by Fanale and Salvail [1989]). The estimated rate of outgassing, Q ≈ 1023 s−1, and an assumed neutral temper-
ature of 250K combined to produce a narrow and dense torus encircling Mars with peak neutral densities on
the order of 105 cm−3. This torus is distinctly different from that derived here, as our production rate is nearly
4 orders of magnitude lower and the neutral emission temperature (due to either sputtering, micrometeorite
vaporization, or photon-stimulated desorption) is between 1 and 2 orders of magnitude larger. Thus, the torus
modeled here has a much larger spatial extent and is much more tenuous. The composition of the torus is also
important to consider; whereas Mura et al. [2002] considered only oxygen from direct outgassing, the torus
we model includes refractory elements (Na, Mg, Al, Si, and Fe) directly liberated from the Phobos regolith. Our
torus model is much closer to that predicted by Cipriani et al. [2011], who considered solar wind sputtering
only. The neutral densities derived by Cipriani et al. [2011] near Phobos are within an order of magnitude of
the maximum neutral densities predicted here for O, Na, Mg, Al, and Fe; Cipriani et al. [2011] did not model Si.
The spatial distributions of Mg, O, and Fe do differ between the two models [see Cipriani et al., 2011, Figure 4]
with our model forming a more distinct torus-like structure for most species as opposed to a broader cloud
seen in Cipriani et al. [2011].

The ionized component of the Phobos torus is continuously present throughout the Martian system as torus
neutrals are ionized and picked up by ambient electric and magnetic fields. In the solar wind, these newly born
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ions follow classical E × B trajectories similar to that at the Moon [i.e., Halekas et al., 2012], while pickup ions
that are either born within or enter the Martian magnetosphere have more complex trajectories. Generally,
the maximum pickup ion fluxes are very low across all species, with fluxes ranging from 125 cm−2 s−1 for
oxygen to 6.0 cm−2 s−1 for aluminum. As noted earlier, oxygen pickup ions from the Phobos torus will be indis-
tinguishable from the Martian coronal oxygen pickup ions, and thus, the net maximum flux of metallic species
that could be confidently attributed to Phobos is on the order of 75 cm−2 s−1. Clearly, this flux is very low and
does not represent a sufficient enough flux to locally perturb the solar wind or Martian magnetosphere, con-
sistent with the nondetection of any such plasma perturbations correlated with the orbit of Phobos [Øieroset
et al., 2010]. Indeed, such low fluxes are not likely to be detected with in situ instrumentation such as that
found on the Mars Atmosphere and Volatile Evolution (MAVEN) mission [Jakosky et al., 2014] under the nomi-
nal conditions studied here. Extreme conditions, such as interplanetary coronal mass ejections (ICMEs) or solar
flares, may enhance both surface sputtering and photo-ionization [e.g., Dong et al., 2015; Jakosky et al., 2015],
resulting in a denser neutral torus and greater flux of Phobos pickup ions. Studies of the effects of ICMEs on
the lunar exosphere have predicted increases in exospheric densities of over an order of magnitude shortly
after the passage of the ICME past the Moon [Killen et al., 2012], and analogous conclusions most likely apply
to Phobos as well.

The search for the Phobos torus has spanned several decades, yet even in the absence of any direct detec-
tion of the torus, our knowledge has steadily increased. We know that contrary to early suggestions [Fanale
and Salvail, 1989], Phobos is an inert object and not cryovolcanically active. It has also been shown that the
perturbations of the Martian environment induced by the presence of Phobos must be exceedingly small
[e.g., Øieroset et al., 2010], a conclusion that aligns with the low neutral and ionized densities predicted here
for the torus. Nevertheless, future detection of Phobos-induced phenomena, whether from the moon itself
or from a torus of sputtered or vaporized neutrals, would enable a significant step in our understanding of
such a small moon and further our understanding of possible exospheres at other small bodies and aster-
oids throughout the solar system [e.g., Morgan and Killen, 1998; Schläppi et al., 2008; Morse et al., 2012]. Such
findings would hopefully include a measure of the elemental surface composition of Phobos, a measurement
that may help to constrain both the various theories for the origin of both Phobos and Deimos and the role
of ongoing surface modification processes at Phobos, especially in the light of the remarkable color hetero-
geneity on the surface of Phobos [e.g., Murchie et al., 1991; Murchie and Erard, 1996]. We hope that the models
presented here serve both as a guide for searching for the Phobos torus and as a tool for correctly interpreting
any such observations.
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