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Abstract An important mechanism in the generation of polar wind outflow is the ambipolar electric
potential which assists ions in overcoming gravity and is a key mechanism for Terrestrial ionospheric escape.
At Mars, open field lines are not confined to the poles, and outflow of ionospheric electrons is observed
far into the tail. It has thus been hypothesized that a similar electric potential may be present at Mars,
contributing to global ionospheric loss. However, no direct measurements of this potential have been
made. In this pilot study, we examine photoelectron spectra measured by the Solar Wind Electron Analyzer
instrument on the NASA Mars Atmosphere and Volatile EvolutioN (MAVEN) Mars Scout to put an initial
upper bound on the total potential drop in the ionosphere of Mars of Φ♂⪅ ± 2V , with the possibility of a
further ⪅4.5 V potential drop above this in the magnetotail. If the total potential drop was close to the upper
limit, then strong outflows of major ionospheric species (H+, O+, and O+

2 ) would be expected. However, if
most of the potential drop is confined below the spacecraft, as expected by current theory, then such a
potential would not be sufficient on its own to accelerate O+

2 to escape velocities, but would be sufficient
for lighter ions. However, any potential would contribute to atmospheric loss through the enhancement of
Jeans escape.

1. Introduction

At Earth’s magnetic poles, open magnetic field lines provide a pathway for ionospheric plasma to escape into
the solar wind. However, in order to escape from the ionosphere, a particle must first overcome the Earth’s
gravitational potential. It is much harder for an ion to overcome Earth’s gravity than an electron, which is 3 to
4 orders of magnitude lighter. Thus, in the absence of ions, ionospheric electrons would easily escape Earth’s
gravity under their own thermal pressure gradient (∇Pe). However, due to quasi-neutrality, the electrons (with
density ne, and charge e) are coupled to the ions, and an ambipolar field-aligned electric potential forms to
resist their separation as in equation (1).

E|| ≈ −
∇Pe

ene
(1)

Generation of this ambipolar field is critical to the formation of the classical polar wind [Banks and Holzer,
1968]: both retarding the outflowing electrons and reducing the effective potential barrier required for ions
to escape. Superthermal photoelectrons play a particularly important role in this process [Lemaire, 1972],
since they are much hotter (10–60 eV) [Doering et al., 1976; Peterson et al., 1977] than the bulk of ionospheric
electrons, which have temperatures ⪅1 eV [Pollock et al., 1996]. Kitamura et al. [2012] found the median total
strength of the electric potential drop in Earth’s polar wind to be Φ♁ = 20V above >3800 km.

Unlike Earth, Mars has no internal magnetic dynamo [Smith et al., 1965] to stand off the solar wind, and it is the
conductive Martian ionosphere in combination with localized pockets of crustal remnant field [Acuña et al.,
1998; Connerney et al., 1999] that acts as a barrier to the interplanetary magnetic field (IMF). Magnetic field
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lines pile up on the dayside, forming an “induced” magnetosphere of IMF field lines that are draped over the
ionosphere. The ionosphere of Mars contains superthermal photoelectron populations, exhibiting character-
istic peaks at 21–24 eV and 27 eV [Frahm et al., 2006a] resulting from the photoionization of carbon dioxide
and atomic oxygen. Evidence for the presence of Martian ionospheric photoelectrons was strongly suggested
by data from both the Viking lander [Mantas and Hanson, 1979] and the Mars Global Surveyor [Mitchell et al.,
2001], and finally resolved by the European Space Agency Mars Express Analyzer for Space Plasmas and Ener-
getic Atoms [Barabash et al., 2006] Electron Spectrometer [Lundin et al., 2004; Frahm et al., 2006a; Dubinin et al.,
2006].

As in Earth’s polar wind, escaping photoelectrons have been frequently observed in the Martian magneto-
tail. Frahm et al. [2006b] mapped photoelectrons throughout the tail, to the highest altitudes (3 Mars radii)
explored by the Mars Express, and a follow up study, Frahm et al. [2010] calculated the mean flux of escaping
photoelectrons to be ∼ 4 × 106 cm−2s−1. It has thus been hypothesized [Dubinin et al., 2011] that, as at Earth,
these hot photoelectrons may also generate a polar-wind-like ambipolar electric field at Mars, contributing
extensively to atmospheric loss. Such a process would be global (with the exception of the Martian crustal
anomalies), due to the fact that most ionospheric magnetic field lines are open, whereas at Earth the polar
wind is confined only to the open field lines at the polar caps. However, in this study, we have opted to retain
the nomenclature of the “polar wind” for clarity, since we investigate the same fundamental mechanism,
although “electric wind” might perhaps be a more appropriate scientific description for this process.

In this pilot study, we use field-aligned electron measurements by the Solar Wind Electron Analyzer (SWEA)
aboard the new NASA Mars Atmosphere and Volatile EvolutioN (MAVEN) Mars Scout [Jakosky et al., 2015] to put
the first upper bound on the strength of the Martian ambipolar polar-wind-like electric field and investigate
the presence of Coloumb collisional backscattering of these electrons, which at Earth is an important source
of topside ionospheric heating.

2. Method

Although very important to terrestrial atmospheric loss, the polar wind ambipolar electric field is relatively
weak, with a total potential drop of perhaps only ≈20 V [Kitamura et al., 2012]. Measuring such a weak field
directly is thus very challenging, even with long wire booms such as those on CLUSTER or the Magnetospheric
Multiscale Mission, and no such instruments are available at Mars. In this study, we use two techniques to probe
parallel electric fields above and below the spacecraft, both of which require the spacecraft to be located
on an open field line and above the photoelectron production region (at Mars peaking at 150 km [Bougher
et al., 2015]).

Figure 1 illustrates these techniques showing how three hypothetical scenarios (each with different strengths
and vertical structure of the potential, viz., above or below the spacecraft) would manifest in field-aligned
electron spectra. As with our later results, electrons measured outflowing tailward from the ionospheric source
region are shown in blue, and the returning electrons, inflowing sunward back into the planet are shown in
red. For simplicity, in these sketches the only source of electrons is assumed to be the ionosphere. The blue
ionospheric spectra (identical in every panel) is based on actual MAVEN SWEA data and clearly exhibits the
three canonical features of photoelectrons, namely, (1) the CO2 photopeak at 23 eV; (2) an abrupt cutoff at
≈75 eV due to a sharp drop in the intensity of the solar irradiance below 16 nm [Gan et al., 1990; Richards and
Peterson, 2008], referred to as the “Aluminum (Al) Edge”; and (3) a peak of Oxygen Auger electrons at ∼500 eV.

Figure 1a shows the baseline case for a very weak electric field below the detection threshold of the instru-
ment, both above and below the spacecraft. In this case, the only electrons observed returning to the planet
are the fraction that have been backscattered through Coulomb collisions or waves. (Note that the scattering
shown in Figure 1 is highly simplistic, since in reality the fraction that is backscattered is a function of energy).

Figure 1b shows the case for an Earth-like 20 V ambipolar potential above the spacecraft. In this case the
downflowing spectra exhibits a discontinuity at 20 eV. Below, the entire photoelectron population is electro-
statically mirrored back toward the ionosphere by the electric field and is observed at the same flux as the
outgoing population. Above 20 eV, the only electrons observed returning to the planet are the fraction that
has been backscattered. This scenario reflects the case at Earth, as reported by Kitamura et al. [2012] who
found that whilst there is a great deal of variability in the terrestrial ambipolar field, the median value is 20 V
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Figure 1. Sketches showing the predicted spectra of photoelectrons in the tail of Mars in the cases of (a–c) three hypothetical combinations of ambipolar field
strengths. The upward spectra are shown in red and sketched downward spectra in blue.

above an altitude of ∼3800 km. Our ability to measure electric potential above the spacecraft is thus limited
by the lowest energy which our instrument can measure, which for SWEA is 3 eV.

Figure 1c shows another scenario, a 10 V potential drop below the spacecraft. In this case, the electric field acts
to retard electrons coming off of the planet, and the entire distribution becomes shifted to lower energies.
Thus, as long as the spacecraft potential is taken into account, then the electric potential below the spacecraft
may be measured through any shifts in spectral features. Such a technique was recently applied by Coates
et al. [2015], who put an upper limit of<2.95 V for the polar wind ambipolar field at Titan. The limiting factor in
this technique is thus the ability of the instrument to resolve shifts in spectral features. Given the 17% energy
resolution (ΔE∕E) of SWEA, this corresponds to±2 eV resolution of the 23 eV photopeak, and a corresponding
±2 V upper limit on the electric potential.

3. Results: Comparing Outflowing and Inflowing Photoelectron Spectra at Mars

Figure 2 shows a map of orbit № 867, occurring on 12 March 2015. This orbit was chosen so that as the MAVEN
flew down the magnetotail, her flight path held close to a radius ≈1 RM from the Mars-Sun line. This course
kept her on open field lines connected to the dayside, and precisely where Frahm et al. [2006a] mapped signif-
icant photoelectron escape, and thus ideally placed the MAVEN in the region of space where a Martian polar
wind has been predicted. The light blue line running parallel to the orbital path shows the region from which
MAVEN data are shown in Figure 3. Altitude (Figure 3a) and three-component magnetometer measurements
(Figure 3b) are shown for reference and context. Figure 3c shows an electron spectrogram from SWEA, with
time on the x axis (with the same range as Figures 3a and 3b), energy in eV on the y axis, and color denoting
the log10 of differential energy flux in eV cm−2sr−1s−1eV−1.

Shown beneath are three electron spectra which have been ordered by the magnetic field vector. Each spectra
(𝛼, 𝛽 , and 𝛾) shows two distributions: one a field-aligned spectra (summed within ±45∘ of B̂) and the other
an antialigned spectra (summed within ±45∘ of −B̂). The two spectra have been colored so that consistent
with Figure 1, blue denotes the distribution of tailward flowing electrons (away from the planet), and red the
sunward flowing distribution (toward the planet). Three spectra are shown from three regions: Scan alpha
(“𝛼,” Figure 1, left), a pure photoelectron distribution measured near periapsis in the dayside ionosphere; Scan
gamma (“𝛾 ,” Figure 1, right), was measured in the wake of Mars exhibiting a hot tail of shocked solar wind
electrons, indicating connection to the solar wind on both ends of the field line; Finally, scan beta (“𝛽 ,” Figure 1,
middle) measured at an altitude of 827 km represents our current best example of a spectra taken in the right
place and at the right time, to search for traces of a field-aligned “polar wind” electric potential.
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Figure 2. Map of MAVEN orbit № 867. The coordinate system is Mars Solar Orbital, where x points toward the Sun, y points backward along the tangent of the
planetary orbit, and z completes the right-handed set pointing up out of the plane of the ecliptic out of the northern hemisphere. The orbit of the MAVEN Mars
Scout is shown in red, with a model bow shock and magnetic pileup boundary (ionopause) in black, according to Vignes et al. [2000].

When comparing outflowing (blue) and inflowing (red) spectra in scan 𝛽 , we observe two features that show
that the MAVEN was ideally placed to observe the predicted polar wind potential: First, given that the outflow-
ing electron population is a canonical photoelectron spectra (𝛼), with photopeak and aluminum edge, MAVEN
was on a field line connected to the dayside ionosphere, consistent to the outflow described by Frahm et al.
[2006a, 2010]. Second, from the hot tail of shocked solar wind electrons inflowing, we are on an open field line
also connected to the solar wind. Although only one example is shown, electron scan “𝛽” is representative of
what was uniformly observed above the source region and on open field lines (∼200 km and above).

Potential drop in the Martian ionosphere. With the exception of the presence of the inflowing solar wind
electrons, electron scan 𝛽 most closely resembles the scenario shown in Figure 1a. The photoelectron peak is
at the expected energy and any shifts resulting from an electric field below the spacecraft, if present, are too
subtle to be resolved by our instrument. At 23 eV, the 17% energy resolution corresponds to a resolution of
±2 eV. Any field below the spacecraft must therefore be weaker than ±2 V. Thus, as with Coates et al. [2015] at
Titan, we observe no evidence for a polar wind ambipolar potential drop in the topside ionosphere of Mars,
and if present, it is so weak that it cannot be resolved.

An important consideration when applying this technique is correcting for the spacecraft potential. Using
the Langmuir Probe and Waves experiment aboard MAVEN, we independently measured this potential to be
−1.5 V ± 0.5 V during scan “𝛽 .” Thus, any effects due to the spacecraft potential would have also been smaller
than the resolution of SWEA and does not affect our conclusion that we do not observe any evidence for a
shift in photoelectron spectra, and thus any electric fields in the topside ionosphere of Mars must be weaker
than 2 V.

Total potential drop in the Martian magnetotail. When we compare the spectra at lower energies (<75 eV),
we find that the inflowing spectra is at a lower flux than the outflowing population, but maintaining the
same shape characteristic of photoelectrons. Since there is no source of photoelectrons in the solar wind, the
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Figure 3. Magnetic and electron observations from the NASA MAVEN Mars Scout on orbit № 867.

presence of a photopeak in the inflowing spectra is indicative that the downflowing population in this energy
range is a result of backscattering from either Coloumb collisions or waves. We find no evidence for a dis-
continuity below which the fluxes were equal, as would be expected in the presence of an ambipolar electric
field above the spacecraft [Kitamura et al., 2012]. Thus, we conclude that if there is an electric potential in the
magnetotail, it is too weak to be measured by SWEA. We therefore put an upper limit on the potential drop in
the magnetotail of 4.5 V, resulting from a combination of the lower limit of the SWEA sensor (<3 V) and the
spacecraft potential (1.5 V).
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4. Discussion

The spectral signature of inflowing electrons in Figure 3, spectra 𝛽 , are most consistent with what would be
expected if electron scattering was the sole process occurring (Figure 1a). Surprisingly, the photoelectron
driven parallel electric field, predicted by Frahm et al. [2010] and Dubinin et al. [2011], are not identified in this
first observation. These data allow us to put the first upper bounds on the ambipolar electric field potential
drop in the ionosphere of Mars of Φ♂⪅ ±2V . Whilst there is the possibility of an additional < 4.5 V potential
drop above in the magnetotail, current theory would suggest that this is less likely, given that E|| is driven by
∇Pe and based on Viking observations by Hanson et al. [1977]; we expect the majority of the electron pressure
gradient to be below 350 km.

Thus, despite a gravitational field one third of Earth’s, the polar wind ambipolar electric potential measured
at Mars on MAVEN orbit № 867 was at least a factor of 3 weaker than at Earth, if not more. The energy required
for ionospheric escape is 0.1 eV for H+, 2.1 eV for O+, and 4.2 eV for O+

2 . If the total potential drop (above and
below MAVEN) were close to the upper limit of 6.5 V, then the potential would be more than sufficient to allow
all species to escape. However, if as current theory suggests that most of the potential drop is located below
the spacecraft in the ionosphere, then a potential drop on the order of ±2 V would have disparate effects
depending on species. It would be too weak to impart enough energy for O+

2 , the main species in the lower
ionosphere to escape. However, it would be just sufficient for O+ and more than sufficient for H+. Measure-
ments by Viking demonstrate that these later species become dominant in the upper ionosphere [Hanson
et al., 1977]. O+

2 is expected to drop off faster than these lighter ions due to scale height effects in a hydrostatic
atmosphere. However, transport effects become more important at higher altitudes and an electric potential
may be a contributing factor in further separating these species.

If typical, then the electric potential at Mars is more comparable with unmagnetized Titan than magnetized
Earth and would have implications for the relative importance of the polar wind mechanism on atmospheric
escape and evolution at Mars. However, it is important to note that any electric potential (however slight)
would still reduce the potential barrier and enhance Jeans escape [Moore and Khazanov, 2010].

One possible explanation for such a weak ambipolar electric field at Mars is that, unlike the Earth’s magne-
totail, the wake is filled with penetrating hot shocked solar wind electrons (e.g., Figure 3, spectra 𝛽, 𝛾). The
presence of these superthermal electrons may serve to counterbalance the photoelectrons in satisfying the
quasi-neutrality and currentless conditions, thereby reducing the parallel electric field required. To test this
hypothesis we compare the relative fluxes of incoming solar wind to outgoing planetary electrons. As a first
approximation we divide the spectra into two energy ranges: photoelectron dominated (below 60 eV) and
solar wind dominated (above 60 eV). We then integrate spectrum 𝛽 over each range in order to determine the
net number flux. The net inflowing solar wind number flux is approximately one third of the outgoing photo-
electron flux. This differs from the majority of Earth’s polar regions (apart from the cusp), where the solar wind
does not have direct entry.

5. Conclusions

The presence of a field-aligned “polar wind” like electric potential has been hypothesized to exist in the mag-
netotail of Mars based on the frequent observation of outflowing superthermal photoelectrons [Frahm et al.,
2006a, 2010]. Thus, it is assumed that this field may play an important role in the atmospheric loss at these
planets [Dubinin et al., 2011]. However, such an electric field has never been directly observed.

On 12 March 2015, the orbit of the MAVEN Mars Scout was ideally placed to fly down the corridor where
this field has been predicted. We examined known spectral features in the outflowing population of photo-
electrons, finding no evidence for any appreciable shift expected from an electric potential drop below the
spacecraft. This technique is limited by the 17% energy resolution of SWEA, which at 23 eV corresponds to
±2 eV. We thus place an upper limit on the polar wind electric potential drop in the ionosphere of Φ♂⪅ ±2V .
Additionally, we compared the relative fluxes between these populations to determine the total field-aligned
electric potential drop above the MAVEN in the magnetotail, finding an upper limit of 4.5 V. However, given
that this field is driven by the electron pressure gradient and the majority of the gradient is in the ionosphere,
we would therefore expect the majority of E|| to be spatially located in the ionosphere. Thus, we find the polar
wind potential to be weaker than the median value at Earth (Φ♁ = 20V [Kitamura et al., 2012]) and may not be
sufficient to directly accelerate an O+

2 ion (the primary constituent of the lower ionosphere) to escape velocity
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but may be sufficient for lighter ion species. However, any electric field would still contribute to atmospheric
loss through reducing the potential barrier, thus enhancing Jeans escape [Moore and Khazanov, 2010].

We also find significant evidence for scattering in the Martian tail (along the field line above the spacecraft). At
Earth, such scattering creates the topside electron heat flux and plays a significant role in controlling the scale
height of the topside ionosphere. Further observations and modeling are required to (a) determine whether
these electric potentials are typical and (b) whether collisions are sufficient to generate the topside electron
heat flux on their own.
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