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Key Points:

« An analysis is conducted focusing on the pitch angle distribution of energetic electrons at 22-27 eV at Mars
« Two cases of dayside photoelectrons with anisotropic pitch angle distribution are proposed
« These anisotropic photoelectron observations on the dayside indicate the presence of cross terminator magnetic field topology
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Abstract: The photoelectron peak at 22-27 eV, a distinctive feature of the energetic electron distribution in the dayside Martian
ionosphere, is a useful diagnostic of solar extreme ultraviolet (EUV) and X-ray ionization as well as of large-scale transport along magnetic
field lines. In this work, we analyze the pitch angle distribution (PAD) of energetic electrons at 22-27 eV measured during several
representative Mars Atmosphere and Volatile Evolution (MAVEN) orbits, based on the electron spectra gathered by MAVEN's Solar Wind
Electron Analyzer (SWEA) instrument. On the dayside, most photoelectron spectra show an isotropic PAD as is expected from production
via solar EUV/X-ray ionization. The photoelectron spectra occasionally observed on the nightside show instead a strongly anisotropic
PAD, indicative of cross-terminator transport along ambient magnetic field lines. This would in turn predict the presence of dayside
photoelectrons, also with a strongly anisotropic PAD, which was indeed revealed in SWEA data. Comparison with magnetic field
measurements made by the MAVEN Magnetometer suggests that on average the photoelectrons with anisotropic PAD stream away from
Mars on the dayside and towards Mars on the nightside, further supporting the scenario of day-to-night transport. On both sides,
anisotropic photoelectrons tend to be observed above the photoelectron exobase at ~160 km where photoelectron transport dominates

over local production and energy degradation.
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1. Introduction

Photoionization is the dominant source of ionization in dayside
planetary upper atmospheres (Withers, 2009). Photoelectrons, as
an important population of ionospheric plasma, can be produced
by solar Extreme Ultraviolet (EUV) and X-ray ionization of various
molecules in the ambient atmosphere (e.g. Coates et al,, 2011).
The He II 30.4 nm line is one of the most intense EUV lines in the
solar spectrum; it produces peaks in the photoelectron energy dis-
tributions observed on various Solar System bodies, at fixed ener-
gies that depend on the dominant constituents in each body’s up-
per atmosphere. At Mars, photoelectrons with energy peaks at
~22 eV and ~27 eV are observed due to the ionization of CO, and
O (e.g. Mantas and Hanson, 1979; Frahm et al., 2006; Sakai et al.,
2015; Peterson et al., 2016). These photoelectrons are typically
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magnetized with guiding center motions along the ambient mag-
netic field lines, implying that photoelectrons are a useful dia-
gnostic of the magnetic field topology near Mars (e.g. Coates et
al, 2011).

Recently, several studies inferring the magnetic topology at Mars
have been conducted, based on energetic electron measure-
ments made by the Solar Wind Electron Analyzer (SWEA) onboard
the Mars Atmosphere and Volatile Evolution (MAVEN) space craft
(e.g. Xu SS et al,, 2016, 20173, b, 2019; Weber et al., 2017). Xu SS et
al. (2019) combined two independent methods — one based on
the pitch angle distribution (PAD) and the other on the energy
distribution of suprathermal electrons — to identify seven mag-
netic topologies in the Martian ionosphere. In terms of PAD, these
studies focus primarily on energetic electrons at 100-300 eV,
which effectively targets the shocked incoming solar wind (SW)
(Weber et al., 2017). The SW electron precipitation, as part of the
ionizing source in the dayside ionosphere, is thought to be the
dominant source of ionization in the deep nightside, where pho-
toionization is switched off (e.g. Verigin et al., 1991; Fowler et al.,
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2015). Below 140 km, electron precipitation is proposed to be able
fully to maintain the nightside Martian ionosphere with no need
for contributions from other sources (Cui J et al., 2019). The mag-
netic topology identification based on these SW electrons im-
proves our understanding of the effects of magnetic fields on
electron precipitation (e.g. Lillis et al., 2009, 2011, 2018; Lillis and
Brain, 2013).

In addition to electron impact ionization, day-to-night plasma
transport also serves as an important mechanism supporting the
nightside Martian ionosphere, especially near the terminator (e.g.
Zhang et al., 1990; Fox et al., 1993; Némec et al., 2010; Duru et al.,
2011; Withers et al., 2012; Cao YT et al., 2019). A similar process is
known to occur on other terrestrial planets, such as Venus (Knud-
sen et al., 1980; Spenner et al., 1981; Knudsen and Miller, 1992)
and Titan (Cui J et al., 2009, 2010). By analyzing data from the Mars
Express (MEx) Mars Advanced Radar for Subsurface and lono-
spheric Sounding (MARSIS), Cui J et al. (2015) reached the conclu-
sion that, for a time duration of 5000 s after terminator crossing,
day-to-night transport dominates over SW electron precipitation.
Photoionization is the only source of the spectral peaks in the
photoelectron energy distribution, unlike the production of
thermal ionospheric plasma, which occurs via either photoioniza-
tion on the dayside or SW electron impact ionization on the night-
side. Such a distinction implies that the photoelectron peak at
22-27 eV observed near Mars is a superior tracer of day-to-night
plasma transport. This observation motivates the main objective
of the present study: we analyze the variation of the photoelec-
tron PAD along the cross-terminator trajectories during several
representative MAVEN orbits.

2. Data Description

The primary data product required for the purpose of this study is
the differential energetic electron intensity measurements made
by the SWEA instrument onboard MAVEN (Mitchell et al., 2016).
The SWEA is a symmetric hemispheric electrostatic analyzer that
measures the suprathermal electron intensity as a function of en-
ergy per charge, covering the energy range of 3-4.6 keV with a
resolution of 17% (AE/E), and also as a function of the direction of
arrival, covering a field of view (FOV) of 360° x 120° of which 8% is
blocked by the spacecraft body. Due to the limited energy resolu-
tion, the SWEA cannot distinguish the photoelectron energy
peaks at 22 eV and 27 eV. The photoelectron PAD is determined
by combining SWEA data and magnetic field data measured by
the MAVEN Magnetometer (MAG) (Connerney et al., 2015).

3. The Variation of Photoelectron PAD

We start with the variation of the electron energy spectra meas-
ured during MAVEN orbit #1817 on 5 September 2015 in the
fourth Deep Dip campaign. During this orbit, the spacecraft flew
from the dayside to the nightside relative to Mars with the periap-
sis located near the terminator in the southern hemisphere. The
SWEA measurements obtained during part of this orbit are shown
in Figure 1. In panels (a) and (b), we present the SWEA spectra par-
allel and anti-parallel to the ambient magnetic field direction,
defined as within the pitch angle ranges of 0°~10° and 170°-180°,
respectively. For reference, we also display in panels (c) and (d)
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the intensities of the total magnetic field and its three compon-
ents measured by the MAG in local coordinates (with X, Y, and Z
pointing towards local north, local east, and vertically downward),
as well as the height and solar zenith angle (SZA) at the space-
craft location. The dashed line in panel (c) gives the variation of
the magnetic field elevation angle along the spacecraft trajectory
with 0° representing a strictly horizontal magnetic field relative to
the surface of Mars. We further present in the top panels of Figure
2 the fan plots of the electron energy distribution averaged over
four sweeps at several locations along the spacecraft trajectory
and along all pitch angles. These locations are indicated by the
vertical dashed lines in Figure 1. In the bottom panels of Figure 2,
we compare the SWEA spectra for three pitch angle ranges along
the parallel, anti-parallel, and vertical directions relative to the am-
bient magnetic fields.

From 01:01:16 UT (universal time) to 01:04:48 UT in Figure 1, the
height of the spacecraft declined continuously towards a periap-
sis altitude of 123 km, while the SZA increased from 71° to 85°.
This was a period during which the discrete photoelectron en-
ergy peak at 22-27 eV was seen persistently in both the parallel
and anti-parallel directions. A closer look at the dayside electron
energy spectra reveals that the photoelectron intensities at 22-27
eV along different directions are overall comparable, implying
that the dayside photoelectron PAD tends to be isotropic, which is
an expected result of isotropic photoelectron production via solar
EUV/X-ray ionization. The isotropy of the photoelectron PAD can
be seen more clearly in Figure 2b, where the difference in photo-
electron intensity among the displayed directions is no more than
20% at all energies of interest here.

After 01:06:00 UT in Figure 1, the MAVEN spacecraft passed the
terminator and entered into the nightside of Mars. The SWEA
measurements generally showed no signature of the photoelec-
tron peak, which was instead manifested as isolated periods of
suprathermal electron depletion, as reported by Steckiewicz et al.
(2015, 2017). Despite this, the photoelectron energy peak could
occasionally be seen in the deep nightside of Mars where the He
IT line radiation was expected to be fully attenuated and no local
source of photoelectron production was available. Such a signa-
ture was clearly seen at 01:10:56 UT in Figure 1 and, more interest-
ingly, the signature was restricted to the direction parallel to the
ambient magnetic field line but not in the opposite direction. This
characteristic is further demonstrated by the full photoelectron
PAD in Figure 2c where a comparison of the SWEA spectra
between different directions reveals the parallel intensity to be a
factor of 4 higher than the anti-parallel intensity. The presence of
photoelectrons in the deep nightside has already been noticed by
Xu SS et al. (2016), as evidence of day-to-night transport facilit-
ated by cross-terminator magnetic field connectivity, but here
such a conclusion is further augmented by our analysis of the
photoelectron PAD on the nightside, which is fully consistent with
the transport scenario.

If the above scenario is correct, then one would naturally expect
to observe dayside photoelectrons streaming away from Mars and
characterized by a strongly anisotropic PAD. Figure 1 shows such
a situation, in SWEA measurements at 01:01:29 UT for an SZA of
72°. More specifically, Figure 2a reveals that the anti-parallel pho-
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Figure 1. (a) The SWEA electron energy spectra along the direction parallel to the ambient magnetic fields during MAVEN orbit #1817 on 5
September 2015; (b) Similar to panel (a) along the direction anti-parallel to the ambient magnetic fields; (c) The intensities of the total magnetic
field and its three components measured by the MAG in local coordinates, as well as the respective magnetic elevation angle; (d) The height and

SZA at the spacecraft location.
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Figure 2. (Top) Fan plots of the electron energy distribution averaged over four sweeps at several locations along the spacecraft trajectory
during MAVEN orbit #1817 and along all pitch angles. These locations are indicated by the vertical dashed lines in Figure 1. (Bottom) The SWEA
spectra for three pitch angle ranges along the parallel, anti-parallel, and vertical directions relative to the ambient magnetic fields.
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toelectron intensity was reduced by more than 60% compared to
the parallel intensity. Since the local magnetic field was in the ver-
tically upward direction, as shown in Figure 1¢, the observed an-
isotropic PAD suggests that, on average, photoelectrons were in-
deed streaming away from Mars. The possibility that the aniso-
tropic PAD could be indicative of photoelectron escape along
open magnetic field lines could be ruled out; if that were the case,
the SWEA would not observe photoelectrons in the anti-parallel
direction (Xu SS et al,, 2017a, 2019). The data are consistent with
the following two possibilities: that the photoelectrons were mov-
ing along closed magnetic field lines, either with both footprints
on the dayside of Mars or with one footprint on the dayside and
the other footprint on the nightside. The large difference in pho-
toelectron intensity observed between parallel and anti-parallel,
however, suggests that the latter is more likely to represent the
real situation (Xu SS et al., 2019).

In Figure 3, we show a further example, for MAVEN orbit #5344 on
2 July 2017, during which the signature of anisotropic photoelec-
tron PAD was more prominent. This orbit occurred in the nominal
mission phase with a periapsis altitude of 157 km in the northern
hemisphere of Mars. Below 200 km, the spacecraft was fully on the
dayside at large SZA; accordingly, the entire SWEA spectra shows

Energy (eV)

clear signatures of photoelectron peak at 22-27 eV in all direc-
tions within the instrument FOV. The photoelectron PAD is
roughly isotropic in the middle of Figure 3, which corresponds to
regions with a relatively density ambient atmosphere where local
production of photoelectrons is dominated by solar EUV/X-ray ra-
diation. The degree of anisotropy increases with increasing height
over both the inbound and outbound portions of the orbit, indic-
ative of the importance of photoelectron transport; but now the
photoelectron intensity along the direction anti-parallel to the
magnetic field is substantially stronger than the intensity along
the parallel direction. The MAG measurements displayed in Fig-
ure 3c suggest that the ambient magnetic fields were in the
slanted and downward direction over most of the MAVEN traject-
ory during this orbit, from which we conclude that the observed
dayside photoelectrons were also streaming away from Mars, as
was observed also during orbit #1817 at 01:01:29 UT.

4, Discussion and Concluding Remarks

Day-to-night transport is an important mechanism maintaining
the nightside Martian ionosphere (e.g. Withers et al., 2012; Cui J et
al.,, 2015; Cao YT et al,, 2019). Photoelectrons, characterized by dis-
tinctive spectral peaks at 22-27 eV, provide a better tracer of such
a process than thermal electrons because the former could by
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Figure 3. Same asin Figure 1 except for MAVEN orbit #5433.

Cao YT and Cui J et al.: Photoelectrons at Mars



produced only by photoionization, whereas the latter could be
produced by both photoionization and electron impact ioniza-
tion (e.g. Verigin et al., 1991; Fowler et al., 2015; Cui J et al., 2019).

In this study, we present the energetic electron spectra measured
by the SWEA in the Martian ionosphere below 200 km during
MAVEN orbit #1817 on 5 September 2015 that crossed the termin-
ator. On the dayside, the majority of the observed photoelectrons
presented a near isotropic PAD as expected by local production
via solar EUV/X-ray ionization. Photoelectrons could occasionally
be observed in the deep nightside, but these photoelectrons were
characterized by a strongly anisotropic PAD, consistent with the
scenario of photoelectron transport along closed magnetic field
lines connecting both the dayside and nightside of Mars (e.g. Xu
SS et al., 2016, 2017a, 2019). Such a scenario would also predict
the presence of dayside photoelectrons that on average stream
away from Mars. This was indeed revealed by SWEA measure-
ments made during MAVEN orbit #1817, which exhibit a remark-
able difference in photoelectron intensity between different field-
aligned directions (parallel and anti-parallel), though not as much
as on the nightside. A similar feature was more prominently recor-
ded during MAVEN orbit #5344, over a more extended region of
the dayside Martian upper atmosphere. On both the dayside and
nightside, regions with clearly anisotropic photoelectron PAD ten-
ded to be located above the photoelectron exobase, ~160 km on
Mars (Xu SS et al., 2016), where photoelectron transport domin-
ates over local production and energy degradation (e.g. Wu XS et
al., 2019).

The variation of the photoelectron PAD reported here is consist-
ent with a scenario in which the photoelectrons are able to
bounce between the dayside and nightside ionospheres along
cross-terminator magnetic field lines because of conservation of
the first adiabatic invariant and the magnetic mirror effect. Dur-
ing such a process, a portion of the photoelectrons might be lost
due to collisions with ambient neutrals, and then not replenished
on the nightside. If so, we not expect to see more photoelectrons
flowing towards the nightside than those bouncing back towards
the dayside. The above scenario is fully compatible with the ob-
servation of enhanced photoelectron intensity streaming away
from Mars on the dayside and streaming towards Mars on the
nightside. The anisotropic PAD of energetic electrons has been re-
ported in some previous works but exclusively referring to ener-
gies above 100 eV, a region in which SW electrons would be likely
to dominate photoelectrons (e.g. Weber et al., 2017; Xu SS et al.,
2019). Constraining the PAD analysis to electrons at 22-27 eV as
we do here is likely to provide an ideal clue to the role of day-to-
night transport in maintaining the nightside Martian ionosphere.
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