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Key Points:
+ The photoelectron peaks near 27 eV and 500 eV are investigated, related to HeIl 30.4 nm ionization and O Auger ionization
+ The 500 eV peak intensity increases with increasing solar irradiance much more rapidly than the 27 eV peak intensity
 The observation is consistent with a larger variability in solar radiance at shorter wavelengths
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Abstract: An important population of the dayside Martian ionosphere are photoelectrons that are produced by solar Extreme Ultraviolet
and X-ray ionization of atmospheric neutrals. A typical photoelectron energy spectrum is characterized by a distinctive peak near 27 eV
related to the strong solar Hell emission line at 30.4 nm, and an additional peak near 500 eV related to O Auger ionization. In this study,
the extensive measurements made by the Solar Wind Electron Analyzer on board the recent Mars Atmosphere and Volatile Evolution
spacecraft are analyzed and found to verify the scenario that Martian ionosphere photoelectrons are driven by solar radiation. We report
that the photoelectron intensities at the centers of both peaks increase steadily with increasing solar ionizing flux below 90 nm and that
the observed solar cycle variation is substantially more prominent near the O Auger peak than near the Hell peak. The latter observation
is clearly driven by a larger variability in solar irradiance at shorter wavelengths. When the solar ionizing flux increases from 1 mW-m2 to
2.5 mW-m-2, the photoelectron intensity increases by a factor of 3.2 at the Hell peak and by a much larger factor of 10.5 at the O Auger
peak, both within the optically thin regions of the Martian atmosphere.
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Photoelectrons are important in at least two aspects: (1) they heat
ionospheric thermal electrons efficiently via Coulomb collisions
and cause impact ionization of atmospheric neutrals, hence af-
fecting both the local energy balance and ionization balance (e.g.
Matta et al.,, 2014; Sakai et al.,, 2016; Cui J et al., 2018); (2) they are
frequently observed at locations where their local production is
not expected, and hence they are in practice used as a diagnostic
of the ambient magnetic field topology (e.g. Coates et al., 2015;
Xu SS et al,, 2017; Adams et al,, 2018; Cao YT et al., 2020a). An in-
teresting application of the latter is the occasional observation of
photoelectrons on the nightside, indicative of closed magnetic
loops that connect the dayside and nightside of the Martian iono-
sphere (e.g. Xu SS et al., 2016a; Cao YT et al., 2020b).

1. Introduction

Mars exhibits a well-defined ionosphere on the dayside that is
produced primarily by solar Extreme Ultraviolet (EUV) and X-ray
ionization (Withers, 2009; Haider and Mahajan, 2014). One of the
extensively studied components of the dayside Martian iono-
sphere is photoelectrons with energies typically above several eV
(Coates et al.,, 2011). The energy distribution of these non-thermal
electrons is usually characterized by (1) several distinctive spec-
tral peaks near 27 eV connected to the strong solar Hell emission
line at 30.4 nm, (2) an apparent knee at 60-70 eV associated with
the rapid drop in solar flux at wavelengths shorter than 17 nm,
and (3) an additional peak near 500 eV produced by (inner shell) O
Auger ionization of atmospheric neutrals (e.g. Mantas and Han-
son, 1979; Shutte et al., 1989; Frahm et al., 2006a; Sakai et al., 2015;
Peterson et al., 2016).

Numerous photoelectron spectra have been accumulated over
the past few decades by a number of instruments such as the
Magnetometer/Electron Reflectometer (MAG/ER) on board the
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Mars Global Surveyor (MGS) (Mitchell et al.,, 2001), the Electron
Spectrometer as a part of the Analyzer of Space and Energetic
Atoms on board the Mars Express (Frahm et al., 2006b), and more
recently the Solar Wind Electron Analyzer (SWEA) on board the
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Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft
(Mitchell et al,, 2016). The large data set currently available allows
variations of the photoelectron energy spectrum to be investig-
ated systematically.

Based on MGS MAG/ER data, Trantham et al. (2011) found that
most of the variation of photoelectron intensity was driven by sol-
ar cycle variation; variation in the background atmosphere also
played a noticeable role, especially during global dust storms. A
similar solar cycle variation was reported by Xu SS et al. (2016b)
also based on MGS MAG/ER data; they found further that the pho-
toelectron intensity was roughly independent of solar zenith
angle (SZA). Using MAVEN SWEA data, Wu XS et al. (2019a) ana-
lyzed the shape of the photoelectron energy spectrum, revealing
systematic trends with altitude and SZA. The SWEA data are
unique among existing measurements near Mars in that they
provide the only opportunity so far to explore characteristics of
photoelectrons down to the ionospheric peak altitude.

In this study, we examine further the energy dependent solar
cycle variation of photoelectron intensity, using as two proxies
the intensities at the Hell peak near 27 eV and the O Auger peak
near 500 eV. We show that the O Auger peak provides a better
diagnostic of the solar EUV/X-ray input at Mars, as fully expected
by the solar driven scenario. The present study could be viewed as
an extrapolation of existing investigations at high altitudes (e.g.
Trantham et al.,, 2011; Xu SS et al,, 2016b) towards regions below
the ionopause (e.g. Vogt et al.,, 2015). The parameterized solar
cycle variations inferred from the SWEA data are well suited for fu-
ture comparisons with kinetic model results obtained under dif-
ferent solar EUV/X-ray inputs (e.g. Liemohn et al., 2003, 2006; Xu
SS et al, 2015; Xu SS and Liemohn, 2015; Sakai et al., 2015;
Peterson et al., 2016).

2. Observations

For the purpose of this study, we include in our analysis the SWEA
photoelectron spectra acquired over the dayside of Mars with SZA
below 85° and up to a maximum altitude of 500 km. A total of 2.7
million spectra are available for this study, from the arrival of
MAVEN at Mars on 22 September 2014 to 14 February 2018
(Jakosky et al., 2015). Only the omnidirectional photoelectron in-
tensities averaged over the SWEA instrument field of view are
used. The energy resolution of a SWEA spectrum is typically 17%
according to Mitchell et al. (2016). All spectra have been properly
corrected for spacecraft charging using potentials derived from
MAVEN Suprathermal and Thermal lon Composition measure-
ments (McFadden et al., 2015).

For illustrative purposes, we display in Figure 1 the SWEA photo-
electron energy spectra acquired during MAVEN orbit #1061 as a
function of time from periapsis. Also provided are the variations of
the altitude, SZA, and latitude along the spacecraft trajectory be-
low 500 km. The solar EUV/X-ray flux is 1.62 mW-m2 when integ-
rated over the wavelength range from 0.5 nm to the CO, ioniza-
tion threshold of 90 nm based on the level 3 solar spectral model
at Mars (Thiemann et al., 2017) calibrated with MAVEN Extreme Ul-
traviolet Monitor (EUVM) band irradiance data (Eparvier et al,,
2015). Such a flux is referred to as “the solar ionizing flux”
throughout the rest of the paper.
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In Figure 1, both the Hell peak and the knee are clearly observed
whereas the O Auger peak is seen only marginally due to substan-
tially lower signal-to-noise ratios at such high energies (Mitchell et
al., 2016). Three representative one-dimensional cuts of the two-
dimensional spectrum are compared in the bottom row of Figure 1
for 391.7 km, 196.8 km, and 133.5 km, respectively, revealing the
absence of the Hell and O Auger peaks at high altitudes but the
maintenance of both peaks at low altitudes. There is also evid-
ence for a declining intensity at the two peaks as the altitude de-
clines towards the periapsis, a feature that is clearly attributable to
the reduced solar ionizing flux near and below the ionospheric
peak (e.g. Hantsch and Bauer, 1990; Morgan et al., 2008; Yao MJ et
al., 2019). The presence of a photoelectron boundary, where the
Hell peak switches between visible and invisible, is evident near
280 km during the inbound portion of the orbit and near 240 km
during the outbound portion (Garnier et al., 2017; Han QQ et al.,
2019). The typical uncertainty in photoelectron intensity is at most
several percent near the Hell peak and not more than 10% near
the O Auger peak.

3. Solar Cycle Variations of Photoelectron Peaks

The entire available MAVEN SWEA data set is ideal for exploring
quantitatively the solar control of the spectral peaks seen in the
photoelectron energy distribution in the dayside Martian iono-
sphere, which we present in this section.

In Figures 2 and 3, we show the SWEA-based photoelectron in-
tensities at the centers of the Hell and O Auger peaks near 27 eV
and 500 eV, respectively, as a function of the EUVM-based solar
ionizing flux. In each panel, the displayed variation is constructed
by interpolating to the desired altitude the measured intensities
during either the inbound or outbound MAVEN orbit. The vari-
ations at different altitudes are compared as indicated in the fig-
ure legend, all revealing the expected trend of increasing photo-
electron intensity with increasing solar activity, as already noted
by Trantham et al. (2011) and Xu SS et al. (2016a) for a fixed alti-
tude of 400 km using the MGS MAG/ER data. For the O Auger
peak, the measured intensity varies substantially from orbit to or-
bit, partially due to the contamination of Solar Wind electrons well
above the photoelectron knee, but a clear solar cycle trend can
still be spotted. The photoelectron intensities displayed in both
figures are obtained by identifying the energy closest to 27 eV for
the Hell peak and to 500 eV for the O Auger peak, rather than by
interpolating the measured intensities to exactly the required en-
ergies. This is to avoid the unrealistic values of photoelectron in-
tensity often encountered in numerical interpolation, especially
for the high energy intensities which are faint and subject to large
uncertainties. Such a procedure implies an undesired energy shift
between different spectra but this shift is in general smaller than
the SWEA energy resolution of ~4.6 eV near the Hell peak and ~
85 eV near the O Auger peak. Note also that in their evaluation of
the solar cycle variation of photoelectron intensity, Trantham et al.
(2011) took into account the attenuation of the incident solar irra-
diance along a limb path for a fixed SZA, but we choose not to
correct for this effect as Xu SS et al. (2016b) showed that the pho-
toelectron intensity was better correlated directly with the solar
EUV/X-ray flux without SZA factored in.

Wu XS and Cui J et al.: Photoelectron peaks in the Martian ionosphere
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Figure 1. (a) SWEA photoelectron energy spectra as a function of time from periapsis, acquired during MAVEN orbit #1061; the horizontal
dashed lines indicate the locations of the Hell and O Auger peaks. (b) Spacecraft altitude. (c) SZA and latitude (LAT). Three representative one-
dimensional cuts of the photoelectron energy distribution, as indicated by the vertical dashed lines in Panel (a), are provided in Panels (d), (e), and

(f) for comparison.

Of special interest is the observation of a substantially more prom-
inent response of photoelectron intensity to varying solar ioniz-
ing flux at the O Auger peak than at the Hell peak. The solar cycle
variations in Figures 2 and 3 could each be reasonably described
by a power law in the form of I, (E) o« F,»“(E) where E and [, are the
photoelectron energy and omnidirectional intensity, F; is the solar
ionizing flux, and a is the energy-dependent power index used to
parameterize the observed solar cycle variation. This functional
form reflects properly the desired limiting behavior of zero intens-
ity when the solar EUV/X-ray irradiance is turned off. The best-fit
parameters, q, are listed in Table 1 for reference, which are on av-
erage 1.28 for the Hell peak and 2.57 for the O Auger peak. These
values further indicate that as the solar ionizing flux increases
from 1 mW-m=2to 2.5 mW-m~2, the photoelectron intensity at the
Hell peak increases by a factor of 3.2 whereas the intensity at the
O Auger peak increases by the much larger factor of 10.5. It is also
interesting to note from Table 1 that the solar cycle variation of
photoelectron intensity appears to be altitude independent,
which is also an expected result within the optically thin regions
of the atmosphere. At altitudes near or below the ionospheric
peak (e.g. Hantsch and Bauer, 1990; Morgan et al., 2008; Yao MJ et
al., 2019), some dependence on altitude is foreseen, connected to
the change in optical depth. We also caution that the best-fit
power laws have been obtained over the range of solar ionizing
flux from 0.7 mW-m~2 to 2.5 mW-m~2 and cannot be extrapolated

to arbitrarily high and low incident solar EUV/X-ray levels.

Within the optically thin regions of the Martian ionosphere, the
photoelectron intensity should be directly proportional to the sol-
ar EUV/X-ray flux (e.g. Wu XS et al.,, 2019b). One may then expect a
linear increase in photoelectron intensity with increasing solar
ionizing flux, but the best-fit functional form that we obtain sug-
gests a more steepened increase. This finding is linked to the fact
that the solar ionizing flux at shorter wavelengths varies more
substantially with solar activity than at longer wavelengths. Put
another way, the enhancement in the integrated solar ionizing
flux as solar activity increases is not proportionally distributed
over the wavelength range involved in photoelectron production;
amore prominent enhancement is observed at wavelengths re-
sponsible for the O Auger peak than at wavelengths responsible
for the Hell peak. Meanwhile, both Hell and O Auger photoelec-
trons may also be produced via “secondary” impact ionization of
atmospheric neutrals by more energetic photoelectrons, which
would act to enhance the observed trend in photoelectron intens-
ity with solar activity.

For comparison, Trantham et al. (2011), using as a proxy the con-
ventional 10.7 cm solar radio index at the Earth adjusted for the
Sun-Mars distance, reported that photoelectron intensity varied
with solar EUV irradiance in a roughly linear way. Clearly, the ob-
served correlation between photoelectron intensity and solar irra-

Wu XS and Cui J et al.: Photoelectron peaks in the Martian ionosphere
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Figure 2. Solar cycle variation of photoelectron intensity at the center of the Hell peak, at four representative altitudes as indicated in the figure

legend.

diance depends somewhat on the actual solar EUV/X-ray proxy
used. With the direct monitoring of solar EUV/X-ray flux at Mars fa-
cilitated by the EUVM instrument, MAVEN data obviously provide
a more appropriate sample for exploring solar cycle variations of a
range of Martian ionospheric parameters including the photoelec-
tron intensity. In addition, we note that the scatterings in the ob-
served solar cycle variation, as displayed in Figures 2 and 3, are
fairly large. While the power law relation does provide the best-fit
to the observations, other functional forms including a linear one
are probably acceptable. Within the context of this study, of more
importance is the energy dependent solar cycle variation of pho-
toelectron intensity, as clearly suggested by the data; this finding
is independent of the detailed functional forms used for paramet-
erizing the observations.

4. Concluding Remarks

Photoelectrons are an important population of the dayside Mar-
tian ionosphere and are produced by solar EUV/X-ray ionization of
atmospheric neutrals (e.g. Mantas and Hanson, 1979; Shutte et al.,
1989; Frahm et al., 2006a; Sakai et al., 2015). Such a solar driven
scenario, though established for decades, has not been empiric-
ally verified in detail, mainly due to limited in-situ measurements
of photoelectrons, especially below the Martian ionopause. The
studies of Trantham et al. (2011) and Xu SS et al. (2016b) did re-
port evidence for solar cycle variation of photoelectron intensity

but their analyses were performed at a fixed altitude of 400 km
due to the limited coverage of MGS MAG/ER data. The recent
MAVEN SWEA measurements (Mitchell et al., 2016) have provided
a unique opportunity to explore more thoroughly the solar con-
trol of photoelectron intensity, not only by virtue of extensive
measurements of the photoelectron energy distribution down to
regions well below the ionospause (Mitchell et al., 2016) but also
by virtue of their simultaneous monitoring of the solar EUV/X-ray
flux right at Mars (Eparvier et al., 2015).

In this study, we analyze a total of 2.7 million SWEA photoelec-
tron energy spectra accumulated over three years and a half, from
which we are able to identify a strong solar cycle variation of pho-
toelectron intensity at different energies. We focus specifically on
two energies, 27 eV as the center of the Hell peak and 500 eV as
the center of the O Auger peak. Our analysis reveals that despite
the observed increase in photoelectron intensity with increasing
solar ionizing flux at both peaks, this trend is clearly less promin-
ent at the Hell peak than at the O Auger peak, as expected by a
larger variability in solar irradiance at shorter wavelengths. The
solar cycle variation of photoelectron intensity could be reason-
ably described by a power law relation, predicting that over the
range of solar ionizing flux from 1 mW-m2 to 2.5 mW-m-2, the pho-
toelectron intensity increases by a factor of 3.2 at the Hell peak
and by the much larger factor of 10.5 at the O Auger peak, both
within the optically thin regions of the Martian atmosphere. The

Wu XS and Cui J et al.: Photoelectron peaks in the Martian ionosphere
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Figure 3. Similar to Figure 2 but for solar cycle variation of photoelectron intensity at the center of the O Auger peak.

Table 1. Best-fit power indexes for solar cycle variations of photo-
electron intensity at the centers of the Hell and O Auger peaks (see
text for details).

Best-fit power index, a

Altitude (km)

Hell peak O Auger peak
180 121 262
250 1.30 2.66
320 1.27 253
400 132 245
Average 1.28 2.57

parameterized solar cycle variations presented here are well
suited for future comparisons with kinetic model results obtained
under different solar EUV/X-ray inputs (e.g. Liemohn et al., 2003,
2006; Xu SS et al., 2015; Xu SS and Liemohn, 2015; Sakai et al.,
2015; Peterson et al., 2016).
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