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Abstract Photoelectrons are an extensively studied component of planetary ionospheres which have
been frequently used as a diagnostic of ambient magnetic fields. We show in this study that they also
provide information on atmospheric composition via the altitude variation of photoelectron intensity at
specific energies. Such an idea is applied to Mars for which a large observational sample of photoelectrons
is available from the Solar Wind Electron Analyzer measurements made by the Mars Atmosphere and
Volatile Evolution (MAVEN). Our analysis reveals a strong decline in photoelectron intensity from 160 to
200 km, but this trend is restricted to a narrow energy range of 10-15 eV. By employing analytical yield
spectrum calculations, we derive the model variations based on different choices of the background
atmosphere. We find that the presence of CO is crucial for reproducing the observed variations.

This allows atmospheric CO densities to be estimated from photoelectron measurements, which are a factor
of 3-7 lower than the published densities based on the MAVEN Neutral Gas and Ion Mass Spectrometer
measurements and in better agreement with existing model results. In general, the usefulness of
photoelectron intensity at a specific energy as a tracer of atmospheric composition relies critically on the
species-dependent inelastic electron impact cross section at this energy.

Plain Language Summary On each solar system body with a substantial atmosphere, the
ionization of atmospheric neutrals by solar photons produces photoelectrons at a typical energy of several
eV to several hundred eV. These electrons have caught extensive research interests for decades because
their spatial distribution has been recognized as a good tracer of ambient magnetic fields. In this study,
we propose that photoelectrons could also be used as a tracer of atmospheric composition. Such an idea is
applied to Mars, showing that the change of photoelectron flux with altitude at 10-15 eV relies critically on
the distribution of atmospheric CO. When applied to other planets, the combination of the atmospheric
species and photoelectron energy involved may vary, depending on the detailed characteristics of inelastic
collisions between electrons and neutrals. Our idea provides a potentially useful constraint on the
abundance of key atmospheric species when it cannot be measured accurately by a mass spectrometer, a
situation often encountered in modern planetary missions.

1. Introduction

Photoelectrons are an extensively studied component of the dayside ionospheres of various solar system
bodies such as the Earth (e.g., Doering et al., 1976), Mars (e.g., Frahm et al., 2006; Sakai et al., 2015), Venus
(e.g., Coates et al., 2008; Cui et al., 2011), and Titan (e.g., Coates, 2007; Wellbrock et al., 2012), among others.
It is well known that these nonthermal electrons are produced by solar extreme ultraviolet (EUV) and X-ray
ionization of atmospheric neutrals (Fox et al., 2008). A typical photoelectron energy spectrum has a
well-defined shape characterized by several distinctive spectral peaks at 22-27 eV connected to the strong
solar He II emission line at 30.4 nm, as well as an apparent knee at 60-70 eV associated with the rapid drop
in solar flux at wavelengths shorter than 17 nm (Coates, 2011, and references therein).

Photoelectrons are important in at least two aspects. On the one hand, they are able to ionize ambient
neutrals and heat ambient thermal electrons, hence playing an important role in the local ionization
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and energy balance (e.g., Cui et al., 2018; Galand et al., 2006; Sakai et al., 2016). On the other hand, they
are frequently observed in regions where local photoelectron production is not expected, and accordingly,
they are used as a diagnostic of the ambient magnetic field topology (e.g., Cao et al., 2020; Coates, 2007, 2015;
Xu et al., 2017). One may also expect that a photoelectron spectrum contains information on the composition
of the background atmosphere because species-dependent ionization potential would naturally cause
species-dependent location of the spectral peak. However, this fact is of little practical use because the typical
energy resolution of a measured photoelectron spectrum, at the order of several eV, is too coarse to distin-
guish between peaks associated with different species such as CO, and O on Mars and Venus, with an energy
difference of only 0.2 eV. Despite this, we show below that photoelectrons can indeed be used as a potential
tracer of the background atmospheric composition in the optically thin regions, not by identifying separated
peaks but by examining the altitude variation of photoelectron intensity.

In this paper, such an idea is explained and applied specifically to Mars, which is ideally suited for a systema-
tic investigation of the characteristics of ionospheric photoelectrons as allowed by the accumulation of
numerous photoelectron energy spectra over the past few decades by a number of instruments including
the Magnetometer/Electron Reflectometer (MAG/ER) on board the 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., 2006), and more recently the Solar Wind Electron Analyzer
(SWEA) on board the Mars Atmosphere and Volatile Evolution (MAVEN) mission (Mitchell et al., 2016).
For instance, based on the MGS MAG/ER data, Xu et al. (2016) found that the photoelectron intensity
was correlated with solar EUV and X-ray flux but independent of solar zenith angle (SZA). Using the
MAVEN SWEA data, Wu, Cui, Cao, Liu, et al. (2019) analyzed the shape of the photoelectron energy spec-
trum, revealing systematic trends with altitude and SZA. The SWEA data are unique among existing mea-
surements near Mars in that they provide the only opportunity so far to explore photoelectrons down to
the ionospheric peak altitude (e.g., Jakosky et al., 2015).

The paper is organized as follows. In section 2, we present SWEA observations which reveal a strong altitude
variation of photoelectron intensity at specific energies even within the optically thin regions of the Martian
atmosphere. Data-model comparison is presented in section 3, where we highlight the crucial role of CO in
determining the observed variation. We then discuss in section 4 what is special for CO and provide conclud-
ing remarks in section 5.

2. Clues from the MAVEN Measurements at Mars

For the purpose of this study, we show in Figure 1a the mean photoelectron energy spectrum as a function of
altitude based on the SWEA measurements gathered during the Deep Dip (DD) campaign in April 2015,
hereafter denoted as DD2 for short, with a periapsis altitude of 130-135 km and a periapsis SZA of 8° to
12°. The displayed spectrum has been corrected for spacecraft charging using the appropriate potentials pro-
vided in the MAVEN Neutral Gas and Ion Mass Spectrometer (NGIMS) level 2 data set (Mahafty et al., 2015).
The figure demonstrates clearly the presence of a distinctive peak near 22-27 eV, along with the sharp
decline in photoelectron intensity beyond 60 eV.

Of particular interest is the altitude variation of photoelectron intensity, which is displayed in Figure 1b at
several representative energies, where the measured intensity has been normalized by the value at 200 km
to facilitate cross energy comparison of the overall trend. We focus on the altitude range from the DD2 peri-
apsis to 200 km where the condition of local energy degradation could be reasonably assumed for the
observed photoelectrons (e.g., Wu, Cui, Cao, Sun, et al., 2019). Two broad categories are immediately iden-
tified in the figure: (1) At relatively high energies, the photoelectron intensity remains roughly constant with
altitude down to 140-150 km below which it declines with decreasing altitude; (2) at relatively low energies,
the photoelectron intensity is peaked at an altitude of around 160 km and declines toward both lower and
higher altitudes. Based on the SWEA measurements made at other energies up to 250 eV (above which
the contribution from solar wind electrons is a concern), we conclude that the former feature is persistently
seen above 15 eV, whereas the latter feature is restricted to a narrow energy range of 10-15 eV. Dayside
SWEA measurements down to the ionospheric peak altitude are also available from another DD campaign
in October 2017, with a periapsis altitude of 122-137 km and a periapsis SZA of 21° to 28°. Without showing
the details, we mention that very similar observations are revealed by the SWEA measurements from this
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Figure 1. (a) The mean photoelectron intensity as a function of altitude and energy based on the MAVEN SWEA
measurements during the Deep Dip campaign in April 2015. (b) The altitude variation of photoelectron intensity at
several representative energies (indicated in the figure legend), where the measured intensity has been normalized by the
value at 200 km to facilitate cross energy comparison of the overall trend.

extra campaign. In addition, by scrutinizing a substantially larger SWEA data set during the nominal
MAVEN mission phase (which typically probed the Martian atmosphere down to 150-160 km only), we
conclude that the energy-dependent altitude variations above 160 km as seen in Figure 1b are fairly
common on the dayside of Mars.

The decline in photoelectron intensity toward the DD2 periapsis at all energies is clearly attributed to the
attenuation of solar EUV and X-ray irradiance due to photoabsorption by neutrals near and below the iono-
spheric peak, which is at around 130 km under the subsolar condition (e.g., Fox & Weber, 2012; Morgan
etal., 2008; Yao et al., 2019). In Figure 1b, the observation of a less prominent decline in photoelectron inten-
sity at higher energies reflects the ability of more energetic photons to penetrate deeper into the atmosphere
(e.g., Fox, 2004). In contrast, the strong altitude variation of photoelectron intensity above 160 km, which is
only seen at 12.1 eV in the figure and by as much as 25% up to 200 km, is counterintuitive.

Assuming local energy degradation, photoelectrons at a given energy are, as a first-order approximation,
produced via solar EUV and X-ray ionization and lost via inelastic collisions with ambient neutrals (e.g.,
Fox et al., 2008). Since both the photoelectron production and loss rates are proportional to the ambient neu-
tral density, one may intuitively expect that the photoelectron intensity is independent of altitude within the
optically thin regions where the attenuation in solar EUV and X-ray irradiance is negligible (as is the case for
the 224- and 62.1-eV photoelectrons above 160 km in Figure 1b). We note that such a simple argument only
applies to the situation of a single component atmosphere, and we show below that the counterintuitive alti-
tude variation in the optically thin regions at 10-15 eV reflects in reality how the ambient atmosphere is
mixed by different neutral species with different characteristics of the inelastic electron impact cross section.

3. Analytical Yield Spectrum Modeling Results

For the altitude range displayed in Figure 1b, the condition of local energy degradation is a reasonable
approximation (e.g., Wu, Cui, Cao, Sun, et al., 2019), which facilitates greatly the calculation of the photo-
electron intensity in the Martian ionosphere with the aid of the analytical yield spectrum (AYS) method.
Such a method was recently used by Mukundan et al. (2020), who reported a good agreement between
the model photoelectron spectra and the SWEA measurements over the energy range of 10-250 eV

WU ET AL.

30f11



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006441

500

400

300

Altitude (km)

200

100

without the need to adjust the solar EUV and X-ray irradiance inferred
from the MAVEN Extreme Ultraviolet Monitor band irradiance data
(Thiemann et al., 2017). The AYS method has the advantage of isolating
the nonspatial information of the photoelectron degradation processes
and incorporating photoelectron production via downward degradation
from more energetic states with a parametrized two-dimensional matrix
(Green et al., 1977). Degradation via Coulomb collisions with ionospheric
thermal electrons (Stamnes & Rees, 1983) is only important for photoelec-
tron energy well below 10 eV and is ignored for simplicity.

The background Martian atmosphere required for AYS model calcula-
tions is depicted in Figure 2, including the neutral density profiles of
CO,, O, N,, and CO from 80 to 500 km. These profiles are validated by
the MAVEN NGIMS measurements averaged over DD2 (Mahaffy et al.,

10*

108

Neutral density (cm™)

T = 2015), as displayed in the same figure for comparison. Only the inbound
10 10 NGIMS data are used to avoid possible contamination by heterogenous
chemistry as well as physical adsorption and desorption occurring on

Figure 2. The background Martian atmosphere at 80-500 km including ~ the instrument antechamber walls (e.g., Mahaffy et al., 2015). For refer-
CO,, O, N, and CO as given by the solid lines. The MAVEN NGIMS ence, we explain in detail in Appendix A how the background atmosphere
measurements averaged over all inbound DD2 orbits are given by the solid  ig constructed.

circles for validation.

Following Mukundan et al. (2020), we compute the photoelectron inten-
sity, ®(E,z), as a function of altitude, z, and energy, E, from

7, ENY.(E, E, z)dE
Zi Ni(2)oi(E),

ou(5, 2)— Pl W

where N; is the density of neutral species, i, ; is the total inelastic electron impact cross section, P, is the
differential photoelectron production rate by solar EUV and X-ray ionization of all neutral species, and Y,
is the composite AYS obtained with

z

V.5 E .2 Ni(2)(oi(E, E)Yi(E, E')
by E,2)=

ZNi(Z)<o'i(E7 E’))7

1

()

with (o;) being o; averaged over the energy range of E to E” and Y; being the respective AYS for neutral
species, i, characterizing the production of photoelectrons at E from downward degradation of photoelec-
trons at E’. For Y;, we adopt the results of Green et al. (1977) for all species except for CO, for which the
more accurate result of Bhardwaj and Jain (2009) is used. The latter result accounts for the serious under-
estimates of the CO, AYS by earlier results near and below 15 eV (see Figure 6 of Bhardwaj & Jain, 2009).

In Figure 3a, we show the model altitude variation of photoelectron intensity at the same representative
energies as in Figure 1b using the background atmosphere depicted in Figure 2. The model variation in
Figure 3a is in rough agreement with the observed variation. The two broad categories are clearly identified
in that above 160 km, the photoelectron intensity varies little with altitude at relatively high energies but
shows distinctive decline with increasing altitude at the lowest energy of 12.1 eV displayed in the figure, just
as suggested by the SWEA measurements. In our calculations, the input solar EUV and X-ray irradiance is
adopted from the Flare Irradiance Spectral Model - Mars (Thiemann et al., 2017) appropriate for the DD2
condition, with the respective mean SZA of 11°. The relevant photoionization cross sections are taken from
Masuoka (1994) for CO,, Verner et al. (1996) for O, Stolte et al. (1998) for N,, and Masuoka and Nakamura
(1993) for CO.

It is also instructive to make data-model comparison when the neutral density profiles are modified arbitra-
rily in order to explore the effect of a varying background atmosphere. For this purpose, we show in
Figure 3b the model variation by including CO, only, indicating that the photoelectron intensity is now
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Figure 3. The altitude variation of photoelectron intensity at several representative energies (indicated in the figure legend in panel (a)) according to our AYS
model calculations, in a similar format as in Figure 1b. The SWEA observations are given by the dashed lines for comparison. Different model runs

are indicated assuming different choices of the background Martian atmosphere including CO,, O, N5, and CO (a), CO, only (b), CO, and O (c), CO,, O, and N,
(d), and CO,, O, and CO (e), all in agreement with the NGIMS measurements, as well as an additional background atmosphere including CO,, O, and N,

for which the CO, and N, densities are in agreement with the NGIMS measurements but the O densities are enhanced by a factor of 4 as suggested by Fox et al.

(2017) ().

altitude independent in the optically thin regions irrespective of energy, as suggested by the ideal expectation
described in section 2. As several additional model runs, we show the same variation when including CO,
and O only in Figure 3c, when including CO,, O, and N, only in Figure 3d, and when including CO,, O,
and CO only in Figure 3e, respectively. A final model run is depicted in Figure 3f, for which we include
CO,, O, and N, only but with the O densities in Figure 2 enhanced by a factor of 4 at all altitudes
following the suggestion of Fox et al. (2017).

A comparison of different model runs indicates that the observed altitude variation of photoelectron inten-
sity at 10-15 eV strongly relies on the detailed atmospheric composition. Based on the NGIMS measure-
ments, CO makes the second most important contribution to the ambient atmosphere over the altitude
range of 160-200 km examined here, where its density is on average higher than the O density by a factor
of around 4 according to Figure 2. The SWEA data suggest a significant decline in photoelectron intensity
from 160 to 200 km at 12.1 eV. Though containing the same CO,, O, and N, density profiles as in model
(a), model (d) does not reproduce the same feature when the background atmosphere does not include
CO. Enhancing the O density profile, as done for model (f), does not help to solve the problem. In practice,
even if we enhance the O density everywhere by an unrealistically large factor of 10 for a pure CO, and O
atmosphere (not shown in the figure), the predicted altitude variation of photoelectron intensity at
12.1 eV is only 5% at 160-200 km. The SWEA observations at 12.1 eV do not appear to be linked to N, as
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Figure 4. (a) The energy-dependent photoionization frequencies of various species at a reference altitude of 180 km in
the Martian upper atmosphere (see Figure 2). (b) The total inelastic electron impact cross sections of various species.
The shaded regions in both panels refer to the energy range of 10-15 eV over which a strong altitude variation of
photoelectron intensity at 160-200 km is suggested by the MAVEN SWEA measurements during DD2.

well because model (e), despite without N, in the background atmosphere, does predict the observed
variation, at least qualitatively. Following the above discussions, we conclude that the observed altitude
variation of photoelectron intensity at 10-15 eV strongly relies on the detailed atmospheric composition.
Especially, CO appears to play an essential role in that all model runs without this species fail to
reproduce adequately the observed variation for low energy photoelectrons.

4. Discussion: The Role of Atmospheric CO on Mars

According to Equation 1, the photoelectron intensity is determined by photoionization and energy degrada-
tion via inelastic collisions, both of which depend on the atmospheric composition. Here we compare in
Figure 4a the photoionization frequencies of various species at a reference altitude of 180 km. The figure
reveals a comparable ability between CO, and CO to produce photoelectrons at 10-15 eV by solar EUV
and X-ray ionization.

In contrast, the two species do show a clear distinction in the total inelastic electron impact cross section, as
displayed in Figure 4b based on the cross sections reported by Itikawa (2002) for CO,, Laher and Gilmore
(1990) for O, Itikawa (2006) for N,, and Brunger and Buckman (2002) for CO, respectively. At 10-15 eV,
the CO cross section is larger than the CO, cross section, implying an easier loss of 10- to 15-eV photoelec-
trons via inelastic collisions with CO than with CO,. This is compatible with the observed altitude variation
at 10-15 eV in Figure 1b, when combined with the NGIMS observation that from 160 to 200 km, the CO mix-
ing ratio increases significantly from 15% to 30% in the Martian upper atmosphere (however, see below).
Such an effect is exceptionally prominent due to the large cross section difference between the two species
by a factor of 8. Enhanced inelastic electron collisions with CO at 10-15 eV are mainly connected to electro-
nic excitation to either the a’II state or the a”*T state of CO, with excitation energies of 6.22 and 6.91 eV,
respectively (e.g., Brunger & Buckman, 2002).

Meanwhile, the CO, cross section is larger than the CO cross section above 27 eV according to Figure 4b.
This implies that the 10- to 15-eV photoelectrons are more easily produced by downward degradation of
more energetic photoelectrons via inelastic collisions with CO, than with CO. Obviously this also contri-
butes to the observed decline in photoelectron intensity at 10-15 eV above 160 km though to a less extent.

For further demonstration, we show in Figure 5 the altitude profiles of the NGIMS CO mixing ratio, the pri-
mary photoelectron production rate, the composite AYS defined in Equation 2, and the mean inelastic elec-
tron impact cross section of atmospheric neutrals weighted by mixing ratio. The situations for two
photoelectron energies, 12.1 and 38.9 eV, are compared to highlight the differences in various controlling
parameters between the two categories of photoelectron observation with and without a prominent
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Figure 5. The altitude profiles of the NGIMS CO mixing ratio (a), the primary photoelectron production rate (b), the
composite AYS defined in Equation 2 (c), and the mean inelastic electron impact cross section of atmospheric

neutrals weighted by mixing ratio (d). Except for panel (a), the solid and dashed lines refer to the 12.1 eV and 38.9 eV
photoelectrons, respectively. In panel (c), the composite AYS refers to downward degradation of photoelectrons

from a representative upper energy state of 124.9 eV. Note also that the composite AYS at 38.9 eV has been multiplied
by 10 to improve visibility. The shaded region in each panel encompasses the altitude range of 160-200 km where a

prominent decline in photoelectron intensity with increasing altitude is revealed by the SWEA measurements of 10-15 eV
photoelectrons.

decline in photoelectron intensity at 160-200 km (indicated by the shaded region in each panel). Figure 5b
suggests a similar altitude trend in primary photoelectron production at the two energies, whereas Figures 5¢
and 5d reveal that the altitude trends of photoelectron production and loss via downward energy
degradation are remarkably different between 12.1 and 38.9 eV. When the CO mixing ratio increases with
increasing altitude, photoelectron loss at 12.1 eV via downward degradation to less energetic states
increases whereas photoelectron production at the same energy via downward degradation from more
energetic states decreases. The combination of the above two effects accounts for the observed decline in
photoelectron intensity at 12.1 eV with increasing altitude.

Analogous to CO, we note that the total inelastic electron impact cross section of N, is also larger than that of
CO,; at 10-15 eV but only by a factor of 3 according to Figure 4b. This explains why a weaker altitude varia-
tion (by less than 10%) of photoelectron intensity at these energies is predicted by the model run in Figure 4d
that includes CO,, O, and N, but does not include CO in the background atmosphere. Meanwhile, no
enhancement in the total inelastic electron impact cross section is seen for O at 10-15 eV, which is consistent
with no altitude variation of photoelectron intensity for a background atmosphere containing only CO, and
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O as presented in Figure 3c. In general, the altitude variation of photoelec-
tron intensity at a specific energy is crucially controlled by the
species-dependent inelastic collisions by photoelectrons at the same
energy.

The above discussion implies that it is possible to infer planetary atmo-
spheric composition from the measured photoelectron intensities at
— selected energies. This is especially interesting for the case of CO in the
- Martian upper atmosphere since the densities of this species are not well
— constrained by the NGIMS measurements. It is known that the O densities
directly measured by the NGIMS are strongly affected by the recombina-
tion of atmospheric O on the chamber walls to form O, (Stone et al.,
2018). Similarly, the NGIMS NO densities have been proposed to be
linked to the recombination of atmospheric O and N on the chamber walls
rather than reflecting the amount of atmospheric NO (Stevens et al.,

Figure 6. Similar to Figure 3, the altitude variation of photoelectron
intensity at 12.1 eV predicted by AYS model calculations assuming
different background atmospheres with identical CO,, N,, and O density

2 R 2019). The latter is also supported by the recent investigation of odd N

Relative intensity chemistry in the Martian upper atmosphere by Cui et al. (2020).

However, the situation for CO is quite different because the recombina-
tion of atmospheric C and O on the chamber walls makes a small contri-
bution to the measured count rates compared to the direct contribution

profiles based on direct NGIMS measurements but different CO density from atmospheric CO. In reality, the uncertainty in the NGIMS CO den-
profiles as indicated in the figure legend. The altitude variation inferred sity is due to the fact that the CO count rates are seriously contaminated
from the SWEA measurements during DD2 is superimposed for by CO, and N, whose cracking patterns are not known accurately enough
comparison.

to allow a robust determination of the atmospheric CO density.

Here several AYS model runs are carried out, as displayed in Figure 6 where we show the model altitude var-
iation of photoelectron intensity at 12.1 eV for different background atmospheres characterized by different
CO density profiles as indicated in the figure legend. The density profiles of the other three species, CO,, N,,
and O, are based on direct NGIMS measurements. The figure demonstrates that a reduction of CO density
everywhere by a factor of 3-7 relative to the NGIMS density reproduces reasonably the observed altitude var-
iation of photoelectron intensity. At 160 km, the CO density is 7x10® cm ™ according to direct NGIMS mea-
surements whereas a comparison between AYS model results and SWEA observations suggests that this
density might be substantially overestimated and that a more likely CO density is (1-2)x10® cm™ at
160 km. The revised CO density profile agrees better with existing model predictions (e.g., Krasnopolsky,
2002, 2010). It is also interesting to note that the NGIMS NO densities are proposed to be overestimated
by a comparable factor (e.g., Cui et al., 2020).

The above simple calculations should be regarded as a demonstration of the possibility to constrain atmo-
spheric composition and structure from photoelectron intensity measurements, rather than an attempt to
accurately reproduce the data. For instance, the data-model comparison in Figure 6 suggests clearly that
applying a common scaling factor for CO density is not able to reproduce the SWEA observations at all alti-
tudes. The data-model agreement is expected to be improved by more sophisticated multi-stream calcula-
tions that include the effect of photoelectron transport along the magnetic field lines, which we leave for
follow-up studies.

5. Concluding Remarks

Photoelectrons are an extensively studied nonthermal component of planetary ionospheres with a typical
energy of several eV to several 10% eV (e.g., Coates, 2011). While these electrons have been frequently used
as a diagnostic of the ambient magnetic field topology (e.g., Cao et al., 2020; Coates, 2007, 2015; Xu et al.,
2017), we show further in this study that they also provide interesting information on the ambient atmo-
spheric composition within the optically thin regions, in terms of the altitude variation of photoelectron
intensity at specific energies.

The above idea is applied to Mars for which the MAVEN SWEA measurements have provided, over the
past few years, an exceptionally large data set of photoelectrons down to the ionospheric peak altitude
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(Mitchell et al., 2016). Based on the SWEA data acquired during DD2 appropriate for the subsolar condition,
we find a strong decline in photoelectron intensity from 160 to 200 km, but this trend is restricted to a narrow
photoelectron energy range of 10-15 eV. At higher energies, the photoelectron intensity is fairly constant
above 160 km, which is consistent with the ideal expectation for a single component atmosphere because
both the photoelectron production and loss rates are proportional to the ambient neutral density, leaving
no net effect exerted by the background atmosphere.

By employing simple AYS model calculations (e.g., Mukundan et al., 2020), we derive the altitude variation
of photoelectron intensity at representative energies based on different choices of the background atmo-
sphere. We find that the presence of CO is crucial for reproducing the observations, and such an interesting
finding is mainly due to enhanced inelastic collisions of photoelectrons with CO at 10-15 eV when compared
to collisions with CO, (Brunger & Buckman, 2002). An easier production of 10- to 15-eV photoelectrons by
downward degradation of more energetic photoelectrons via inelastic collisions with CO, than with CO
(Bhardwaj & Jain, 2009; Green et al., 1977) also contributes to the observed altitude variation at 160-
200 km, though to a less extent. The AYS model results cannot be extrapolated to higher altitudes where
the effect of transport becomes important.

We propose that the altitude variation of photoelectron intensity at 10-15 eV could be used as a tracer of CO
in the Martian upper atmosphere. Following a similar line of reasoning, we may further conclude that the
same variation is not sensitive to the abundances of atmospheric N, and O on Mars because their inelastic
electron impact cross sections are not substantially enhanced over that of CO, at 10-15 eV (Itikawa, 2006;
Laher & Gilmore, 1990). The CO densities in the Martian upper atmosphere as directly measured by the
NGIMS are likely very uncertain. Therefore, as an application of the idea described here, we carry out a
set of AYS model runs with fixed CO,, N,, and O density profiles but a variable CO density profile in order
to constrain the possible range of CO density that reproduces the SWEA observations near a representative
photoelectron energy of 12 eV. The data-model comparison indicates that the NGIMS CO densities are likely
overestimated by a large factor of 3-7 in the Martian upper atmosphere.

In practice, the usefulness of photoelectron intensity at a specific energy as a tracer of atmospheric composi-
tion relies crucially on the species-dependent inelastic collisions by photoelectrons at the same energy. The
idea outlined in the present paper is potentially useful either for a planetary mission without a neutral mass
spectrometer but with an electron spectrometer on board such as the Venus Express (Coates et al., 2008) or
when the mass spectrometer does not provide an accurate determination of an ambient species (Mahaffy
et al., 2015).

Appendix A: Construction of the Background Martian Atmosphere

The background Martian atmosphere used in the AYS model calculation is displayed in Figure 2, including
CO,, O, N,, and CO. The CO, density profile is obtained from the hydrostatic balance equation with a neu-
tral temperature profile, T(z), analogous to that of Krasnopolsky (2002) in the form of

2
-z
T(2)=Te — (Te — To)exp {—%} : (A1)
with T, =245 K from isothermal fitting to the NGIMS CO, data above 160 km, T, = 140 K at the lower
boundary of zo = 80 km according to the recent Mars Climate Sounder limb observations made on board
the Mars Reconnaissance Orbiter (Kleinbohl et al., 2009), and the numerical factor of 22 constrained by
comparing the derived CO, densities with the NGIMS data.

The density profile of each of the remaining species is described by the respective momentum equation tak-
ing into account both eddy diffusion and molecular diffusion. Here the eddy diffusion coefficient, K(z), is
parameterized with the functional form of Krasnopolsky (2002) as

(A2)
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where Nco, is the CO, density and K, = 3.27x10"" cm? s~ is constrained by the NGIMS N, data assuming
diffusive equilibrium (e.g., Slipski et al., 2018). With this, the CO density profile is then favorably deter-
mined also assuming diffusive equilibrium. The departure in CO density near and below 140 km is likely
due to nonnegligible CO production from various photochemical pathways, but such a departure is unim-
portant because we are interested in the regions above 160 km where the data-model agreement in
Figure 2 is fairly good for CO.

For O, we find that the condition of diffusive equilibrium is inappropriate and an extremely large upward
flux of 310" cm™2 s™* is required to reproduce the NGIMS measurements. Despite orders of magnitude
higher than the atomic O escape flux, known to be primarily driven by the dissociative recombination of
ionospheric OF (e.g., Lillis et al., 2017), such a large flux may not be totally unrealistic considering that it
may reflect a strong ballistic flow that emanates from the subsolar regions of Mars and forms a very extended
corona as revealed by existing remote sensing observations (e.g., Chaufray et al., 2015). We also caution that
the NGIMS O densities have been speculated to be inaccurate by Fox et al. (2017), and more sophisticated
model calculations are required to confirm this speculation.

The background atmosphere can be accessed via Cui, Jun; Wu, Xiaoshu (2020), Photoelectrons as a Tracer of
Planetary Atmospheric Composition: Application to CO on Mars; Mendeley Data, V1, (https://doi.org/
10.17632/4zy92xgf45.1).

Data Availability Statement

The data used in this work are publicly available at the MAVEN Science Data Center (http://lasp.colorado.
edu/maven/sdc/public/). The IDL procedures used to do all the calculations presented in this study and the
data files required for making all the figures are accessible via Cui, Jun; Wu, Xiaoshu (2020), Photoelectrons
as a tracer of planetary atmospheric composition: Application to CO on Mars, Mendeley Data, V1, (https://
doi.org/10.17632/4zy92xgf45.1).
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