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Atmospheric photoelectrons are central to the production of planetary ionospheres.

They are created by photoionization of the neutral planetary atmosphere by solar

EUV and soft X-ray irradiance. They provide the energy to heat the thermosphere.

Thermalized photoelectrons permeate magnetospheres creating polarization electric

fields and plasma waves as they interact with ions to maintain charge neutrality.

Energetic photoelectrons (>1 eV) have a distinctive energy spectral shape as first

revealed in data from the Atmosphere Explorer satellites. Energetic photoelectrons

escaping the ionosphere follow local magnetic fields illuminating the planet’s magnetic

topology. Current models using state-of-the-art EUV observations accurately capture

their production and transport. However, in spite of 60 years of space research the

electron thermalization processes occurring below 1 eV at low altitudes in planetary

thermospheres are not understood quantitatively. Results from event analysis of data

from theMars Atmosphere and Volatile Evolution (MAVEN)mission are not consistent with

current models of photoelectron thermalization. The lack of quantitative understanding

reflects the complexity of the physics and the lack of a large data base of simultaneous

neutral, ion, and electron densities and temperatures in lower planetary thermospheres.
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INTRODUCTION

Electrons in the atmosphere were investigated by Chapman (1931) and by early radio scientists
who inferred the existence of an ionized region surrounding the Earth created by the absorption
of radiation from the sun. Early observations of the solar EUV irradiance (e.g., Rense, 1953) and
atmospheric photoelectrons (e.g., Hinteregger et al., 1959) demonstrated the need for simultaneous,
space based, observations of key ionospheric parameters over all local times and latitudes. NASA
addressed this need in the early 1970’s with the Atmosphere Explorer (AE) -C, -D, and -E satellites
(Dalgarno et al., 1973). The AE satellites provided calibrated measurements of the solar EUV flux,
the neutral atmosphere, and ionized components including atmospheric photoelectrons. These
data supported the explosion of thermospheric research summarized in Schunk and Nagy (2009).

Current and planned NASA missions investigating planetary thermosheres are focused on
understanding energy transport but do not directly address energy transfer associated with
electron thermalization. The measurement techniques required to observe energetic (>1 eV) and
thermalized (<10,000 ◦K) photoelectrons have improved since AE. However, there is no systematic
investigation of simultaneous in-situ electron fluxes spanning the energy range between energetic
electrons measured by particle detectors and thermal electrons, measured by Langmuir probes
or radars.
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I participated in the Atmosphere Explorer mission at the
beginning of my career and the Mars Atmosphere and Volatile
Evolution (MAVEN) mission to the Martian thermosphere
near the end. Here I provide my perspective on observations
and models of production, transport, and thermalization of
atmospheric photoelectrons. Because of space limitations I’ll
focus primarily on published observations. The selection of
data and models discussed is representative, not complete.
Specifically, we do not address the optical observations such as
those from NASA’s GOLD satellite that use and test models of
photoelectron production and transport (e.g., Solomon et al.,
2020).

OBSERVATIONS

Figure 1 shows an overview of atmospheric photoelectron
observations and selected model outputs from the AE (Dalgarno

FIGURE 1 | Photoelectron energy spectra in units of number flux (cm2-s-sr-eV)−1 vs. energy from MAVEN (A), AE-E (B), and FAST (C). MAVEN data were acquired at

122 km, below the region of maximum photoelectron production. AE-E data were acquired at 182 and 365 km near and above the region of maximum photoelectron

production. FAST data were acquired above 1,000 km in the source cone as described in the text. The number flux ranges for AE-E (blue) and FAST (orange) are sub

sets of the MAVEN range as indicated. The AE-E energy scale (blue) is linear; it is logarithmic for FAST (orange) and MAVEN. The solar zenith angles (SZA) for AE-E

observations presented are 50◦ at 182 km and 37◦ at 365 km. For MAVEN it is 54◦ at 122 km. For FAST, above 1,000 and for SZA’s <90◦ Peterson et al. (2008)

demonstrated that the escaping photoelectron flux is insensitive to the SZA.

et al., 1973, inset panel B), Fast Auroral SnapshoT (FAST, Carlson
et al., 1998a, inset panel C), and the MAVEN (Jakosky et al.,
2015, panel A) satellites. The AE and FAST satellites sampled
the Earth’s ionosphere; the MAVEN satellite sampled the Martian
ionosphere. Each panel shows electron flux in units of (cm2-s-sr-
eV)−1 as a function of energy in units of eV. The MAVEN data
shown in panel A cover the energy range from 0.01 to 1,000 eV
and the flux range from 1 to 1025 (cm2-s-sr-eV)−1, spanning both
the thermal and energetic ranges. Panels B and C span sub sets
of these ranges as indicated by the broad colored lines along the
respective axes. In the next few paragraphs the data in Figure 1

are discussed in the order they were acquired, i.e., AE, FAST, and
then MAVEN.

The AE-E data in panel B are reproduced from Doering et al.
(1976). The low altitude spectral features in the 20–30 eV range
are produced by the ionization of O and N2 into various energy
states by the intense solar irradiance at 30.4 nm. Doering et al.
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show that the strength of the emission features from O and N2 as
a function of altitude follows the changes in both absolute density
and composition. Doering noted that the∼20–30 eV features are
smeared out at higher altitudes because the increasing fractional
ionization enhances electron-electron collisions. He noted that
there is a strong decrease in the spectrum near 60 eV which we
now know corresponds to a large decrease in solar irradiance
below ∼16 nm (e.g., Woods et al., 2008). Doering et al. were
able to determine the absolute spacecraft potential using energy
resolved observations of the 20–30 eV emission lines (Lee et al.,
1978). A comprehensive summary of the photoelectron data
obtained from the AE satellites was published by Lee et al.
(1980a,b).

Above 60 eV the signal in panel B is dominated by instrument
noise. Winningham et al. (1989) extended the energy range of
photoelectron observations to ∼1,000 eV using a more sensitive
electron spectrometer with coarser energy resolution. Thousand-
eV photoelectrons are produced by the solar soft X-ray flux
near 1 nm. Winningham et al. pointed out that the existing
observations of the solar flux in the EUV and soft X-ray ranges
were inconsistent with their photoelectron observations. This
point will be addressed in the section addressing models below.

The data in panel C of Figure 1 are the daily averaged
photoelectron flux measurements acquired above 1,000 km
during apogee passes of the FAST satellite equatorward of the
auroral zone on April 14, 2008 reproduced from Peterson et al.
(2009). These data were acquired in the “source cone.” Figure 2
illustrates the “source cone” concept. It displays data from one
of the passes included in the average shown in panel C of
Figure 1. The FAST electron analyzer has a 360◦ field of view.
The top panel in Figure 2 shows energy spectra averaged over
all angles as a function of time. The bottom panel shows angular
spectra averaged over the energy range of 100–12,000 eV. As
noted above, the daily average photoelectron spectrum shown
in Figure 1, Panel C does not include spectra obtained in the
polar cap and auroral zone (such as before 19:17 UT in the
orbit pass shown in Figure 2). The widest band in the lower
panel, centered on 180◦, is created by energetic photoelectrons
produced in the ionosphere below the satellite. The angular width
of the band is called the source cone. It is determined by the
relative strengths of the magnetic field at the satellite and at the
top of the ionosphere, respectively. A weaker band centered on
0◦ is created by photoelectrons coming from the magnetically
conjugate hemisphere (See, for example, Peterson et al., 1977a).

Note that the photoelectron flux in the source cone in units of
(cm2-s-sr-eV)−1 above the ionosphere is independent of altitude
because of magnetic focusing associated with the source cone
formation, as the width of the source cone decreases while the
area of the magnetic flux tube increases with increasing altitude.
The narrow bands near 90 and 270◦ come from photoelectrons
produced on the spacecraft surface. The vertical bands between
19:20 and 19:25 UT are the noise signal produced by energetic
ring current particles that penetrate instrumental shielding.

Peterson et al. (2009) assembled daily averaged photoelectron
spectra from within the source cone, corrected individual spectra
for spacecraft potential variations and the background from

penetrating radiation. The solid black line in panel C of
Figure 1 reports the daily average spectrum for April 14, 2008.
The square boxes show the magnitude of the correction for
penetrating radiation and the dotted line indicates the estimated
one sigma uncertainty of the average spectrum shown. We defer
discussion of the model results shown in panel C to the modeling
section below.

The data in Figure 1, Panel A span 25 orders of magnitude
in flux and 5 orders of magnitude in energy. They include
thermal electrons with temperatures of <1 eV or 1.16 · 104
◦K. The electron data below 3 eV were obtained at Mars from
the Langmuir Probe and Waves (LPW) instrument on MAVEN
(Andersson et al., 2015). They are presented as a Maxwellian
distribution representing the average electron density (1.2 · 105

cm−3) and average electron temperature (760 ◦K) observed
between 120 and 125 km from April 24 to 30, 2018 during
the deep dip #9 interval (Peterson et al., 2020). Above 3 eV
the data are from the MAVEN Solar Wind Electron Analyzer
(SWEA) instrument (Mitchell et al., 2016) averaged over the
same intervals.

GLOBAL INFORMATION OBTAINED FROM
LOCALIZED PHOTOELECTRON
OBSERVATIONS

The energetic photoelectron energy spectrum is non-thermal and
distinct from those found in the solar wind or themagnetosheath.
The extremely intense solar He 30.4 nm irradiance produces
narrow peaks in the 20–30 eV range that are easily detected by
instruments with sufficient energy resolution, as shown in panel
B of Figure 1. Above ∼60 eV the energy spectrum decreases by
almost an order of magnitude corresponding to a decrease in the
solar irradiance spectra at∼15 nm. At higher energies (∼500 eV)
emission peaks have been detected in the photoelectron spectra at
Mars (Mitchell et al., 2000). These emission features are the result
of the production of Auger electrons from atomic oxygen by soft
X rays from the sun.

These distinct features in the photoelectron energy spectra
allow investigators to use them to trace magnetic field lines,
determine global magnetic topology, determine spacecraft
potential, infer potential drops along magnetic field lines, and
monitor variations in solar extreme ultraviolet (EUV) irradiance.
Coates et al. (2011) and others have used instruments with
high energy resolution in the 20–30 eV range to identify
photoelectrons at large distances from their sources on Venus,
Mars, and Titan. Weber et al. (2020), Xu et al. (2019), and
others have used instruments with higher sensitivity but coarser
energy resolution than those used by Coates et al. to trace and
explore the influences and dynamics associated with Martian
crustal magnetic fields and their interaction with the solar wind
magnetic field. Peterson et al. (1977a,b) used photoelectron
energy spectra to identify photoelectrons originating in the
magnetically conjugate hemisphere and place limits on the inter-
hemispherical potential difference. Peterson et al. (2009, 2012)
used photoelectrons to infer solar EUV and XUV energy input
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FIGURE 2 | Photoelectron energy flux energy-time (top) and angle-time (bottom) spectrograms from the FAST satellite on April 14, 2008, in units of (cm2-s-sr)−1, are

shown by the color bars. Electron pitch angle β in the range 0–180 is related to the angle shown as β = min (φ, 360− φ) where φ is the angle shown.

to the thermosphere on both solar flare and solar rotation
time scales. Richards and Peterson (2008) directly measured
the fraction of conjugate photoelectrons backscattered from the
dark hemisphere.

MODELS OF PHOTOELECTRON
PRODUCTION, TRANSPORT, AND
THERMALIZATION

Initial comparisons of AE photoelectron fluxes and those
calculated fromAE neutral density and solar EUVmeasurements
were presented by Nagy et al. (1977). Subsequent analysis
by Richards and Torr (1984) demonstrated that the generally
accepted EUV irradiance spectrum in 1984 (Heroux and
Hinteregger, 1978) below 25 nm was inconsistent with observed
photoelectron flux above 35 eV. Richards and Torr concluded

that the Heroux and Hinteregger solar flux below 25 nm was
about a factor of two too low. Modern measurements and
models of the solar irradiance confirm the Richards and Torr
assertion (e.g., Richards et al., 2006; Woods et al., 2008).
The model/data comparisons shown in Figure 1, Panel C
reproduced from Peterson et al. (2009) illustrate good agreement
between observations and current models. The photoelectron
models used were the Field Line Interhemispheric Plasma
(FLIP) model (Richards et al., 2000) and the Global Airglow
(GLOW) model (Solomon et al., 1988). The EUV model/data
irradiance sets used as input to the models include a rocket-
borne calibration spectrum (Chamberlin et al., 2009), the
Solar EUV Experiment (SEE) Version 9 reference spectrum
(Woods et al., 2005), the Flare Irradiance Spectral Model (FISM;
Chamberlin et al., 2007), and the High-resolution Solar EUV
Model for Aeronomic Calculations (HEUVAC; Richards et al.,
2006).

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 4 April 2021 | Volume 8 | Article 655309

https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


Peterson Thermal and Energetic Atmospheric Photoelectrons

The major differences between data and models of energetic
photoelectrons now arise from the variability of the solar
EUV irradiance, uncertainties in the observed or modeled
neutral density from the Mass Spectrometer and Incoherent
Scatter (MSIS) model (Hedin et al., 1977) and uncertainties in
ionization cross sections, as well as observational uncertainties.
McGranaghan et al. (2015) describe a publicly available model
that is consistent with the photoelectron data shown in Figure 1,
with the important caveat that the model has been validated
in the low altitude range using electron density, not electron
temperature profiles.

THERMALIZATION OF ENERGETIC
PHOTOELECTRONS

Thermalized photoelectrons permeate planetary ionospheres and
magnetospheres creating polarization electric fields (e.g., Axford,
1968) and plasma waves as they interact with ions to maintain
charge neutrality (e.g., Borisov and Nielsen, 2005). They carry
field aligned currents (e.g., Carlson et al., 1998b) and transfer
energy via a heat flux between the ionosphere andmagnetosphere
(e.g., Kozyra et al., 1987; Khazanov et al., 2020).

Thermal electrons are created when photoelectron energy
is transferred to ions and electrons. There have been too
few simultaneous observations of thermal neutral, ion, and
electron temperatures in the high-density region of a planetary
thermosphere to confirm or refute the assumptions associated
with photoelectron thermalization processes included in current
models. However, recent results from the MAVEN spacecraft
(Hanley et al., 2020; Peterson et al., 2020) have shown that the
observed ion, neutral, and electron temperatures onMars are not
consistent with current models. In particular, Hanley et al. have
measured ion temperatures using the MAVEN SupraThermal
and Thermal Ion Composition (STATIC) instrument (McFadden
et al., 2015). They demonstrated that during the MAVEN deep
dip interval in October 2015, at the lowest altitudes sampled
(∼120 km), the neutral (110 ◦K), ion (250 ◦K), and electron (500
◦K) temperatures were far from thermal equilibrium and warmer
than expected.

DISCUSSION

The production and transport of energetic atmospheric
photoelectrons are well-understood and accurately captured
by current models using state-of-the-art EUV observations.
Techniques have been developed to use the unique energy
spectral shape of energetic photoelectrons to tease out details
of planetary magnetic topology. However, in spite of 60 years
of observations, the processes thermalizing photoelectrons at
low altitudes in planetary thermospheres are not quantitatively
understood. This lack of progress reflects the complexity
of the physics and the lack of a data base of simultaneous
neutral, ion, and electron temperatures at low altitudes to guide
model development.

Current models of photoelectron thermalization are based on
the heat equation which quantifies balance of electron heating

and cooling (e.g., Matta et al., 2014). Thermalization occurs
where the electron, ion, and neutral temperatures (TE, TI, TN)
are equal. It is expected to occur in regions of high density
and low fractional ionization. Existing models postulate an
altitude (neutral density) where thermalization occurs. MAVEN
observations of ion temperatures reported by Hanley et al.
(2020) show that thermalization occurs on Mars at higher
density (>1011 cm−3) and lower fractional ionization (<2 ×

10−6) than expected. The analysis of observed electron and
neutral temperatures presented in Peterson et al. (2020) suggests
thermalization on Mars occurs below 100 km where the Bougher
et al. (2015) model gives a density ∼1012 cm−3 and a fractional
ionization of ∼10−8. Energetic photoelectron production by
solar EUV and X-rays occurs well below Earth’s mesopause
(∼80 km, density > ∼1014 cm−3) where it is strongly modulated
by solar activity (e.g., Chamberlin et al., 2007).

Although the data base of incoherent radar ion and electron
temperatures is vast, we are unaware of a large-scale data base of
simultaneously obtained electron, ion, and neutral temperatures
obtained in the Earth’s thermosphere at densities∼ >1012 cm−3.
Such in-situ observations at Earth appear to be possible from
satellites at altitudes as low as 100 km (neutral densities ∼1014

cm−3 and fractional ionization of ∼10−9) using state-of-the-
art- instruments and innovative spacecraft (Sarris et al., 2020;
Palmroth et al., 2021). Observations below and above 100 km can
be made from rockets.

Maven data and analysis show that current one-dimensional
codes which use Maxwellian temperatures, empirical ion and
electron temperature profiles, and relatively poorly determined
cross sections do not adequately account for energy transfer
between ions, neutrals, and electrons at the low temperatures
and low altitudes below those that have been sampled on Earth
and Mars. Deeper insights into the thermalization will require
new observations and models. Relevant observations can be
made from satellites and rockets as noted above. They can
also be made in laboratory plasma chambers (Koepke, 2008).
If sensitive enough diagnostics can be developed, the Enormus
Toroidal Plasma Device (ETPD Cooper and Gekelman, 2013)
could obtain definitive observations of how electrons, ions,
and neutrals thermalize at high densities and low fractional
ionization. However, it is more likely that large-scale kinetic
codes which do not use assumed electron and ion temperature
profiles will provide the needed new insights into the complex
physics of electron thermalization.
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AUTHOR’S NOTE

This paper summarizes what I’ve learned about thermal
and energetic atmospheric photoelectrons since I first began
investigating them in 1973. This paper examines the source of
thermalized photoelectrons, demonstrates that we do not yet
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have a quantitative understanding of the thermalization process,
and suggests how progress can be made.
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