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ABSTRACT

We have developed a model for the interaction of low energy (0.5 eV — 4 keV) dectrons with the upper
atmospheres and exospheres of solar system planets and satellites, based on the Link [1992] solution of
the Boltzmann eectron transport equation. The work was performed in anticipation of funding
opportunities arising from future Mars missions (including Mars Express for which SwRI is building the
electron detector package). This Internal Research project 15-R9147 has adready led to new funding by
the NASA Mars Data Anaysis Program, for the analysis of eectron data from the current Mars Global
Surveyor mission.

With the new model, we can (smultaneoudly or independently) model the penetration of shocked solar
wind electrons into the atmosphere of Mars, and photoelectron production and escape from within the
atmosphere. Unlike previous Mars models, we use a non-isotropic energy-dependent scattering phase
function to describe electron pitch angle redistribution in elastic collisions with atmospheric species. In
elastic scattering, the primary mechanism for angular redistribution of eectrons colliding with heavier
particles, the phase function varies from isotropic below 12 €V to strongly forward-peaked by 100 eV.

The elastic scattering phase function controls the penetration depth of solar wind electrons into the Mars
atmosphere, and the escape flux of photoelectrons out of the atmosphere. Previous models, which either
ignore electron transport atogether (the loca equilibrium approximation) or use an isotropic phase
function, are not realistic in terms of the present Mars Globa Surveyor (MGS) or the upcoming Mars
Express mission. In addition, our model performs a solar emission line-by-line caculation of
photoelectron and photoion production, accounting for K-shell photoabsorption and Auger electron
gection, making it the most physically-comprehensive modd in the non-relativistic regime

In this report, we present a description of the Internal Research project 15-R9147 effort, the first scientific
results, and validation efforts. We also suggest recommendations for future work. The latter primarily
involves a more comprehensive assessment of the mode input data (photoabsorption and electron
collision cross sections) and inclusion of magnetic gradients in the Boltzmann equation to account for the
crustal magnetization recently discovered by the Mars Global Surveyor (MGS) satellite mission. Through
NASA funding resulting directly from progress made during Quarter 1 of this Internal Research project,
the model is now being used to analyze the first direct measurements of photoelectrons and Auger
electrons in the Mars environment by the MGS Magnetometer/El ectron-Reflectometer experiment.

Our first scientific results from this Internal Research project show that neglecting photoel ectron transport
(the local equilibrium approximation) is not valid above 200 km, much lower than the currently-assumed
300-350 km region. This has serious implications for remote sensing of Mars upper atmospheric
composition via Far Ultraviolet (FUV) emission spectroscopy, for which photoelectron impact is the
major excitation source of upper amospheric FUV emissons. The arglow contribution from
precipitating shocked solar wind electrons has never been assessed, but this is readily obtainable from our
model and will be addressed in future work.

A second important scientific issue aready clarified by the model concerns the non-detection of the
atomic carbon pesk in the Auger spectra of Mars photoelectrons measured by the MGS/MAG-ER
experiment [Mitchell et al., 2000], athough the atomic oxygen peak is readily apparent. The modd shows
that the flux of Auger eectrons resulting from inner core ionization of CO, leading to the oxygen branch
is nearly an order of magnitude larger than for the carbon branch, thus explaining these unexpected
observations.



INTRODUCTION

Compared to the other terrestrial planets Earth and Venus, the upper atmosphere and ionosphere
of Mars is still rather poorly understood. Prior to the Mars Global Surveyor satellite currently in
orbit around Mars, the only previous direct measurements were performed by the Viking 1 and 2
landers in 1976. However, the Viking landers did not perform measurements of the low-energy
electron plasma environment, as Mars Global Surveyor is how doing. In view of the current
Mars Global Surveyor mission, the Japanese Nozomi spacecraft now on its way to Mars, and the
upcoming Mars Express mission (for which SwRI is building the electron detector), there exists
a clear need to update and improve the analysis tools in anticipation of the new data and future
funding opportunities.

We have developed a model for the interaction of low energy (0.5 eV — 4 keV) electrons with the
upper atmospheres and exospheres of solar system planets and satellites, based on the Link
[1992] solution of the Boltzmann electron transport equation. With the this model, we can
(ssmultaneously or independently) model the penetration of shocked solar wind electrons into the
atmosphere of Mars, and photoelectron production and escape from within the atmosphere.
Unlike previous Mars models, we use a non-isotropic energy-dependent scattering phase
function to describe electron pitch angle redistribution in elastic collisons with atmospheric
gases. The éastic scattering phase function controls the penetration depth of solar wind electrons
into the Mars atmosphere, and the escape flux of photoelectrons out of the atmosphere. Previous
models, which either ignore electron transport altogether (the local equilibrium approximation)
or use an isotropic phase function, are not realistic. In addition, our model performs a solar
emission line-by-line calculation of photoelectron and photoion production, accounting for K-
shell photoabsorption and Auger electron gection, making it the most physically-comprehensive
model in the non-relativistic regime.

In this report, we present a description of the Internal Research project 15-R9147 effort, the first
scientific results, and validation efforts. We also suggest recommendations for future work. This
Internal Research project 15-R9147 has aready led to new funding by the NASA Mars Data
Analysis Program for the analysis of electron data from the current Mars Globa Surveyor
mission.

BACKGROUND

Various methods and approximations have been used to model solar extreme ultraviolet (EUV)
and X-ray energy deposition into planetary atmospheres, with subsequent photoelectron
production and transport. Fox and Dalgarno [1979] described a local equilibrium model for
Mars, which neglects electron transport. However, it is still being used to model photoel ectron
fluxes well above (to 350 km) its region of validity (below 200 km). Note that local equilibrium
models, by definition, cannot be used to model solar wind electron penetration into planetary
atmospheres.

Of the transport models, the 2-stream’ transport model described by Waite et al. [1983], Gan and
Cravens [1990] and Gan et al. [1992] is based on the 2-stream code of Banks and Nagy [1970]
and Nagy and Banks [1970]. These codes have been used extensively to model photoelectrons

! Refers to the total number of directions (pitch angles) for which the electron flux is computed. A 2-stream model
has one upward and one downward component, at some arbitrary pitch angle.



and soft electron precipitation in planetary atmospheres. For reasons discussed in the next section
and elsewhere [Link, 1992], the mathematical approach is less accurate and less robust than the
Link [1992] modd. The Gan et al. [1992] code includes photoabsorption and photoelectron
production below the atomic K-edge, to 5 keV, but does not account for Auger electron gection.
Auger electrons have recently been detected by Mars Global Surveyor [Mitchell et al., 2000].

Mantas and Hanson [1979, 1987] studied photoel ectron and solar wind electron interactions with
the atmosphere of Mars using a multistream technique developed by Mantas [1975]. However,
the calculations were limited to energies kelow 100 eV, partly because of the assumption of
isotropic electron scattering in elastic collisions. This assumption results in an underestimate of
the penetration of soft solar wind electrons into the Mars amosphere. As well, for unknown
reasons, Mantas and Hanson [1979, 1985] incorrectly used a momentum transfer cross section
instead of the total scattering cross section in their model calculations.

TECHNICAL APPROACH
The objectives of Internal Research project 15-R9147 were to:

a) adapt an existing electron transport model to study photoelectron and solar wind electron
interactions with the ionosphere and atmosphere of Mars in anticipation of the Mars Express
and other planned missions,

b) develop anew model to calculate the ionospheric temperature structure of Mars, and

c) predict photoelectron energy spectra and altitude profiles for Mars, and ionospheric
temperature structure, prior to upcoming missions.

The proposed work thus consisted of two related primary objectives. 1) interaction of energetic
electrons (photoelectrons and solar wind electrons) with the atmosphere of Mars, and 2)
temperature structure of the ionosphere of Mars. Table 1 relates the accomplished to the
proposed tasks.

Table 1. The Proposed and Accomplished Work

Proposed Task Accomplished Task

a) develop Mars electron transport model a) accomplished

b) develop Mars electron temperature model | b) extended transport model to other planets

c.1) calculate photoelectron energy & altitude

spectra for Mars c.1) accomplished

c.2) calculated:

solar wind electron penetration into Mars
solar zenith angle profiles for Mars
photoelectron fluxes for Venus, Earth,
Mars, Titan , Triton, and Pluto

c.2) calculate electron temperatures for Mars




A rigorous treatment of the eectron transport method used in Internad Research project 15-R9147
aopearsin Link [1992], where an efficient and accurate Feautrier 2-stream model is presented. The
Feautrier method represents the optimum [Mihalas, 1978, p. 157] solution for one-dimensional
coherent scattering problemsin radiative transfer theory and, hence, for the mathematicaly equivalent
problem [Solarski, 1972] of single-energy dectron trangport. The Feautrier technique solves angle-
dependent transport problems involving complex scattering processes and has seen wide application
in astrophysics [Mihalas, 1985]. Link [1992] has shown that accurate solutions for atitudes 100 —1000
km in the terrestrid atmosphere are obtained with as few as ten (10) dtitude grid points. At low
dtitudes, where transport of photoelectrons is negligible due to the high number of collisons, the
algorithm gives accurate results and is numerically stable. The computational effort required to
compute the photoelectron flux at dtitudes where local equilibrium prevalls is the same as in the
trangport-dominated regime.

Link [1992] described his local equilibrium, 2-stream and multistream models in detail. We note
that no other extant electron transport model can resolve the pitch angle distribution of Auger
electrons in a CO, (Mars, Venus) atmosphere. Photoelectron and Auger electron production is
handled by a separate photoionization code [Link et al., 1994]. Generalizing the photoionization
code to alow for arbitrary gas mixtures and planetary physical and orbital properties, developing
a new Auger caculation to allow for heteronuclear molecules, and generating the photo-
ionization and electron impact cross sections databases for Mars, (unexpectedly) accounted for
the bulk of the effort in Internal Research project 15-R9147.

The main purpose in developing an electron temperature model for Mars (the second primary
task) was to self-consistently determine the electron temperature to be used in calculating
Coulomb collisions between the suprathermal electrons and the ambient ionospheric plasma,
when temperature data are not available. In the course of calculating photoelectron energy
spectra and altitude profiles for Mars (assuming that the ionospheric electrons and neutral gases
are in thermal equilibrium), it was found that unlike Earth, Coulomb collisions are unimportant
a all atitudes for Mars. While the total collisional energy loss of photoelectrons on Mars is 0.5
of that on Earth (height-integrated), the energy lost in Coulomb collisions is a factor of 2 1077
less than that on Earth. Thus, Coulomb collisions in the Mars ionosphere do not change the
energy spectrum of photoelectrons with altitude, as they do in the upper atmosphere on Earth
where collisions with neutral species become unimportant. This obviated the need for developing
an electron temperature model for Mars.

Instead, after formulating an initial Mars-specific photoelectron model, it was found that the
Mars and Earth photoelectron production and transport codes could be combined and thereby
generalized to the upper atmospheres and exospheres of other planets and satellites in the solar
sysem. The details of the electron — atmosphere interactions now lie in the (photon and
electron) cross section and planetary databases. Under 15-R9147, the required databases were
developed for CO, atmospheres (Mars and Venus). Photoelectron calculations have so far been
performed for CO, (Mars and Venus) and N, (Earth, Titan, Triton, and Pluto) atmospheres
(Figure 1). Generaizing the model alows us to propose for more planetary funding opportunities
than would the Mars-specific model envisioned in the original proposal. So far, two proposals
have been submitted on the topic of comparative planetary ionospheres (See Table 3). As well,
the Pluto calculations provided estimates of the expected N, far ultraviolet emission intensities
for the Pluto-Kuiper Express mission proposed by the SwRI Boulder office.
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Figure 1. Photoelectron fluxes for several solar system atmospheres: (top) electron
number fluxes, (middle) electron energy fluxes, and (bottom) average electron
energies, accounting for heliocentric distance.



RESULTS

Scientific Results

The current status of the modeling and the scientific results to date were presented at the Mars
Express Science Team Meeting in Helsinki in August 2000. A copy of the presentation appears
in the Appendix. Figure captions are given in Table 22 below.

The main results are summarized as follows:

On Mars, most (95%) photoelectrons are produced below 200 km by solar EUV
photoionization of CO,, as CO5 is the maor gas below 200 km and the photoelectron flux
peaks near 150 km.

Above 200 km, electron transport from below dominates local production from N, and O due
to the low ambient gas densities. Above this dtitude, the upward and downward
photoel ectron fluxes are not isotropic and, hence, local equilibrium (no transport) models are
not valid above 200 km. This is much lower than the 300-350 km altitude limit usually
assumed in current photochemical modeling of the Mars thermosphere and ionosphere.

Coulomb collisions between suprathermal solar wind electrons and photoelectrons with
thermal electrons in the ionosphere of Mars are unimportant, due to the low ambient
ionospheric plasma density.

The altitude profiles of C and O Auger electrons are congruent since both are produced by
photodissociative ionization of CO,, There is little contribution from K-shell photoionization
of atomic oxygen, the mgor neutral species above 200 km.

The model explains the absence of a detectable carbon peak in the MGS MAG-ER
measurements [Mitchell et al., 2000].

Table 2. Appendix Figures

Figure Caption
Al Composition of the upper atmosphere of Mars
A.2 Photoelectron spectra at 309, 152 (peak altitude), and 110 km
A.3 Altitude profiles of electrons at the Auger ejection and He" 304 A peaks

A.4 Valence (L-shell), core (K-shell), and Auger electron spectra at 309, 152, and 110 km

A.5 Solar zenith angle variation of photoelectron spectra at 309, 152, and 110 km
A.6 Comparison of present results with Fox and Dalgarno [1979] model at 130 km
A7 Comparison of present results with Witasse [unpublished, 2000] model at 130 km
A.8 Solar wind penetration into the atmosphere of Mars




Proposals Resulting From This IR Project

Six proposals based on this work were submitted between October 1999 — September 2000. The
first, submitted during Quarter 1 of this IR project, was funded by the NASA Mars Data Analysis
Program. Four more are still pending, while one was declined. A complete list of the submitted
proposals appearsin Table 3.

Presentations Resulting From This IR Project

Link, R., Energetic Electrons In The lonosphere And Exosphere Of Mars, Fall Annua Mesting,
American Geophysical Union, San Francisco, December, 1999; abstracted in EOS,
Transactions, American Geophysical Union, 80, F874, 1999.

Link R., Photoelectron Model for Mars, Mars Express — Aspera-3 Science Team Meeting,
Kiruna, Sweden, February, 2000.

Link, R., Low Enerqy Electrons In The Mars Plasma Environment, Mars Express — Aspera-3
Science Team Meeting, Helsinki, Finland, August.

DISCUSSION AND CONCLUSIONS

The original photoelectron transport [Link, 1992] and photoelectron production [Link et al.,
1994] codes have been re-formulated to allow for arbitrary gas mixtures and planetary physica
and orbital properties. The model has been applied to study in detail the interaction of low
energy (0.5 eV — 4 keV) electrons with the upper atmosphere and exosphere of Mars. With the
revised model, we can (simultaneously or independently) model the penetration of shocked solar
wind electrons into the atmosphere of Mars, and photoelectron production and escape from
within the atmosphere.

The model has been validated for Mars through comparison with other (though less accurate)
models. In the case of the Earth, the revised model produces the same results as the origina Link
[1992] modd. An effort is currently underway to validate the Mars calculations against the first
direct measurements of low energy electrons in the Mars ionosphere measured by the
Magnetometer — Electron Reflectometer instrument on the Mars Global Surveyor satellite,
through funding provided by the NASA Mars Data Analysis program. This is the first attempt to
compare predicted model photoelectron fluxes with actual measurements for Mars




Recommendations For Future Work

Update the photoionization branching ratios for the CO,*, CO*, 0", and C* channels of CO,.

Although the adopted total photoionization cross section for CO; is very accurate, the
partial cross sections (ranching ratios) are not very well known experimentally. This
causes uncertainties in the intensity and location of some of the peaks in the
photoel ectron spectrum.

Update the electronic and vibrational energy loss cross sections for CO,.

There are some notabl e differences in photoel ectron fluxes below 20 eV predicted by Fox
and Dalgarno [1979], Witasse (private communication, 2000), and our own model, due
to differences in the adopted laboratory electron impact inelastic cross sections. The
relevant data are sparse and require careful examination, using physical relationships to
fill in missing data.

Perform an analysis of MGS MAG-ER photoelectron and solar wind data.

This work, as well as the previous two recommendations above, is now underway
through NASA funding.

Incorporate magnetic gradients into the Boltzmann transport model.

The existence of an intrinsic magnetic field on Mars has only recently been confirmed by
Mars Global Surveyor magnetometer measurements [Acufia et al., 1999]. Unlike the
Earth however, which has an approximately dipole field due to the core dynamo, the
magnetic field on Mars is a remnant field associated with fractured crustal rock structures
in the highlands. A model of the field based on the MGS data incorporates 1000 dipoles.
This greatly complicates modeling electron fluxes in the Mars ionosphere, as the
electrons are constrained to move along the field lines. In order to account for this in the
model, a magnetic gradient force must be incorporated into the Boltzmann equation,
which affects the electron pitch angle distribution and thus the transport properties.

Compile electron impact emission and solar resonance fluorescence cross sections for the
upper atmosphere of Mars (and Venus).

Knowledge of the solar and photoelectron fluxes would provide us with the ability to
anayze FUV emissions to be measured by upcoming missions to Mars, as well as
propose to NASA to anayze recent airglow measurements of Mars and Venus, such as
by the Hopkins Ultraviolet Telescope and the Extreme Ultraviolet Explorer missions.

Compile photon and electron impact cross sections for the major planets Jupiter, Saturn, and
Neptune, which are predominantly atomic hydrogen and helium.

Thiswould allow us to model essentially all solar system atmospheres.



Table 2:

Funded Proposals

oA~ WNE

Source of Support
Project Title

Award Amount

Period of Award

SwRI Proposal Number
SWRI Project Number

Declined Proposals

g wWNE

Source of Support
Project Title

Award Amount

Period of Award

SwWRI Proposal Number

Pending Proposals

ab~owpdpE

abhowdpE

A

O k~w

a~hwDNE

Source of Support
Project Title

Award Amount

Period of Award

SwRI Proposal Number

Source of Support
Project Title

Award Amount

Period of Award

SwRI Proposal Number

Source of Support
Project Title

Award Amount
Period of Award
SWRI Proposal Number

Source of Support
Project Title

Award Amount

Period of Award

SwWRI Proposal Number

PROPOSAL ACTION SUMMARY

NASA NRA-99-0OSS-01 (Mars Data Analysis Program)
Low Energy Electronsin the Mars Plasma Environment
$74,652

5/1/00 — 4/0/01

15-26772

15-03805-001

NSF (Planetary Astronomy)

Planetary Photoel ectron Fluxes: A Comparison
$102,245

06/01/00 — 05/31/02

15-26966

NASA NRA-00-OSS-01 (Planetary Atmospheres)

Comparative Planetary lonospheres. Photoelectron Fluxes and Airglow
$217,980

12/01/00 — 11/30/03

15-286%4

NASA NRA-99-0OSS-01 (Planetary Atmospheres)
Investigation of the Comet Nucleus-Coma Boundary Layer
$206,143

12/01/00 — 11/30/03

15-28691

NASA NRA-00-OSS-01 (Mars Data Analysis Program)
Solar Wind, Photoel ectrons, and Photoionization Within the
Mars Plasma Boundary

$198,185

12/01/00 — 11/30/03

15-28695

NASA NRA-99-OSS-01 (Applied Information Sciences)
An Interactive Database for Space Sciences

$253,288

03/01/01 — 02/28/04

15-29958
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