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Numerical interpretation of high-altitude photoelectron observations
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Abstract

The Electron Spectrometer (ELS) instrument of the ASPERA-3 package on the Mars Express satellite has recorded photoelectron energy spectra
up to apoapsis (∼10,000 km altitude). The characteristic photoelectron shape of the spectrum is sometimes seen well above the ionosphere in the
evening sector across a wide range of near-equatorial latitudes. Two numerical models are used to analyze the characteristics of these high-altitude
photoelectrons. The first is a global, multi-species MHD code that produces a 3-D representation of the magnetic field and bulk plasma parameters
around Mars. It is used here to examine the possibility of magnetic connectivity between the high-altitude flanks of the martian ionosheath and
the subsolar ionosphere. It is shown that some field lines in this region are draped interplanetary magnetic lines while others are open field
lines (connected to both the IMF and the crustal magnetic field sources). The second model is a kinetic electron transport model that calculates
the electron velocity space distribution along a selected, non-uniform, magnetic field line. It is used here to simulate the high-altitude ELS
measurements. It is shown that the photoelectrons are essentially confined to the source cone, as governed by magnetic field inhomogeneity along
the field line. Reasonable agreement is shown between the data and the model results, and a method is demonstrated for inferring properties of
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the local and photoelectron source region magnetic field from the ELS measurements. Specifically, the number of sectors in which photoelectrons
are measured is a function of the magnetic field intensity ratio and the field’s angle with respect to the detector plane. In addition, the sector of the
photoelectron flux peak is a function of the magnetic field azimuthal angle in the detector plane.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Frahm et al. (2006) (this issue) report the observation of
atmospheric photoelectrons far above the martian ionosphere.
These measurements, made by the ASPERA-3 instrument
package (Barabash et al., 2004) onboard the Mars Express
satellite (Chicarro et al., 2004), are the first of their kind. The
high spectral resolution of the ELS component of ASPERA-3
allows for the detection of the primary production peaks, which
are created due to atmospheric ionization by the HeII 30.4 nm
line. These photoelectrons are sometimes observed all the way
up to apoapsis (∼10,000 km altitude) behind the terminator
plane. This is well above the photoelectron boundary defined by
the Mars Global Surveyor MAG/ER measurements (Mitchell et
al., 2000, 2001). Most of the observations were obtained on the
dusk side of Mars, but this is probably an orbital bias. Pho-
toelectrons are recorded regularly, either in sporadic patches
along the orbit or sometimes continuously for several tens of
degrees of latitude and thousands of kilometers in altitude vari-
ation.

The question of how these atmospheric photoelectrons got
there is still open to debate. The equally important question of
what can be learned from their existence in the high-altitude
flanks of the martian ionosheath is also unanswered. This study
addresses these questions with the aid of two numerical models.
The first is a magnetohydrodynamic (MHD) code that simulates
the global magnetic topology around Mars (Ma et al., 2004).
The second is a kinetic transport model that calculates the ve-
locity space distribution of the photoelectrons along a chosen
magnetic field line (Liemohn et al., 2003). After a presentation
of several sample observations of the high-altitude photoelec-
trons, results from the two computational tools are presented
to examine the possible origin of these particles. It is shown
how these results can be used to deduce information about the
local magnetic field direction and the magnetic field ratio be-
tween the source region and the observation point. This is a
critical deduction because there is no magnetometer on Mars
Express. A comparison of the modeled and deduced magnetic
field parameters can be used to deduce the source region of the
photoelectrons as well as the magnetic topology of the field line
on which they traveled (that is, draped across the dayside or
connected to the crustal field sources).

2. Observations

The Mars Express satellite reached its destination in Decem-
ber of 2003, and entered into a highly elliptical orbit around the
planet. Apoapsis is above 10,000 km altitude while periapsis is
near 250 km altitude (Chicarro et al., 2004). Therefore, during
every orbit, the satellite usually pass as through regions of un-
perturbed solar wind, the magnetosheath, and the ionosphere.

The Analyzer of Space Plasmas and Energetic Atoms
(ASPERA-3) experiment onboard Mars Express is a collec-
tion of detectors designed to study the solar wind–atmosphere
interaction at Mars (Barabash et al., 2004). Of particular inter-
est in this regard is the electron spectrometer (ELS). It consists
of a collimator followed by a standard top-hat electrostatic an-
alyzer, with a micro channel plate and anode ring below this.
The anode is divided into 16 sectors of 22.5◦, making the field
of view 360◦ times the 4◦ collimator window. The energy range
extends from below an electron volt to ∼20 keV, with a �E/E

of 0.08.
Since Mars Express does not have an onboard magnetome-

ter, the magnitude and direction of the magnetic field are un-
known and, therefore, it is not known how to convert between
sector angle and pitch angle (α). Despite this, it is known that
the sampled pitch angle range is centered about 90◦ (locally
mirroring electrons) and that it extends over some �α in each
direction away from α = 90◦. If the magnetic field vector is
perpendicular to the ELS anode plane, then only locally mirror-
ing electrons will be measured. However, if the magnetic field
vector is in the plane of the anode, then the entire 180◦ pitch
angle range will be observed. (Note that because the anode is
a ring, each pitch angle within the sampled range is measured
twice.)

Let us now discuss the high-altitude photoelectron observa-
tions made by the ASPERA-3 ELS instrument. Fig. 1 presents
the electron differential number flux data versus energy and sec-
tor. The left-hand column plots (Figs. 1a–1c) are shown with
a color scale that spans the observed dynamic range for the
E < 100 eV energy interval. The altitudes and local times of
these observations are listed above each plot. Note that the ob-
servations were made during 3 completely different orbits in
the summer of 2004. The right-hand column plots (Figs. 1d–1f)
show the same data, but with a color scale that highlights the
photoelectron observations. The photoelectrons are identified
with the green-blue peaks in the 10–20 eV range in sectors
2–5. The monotonically decreasing spectra seen in sectors 7
through 15 are thought to be either shocked solar wind elec-
trons or spacecraft-emitted photoelectrons.

Fig. 2 presents energy spectra for the same observation
points. Three energy spectra are shown in each plot (for sec-
tors 1, 3, and 6). It is seen that the sector 3 spectra are different
from the other two. The peaks at 15 and at 20 eV are clearly
defined. Because the primary electrons from photoionization of
the Mars upper atmosphere from the HeII 30.4 nm solar line
should be located at 23 and 28 eV, the shift implies a spacecraft
potential of roughly 8 V negative.
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Fig. 1. Mars Express ASPERA-3 Electron Spectrometer data at 3 example locations containing high-altitude photoelectron signatures. Shown are differential number
fluxes as a function of energy (in eV) and anode sector (0–15). The altitudes are (a) 1200, (b) 2600, and (c) 4800 km. The left-hand column (a–c) share a color
scale that spans the observed dynamic range of the E < 100 eV electron fluxes. The right-hand column (d–f) are the same data but with a different color scale that
highlights the atmospheric photoelectrons. The signatures of interest are the two peaks near 15 and 20 eV in sectors 2–5.
It is useful to compare the high-altitude photoelectron obser-
vations with the low-altitude photoelectron observations from
ASPERA-3. An sample plot of ELS data taken at periapsis (near
300 km altitude) is presented in Fig. 3. The same features are
seen in Fig. 3 as in Fig. 2, namely the primary photoelectron
peaks near 20 eV. Note that the peaks show slightly higher en-
ergies at 300 km than are shown by those at high altitudes, with
the lower peak at around 17–19 eV and the upper peak near 22–
24 eV. Thus, it can be deduced that the spacecraft potential is
only 4–6 V negative at this altitude. Furthermore, it appears that
the potential is slightly different depending on the flight path of
the electrons near the spacecraft (i.e., it is different for different
sectors). The similarity between the 15–25 eV range of sector 3
in Fig. 2 with the corresponding range in Fig. 3 implies that
the high-altitude observations may represent atmospheric pho-
toelectrons.

Observations of atmospheric photoelectrons at thousands
of kilometers above the planet are observed near the magne-
tosheath flanks. Frahm et al. (2006) (this issue) shows a record
of atmospheric photoelectrons at 10,000 km in the tail of Mars.
The normal situation is that such electrons are observed on
seemingly random orbits over at least a brief interval. They
usually come and go throughout the outbound leg along the
dusk flank of Mars. The duskside preference mentioned is likely
to reflect a sampling bias, but this has not been confirmed.
A complete statistical survey of these photoelectrons is not,
however, the point of this study and thus deferred to the fu-
ture. This discussion provided here is only to demonstrate the
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Fig. 2. Observed energy spectra from sectors 1, 3, and 6 for the 3 example
observations presented in Fig. 1.

Fig. 3. Example atmospheric photoelectron data from a low-altitude (∼300 km)
observation by ELS.

common occurrence of high-altitude atmospheric photoelec-
trons.

3. Magnetic field line modeling

The purpose of the present investigation is to interpret the
high-altitude photoelectrons through the use of two numerical
tools. The first is a global magnetohydrodynamic (MHD) model
that solves for the bulk plasma parameters everywhere in the
vicinity of Mars (Ma et al., 2002, 2004). The model solves the
dimensionless conservative form of the MHD equations using
multiple continuity equations (with separate solutions for the
mass densities of H+, O+, O+

2 , and CO+
2 ) but with single-fluid

(that is, combined) momentum and energy equations. The mag-
netic field is also calculated self-consistently with the plasma
solution. The fluid equations are solved by means of a so-
phisticated, second-order accurate, numerical scheme (Powell
et al., 1999). The MHD model is combined via one-way cou-
pling with the Mars Thermospheric General Circulation Model
(MTGCM) of Bougher et al. (2001) for a realistically specified
upper atmosphere (although there is no feedback to the MT-
GCM from the MHD code). Numerous chemical reactions are
considered in the calculation to allow an accurate representa-
tion of the sources and sinks for each ion species. Mars, of
course, has strong magnetic field sources in its crust (Acuña
et al., 1999), which are taken into account by using the spher-
ical harmonic crustal magnetic field model of Arkani-Hamed
(2001, 2002).

The presently-adopted version of this code uses a spherical
grid, allowing for a closely-spaced array in altitude and a larger
spacing of grid cells in latitude and longitude. The radial resolu-
tion is 10 km from 100 to 600 km altitude, and it then expands
to nearly a martian radius out in the unperturbed solar wind.
The angular resolution is 1.875◦ to 3.75◦.

Upstream and planetary boundary conditions are held con-
stant and the model is run until a steady state solution is
achieved. For the simulation presented here, the upstream so-
lar wind conditions are as follows: the density is set at 4 cm−3,
the bulk speed is set at 400 km s−1, the temperature is set to
3 × 105 K for the electrons and 5 × 104 for the ions, and the
interplanetary magnetic field is set to 3 nT in magnitude com-
pletely in the x–y plane at a nominal Parker spiral angle (56◦)
to the solar wind flow. The planet rotational axis is aligned with
the z-axis of the simulation with a subsolar longitude of 180◦.
This means that the region of strong crustal fields is roughly
pointed at the Sun. These are all reasonable values for the solar
wind environment around Mars (Luhmann and Brace, 1991).
See also Ma et al. (2002, 2004) for further details concerning
the computational scheme and simulation set up used in this
study.

Fig. 4 presents MHD results for the steady-state simulation
described above. The color shows the magnetic field magnitude
in the x–z plane and also at the inner boundary of the simula-
tion (that is, at 100 km altitude), and the white mesh shows the
grid on the inner boundary. The three lines show the magnetic
field lines through the locations of the 3 selected photoelectron
observations illustrated in Fig. 1. The small square along each
line shows the exact location of the measurement along each
field line. The purple, white, and blue lines pass through the
1200, 2600, and 4800 km altitude observations, respectively.

The major result of Fig. 4 is that two of the three magnetic
field lines connect to the planet’s surface. They connect to Mars
in very different places, but both of these field lines are def-
initely aligned downward toward the surface at the 100 km
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Fig. 4. Steady-state MHD simulation results for nominal solar flux and solar wind conditions. The color scale shows the magnetic field amplitude in the x–z plane
and also on the inner boundary surface of the simulation domain (at 100 km altitude). The white mesh shows the grid resolution on the inner boundary. The three
lines are extracted field lines that pass through the locations of the 3 example observations presented in Fig. 1. The purple/pink line passes through the 1200 km
observation location, the white line passes through the 2600 km altitude observation location, and the blue/cyan line passes through the 4800 km altitude observation
location.
altitude inner boundary of the simulation domain. The field
line for the lower altitude observation (at 1200 km, the pur-
ple line) connects near dusk while the field line for the higher
altitude observation (at 2600 km, the white line) connects in
the early afternoon. Note that the real subsolar longitudes at
the time of these two examples are 219◦ and 160◦, respectively
(the 1200 km observation was made at 19:57 UT on day 187
of 2004 and the 2600 km observation was made at 04:09 UT
on day 156 of 2004). Therefore, the planetary configuration in
the simulation, with the strong crustal field sources rotated to-
ward the Sun, is essentially correct for these two examples. We
are thus reasonably confident that the atmospheric photoelec-
trons were observed along open magnetic field lines (that is,
field lines connected both to the planet and to the interplanetary
magnetic field).

The third example for the observation taken at 4800 km al-
titude (i.e., at a higher latitude than the other two examples) is
on a field line trace that does not come particularly close to the
planet. In fact, in this simulation, the field line traces through
the magnetosheath, attaining a closest approach of ∼1800 km
to the planet’s surface. The extracted field line is well above the
induced magnetospheric boundary (IMB), which is the altitude
where the solar wind observations essentially disappear and
the plasma observations become dominated by the ionospheric
populations (Lundin et al., 2004). Clearly, this is not a field
line that should be populated by atmospheric photoelectrons.
For this observation, however, the subsolar longitude was 51◦,
not the 180◦ used in the simulation (the observation was made
at 19:09 UT on day 166 of 2004). Therefore, the real topol-
ogy could, for this case, be drastically different from that of
the extracted field line. There are many other factors that also
could lead to a data-model discrepancy, most notably the solar
wind and interplanetary magnetic field conditions during the or-
bit. Because this is a northern hemisphere observation, it most
likely that the field line was not open but, rather, draped (like
the blue one in Fig. 4), but crossing below the IMB into the
ionosphere at some point. Therefore, it is concluded that not all
high-altitude photoelectron observations are on open field lines,
but that some can occur along draped field lines as well.

Fig. 5 shows a few relevant parameters for one of the field
lines (specifically, the white line in Fig. 4 through the 2600 km
altitude observation). The three quantities of altitude, solar
zenith angle, and magnetic field magnitude are plotted as a
function of distance along the field line in Figs. 5a, 5b, and 5c,
respectively. Also shown in Fig. 5d is the step size along the
field line taken in the kinetic simulations, to be discussed in
the next section. The magnetic field varies from nearly 300
nT in the ionosphere to roughly 10 nT at 2600 km altitude
where the observation was made (at ∼8000 km distance along
the field line). The magnetic field through the 1200 km altitude
sample observation is quite similar to this one and will not be
shown.

Fig. 6 is similar to Fig. 5 but it shows the parameters along
the draped magnetic field line (the blue line from Fig. 4 through
the 4800 km altitude observation). In Fig. 6a, the solid curve
shows the values extracted from the MHD simulation results,
while the dotted line is the same altitude profile shifted down-
ward until the closest approach is at 200 km. It was lowered
so that atmospheric photoelectrons would be produced in the
flux tube, and therefore results from a draped field line passing
through the magnetic pile-up region could be presented. It is
this lowered version of the field line that will be used in the ki-
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Fig. 5. Several quantities describing the extracted magnetic field that passes
through the 2600 km altitude observation location (early afternoon ionospheric
footpoint). Shown are (a) altitude, (b) solar zenith angle, (c) magnetic field
magnitude, and (d) step size used in the kinetic simulation. All quantities are
shown as a function of distance along the field line. The vertical dashed lines
show the location of the observation along this field line.

netic simulations discussed below. This, of course, means that
the field line no longer passes through the observation point,
but this is not a critical obstacle to the analysis. The only thing
needed to demonstrate the concept of magnetic connectivity for
these atmospheric photoelectron measurements is for the field
line to pass close to the planet and then veer to higher altitudes.
Fig. 6. Like Fig. 5 except for the extracted magnetic field line that passes
through the 4800 km altitude observation location (draped IMF field line). The
dotted line in (a) shows the downward-shifted altitude dependence of the field
line that was used in the kinetic model simulations.

This issue of field line specification will be discussed again in
the next two sections.

There are many similarities between the open field line plot-
ted in Fig. 5 and the draped field line plotted in Fig. 6, but
there are also some important differences. One similarity is
that the closest approach to Mars is coincident with the lo-
cation of the smallest solar zenith angle. This means that the
photoelectron source along the field line is dominated by this
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closest approach location, and the extra ambiguity of multi-
ple source regions is avoided. The second similarity is that the
magnetic field strength reaches its maximum value at this lo-
cation as well. This means that there should be a well-defined
source cone in the pitch angle distribution, allowing for a dis-
tinct mapping back to this source region. The third similarity is
that the observations are thousands of kilometers away from
this source region. Most of that distance, however, is above
the thermosphere and ionosphere, so collisional scattering and
degradation of the velocity space distribution should not be sig-
nificant.

A clear difference between the field lines is in the magnetic
field strength, particularly at the source region. The open field
line, which is connected to the crustal field sources of Mars, has
a maximum of nearly 300 nT while the draped IMF line only
reaches 12 nT. Comparing this to the values at the observation
locations along each field line (10 and 6 nT, respectively), the
magnetic field ratios are dramatically different between these
two field lines. This translates to vastly different source cone
widths in pitch angle, which vary as the square root of one mi-
nus the B-field ratio.

Because the draped field line has been artificially lowered
to a closest approach of 200 km, the B-field profile could be
significantly different. That is, because the extracted field line
is always above the IMB, it never crosses through the magnetic
pile-up region, which often has a peak much higher than 12 nT
(e.g., Crider et al., 2000, 2002; Vennerstrom et al., 2003). Let
us reiterate that this is not a critical obstacle to the analysis,
and in fact is useful in demonstrating the applicability of these
results.

The fact that two of the three case studies are predicted to
be on open field lines is actually unusual. Most nightside ob-
servations on field lines associated with the Mars crustal mag-
netic anomalies show either downflowing solar wind electrons
or plasma voids (e.g., Mitchell et al., 2001; Lillis et al., 2004;
Soobiah et al., 2006, this issue). These other studies, how-
ever, examined low-altitude data (at a few hundred km altitude),
where the field lines most likely connected to the planet on the
nightside. The field lines in the present study, however, connect
to the dayside of Mars, and therefore are populated by freshly-
generated atmospheric photoelectrons.

4. Photoelectron modeling

In order to simulate the electron distribution along the se-
lected field lines, a numerical tool that includes the effects of
the magnetic inhomogeneity along the field line should be em-
ployed. The model used here is a kinetic transport code for su-
perthermal electrons developed for the Earth space environment
(Khazanov et al., 1993, 1994; Khazanov and Liemohn, 1995;
Liemohn et al., 1997). It has recently been modified for calcu-
lations of the Mars space environment (Liemohn et al., 2003).
It simulates hot electron transport along a flux tube by cal-
culating the time-dependent superthermal electron distribution
function, f , from the gyration-averaged kinetic equation (e.g.,
Khazanov et al., 1994; Liemohn et al., 1997, 2003), as a func-
tion of time, distance along the field line, particle energy, and
cosine of the pitch angle at the minimum B-field location. The
inhomogeneity of the geomagnetic field, B, is included, as well
as other forces, such as parallel electric fields (which, however,
are assumed to be zero in this calculation). Superthermal elec-
tron sources are included in the equation, with the solar flux
spectrum calculated from the Hinteregger et al. (1981) model
as scaled by an F10.7 value interpolated from the Earth’s F10.7
time series, taking into account the Earth–Sun–Mars angle (and
a Sun–Mars distance scaling factor). The correction proposed
by Solomon et al. (2001) is also applied, which quadruples the
flux of photons for wavelengths below 20 nm. All of the sim-
ulations presented below have the same F10.7 value applied to
them; namely an average value at Mars for the summer of 2004.
This is justified because of the uncertainties associated with in-
terpolating the F10.7 value from the Earth and the use of an
empirical model spectrum. Note that Auger electron production
is included in the source term. A collection of collision inte-
grals are also included, which, in the present calculation, means
interactions with thermal electrons and ions, elastic scattering
with neutral particles, and inelastic excitation and ionization
scattering with neutral particles. The neutral atmosphere and
background ionosphere are specified from the MTGCM, con-
sistent with the MHD simulations. The model uses the numer-
ical technique of Khazanov et al. (1984, 1994), which replaces
the derivatives with second-order accurate advection and diffu-
sion schemes. The generality of the background magnetic field
allows for the calculation of open field line transport as well
as closed field line plasma motion. Liemohn et al. (2003) used
this code to simulate and interpret Mars Global Surveyor ob-
servations of atmospheric photoelectrons along closed crustal
field lines. See Khazanov et al. (1994), Khazanov and Liemohn
(1995) and Liemohn et al. (1997, 2003) for further details of
this code.

In the simulations for the present study, the energy step was
held fixed at 1 eV for the range 0.5–200.5 eV. The pitch an-
gle step size is a uniform 3◦ at the location of minimum B-field
along each field line. The local pitch angle grid for any other
point along the field line comprised of a mapping of this uni-
form grid to that location according to the magnetic field ratio.
The spatial step size along the field line varied from 5 km at
the lowest altitudes (∼100 km) up to a maximum step size of
100 km. It was also limited so that the change in vertical posi-
tion was less than the smallest local scale height for the plasma
or neutral species. Thus the 100 km step sizes seen in Fig. 6
near the closest approach of the field line (that is, at 200 km
altitude) are believed to be acceptable because the field line
changes altitude very slowly in this region. That is, even though
the plasma scale heights at 200 km altitude are between 20 and
30 km (Hanson et al., 1977), the 100 km step size in the ki-
netic simulation at this location translates to less than 10 km of
vertical step size because the field line is nearly horizontal.

Note that these electrons travel very fast along the field
line, and thus a steady state simulation justified. For example,
a 25 eV electron is moving 3000 km/s, nearly 1 RM/s. Be-
cause the magnetic field topology focuses the electrons into a
source cone distribution, most of their velocity is field-aligned.
So, they reach the observation altitudes within a few seconds,
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Fig. 7. Example low-altitude atmospheric photoelectron results from the kinetic
model. These are at 200 km altitude along the field line shown in Fig. 5. The
solid line is the pitch angle averaged energy spectrum and the dotted line is the
energy spectrum at α = 0.

and so even mV/m convective electric fields (e.g., Kallio and
Janhunen, 2002; Vennerstrom et al., 2003) will not cause much
cross-field drift.

Each of the three field lines was used for the magnetic field
in the kinetic model simulation. For reference and validation,
Fig. 7 presents low-altitude (ionospheric) photoelectron energy
spectra from one of the simulations (at 200 km altitude along
the “early afternoon” open field line in Fig. 4, shown in white).
Two spectra are presented: the pitch angle averaged spectrum
and the spectrum at zero pitch angle. The primary photoelectron
peaks are clearly seen in the 20–30 eV range, as well as a dip
near 4 eV caused by vibrational excitation. The “knee” at 70 eV
is due a sharp decrease in the solar flux ultraviolet spectrum
near 16 nm. All of these features are standard atmospheric pho-
toelectron signatures seen at Earth (e.g., Nagy and Banks, 1970;
Doering et al., 1976; Winningham et al., 1989; Khazanov and
Liemohn, 1995, 1998) and previously modeled for the mar-
tian ionosphere (Mantas and Hanson, 1979; Fox and Dalgarno,
1979; Liemohn et al., 2003). Note that there are many primary
photoelectron peaks in the 20–30 eV range, but the 2 largest are
at 23 and 28 eV. The difference between the two energy spec-
tra is a reflection of the fact that the upward fluxes are larger
than the downward fluxes, as expected because there is no pho-
toelectron source anywhere else along the field line.

Fig. 8 shows high-altitude results from the three sample field
lines. Figs. 8a–8d show results at 1200 km altitude along all
three field lines, while Figs. 8e–8h show results at the “top” of
each field line, at its particular altitude (4800 km for the two
open field lines and 3100 km for the draped field line). Figs. 8a
and 8e show energy spectra from the three simulations at zero
pitch angle, while the other panels in Fig. 8 show color plots
of the differential number flux versus energy and pitch angle
(similar to Fig. 1).

There is little difference between the results at 1200 km and
those at the top of the simulation domain. The main difference
is that the fluxes are lower at higher altitude as the electrons un-
dergo a few collisions along the field line. This is true mainly
for the very lowest energy electrons (below ∼10 eV). These
collisions also cause some pitch angle scattering, as evidenced
by the spreading of the distribution beyond the source cone at
low energies (again, this is most noticeable below 10 eV). Note
that the topside boundary condition is that no electrons are flow-
ing down the field line at this point. This was done in order to
isolate the photoelectron signature, and not mix it with the pre-
cipitating (and potentially backscattered) solar wind electrons.
Therefore, the pitch angle distribution between 90◦ and 180◦
is completely empty in the “top” column and close to empty at
1200 km altitude.

It is noteworthy that the collisional effects on the velocity
space distribution of the photoelectrons are limited to energies
below 10 eV. This means that the primary photoelectron peaks
in the 20–30 eV range are pristinely preserved along the entire
extent of the field line. Therefore, if a sensitive detector were to
cross one of these field lines, it should observe discernible pho-
toelectron peaks. This is exactly the case with the ASPERA-3
ELS instrument on board Mars Express.

5. Data-model comparisons

Let us begin this analysis by making a qualitative compari-
son between the ASPERA-3 observations of photoelectrons and
the simulation results for this phenomenon. This will then be
followed by a more rigorous quantitative comparison between
the electron fluxes. The section concludes with a description
of how to extract magnetic field information from these high-
altitude atmospheric photoelectron observations.

5.1. Low-altitude comparison

For the low-altitude data-model comparison, it is seen that
the observed flux peak (in Fig. 3) within the primary photo-
electron peaks (15–25 eV) is just over 3 × 106 (eV cm2 s sr)−1,
while the simulated flux peak (Fig. 7) in this energy range is
around 5 × 106 (eV cm2 s sr)−1. This is quite close, and, after
the energy shift due to spacecraft charging is taken into account,
the shapes of the observed and modeled spectra are very simi-
lar (there is more detail in the model results because of the finer
energy resolution). The flux difference between them can be ex-
plained by the uncertainty in both the solar flux spectrum and
a difference in ionospheric location. The first uncertainty exists
because the solar flux spectrum was taken from an Earth-based
empirical model with the scaling factor (F10.7) interpolated
from Earth observations. The second uncertainty exists because
the observations are from different solar zenith angles (Fig. 5b
shows the simulated solar zenith angle to be 35◦ while the value
for the observations was about 65◦). Another difference is that
the observations are at 300 km while the simulations are from
200 km.

One of the spectra in Fig. 3 (the data from sector 3) is
substantially lower in flux than is the case in the other two
channels. This is predicted by the model, as evidenced by the
lower fluxes for the pitch-angle-averaged spectrum than from
the α = 0 spectrum. The effect is because the field line is con-
nected to the ionosphere at only one point and the “downward
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Fig. 8. High-altitude atmospheric photoelectron results from the kinetic model. The left-hand column, panels (a–d), show results at 1200 km altitude along each
field line while the right-hand column, panels (e–h), show results at the top of each field line (near 4800 km altitude). The top row, panels (a) and (e), show α = 0
energy spectra at these altitudes for the 3 field line configurations. The other 3 rows show differential number flux versus energy and pitch angle. All of the color
plots share the same logarithmic color scale, the same one used for Figs. 1a–1c.
flowing” fluxes (pitch angles greater than 90◦) are substantially
lower than the upflowing fluxes. This hemispheric difference
in the simulation results is seen in the measurements. Note that
the very low energies (<10 eV) are substantially different in the
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Fig. 9. Observed pitch angle extent as a function of the angle between the local
magnetic field vector and the ELS normal vector.

spectra shown in Fig. 3. This is thought to be caused by space-
craft effects, but the true reason is unknown.

5.2. High-altitude comparison

The high-altitude observations (Figs. 1 and 2) all have peak
flux values in the primary photoelectron peak energy range
near 2 × 106 (eV cm2 s sr)−1. The simulations (Fig. 8), which
are supposed to be along the same field lines, are higher,
with a peak flux value in this energy range above 4 × 106

(eV cm2 s sr)−1. Again, this could be explained by the same un-
certainties mentioned with respect to the low-altitude results,
namely that the real solar flux spectrum is unknown and that
the real ionospheric footpoint of these field lines is unknown.
As in the case of the low-altitude comparison, the shapes of
the observed and modeled spectra are quite similar (after the
shift has been removed from the measured values). Thus, there
seems to be good qualitative agreement between the data and
the computational results.

The fact that the atmospheric photoelectrons are only seen in
a few sectors of the ELS anode ring is actually a useful trait. Re-
member that there is no magnetic field measurement made on
Mars Express, and thus the distribution across the anode sec-
tors cannot readily be converted into a pitch angle distribution.
In fact, the ELS will not usually see the entire pitch angle range
from 0◦ to 180◦, but rather a limited extent centered around
90◦ pitch angle. The relationship between the observed pitch
angle range and the angle between the local magnetic field vec-
tor and the vector normal to the ELS anode ring is represented
graphically in Fig. 9. When the two vectors are parallel, only the
locally mirroring electrons are observed. When the two vectors
are perpendicular, the entire pitch angle range is seen by the
ELS. Note again (see above) that the ELS samples this pitch
angle range twice. However, because the azimuthal angle of
the local magnetic field vector with respect to sector zero is
unknown, we do not know where to start the sector sequence
within the observed pitch angle range. It transpires that there
are many difficulties in extracting a magnetic field direction, let
alone an amplitude, from such an instrument without the aid of
a local magnetic field measurement.
Table 1
Data facts for the 3 example cases of high-altitude atmospheric photoelectrons

Case Altitude
(km)

SLT
(h)

Latitude
(deg.)

PE data
(# of sectors)

PE data
peak sector

Peak offset from
sector 3 (deg.)

1 1200 20.4 −16 3 3 0
2 2600 21.1 3 4 3 0
3 4800 19.6 29 5 4 −23

5.3. High-altitude pitch angle comparison and magnetic field
inference

This is where the limited sector extent of the atmospheric
photoelectron observations becomes useful. From the Mars Ex-
press ephemeris data, the ELS normal vector as well as the look
directions for each of the ELS anodes are known. Therefore, the
direction in which photoelectrons are observed is known. From
the MHD simulation results, the modeled local magnetic field
vector is known. Finally, from the kinetic simulation results,
the modeled pitch angle extent of the source cone is known.
Putting all of this together, we know what ELS saw and what
ELS should see if the simulation results are valid.

The main unit of the ASPERA-3 instrument, of which ELS
is a component, is mounted near a “top corner” of the Mars Ex-
press spacecraft. The ELS detector plane is parallel to one of
the “sides” of Mars Express. In orbit around Mars, the nominal
operational configuration of ASPERA-3 has the ELS detector
plane essentially parallel to the ecliptic plane, with sector 3
looking sunward and sector 7 looking toward dawn. For this
study, the ELS normal vector is therefore assumed to be in the
+z-axis direction in all three case studies.

Table 1 lists a few observational facts about the three ex-
ample cases of high-altitude atmospheric photoelectron mea-
surements. Given are the altitude, solar local time, and latitude
of the position of the observations. The next column gives the
number of anode sectors in which the photoelectron flux in the
15–20 eV range was greater than 106 (eV cm2 s sr)−1. The next
column lists the sector of the photoelectron flux peak. Because
there are 16 sectors in the ring, each one has a viewing width of
22.5◦. The final column in Table 1 uses this number to convert
the sector of the peak into a quantitative azimuthal offset (in de-
grees) in the x–y plane relative to the sunward direction. The
non-zero offset for case 3 implies a non-zero By for the local
magnetic field vector. In fact, the skew toward sector 4 (rather
than sector 2) implies a By value of opposite sign to the Bx

value.
For the three selected sample observations, the simulated

magnetic field vectors are listed in Table 2. It is seen that the
vectors for all three cases are primarily contained in the x–y

plane. That is, Bz is relatively small compared to the field in-
tensity, which is also given. The fifth column of Table 2 lists the
magnetic field ratio between the values at the observation loca-
tion and the photoelectron source (lowest altitude of the field
line). This magnetic field ratio translates into the values of the
next column, which are the simulated source cone widths at the
observation locations. Fig. 10 shows the relationship between
these two quantities. Note that the simulated source cone widths
are not the same as the electron pitch angle extents, because
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Table 2
Simulated magnetic field values for the 3 example cases

Case Bx

(nT)
By

(nT)
Bz

(nT)
|B|
(nT)

B ratio
local/source

Sim. source
cone (deg.)

Sun–B angle
(deg.)

1 −11.4 0.83 2.6 11.7 0.21 27 −4
2 −9.8 0.29 0.46 9.8 0.095 18 −2
3 −4.0 3.9 −0.84 5.7 0.41 40 −44

Fig. 10. Source cone pitch angle extent as a function of the ratio between the
local magnetic field intensity and the intensity at the photoelectron source re-
gion.

scattering could broaden the electron distribution. Therefore,
these widths are lower limits to the pitch angle extents (to be
compared and discussed below).

The final column of Table 2 lists the angle in the x–y plane
of the magnetic field relative to the sunward direction. This col-
umn is directly comparable to the last column of Table 1. For
cases 1 and 2, the simulated Sun–B angles are within a few
degrees of zero, as was observed. For case 3, the simulation
predicts a 44◦ offset, which is essentially 2 sector widths, while
the ELS data only show a shift of 1 sector. The trend, however,
is the same between the data and the simulation results (i.e., the
magnetic field is flaring away from the x-axis). The inference
to be made about the real magnetic field vector for case 3 is that
the real field line is more anti-sunward and less flared than the
simulated field line.

The simulated and observed pitch angle extents are listed in
Table 3. The second column of Table 2 gives the simulated pitch
angle extents of the primary photoelectron peaks (specifically,
at 23 eV) at the observation locations. This value is slightly
larger than the theoretical source cone width because of scat-
tering (as well as numerical diffusion, which is thought to be
small). As with the data, this extent is defined as the pitch angle
at which the differential number flux drops below 106. The er-
ror on numbers in this column is therefore only a few degrees,
at most.

The third column of Table 3 is the inferred pitch angle extent
of the atmospheric photoelectron observations. This was com-
puted by dividing the number of sectors (listed in Table 1) in
half, multiplying by 22.5◦. The error in the inferred observed
pitch angle extent is therefore at least 11◦ and could be more
than a full sector width (that is, it can be off by a sector plus
Table 3
Simulated and observed pitch angle extents of atmospheric photoelectrons

Case Sim. PA extent
at 23 eV
(deg.)

Min. obs.
PA extent
(deg.)

ELS–B
angle
(deg.)

Predicted obs.
PA range
(deg.)

Predicted obs.
PA extent
(deg.)

1 30 34 77 13–167 47
2 40 45 87 3–177 48
3 47 57 81 9–171 66

the ELS–B angle error). As seen in the table, the observed and
simulated pitch angle extents are within error of each other for
every case.

Before discussing this further, let us continue presenting the
numbers listed in Table 3. The next column gives the angle be-
tween ELS normal vector and the simulated local magnetic field
vector. Because Bz is relatively small compared to |B| (listed in
Table 2) in each case, these angles are all very large. Thus, if
the simulated magnetic field is the true one, then this indicates
that the ELS observed nearly all of the pitch angle distribution.
The next column lists these “observed pitch angle ranges,” as
inferred from this analysis and taken from Fig. 9. The final col-
umn in Table 3 lists an inferred “real” pitch angle extent from
the observations, taking into account the “unobserved” pitch an-
gle range because of the B–ELS angle.

The simulated pitch angle extents are less than the observed
extents in all three cases, with differences ranging from 4◦ to
10◦. When the simulated magnetic field vector is taken into ac-
count, the differences increase to a range from 11◦ to 18◦. This
is within the errors of the calculations and observations, and
shows that the model results are in reasonable agreement with
the measurements. The differences between the observed and
simulated pitch angle extents listed in Table 3 can be explained
by a number of factors, most of them already mentioned in
the sections above. In actuality, the details of these differences
do not particularly matter, because the comparisons are close
enough to justify the main conclusion of this study, namely
that the high-altitude photoelectrons most likely originate in the
dayside ionosphere, and reach the observation locations by trav-
eling along magnetic field lines that connect the two points. In
addition, the connecting field lines can be either draped IMF
lines or open field lines (connected to the planet and to the
IMF).

The method described in this section, of identifying and
interpreting high-altitude atmospheric photoelectron observa-
tions, can be used to infer a magnetic field direction from the
ELS data. The technique is similar to those used with Mars
Global Surveyor electron reflectometer data (Mitchell et al.,
2001; Lillis et al., 2004). If the photoelectron observations are
centered away from sector 3, then the magnetic field angle with
respect to the Sun–Mars line can be determined. In addition,
the extent of the photoelectrons across the sectors provides in-
formation about two quantities: the magnetic field ratio and the
ELS–B field angle. When the observations are coupled with a
global simulation of the magnetic field topology around Mars
and/or a kinetic simulation of the photoelectron distribution, the
extracted information becomes even greater.
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6. Conclusions

In this study, two numerical models were used to analyze
the characteristics of the high-altitude atmospheric photoelec-
tron measurements from ASPERA-3 reported by Frahm et al.
(2006) (this issue). One model is a global MHD code (Ma et al.,
2002, 2004). Field lines were extracted from a steady-state sim-
ulation output produced with regard to nominal solar flux and
solar wind conditions. Two of the three field lines connected to
the planetary crustal magnetic field source regions, while the
third observation was along a draped interplanetary magnetic
field line.

The other model is a kinetic transport model that simulates
the electron distribution along a magnetic field line (Khazanov
and Liemohn, 1995; Liemohn et al., 2003). It predicts that the
photoelectrons above the inferred magnetospheric boundary are
essentially confined to pitch angles within the source cone re-
gion of velocity space. This pitch angle extent is different for
each field line, but ranged from 18◦ to 40◦ for the three sample
observations studied here.

Using the known orientation of the ELS component of
ASPERA-3 and the simulated magnetic field topology, an in-
ferred pitch angle extent for the atmospheric photoelectron
observations was derived. Reasonable agreement is shown be-
tween the data and the model results. While the simulated pitch
angle extents are smaller than those inferred from the obser-
vations, the differences are within the uncertainty of the esti-
mation. In addition, the sector of the photoelectron flux peak
is a function of the magnetic field azimuthal angle in the de-
tector plane. Agreement (within error) was shown between the
observed and simulated azimuthal angles. A method was then
demonstrated for inferring properties of the local and photo-
electron source region magnetic field from the ELS measure-
ments.
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