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Abstract

The European Space Agency (ESA) currently operates spacecraft at both Mars (Mars Express - MEx) and at Venus (Venus Express - VEx). Both MEx
and VEx contain the Analyzer of Space Plasmas and Energetic Atoms (ASPERA) experiment which measures the electron spectrum with the Electron
Spectrometer (ELS) and the ion spectrum with the lon Mass Analyzer (IMA). The MEx spacecraft also contains the Mars Advanced Radar for Subsurface
and lonospheric Sounding (MARSIS) which can derive the thermal electron density and magnetic field magnitude from its ionograms. The VEx
spacecraft also contains a magnetometer (MAG) experiment. At the top of the ionosphere of Mars is a region where there is mixing between plasma from
the ionosphere and plasma from the solar wind. ASPERA-3 data from Mars shows the high-energy electron halo/strahl from the solar wind penetrating
through the bow shock and magnetosheath into the dayside ionosphere. Atthe same time, plasma showing electron peaks generated by the ionization of
carbon dioxide and atomic oxygen from solar He 30.4 nm penetrates into the magnetosheath. This overlap region is located where the thermal electron
density derived by MARSIS decreases and ion plasma begins to accelerate from thermal velocities. This region is also observed at Venus. All three
experiments show turbulence near and through the ionosphere/solar wind interaction region.

1. Introduction

The solar wind electron distribution comprises three plasma populations which can be distinguished by particle energy and angular characteristics.
These three regions are known as the core, halo, and strahl. The solar wind core is the thermal distribution, typically less than 50 eV. The halo of the solar
wind consists of energies greater than the core, is hotter than the core, and has an isotropic angular distribution. In addition to the halo, the strahl
component exists in the same energy range as the halo, but its angular distribution is peaked along the solar wind flow direction.

When the solar wind impinges on Mars/Venus, Mars/Venus resists by forming a bow shock and induced magnetic cavity to deflect the solar wind around
the planet. The bulk of the flow of the shocked solar wind around the planet occurs in the magnetosheath, between the bow shock and ionosphere of the
planet; however, a small portion of the unshocked solar wind makes contact with and interacts with the ionosphere of the planet.

Solar EUV causes ionization and excitation of a planetary atmosphere, generating an ionosphere. In particular, the 30.4 nm photon ionizes both carbon
dioxide (CO,) and atomic oxygen (O) [Mantas and Hanson, 1979] leading to distinct peaks in the electron spectrum. The photoionized electrons resulting
from the interaction with CO, and O in the ionospheres of Mars [Lundin et al., 2004] and Venus [Coates et al., 2008] are routinely observed by instruments
on board the Mars Express (MEx) and Venus Express (VEXx) spacecraft. They can be used as a tracer of the trajectory of dayside ionospheric plasma
[Frahmetal., 2006].

At the top of the ionosphere, there exists a region where low-intensity, unshocked solar wind plasma mixes with ionospheric plasma, forming a region of
transition between plasma which is solar wind dominated and that which is primarily ionospheric. At higher energies (above about 50 eV) the solar wind
halo/strahl is observed, and at lower energies (below about 50 eV), ionospheric plasma is observed. The data from Mars and Venus show that within the
transition region, both ionospheric and solar wind plasma are observed in varying proportions.

2. Instruments

Data used in this paper from the MEx spacecraft were (1) Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3) [Barabash et al., 2006] (only the
Electron Spectrometer-ELS and the lon Mass Analyzer-IMA) and (2) the Mars Advanced Radar for Subsurface and lonosphere Sounding [Picardi et al.,
2004]. Data analyzed from the VEx spacecraft were (1) Analyzer of Space Plasmas and Energetic Atoms (ASPERA-4) [Barabash et al., 2007] (the
Electron Spectrometer-ELS and the lon Mass Analyzer-IMA) and (2) the Venus Express Magnetometer (MAG) [Zhang et al., 2006].

3. Transition at Mars

Figure 1 shows that the selected example orbit of the MEx spacecraft is near the noon-
midnight plane.

Figure 2 shows the electron spectrogram from ELS (top panel) and the ion spectrogram from
IMA (bottom panel) to illustrate the context of the spacecraft pass. The intense electron flux
between about 0247 UT and about 0254 UT, at less than 20 eV is caused by EUV
photoemission from the surface of the spacecraft. The intense ion flux beginning at about 3
0250 UT is due to UV light contamination in IMA. The core of the solar wind is observed in £ ' A
yellow around 0305 UT with the halo/strahl component of the solar wind at higher energies
shown as green. The shocked halo/strahl is seen penetrating into the magnetosheath until
about 0222 UT, where the ionosphere is observed. Cold ion fluxes near 10 eV are observed
in the ionosphere and keV fluxes are observed in the magnetosheath. Peaks in the
ionosphere near 24 eV are observed in the electron spectrogram and are due to
photoionization of CO,and O. The letters at the top of the spectrographs indicate the location 0
of the selected detailed Spectra.
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Figure 3, similar to Figure 2, shows the detailed view of the plasma in the interaction region
between the ionosphere and the magnetosheath. The thermal electron density is overlaid on
the electron plasma data in the top panel; and the total magnetic field is overlaid on the ion
plasma data in the bottom panel, both derived from MARSIS data. The total magnetic field
shows a nearly constant value (the deep troughs occur when no magnet field solution is
possible) throughout the figure, indicating that no magnetic anomalies are influencing the
plasma measurements. The thermal density shows a transition beginning just before the
photoelectron peaks show a flux decrease, and low-energy ions diminish in intensity as the
altitude on the spacecraft is increasing (about 02:21:45 UT). It should be noted that these
ions are upshifted in energy due to the negative spacecraft potential and their disappearance
could be related to a drop in spacecraft potential. At this time, the unshifted solar wind
halo/strahl is observed (although less intense than in the magnetosheath). This begins a
transition region from the observation of pure ionospheric plasma to pure magnetosheath
plasma.

As the thermal density continues to decrease, a mixture of plasma is observed showing both
the photoelectron plasma with its characteristic peaks at lower energies and the halo/strahl of
the solar wind at higher energies. At about 02:24:55 UT, the thermal density reaches a

steady value in the magnetosheath, magnetosheath electrons are observed (shocked solar el me 0 w§ yr o oqe fe o by w
wind plasma) and the halo/strahlintensity has increased. This marks the end of the transition R
fromionosphere plasma to magnetosheath plasma.

Fig 1. Mars Express orbit on July 17, 2007 (2007/198).
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Fig 2. Plasma view of the example Mars-Solar wind
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Fig 5. Transition region and solar wind electron

Fig 4. Electron differential energy flux in the transition
distribution functions at Mars.

region and ionosphere at Mars.

Fig 3. Details of the transition region at Mars.

Figure 4 compares the shape of the electron differential energy flux in the transition region with that in the ionosphere. Common features are the
dominance of the EUV generated electrons below 50 eV and the photoelectron peaks from CO, and O photoionization. At energies greater than 50 eV,
the solar wind halo/strahl influence causes alarger flux in the transition region than in the ionosphere.

Figure 5 compares the shape of the electron distribution function in the transition region with that in the solar wind. This figure shows that the shape of the
unshocked high-energy solar wind halo/strahl is the same as in the transition region. The dominance by photoelectrons in the spectrum is seen below 50
eV inthe transition region.

4. Transition at Venus

Figure 6 shows that the selected example orbit of the Venus Express spacecraft is near the noon-midnight plane. The orientation of the VEx at Venus is
similar to the orientation MEx at Mars.

Figure 7 shows the electron spectrogram from ELS sectors 04 through 11 to illustrate the context of the spacecraft pass and the differences in the ELS
sectors. The intense electron fluxes at less than 30 eV in the magnetosheath are due to positive spacecraft potential (before about 0815 UT). In general,
the Venus Express spacecraft charges positively in the solar wind and magnetosheath, and negatively in the ionosphere. The solar wind core is
observed at the beginning of the data in yellow and the halo/strahl is observed at higher energies in green to blue. The shocked and unshocked solar
wind halo/strahlis observed to penetrate down to the ionosphere until about 08:17:30 UT.

Figure 8 shows the electron plasma data from ELS sector 4 in each panel with magnetic field component measurements overlaid. Variations in the
magnetic field components are observed to be more dynamic inside the bow shock and inside the influence of the planet than in the solar wind. This is
most obvious at the bow shock; however, not as strong in the transition region.
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Fig 7. Electron plasma view of the example Fig 8. The components of the magnetic field.

Venus-Solar wind interaction.

Fig 6. Venus Express orbit on
October 19, 2008 (2008/293).
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Fig 10. Electron differential energy flux in the

0. ! ! Fig 11. Transition region and solar wind electron
transition region and ionosphere at Venus.

Fig 9. Details of the transition region at Venus.
distribution functions at Venus.

Figure 9 shows a more detailed view of the transition region, the region between magnetosheath plasma and ionosphere plasma, in the same format as
Figure 8. Intense and more energetic magnetosheath electron plasma is observed until about 08:14:10 UT, but unshocked solar wind electron plasma is
observed until about 08:15:45 UT. Unshocked solar wind halo/strahl plasma is observed penetrating into the ionosphere until about 08:17:30 UT.
Photoelectrons are observed in the region where the unshocked solar wind halo/strahl is observed (notice the characteristic O and CO, photoelectron
peaks atabout 08:16:20 UT). Spectra with photoelectrons are observed in the ionosphere.

For this case, both the magnetometer and the electron spectrum are sampled every second. Wave motion is observed in the magnetic field components.
Wave motion alone may not cause a strong influence on the flux of photoelectron peaked plasma in the transition region. In the transition region, the
magnetic field shows a wave period of roughly 45 sec. Field deviations maximize toward positive X_VSO and negative Z_VSO synchronously; it is not
obvious that there are strong deviations in the Y_VSO component. The more intense flux exhibited by the photoelectron peaked plasma occurs when
oscillations in the magnetic field components are at a 90 deg phase. However, the flux intensity exhibited by various ELS sectors (see Fig. 7) may be an
indication that flux intensity is ordered by the pitch angle. Additional study is needed to uncover the role that the magnetic field variation plays in the
photoelectron peak flux in the transition region.

As was done in the Mars data, the transition region spectrum is compared to the ionosphere (Figure 10). The transition region spectrum shows similar
photoelectron peaks: a region created by the solar EUV as in the ionosphere and a higher flux at energies greater than 50 eV caused by the penetrating
unshocked solar wind halo/strahl.

An additional comparison of the transition region spectrum with that of the unshocked wind shows that the shape is similar at energies greater than 50 eV.
One notes however, that the magnitude in the transition region is much less that the magnitude in the solar wind.

Spacecraft charging can influence the shape and magnitude of electron distributions. To show its influence and examine the dawn-dusk effect, we show a
case for December 16, 2008 (2008/351). The orbit of the VEx spacecraftis shown in figure 12.

VEX position every 10 min.
Cylindric coordinates. Orbit 970
Pericenter at 2008-12-16 09:08:11

The overall context of the plasma is shown in Figure 13, where the electron plasma is shown in the top

panel, ion plasma in the center panel, and electron plasma adjusted for the spacecraft potential in the S"""’“""‘T‘}““?“"’E"“"’““’j""“""""
lower panel. The solar wind halo/strahl is not as visible as in the previous cases due to the characteristics i T
of the solar wind; however, ion intensities in the sheath are much stronger. The transition regions is
observed on both the dawn and dusk sides of the planet. : '

Figure 14 shows more detail of the dawn and dusk transition region. In the unadjusted electron
spectrogram, low-energy plasma in the magnetosheath is observed increasing quickly to
magnetosheath energies, before about 09:01:30 UT on the dawn side and after about 0912 UT on the
dusk side. However, the adjusted data suggest that the low-energy is an effect of the spacecraft
potential and only the high-energy halo/strahl is observed. S

Puo

In addition, ions are observed in the transition region. These observations indicate that higher energy
ions are observed in the transition region and lower energy ions are observed in the ionosphere. These
observations also indicate that the ion energy is less in the transition region than in the magnetosheath.
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Fig 12. Venus Express orbit on December 16,
2008 (2008/351).

This is confirmed by examining dawn spectra, shown in Figure 15 and Figure 16, in the transition region.
The adjusted plasma from the ionosphere (Figure 15) shows that the photoionization peaks are present
in both the ionosphere and transition region, and the greater than 50 eV plasma shows a different slope
in the ionosphere than in the transition region. However,

the slope of the electrons greater than 50 eV matches the
halo/strahl component of the unshocked solar wind
(Figure 16), indicating that solar wind is mixing in the
transition region.
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This is also confirmed by examining dusk spectra, shown
in Figure 17 and Figure 18, in the transition region. The
adjusted plasma from the ionosphere (Figure 17) shows
that the photoionization peaks are present in both the
ionosphere and transition region, and the greater than 50
eV plasma shows a different slope in the ionosphere than
in the transition region. However, the slope of the
electrons greater than 50 eV matches the unshocked
halo/strahl component of the solar wind (Figure18),
indicating that unshocked solar wind is mixing in the
transition region.
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Fig 13. Dawn-dusk Venus plasma data with

} J Fig 14. Detail view of the dawn-dusk interface
spacecraft potential adjusted electrons.

near Venus. ‘

5. Conclusion
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