
Plasma is measured on the Mars Express (MEx) spacecraft by the Analyzer of Space Plasmas and Energetic Atoms (ASPERA-3) experiment [Barabash et 
al., 2004; 2006].  Ions are measured with the Ion Mass Spectrometer (IMA), which has a top hat energy deflection system coupled with an entrance elevation 
analyzer and an exit magnetic momentum analyzer.  For this study, 50 eV to 20 keV ions are measured logarithmically in 66 energy steps and linearly below 
50 eV in 30 steps (96 total energy steps). IMA measures from 360° of azimuth with 16 angular sectors, each 22.5° wide. In elevation, IMA measures from -45° 
to +45° above 50 eV energy in 16 elevation sectors, each about 5.6° wide. Below 50 eV, elevation scanning is disabled and the ions are measured from 0° 
elevation, about 5.6° wide .  The momentum analyzer separates ions into a 32 mass channel array.  Ions up to 40 amu are collected, simultaneously.  The 
entire energy-angle-mass array is accumulated in 192 s.  Each energy-azimuthal angle scan at a single elevation angle occurs in 12 s.  Electrons are 
measured by the Electron Spectrometer (ELS).  ELS is a spherical top hat analyzer which is mounted on a scanner.  For these data, the scanner angle was 
fixed so that the ELS and IMA central plane are roughly perpendicular.  The ELS measures from 360° with 16 azimuth bins, each 22.5° wide.  The angular 
width is ±2°.  ELS measured a 127 step energy spectrum from 0.5 eV to 20 keV logarithmically in 4 s.   

The spacecraft entered the Mars system on the dawn side in the southern 
hemisphere and preceded to periapsis on the dusk side about 2343 UT.  
Figure 1 aids in visualizing the MEx trajectory.  Shown are views in the 
Mars Solar Orbital (MSO) coordinate system: MSO X-Y, X-Z, and Y-Z 
planes as well as in cylinderical coordinates.    The average locations of 
the bow shock and the Magnetic Pileup Boundary (MPB) [Vignes et al., 
2000] are indicated on Figure 1d.  The average position of the bow shock 
occurs at about 2222 UT and the average position of the MPB occurs at 
about 2307 UT.  In general, the MPB is defined using a magnetometer; and 
since MEx contains no magnetic field experiment, MEx measures the 
Induced Magnetospheric Boundary (IMB) [Lundin et al., 2004] from the 
particle signatures.  However, the MPB and IMB are very nearly co-
located.

The solar wind ions are closely aligned with the Sun direction.  For the time 
at which the data were taken, between measurement of the solar wind at 
2145 UT until measurement in the magnetosheath at 2240 UT, the Sun 
vector at MEx was between 78° and 84° with respect to the spacecraft 
spherical polar angle, θ.  With the 22.5° azimuth sectors of IMA, the 
boundary between IMA azimuth sector 0 and sector 1 occurs at a 
spacecraft θ of 67.5°, so the solar wind ion beam should be strongest in 
IMA azimuth sector 0 with some smaller portion in IMA azimuth sector 1.  In 
spacecraft azimuthal angle, φ, the Sun is located at 180° for the region of 
the bow shock.  This translates to an IMA elevation angle of 0° (the central 
measurement plane), between elevation sectors 7 and 8.  A rough 
orientation shows that elevation scanning occurs parallel to the ecliptic 
plane and azimuth scanning occurs perpendicular to the ecliptic plane.

An overall picture of the pass is shown in Figure 2.  Measurements begin 
in the solar wind at 2145 UT on January 23, 2012 and the MEx spacecraft 
progressed inbound from the solar wind in the southern hemisphere 
around dawn, reaching perigee on the dusk side of Mars near the equator 
in the northern hemisphere at about 350 km altitude. Shown in the top 
panel is the background corrected electron spectra from sector 4, and the 
center panel shows the ion spectrogram from sector 0.  In both cases, the 
color range is adjusted to highlight specific features within the 

-7 2spectrograms.  The ion flux values less than 5.0x10  ergs/(cm  s sr eV) 
have been removed.  The spacecraft position information is shown in the 
bottom panel.

At the beginning of the pass, the ion spectral data indicated a steady solar 
wind at about 380 km/s.  The dot pattern occurs because the elevation 
analyzer measures ions as a function of time over a range of elevations 
and only encounters the solar wind proton beam at elevations near the 
central axis of the instrument.  At about 2207 UT, foreshock-like ions were 
observed as a peak in the ion spectrum at higher energy than the solar 

+ ++wind H  and He , and at a different elevation angle with respect to the solar 
wind beam.

Background adjusted electron measurements indicate that the electron 
foreshock was detected beginning between 2157 UT to 2202 UT when the 
spacecraft was about 8000 km away from the surface of Mars.  During this 
time, the solar wind electrons were observed to be stable and the core 
showed a slight increase in intensity from that in the solar wind; the 
halo/strahl electrons of the solar wind are observed to increase slightly.

Figure 2. Inbound Charged Particle Measurements from the Solar Wind to Periapsis.  The top 
panel shows an energy-time spectrogram in differential energy flux of the ASPERA-3 electrons 
from ELS sector 04 with the plasma regions marked (SW = solar wind, MS = magnetosheath).  
The center panel shows an energy-time spectrogram in differential energy flux (DEF) of the 
ASPERA-3 ions from IMA sector 00 with the first three locations on solar wind ions noted.  The 
bottom panel shows the spacecraft altitude and solar zenith angle with the MSO position, 
Planetodetic longitude and latitude, and solar time.  The average positions of the bow shock and 
MPS shown in Figure 1d are indicated at the top.  Both electron and ion spectra have background 

-7 2removed.  Ion energy flux values below 5.0x10  ergs/(cm  s sr eV) are excluded.

The region of interest is from the ion foreshock beginning at about 2205 UT and lasting until the ions penetrate the last bow shock at about 2240 UT.  Figure 3 
numbers the ion cycles in the ion spectrogram.  Circles indicate observations of foreshock and foreshock-like ions.  Foreshock ions are observed in the 
foreshock region.  Foreshock-like ions have similar distribution and composition as discrete type foreshock ions [Yamauchi et al., 2011, 2015], but are 
observed beyond the foreshock region.  Foreshock and foreshock-like ions are observed both flowing at an angle offset to that of the solar wind and at 

+multiples of H  energy in the solar wind.  Unfortunately since MEx carries no magnetometer, we cannot determine the deHoffmann-Teller frame of the bow 
shock.

Figure 3 shows electron measurements that indicate three shock transitions at about 2221 UT, 2225:30 UT, and 2230 UT.  Shocked plasma suggests that 
the spacecraft encountered conditions which caused an earlier bow shock at 2221 UT to be detected with penetration into the magnetosheath followed by a 
reverse shock (shocked plasma to unshocked plasma) at 2225:30 UT with solar wind plasma again observed.  The bow shock transition observed at about 
2330 UT indicates the spacecraft’s passing into the magnetosheath.  These transitions are also indicated by the ions, as the solar wind H+ indicates more 

+heating at elevations around the solar wind H  beam when the solar wind penetrates into the magnetosheath [Lundin et al., 2006].

The angular deviations of ions are shown in Figure 4 by examining three important energy ranges: 0.5-1 keV, 1-2 keV, and 2-5 keV,  In these angular 
presentations, each vertical axis shows the instrument azimuth rotated by 180°, so that the solar wind appears in the plot center (0° to 360°) and each 
horizontal axis shows the instrument elevation (-45° to +45°).  The approximate center time of the measurement cycle and the cycle number is indicated.  

+The integral energy band 0.5-1 keV shows the angular location of the solar wind H  while the integral energy band 1-2 keV indicates mainly the solar wind 
++He , but also shows some foreskock-like ions which are separated in angular space from the solar wind direction (indicated by arrows in Figure 4).  The 2-5 

keV integral energy band shows foreshock and foreshock-like ions, separated from the solar wind both in energy and angle.  Angular differences between 
foreshock ions and the solar wind direction are on average 30°-40°.  This means that the foreshock/foreshock-like ions are flowing toward the tail of Mars.

Figure 6 shows four ion distributions which have been sliced to reveal the solar wind ions and the foreshock ions.  The contours are generated by placing the 
energy flux value in a 3D energy-elevation angle-azimuthal angle array, contouring that volume, and then slicing that volume to show areas of ion flux 

+ ++intensification.  Angular directions of foreshock and foreshock ions are indicated along with the direction of the solar wind H  and He .  Panel A is from the 
solar wind where the foreshock ions are well developed.  Panel B is just before the bow shock and the foreshock ions are separated from the solar wind ions.  
Panels C and D are from behind the bow shock, in the magnetosheath, and clearly show that the direction of the foreshock-like ions is not the same as the 
shocked solar wind.

Conventional theory describing how foreshock ions are created is discussed in Yamauchi et al., [2015] and is illustrated in Figure 5.  Figure 5 represents a 
small portion of the bow shock where the solar wind ions (blue) are transmitted through and reflected off the bow shock, creating the fraction inside and 
flowing closer to the boundary to satisfy the shock jump conditions [Burgess, 1995; Parks, 2004] (blue).  The fraction reflected becomes the foreshock 
population (purple).  Parks [2004] and Yamauchi et al. [2006] describe how the electric field accelerates ions encountering the shock by a change in the cross 
product of the velocity of the particle and the magnetic field.  The flow in the presence of the magnetic field generates an outward-directed electric field in the 
bowshock.  Creation of foreshock ions at multiples of the flow energy are generated in agreement with the observed foreshock ions.

Ions in the foreshock region of Mars were observed by the MEx particle detectors on 23 January 2012 between 2205 UT and 2221 UT.  On this pass, the MEx 
spacecraft was moving inbound from the solar wind in the southern hemisphere from dawn, reaching periapsis on the dusk side of Mars near the equator at 
about 350 km altitude.  The foreshock-like ions were observed to penetrate through multiple bow shock crossings and into the magnetosheath of Mars (to 
2240 UT).  Plasma measurements indicated that MEx crossed the bow shock three times while inbound from the solar wind (between 2221 UT and 2230 UT) 
with the solar wind reappearing just before the last bow shock crossing.  The multiple bow shock crossing was most likely a transient feature based on 
additional passes through the same spatial region near the time of the measurements and multiple crossings over many years.  Changes in the ion and 
electron pressure was not the likely cause of the bow shock location change, but magnetic pressure and IMF orientation cannot be ruled out as a possible 
cause.

Ions in the foreshock of the solar wind were observed to be beam-like around 20° from the solar wind direction.  The ions had energies several times that of 
the solar wind protons.  Foreshock-like ions were observed to penetrate into the magnetosheath and were observed until MEx was about a proton 
gyroradius from the bow shock.  Shocked electron plasma indicated the presence of waves in the magnetosheath which could be reflecting a portion of the 
solar wind protons.  It is expected that the frozen-in-flux assumption is violated within the bow shock region which would allow plasma to be generated at 
different angles to the magnetic field, allowing wave-particle reactions to generate the foreshock-like ion beams which are then transported into the 
foreshock region.  The foreshock ions reflected from the bow shock are produced at a location upstream of the spacecraft while the spacecraft is in the solar 
wind.  Foreshock-like ions could be locally produced deep inside the magnetosheath or at a location which is temporarily closer to the planet than the 
detected bow shock location.

It was observed that on this pass, ions in the magnetosheath could be separated into those within a proton gyroradius from the bow shock and those nearer 
the IMB.  Those near the bow shock still retained their cold beam-like structure while those nearer the IMB were heated and flowed along the 
magnetosheath, in the direction of  the tail of the magnetosphere.
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Figure 1. Mars Express Trajectory on 23 January 2012.  Shown are the trajectory of the Mars 
Express spacecraft in the X-Y (a), X-Z (b), and Y-Z (c) planes in km for the MSO coordinates for the 
pass of the spacecraft shown in Figure 2.  The Cartisian system is combined into a cylinderical 
representation and shown in terms of the Mars radius of 3397 km (d) with the central axis along the 
MSO X direction shown in the horizontal direction and the amplitude of the radial vector shown in 
the vertical direction.  Two blue curves represent the average locations of the bow shock and 
Magnetospheric Pileup Boundary (MPB) [Vignes et al., 2000].  In all panels, the location of the 
pericenter time is marked by a single green circle near the planet and the location of the apocenter 
time is marked with dual green circles indicating the beginning/ending definition of a MEx orbit.

Figure 3. Foreshock, Bow Shock, and the Outer Magnetosheath of Mars on 23 January 2012.  
The format is similar to Figure 2, but the color range and time scale are adjusted to reveal more 
detail.  The ion cycles of a complete energy-elevation scan are marked.  The solar wind hydrogen 
is indicated as the red spot at the lowest energy for each measurement cycle.  Foreshock-like ions 
are circled.

Figure 6. 3D Ion Distributions at Selected Instrument Cycles.  The ion distribution in the solar wind (A), just before the bow shock (B), just inside the magnetosheath (C), 
and deep inside the magnetosheath (D) are generated in energy flux and show that the solar wind ion direction differs from that of foreshock and foreshock-like ions.

Figure 4. Instrument Angular View.  Shown are 11 angular view spectrograms corresponding to 
the cycles marked in Figure 4.  Each is marked with the approximate center time of the 
measurement cycle and the cycle number.  Along each vertical axis is the instrument azimuth 
rotated by 180° to display the solar wind in the center (0° to 360°) and each horizontal axis is the 
instrument elevation (-45° to +45°).  Angular spectrograms for three integral energy bands (0.5-1 
keV, 1-2 keV, and 2-5 keV) are shown in a stacked configuration.  Locations of the solar wind (SW) 
hydrogen (H) and helium (He) are indicated.  Arrows point to foreshock/foreshock-like ions.
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Figure 5.  Creation of foreshock ions at the bow 
shock.  The solar wind (blue) intersects the bow shock 
(black) creating a transmitted component (blue) of 
solar wind ions and a reflected component (purple) of 
foreshock ions (after Yamauchi et al., 2015).  
Reflected ions are accelerated by an electric field in 
the bow shock due to the magnetic field and solar wind 
velocity to cause the foreshock ions to have energies 
that are multiples of the solar wind energy.
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The Mars Express (MEx) analyzer of space Plasmas and Energetic Atoms (ASPERA-3) experiment contains ion and electron instruments for conducting 
plasma measurements. On January 23, 2012, during in-bound travel of MEx in the southern hemisphere of Mars traveling from its dawn side toward 
periapsis at dusk, the plasma instruments measured foreshock-like ion beams extending from outside the bow shock and into the magnetosphere, 
continuing to a distance of about a proton gyroradius from the bow shock. These ion beams were mostly protons, were observed to have energies greater 
than solar wind protons, and were not gyrating, in agreement with reflections of the solar wind proton beam. Furthermore, in the foreshock region, the ion 
energy gradually decreased toward the magnetosheath, in agreement with an acceleration by an outward-directed electric field in the bow shock. The 
observations also suggest that this electric field exists even inside the magnetosheath, within the distance of a proton gyroradius from the bow shock.

Although Mars possesses a small intrinsic magnetic field, the interaction is with an ionized, conducting, spherical ionosphere, formed largely by 
photoionization of the upper atmosphere. In this ionosphere currents flow so as to exclude the solar wind and magnetic field from altitudes below a few 
hundred kilometers at the subsolar point. Due to the supersonic speed of the solar wind, a bow shock is formed upstream of the planet and the oncoming 
solar wind is shocked, then diverted in the magnetosheath around the planet [Luhmann, 1995].

Part of the solar wind interaction that creates the bow shock can generate a foreshock region of reflected and accelerated electrons and ions. The foreshock 
is dependent on the interplanetary magnetic field (IMF) and its connection to the bow shock. When the angle between the IMF and bow shock normal is 
greater than 45°, the shock is quasi-perpendicular and the foreshock region is restricted to near the shock foot [Bale et al., 2005]. For an angle less than 45°, 
the shock is termed quasi-parallel [Burgess et al., 2005] and the foreshock has a much larger domain. For quasi-parallel shocks, the electron foreshock is 
observed antisunward of the sunward-most IMF field line which connects to the bow shock [Eastwood et al., 2005; Yamauchi et al., 2011] with the ion 
foreshock more tailward than this location (see examples, Burgess, 1995; Parks, 2004; Eastwood et al., 2005)
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