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a b s t r a c t

The Mars Express Analyzer of Space Plasmas and Energetic Atoms experiment contains ion and electron
instruments for conducting plasma measurements. On January 23, 2012, during in-bound travel of Mars
Express in the southern hemisphere of Mars 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 outward-directed electric field in the bowshock. The observations also suggest that this electric field
exists even inside the magnetosheath within the distance of a proton gyroradius from the bow shock.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The solar wind forms a magnetospheric cavity around Mars.
This magnetosphere results from an induced interaction of the
solar wind with the upper atmosphere of Mars. The upper atmo-
sphere of Mars ionizes and creates an ionosphere where currents
flow to create the induced magnetic field. This causes the solar
wind to be deflected around the planet. A shock is formed in front
of the planet to deflect the solar wind around the planet. Between
this bow shock and the ionosphere is a magnetosheath where the
solar wind is diverted around the planet (Luhmann et al., 1995).

The solar wind fluctuates in velocity and density. Variations are
observed over a wide range of time scales as the solar wind con-
tains a variety of types of wave activity (Feynman, 1985). At Earth,
factor of two pressure pulses of scale up to about 36,000 km wide
have been observed in the solar wind which penetrate into the
magnetosheath (Hietala et al., 2012). Inside the Earth's magne-
tosheath, plasmoids of higher momentum density than the sur-
rounding plasma have been observed which can penetrate into the
magnetoshere (Gunell et al., 2012). These observations coupled
with the observations of waves in the magnetosheath of Mars
(Espley et al., 2004, 2005; Winningham et al., 2006), all suggest a
r Ltd. This is an open access article

: þ1 210 522 4520.
measure of similarity in the interactions of the solar wind with
Earth and Mars.

Part of the solar wind interaction that creates the bow shock
can create a foreshock region of reflected and accelerated electrons
and ions. The foreshock is dependent on the interplanetary mag-
netic 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 fore-
shock more tailward than this location (see examples, Burgess,
1995, Figure 5B.1; Parks, 2004, Figure 10.11; Eastwood
et al., 2005, Figures 2.1 and 2.3, Otto, 2006, Figure 6.9). Near the
upstream boundary, separation between the electron and ion
foreshock regions are related to the angle between the IMF and
bow shock normal. It has been found at the Earth that this angle is
less than 90° for electrons and less than 70° for ions, which is
suggested by Burgess (1995) to be due to the acceleration
mechanism for ions being less efficient than for electrons; how-
ever, the details may depend on the size and shape of the
bow shock.
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Foreshock ions are observed near the bow shock and can flow
upstream of the planet in the solar wind; however, it is important
to note that foreshock ions are observed in the foreshock region.
The classifications of foreshock ions, which are both discrete and
diffuse, are termed “reflected”, “intermediate”, and “diffuse” (Bale
et al., 2005; Burgess et al., 2005; Pachmann et al., 1981). Foreshock
ions have been explained by acceleration following reflections off
the bow shock (Burgess and Schwartz, 1984; Oka et al., 2005;
Yamauchi et al., 2015) and wave–particle interactions (Meziane et
al., 2001; Mazelle et al., 2003). Reflection may take several forms
including ion beams and ring distributions (Yamauchi et al., 2006,
2008, 2011, 2012) with energies several times the energy of the
solar wind (Eastwood et al., 2005).

Eastwood et al. (2005) summarized observations of electron
foreshock distributions as generated from electron beams or
waves. Basically since the electron distribution is thermally
dominated (as opposed to the kinetic energy-dominated ion dis-
tribution), foreshock electrons appear as a high energy tail on the
main solar wind electron distribution, with more energetic elec-
trons observed near the tangent to the shock and less energetic
electrons deeper in the electron foreshock. Waves are also
observed in the electron foreshock region, shifting frequency
deeper in the electron foreshock compared to the tangent point.
Thus, distinguishing between the addition of an electron beam and
wave–particle interactions to the solar wind electron distribution
is difficult.

As a special feature of Martian bow shock, where the proton
kinetic gyroradius (about 1000 km) and the existence of cold
protons of exospheric origin can no longer be ignored, the reflec-
ted solar wind ions cause multiple foot structures at the bow
shock (the shock foot is where the magnetic field gradually
increases in front of the main shock). Sometimes it is difficult to
distinguish the reflected solar wind ions from the exospheric ori-
gin pick-up ions which form a ring distribution (Yamauchi et al.,
2011, 2012). The ring ion distribution, seen at comets and in pla-
netary magnetospheres (e.g. Coates, 2012 and references therein)
is a unique feature seen in the Martian foreshock and is a result of
the curvature of the Mars bow shock compared to the local ion
gyroradius. In Yamauchi et al. (2011, 2012), the reflected ions have
nearly the same energy from the bow shock boundary to about
one gyroradius into the solar wind, indicating that the reflection
(acceleration) process takes place inside the bow shock, but the
internal processes and location were not discussed. With Mars
Express (MEx), it is actually possible to trace such acceleration
process inward from the bow shock thanks to the large proton
gyroradius at Mars and the slow traverse velocity of the spacecraft
(due to the low gravity of Mars).

In this paper we present results from observations of
foreshock-like ions which were detected both in the classical
foreshock region and are continually observed as the spacecraft
passes inside the bow shock at Mars to at least 800 km inside the
magnetosheath. We begin by briefly discussing the instrumenta-
tion which made the observations and how this instrumentation is
orientated with respect to the solar wind and Mars. This is
necessary to understand the observations, which are presented
next, followed by a discussion of the possible sources of the
observed foreshock-like ions. Lastly, investigations for the future
are discussed.
2. Instrumentation

Plasma is measured on the Mars Express (MEx) spacecraft
(Chicarro et al., 2004) by the Analyzer of Space Plasmas and
Energetic Atoms (ASPERA-3) experiment (Barabash et al., 2004,
2006). ASPERA-3 contains four instruments, one measuring ions,
one measuring electrons, and two measuring neutral particles. The
electron and neutral measurements are conducted on a scanner.
This study focuses on the measurement of the ions and electrons
in the foreshock, bow shock, and magnetosheath.

Ions are measured by ASPERA-3 using the Ion Mass Spectro-
meter (IMA). IMA has a top hat energy deflection system coupled
with an elevation analyzer at the entrance and a magnetic
momentum analyzer at the exit. During its operation, IMA has
undergone several operational changes. For the ion data used in
this study, ions between 50 eV and about 20 keV are measured
logarithmically in 66 energy steps and linearly below 50 eV to
�20 eV in 30 steps. Thus, there are a total of 96 energy steps in an
energy sweep measuring the ion spectrum. IMA measures ions in
360° of azimuth with 16 angular sectors, each 22.5° wide. In ele-
vation, IMA measures ions from �45° to þ45° when energies are
above 50 eV in 16 elevation sectors, each about 5.6° wide. Below
50 eV, elevation scanning is disabled and the ions are measured
from the central plane at 0° elevation about 5.6° wide. The
momentum analyzer accelerates the energy-angle analyzed ion
beam, sending it through an orange-section style magnetic field
where the ions are separated by momentum and are detected in a
32 mass channel array. Ions up to 40 amu are collected by IMA,
simultaneously. The entire energy-angle-mass array is accumu-
lated in 192 s. Each energy-azimuthal angle scan at a single ele-
vation angle occurs in 12 s.

Electrons are measured by ASPERA-3 using the Electron Spec-
trometer (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 in a central plane of 360° with 16 azimuth bins,
each 22.5° wide. Perpendicular to the central plane of ELS, the
angular width is 72°. For these data, ELS operated in its survey
mode, where a 127 energy step spectrum is measured from 0.5 eV
to about 20 keV logarithmically in 4 s.

Both the ion and electron data presented here have the back-
ground estimated and removed. In both cases, background is
estimated by accumulating signals above 10 keV for a time period
which is 300 s for ELS and 192 s for IMA. These accumulated sig-
nals are assumed to represent background noise within the
microchannel plate (MCP) sensors for each instrument. Accumu-
lated signals are normalized to the instrument's accumulation
period and then subtracted from each measurement before sci-
entific units are calculated.
3. Orientation

The spacecraft entered the Mars system on the dawn side in the
southern hemisphere and preceded to periapsis on the dusk side
of Mars at about 2343 UT. Figure 1 aids in visualizing the MEx
trajectory. Shown are views in the Mars Solar Orbital (MSO)
coordinate system in the MSO X–Y (a), X–Z (b), and Z–Y (c) planes
as well as in cylinderical coordinates. MSO distances are given in
km and relate to the cylindrical radius ρ¼sqrt(Y2þZ2)/RMars,
where RMars¼3397 km and the X distance in the cylindrical Fig. 1d
is given in Mars radii. The average locations of the bow shock and
the Magnetic Pileup Boundary (MPB) (Vignes et al., 2000) are
indicated on Fig. 3d. The average position of the bow shock occurs
at about 2222 UT and the average position of the MPB occurs at
about 2307 UT. The MPB is defined using a magnetometer and
since MEx contains no magnetic field experiment, MEx can only
define the Induced Magnetospheric Boundary (IMB) (Lundin et al.,
2004) from the particle signatures. However, the MPB and IMB are
very nearly colocated.

Magnetic anomalies are most extreme in the southern hemi-
sphere at a planetodetic longitude of 180°, and reach the magnetic



Fig. 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 Fig. 2. The Cartisian system is combined into a cylinderical representation and shown in terms of a Mars radii 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 Pileip 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.
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equator in an arch fashion between 90° and 270° longitude
(Connerney et al., 2001). The influence of the magnetic anomalies
at bow shock distances affects the local standoff distance and the
shape of the magnetic interaction (Frahm et al., 2008). Strong
magnetic anomalies of the southern hemisphere can affect the
bow shock location as the planet rotates, presenting different
intensities and orientations of magnetic shielding to the solar
wind. However, at the time of the MEx pass through the bow
shock region, the magnetic distortion due to the configuration of
magnetic anomalies was found to be a small contribution at bow
shock distances. Since the average locations of the bow shock and
MPB are similar to the measured locations of the bow shock and
IMB, the solar wind dynamic pressure is probably similar to that
determined as an average for Mars (Crider, et al., 2003), 0.75 nPa.
As well, the Interplanetary Magnetic Field (IMF) intensity is
probably about average as well (Brain et al., 2003), 2.75 nT. The
contribution from magnetic anomalies is a fraction of 1 nT above
the IMB, decreasing to less than a 10% effect at the bow shock.
Thus, the influence of magnetic anomalies at the bow shock is
treated as an insignificant and ignored. However, magnetic
anomalies are significant at altitudes at and below the IMB, and
cannot be ignored.

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 magne-
tosheath at 2240 UT, the Sun vector occurred at MEx between 78°
and 84° in the spacecraft spherical polar angle, θ. With the 22.5°
azimuth sectors of IMA, the boundary between IMA azimuth
sector 0 and sector 1 is 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 mea-
surement plane), between elevation sectors 7 and 8.

During data collection from the region of the bow shock, the
planet was located at a spacecraft polar angle between 0° and 0.1°
with a spacecraft azimuth between 286° and 296°. Spacecraft
mounting of IMA indicates that Mars is located in azimuth sector
11, very near its boundary with IMA azimuth sector 12, and near
the central measurement plane at elevation sector 8, very close to
the boundary with elevation sector 7.

Ions measured in azimuth sectors 0–1 and 14–15 are flowing in
the solar wind direction (�XMSO), 2–5 are flowing toward the
planet (þZMSO, þYMSO), 6–9 are flowing toward the Sun (þXMSO),
and 10–13 are flowing away from the planet (�YMSO, �ZMSO).
The elevation orientation is more complicated due to the orien-
tation of the spacecraft and the radial vector from the spacecraft to
Mars. However in general, the gross orientation of elevation can be
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taken as ions measured in elevation sector 8 and larger are flowing
toward the MSO ecliptic plane while those elevations in sector
7 and smaller are flowing away from the MSO ecliptic plane
because on the inbound portion of the orbit, MEx is in the MSO
southern hemisphere.
4. Observations

As shown in Fig. 2, measurements begin in the solar wind at 2145
UT on January 23, 2012. Fig. 2 displays three panels. In the top panel,
the background corrected electron spectra from sector 4 are shown
in the energy (in eV) versus time (in UT) spectrogram format color
coded in differential energy flux (in erg/(cm2 s sr eV)). The center
panel shows the ion spectrogram from sector 0 in energy (in eV)
versus time (in UT) format color coded in differential energy flux (in
erg/(cm2 s sr eV)). In both cases, the color range is adjusted to
highlight specific features within the spectrograms and the ranges of
the color represent different values as noted on the color bars for
each panel. The ion flux values less than 5.0e�7 ergs/(cm2 s sr eV)
Fig. 2. Inbound charged particle measurements from the solar wind to periapsis. The top
3 electrons from ELS sector 04 with the plasma regions marked (SW¼solar wind, MS¼m
energy flux (DEF) of the ASPERA-3 ions from IMA sector 00 with the first three locations
zenith angle with the position of the spacecraft in MSO X, Y, and Z (in km); Planetode
markings listed. The average positions of the bow shock and MPS shown in Fig. 1d are
energy flux values below 5.0e�7 ergs/(cm2 s sr eV) are excluded.
have been removed to highlight the peak ion fluxes. The spacecraft
planetodetic (Pd) altitude (Alt in km) and solar zenith angle (SZA in
degree) is shown in the bottom panel and other orbital parameters
are given in the labels at the bottom. These are the Cartesian X, Y, and
Z position (in km) of the spacecraft in MSO coordinates, the plane-
todetic longitude (LON) and latitude (LAT) of the spacecraft (deg),
and the solar time (SolTime in hr). MSO coordinates are defined at
the center of Mars with the X axis pointing from Mars toward the
Sun, the Y axis opposite the Mars orbital velocity vector, and the Z
coordinate completing the right-hand orthogonal set. During this
orbit, the MEx spacecraft was 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

At the beginning of the pass, the ion spectral data suggested a
steady solar wind at about 380 km/s. The red/yellow dots at about
750 eV (e.g. 2147:30 UT, 2150:45 UT, 2154 UT) are hydrogen ions
and identified on the figure. 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
panel shows an energy-time spectrogram in differential energy flux of the ASPERA-
agnetosheath). The center panel shows an energy-time spectrogram in differential
on solar wind ions noted. The bottom panel shows the spacecraft altitude and solar
tic longitude and latitude (deg); and solar time (h) given in the labels at the time
indicated at the top. Both electron and ion spectra have background removed. Ion
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elevations near the central axis of the instrument. In this format,
the helium ions in the solar wind shows as yellow/red peaks at the
same elevations as the solar wind protons (the first three locations
of the helium solar wind ions are shown on Fig. 2). Since the
elevation scanning occurs above 50 eV and the solar wind ion
beam is seen near the center of the elevation scan, low-energy
ions in the solar wind should be observed below 50 eV during the
elevation scan if the instrument threshold is exceeded. No low-
energy ions are observed in the solar wind.

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 fromMars.
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. At about 2207 UT, foreshock-like ions
were observed as a peak in the ion spectrum at higher energy than
the solar wind Hþ and He++, and at a different elevation angle
with respect to the solar wind beam.

The average energy of the solar wind electron core was
observed to increase in the foreshock. At about 2221 UT, a bow
shock was encountered. The shocked solar wind core electrons
were observed to increase in intensity by an order of magnitude
Fig. 3. Measured electron energy spectra at various locations from Fig. 2. The solar wind
and shocked electron spectra from locations near the bow shock. Panel B shows electro
ionosphere nearer to the IMB, whereas, Panel D shows electron spectra from lower alti
over the solar wind flux and increase in average energy by about
20 eV. The shocked solar wind electrons were observed to
decrease at about 2225:30 UT, where they returned to foreshock
energy and intensity values. During this observation of shocked
electron plasma, the ion measurements continue to show the solar
wind ions, but also show ions at larger elevation angles which are
separated from the solar wind ion population. These ions are
flowing in the direction several degrees from the solar wind and
possess a velocity component flowing away from the planet. In
addition, the peak flux of the shocked electrons was observed to
oscillate indicating the presence of wave activity.

Foreshock electrons again encountered a shock at about 2230
UT. Core electrons were shocked to the same flux values as
observed previously with the same energy shift. Shocked ions were
observed to disperse in angle around the central solar wind electron
beam and the amount of dispersion increased as the spacecraft
altitude decreased in the magnetosheath. As the magnetosheath
was penetrated, the shocked electron core began to decrease in
intensity after about 2239 UT. Throughout the magnetosheath,
electron spectra indicated the presence of wave activity.

Between 2312 UT and 2316 UT, the IMB was encountered. This
is marked by a transition between the shocked solar wind plasma
and the planetary plasma (see example simulation of ion data
electron spectrum is shown on all panels as a reference. Panel A shows foreshock
n spectrum from the IMB region. Panel C shows electron spectra from the topside
tudes in the ionosphere.
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transition from ionosphere to magnetosheath in Kallio et al.
(2008)). In this event, there was a distinct separation between the
higher energy ion plasma above 50 eV (before 2312 UT) and the
lower energy ion plasma below 50 eV (after 2316 UT). The ions
before 2312 UT form the magnetosheath and were dominated by
protons and helium. The ions after 2316 UT form the ionosphere
and were dominated by heavy planetary ions. At the magne-
tosheath side of the IMB, as the altitude decreases, the electrons
showed an increase in energy to nearly the same values as the
heated core, but with flux values similar to those in the electron
foreshock. These electrons form an inverted “V” shape with alti-
tude/time. On the ionosphere side of the IMB, the electron tem-
perature was similar to that in the solar wind above 50 eV; how-
ever, the plasma below 50 eV appeared to be similar to that in the
ionosphere, exhibiting a broader differential number flux peak at
lower energies. The electron flux decrease between 2324 UT and
2329 UT was due to a decrease in intensity as was the decrease
between 2339 UT and 2342 UT, whereas, the electron flux
decrease at 2330:30 UT resulted from a change in the spectrum,
producing the signature of distinct dayside photoelectron peaks
(Frahm et al., 2006a, 2006b, 2010) and the 50 eV ledge by 2332 UT
resulting from ionization of the atmosphere.

Fig. 3 displays some electron spectra which have been averaged
over 1 minute to improve statistics. Four regions are considered
Fig. 4. Foreshock, Bow Shock, and the Outer Magnetosheath of Mars on 23 January 201
reveal more detail. The ion cycles of a complete energy-elevation scan are marked. Th
measurement cycle. Foreshock-like ions are circled.
and all are drawn in differential number flux (electrons/
(cm2 s sr eV)) versus energy (eV). In all four panels, drawn in black,
is the representative electron spectrum from the solar wind. It is
useful to compare the solar wind spectrum to the electron spec-
trum from different plasma regions. The representative solar wind
spectrum is taken as close to the apocenter as possible; however,
this may still be in the electron foreshock region. Since MEx caries
no magnetometer, the upstream solar region boundary cannot be
determined.

Fig. 3a shows the electrons before the bow shock (green) and
between magnetosheath plasma (blue). These spectra show a high
energy tail consistent with the electron foreshock. Spectra from
the magnetosheath region (orange and red) show an energized
core population below 50 eV and the similar halo plasma above
50 eV to the foreshock electron population. Fig. 3b shows that
magnetosheath plasma (blue) just before the IMB has a less
intense core, but it still shows a similar shock feature and the
similar halo compared to the solar wind spectrum. The electrons
measured during passage through the IMB (red) show an accel-
erated spectrum higher in energy than the solar wind spectrum,
between 20 and 100 eV in energy. The IMB electron spectrum
shows that the halo population (greater than 50 eV) is not parallel
to the solar wind halo population, indicating heating of halo
electrons rather than just a change in density at the IMB. On the
2. The format is similar to Fig. 2, but the color range and time scale are adjusted to
e solar wind hydrogen is indicated as the red spot at the lowest energy for each
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ionosphere side of the IMB (green), the spectrum has the intensity
of the magnetosheath plasma, but includes a broader energy range
than magnetosheath plasma and similar spectra in the halo region
as the solar wind. Ionospheric spectra near the IMB can vary in
intensity with some spectra greater (blue) and some less than
(green) the solar wind spectra as indicated in Fig. 3c. As the
spacecraft approaches the planet, peaks from the ionization of
atomic oxygen and carbon dioxide appear in spectra (red). In the
region around the pericenter (Fig. 3d), photoelectron peaks are
commonly observed even though there can be over an order of
magnitude difference in the peak intensity (blue¼weak, green¼
moderate, red/orange¼high flux intensity). The region in which
photoelectron peaks are observed is indicated in Fig. 3d. In each
case of electron spectra from the ionosphere in Fig. 3d, the alu-
minum edge in the electron spectrum at about 50 eV is observed.
5. Discussion

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. This region is highlighted in Fig. 4. The
Table 1
Solar wind location within IMA. For each species and each instru
highlighted in blue and the IMA azimuth-elevation pair is highligh
fraction of the solar wind.
format of Fig. 4 is the same as in Fig. 2; however, the ion cycles are
numbered in the ion spectrogram. Circles indicate observations of
foreshock-like ions, i.e., ions with similar distribution and com-
position as discrete type foreshock ions observed with IMA in the
Venus and Mars environments (Yamauchi et al., 2011, 2015).
Foreshock ions are observed in the foreshock region. We use the
term foreshock-like ions to indicate that ions are observed with
similar properties to those in the foreshock region, 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 Hþ energies in the solar wind
(these will be detailed later in Tables 1 and 2). Unfortunately since
MEx carries no magnetometer, it cannot determine the deHauff-
man–Teller frame of the bow shock and estimate the shock normal
direction. This pass shows no observed cyclic ions used to esti-
mate the IMF direction and the deHauffman–Teller frame as in
Yamauchi et al. (2006). Since the flow directions of these
foreshock-like ions are narrowly distributed and relatively con-
stant (Fig. 4), and since we know that the IMF is draped around the
planet, so we estimate the IMF direction in the magnetosheath to
be the direction of solar wind ion flow where we used the electron
observations to determine the region of the magnetosheath. We
ment cycle, the largest solar wind differential number flux is
ted in yellow, indicating which IMA sector contains the major
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also know from Yamauchi et al. (2015) that the IMF is not very far
away from the flow direction of foreshock-like ions; otherwise,
depending on the angle to the solar wind, the flow direction of the
foreshock ions should spread due to the gyromotion (Yamauchi
et al., 2012). The exact mechanism for creating foreshock ions has
not been identified; however, since the solar wind ions represent
the only source of ions present, it is felt that foreshock ions are
scattered solar wind ions, and thus, the flow direction differs from
that of the solar wind. Multiples of solar wind energies are
thought to be due to reflections of the solar wind in the deHauf-
mann–Teller frame, gaining a multiple of solar wind energy on
each reflection.

Fig. 4 shows electron measurements that indicate three shock
transitions at about 2221 UT, 2225:30 UT, and 2230 UT. Shocked
plasma is observed in two segments and suggests that the
spacecraft encountered conditions which caused an earlier bow
shock at 2221 UT to be detected with penetration into the mag-
netosheath 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 finally passing permanently into the
magnetosheath. These transitions are also indicated by the ions as
the solar wind Hþ indicates more heating at elevations around the
solar wind Hþ beam when the solar wind penetrates into the
magnetosheath (Lundin et al., 2006).

The angular deviation of ions are shown by examining three
important energy ranges. These are 0.5–1 keV, 1–2 keV, and 2–
5 keV, Fig. 5 indicates the instrument view of the ions in these
three energy bands. In these angular presentations, along each
vertical axis is shown the instrument azimuth rotated by 180° so
that the solar wind appears in the center (0°–360°) and along each
horizontal axis is shown the instrument elevation (�45° to þ45°).
Fig. 5 shows angular view spectrograms which correspond to the
instrument cycles marked in Fig. 4. 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 Hþ 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 Fig. 5). The 2–5 keV integral
energy band shows foreshock and foreshock-like ions, separated
from the solar wind both in energy and angle. Fig. 5 indicates that
the foreshock-like ions appear closer to the solar wind direction
and the solar wind He++ energy the closer the spacecraft is to the
planet. Angular differences between foreshock ions and the solar
wind direction are on average 30°-40°. this means that the fore-
shock/foreshock-like ions are flowing toward the tail of Mars.

Conventional theory describing how foreshock ions are created is
discussed in Yamauchi et al. (2015) and is illustrated in Fig. 6. Figure 6
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-
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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 Lastly, the approximate trajectory of the MEx
spacecraft is nearly along the shock normal assuming average con-
ditions as displayed in Fig. 1d, producing near normal measurements.
It is not clear how foreshock-like ions are observed inside the mag-
netosheath without MEx observing a boundary causing reflection.

There are two possibilities for multiple observations of a
boundary. The first is that the structure has a fixed physical shape
which when projected along the spacecraft trajectory, the space-
craft passes in and out of the structure multiple times. The second
is that the structure is temporal and the boundary passes across
the spacecraft a multiple number of times. The MEx single
spacecraft measurement means that spatial and temporal changes
cannot be separated when measuring a single event. Moreover,
structures repeated temporally may mask themselves as a fixed
spatial structure under the right conditions. For a feature to be a
permanent structure, multiple passes of the spacecraft through the
same region will show a repeated pattern. No separate feature is
observed on the outbound phase of this same orbit and the suc-
ceeding MEx passes through the Mars environment do not show
this feature. In addition, there has not been a reported permanent
Table 2
Freshock ions. Excluding the solar wind for each instrument cycle,
recorded. The peak energy as well as the energies at full-width-at-ha
estimated based on the center energy and differential number flux
within an instrument cycle and the largest value is highlighted in
ential energy flux values are highlighted in yellow.
structure in the bow shock region as shown in Fig. 4 suggest-
ing the event is temporal rather than spatial. However, several
cases of multiple bow shock crossings have been observed and are
discussed under Section 6. So it is plausible that there exist mul-
tiple reflection surfaces closer to the planet than the outer most
bow shock crossing. If the regions which show magnetosheath
plasma farther from the planet than solar wind plasma as in 2225
UT to 2230 UT, there might be reflection off of the outer boundary
where reflection of ions directs the foreshock component toward
the planet as in Fig. 6. In this case, the spacecraft would block
detection of these ions; and thus, in this case, MEx could not
detect the reflected component.

The temporal–spatial structure in the bow shock/magneto-
pause region may also be a plasmoid or streamer which could be
part of the bow shock structure (this includes a wavy bow shock)
which is not a permanent feature. The bow shock boundary could
surround magnetosheath plasma in the interior of the structure as
it changes. Such a situation could be caused by a Kelvin–Helmholtz
instability where there exists a flow velocity difference between
plasma in the solar wind and magnetosheath, or a Raleigh–Taylor
instability where the shocked plasma is compressed as it is
diverted around the planet causing a density difference between
the most significant ion number flux peaks are examined and
lf-maximum (FWHM) are noted. The differential energy flux is
at the peak. The differential energy flux values are examined
blue. For selected instrument cycles, the second largest differ-
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magnetosheath and solar wind plasma as the coherent plasma
structure breaks up into a non-coherent structure. In a sense, this
could be an extension of the Brace et al. (1987) description of how
the Venus ionosphere breaks up into fragments in its ionotail (see
Brace et al., 1987, Figure 4). Since the observation interval started
on the nightside where the ionosphere break-up occurs, any wavy
motion of the bow shock may also break up the magnetosheath
plasma and end up being detected as a separate bow shock
crossing as the spacecraft passes through the region. With the
limited instrumentation complement on the MEx spacecraft, it is
not possible to determine whether the structure is attached to the
rest of the bow shock/magnetosheath or detached from the bow
shock/magnetosheath. However, in that case of Fig. 2, the ion
plasma can no longer be distinguished from the foreshock plasma
because the accelerated (reflected) ions are observed throughout
the entire region where the break-up occurs.

The plasma measurements indicate the magnetosheath
boundary is in transition. In general, the shape of the magneto-
spheric cavity changes in response to solar wind pressure and the
orientation of the IMF. There are three components to this pres-
sure: ion, electron, and magnetic. The electron energy and electron
flux values are similar in the solar wind and in the region between
measurements of the two magnetosheath locations (e.g. between
2225:30 UT and 2230 UT). This indicates that the change in loca-
tion of the bow shock is not driven by a change in the electron
pressure. Regarding the ions, the ion energy and ion flux values are
similar in the solar wind and in the region between 2225:30 UT
and 2230 UT as well, indicating that the change in location of the
bow shock is not driven by a change in the ion pressure. This
suggests that the change in location of the bow shock is due to a
change in the magnetic pressure and/or a change in the orienta-
tion of the IMF resulting in a reorientation of the magnetospheric
cavity. Unfortunately MEx does not contain a magnetic field
experiment, so no information about the magnetic field can be
determined by MEx. However, since our observations essentially
rule out a change in particle pressure, it is most probable that the
change in the location of the magnetosheath results from a change
in the IMF orientation.

Since it is observed that at this time the magnetic configuration
of the magnetospheric boundary is not steady, the boundary could
have undergone radical changes in location as long as the locations
of the boundary measurements were maintained. This means that
when the spacecraft is making measurements in the solar wind,
the bow shock location could be at any altitude below the space-
craft as long as it is at the proper location to be detected at 2221
UT. Similarly, when the spacecraft is measuring solar wind plasma
between 2225:30 UT and 2230 UT, the location of the bow shock
could be at any altitude below the spacecraft as long as it is at the
proper location to be detected at 2230 UT.

The ion spectrogram shown in Fig. 4 indicates measurement
cycles of IMA as numbered from the appearance of foreshock-like
ions in the solar wind to the last location where foreshock-like
ions are observed in the magnetosheath. The location of the pri-
mary solar wind ion beam is indicated in Table 1. Table 1 is
organized to show the location of the solar wind beam in the IMA.
For each instrument cycle and ion species, the largest solar wind
flux is highlighted in blue. In general it is observed that the pri-
mary solar wind beam is located between IMA azimuth sectors
0 and 1, and IMA elevation sectors 7 and 8. After penetrating the
magnetosheath, there is a slight shift of the solar wind beam
toward IMA azimuth sectors 15 and 0. Table 1 also shows that the
peak number flux decreases in general after the first bow shock is
encountered except just after the reverse shock at 2226 UT, where
the largest value of number flux is observed (cycle 7, 2.78e4 Hþ

ions/(cm2 s sr eV)). The ion number flux measurement just before
the final bow shock is encountered (cycle 8) is about 3 times less
(8.80e3 Hþ ions/(cm2 s sr eV)) than the previous cycle and almost
half the hydrogen number flux early in the solar wind.

There should be an obvious change in direction between the
flow in the solar wind and that in the magnetosheath. The average
location and shape of the bow shock suggest that the solar wind
inside the magnetosheath is flowing with an angle of about 30°



Fig. 5. Instrument angular view. Shown are 11 angular view spectrograms corresponding to the cycles marked in Fig. 4. Each are 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°–360°) and each
horizontal axis is the instrument elevation (�45° to þ45°). 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.

Fig. 6. 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 causing the foreshock ions to have energies
that are multiples of the solar wind energy.
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with respect to the Mars–Sun line. From the discussion in the
previous paragraph, the rotation in azimuth represents a 22.5°
change. Observations shown in Table 1 indicate that the solar wind
changes elevation from sector 7 to sector 8 when the spacecraft
transitions, so that is at most a change of about 5.6°. Thus, it is
plausible that the shift in flow directions from the solar wind to
the magnetosheath was observed in the ion data. An obvious
transition is probably observed but not as distinct due to the
orientation of the ion instrument at the time the bow shock was
encountered.

Since the measurements of the solar wind ion flux within the
region between the two magnetosheath crossings (2225:30 UT to
2230 UT of Fig. 4) show such different values of the solar wind ion
flux than the first cycle in the magnetosheath (cycle 6), it is worth
examining them to determine if changes in the Hþ peak number
flux could drive a fluctuation of the location of the bow shock. If
the solar wind is steady, then the first bow shock encounter (2221
UT) is taken as the normal location of the bow shock. If the solar
wind number flux increased as in cycle 7, more pressure would be
exerted on the magnetosheath and a compressed magnetosphere
would be expected as the initial reaction. This could cause the bow
shock to overtake the spacecraft and appear at a lower altitude.
However, the Hþ

flux recorded in cycle 8 is less than the average
solar wind value, so with this same logic, one would expect the
bow shock to move to higher altitude and have overtaken MEx by
the time IMA had made its measurement. Thus, this solution
presents inconsistent arguments. The number flux increase
observed in cycle 7 did not lead to a pressure increase.

The foreshock-like ions circled in the ion spectrogram of Fig. 4
are listed in Table 2. These foreshock ions are observed both in the
solar wind and in the region signified by the shocked solar wind
electron plasma. In the solar wind, the foreshock-like ions form a
well defined, narrow feature about 20° from the solar wind
direction and coming from the direction of the planet. These ions
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are tracked from the solar wind through the bow shock and into
the magnetosheath, indicating penetration of the solar wind.
During the encounter with the planet, foreshock-like ions are
observed at energies greater than the solar wind proton energy.
The foreshock-like ions are identified in the mass spectra as con-
tinuous peaks in the differential number flux spectra which were
above the level of scattered ion flux. Scattered ions are identified
near the instrument count and number flux thresholds with a
large energy range and are observed to increase inside the mag-
netosheath, indicating ion scattering by the bow shock. Foreshock-
like ions were identified as features in the spectrum which had a
full-width-at-half-maximum above the scattered ion level. The
differential energy flux is estimated based on the center energy
and differential number flux at the peak. The differential energy
flux values are examined within an instrument cycle, and the
largest value is highlighted in blue.

The foreshock-like ions are also observed in Fig. 7. Shown in
Fig. 7 are energy-time spectrograms from the five IMA azimuth
sectors which point toward the Sun. The electron energy-time
spectrogram is shown at the top for reference. Spectrograms are
presented in differential energy flux with color bars for ions and
electrons at the right where ion fluxes less than 5.0e�7 ergs/
(cm2 s sr eV) have been removed. Fig. 7 shows that the ions are
clustered near the solar pointing sectors. After 2240 UT, Fig. 7 also
shows that the solar wind that has penetrated the magnetosheath
has been heated (because of the increased spread in energy),
dispersing in angle from its cold beam structure. The loss of azi-
muthal angular extent toward the IMB and the restriction of the
ions to nearly the same elevations indicates that the magne-
tosheath ions are flowing away from the planet. As indicated by
Fig. 2, the thickness of the magnetosheath is about 4000 km, or
about 4 times the proton gyroradius in the solar wind. Thus, there
are two distinct regions in the magnetosheath which are an outer
layer, within a proton gyroradius from the bow shock in which the
solar wind ions remain cold, and the inner region of the magne-
tosheath where the ions are heated.

Examining Table 2, one sees that the locations of the foreshock-
like ions are found consistently in elevation sectors greater than
the sector containing the proton beam, and azimuth sectors are
approximately the same as those of the solar wind Hþ beam,
except for instrument cycles 4 and 11. Instrument cycle 4 occurs in
the solar wind before the first encounter with a bow shock, and
cycle 11 is the last instrument cycle which shows foreshock-like
ions. For cycle 11, no elevation sectors other than that which
shows the solar wind beam are observed. Foreshock ions are
observed in larger sectors in cycle 4. The second largest value of
energy flux within cycle 4 is highlighted in yellow. The amount of
energy flux is about half that of the largest value and occurs during
the largest elevation sector that shows foreshock-like ions. Also
highlighted in yellow, the second largest energy flux of cycles
5 and 10 also occur during the largest elevation sector for each
cycle that shows foreshock-like ions. Thus, these foreshock-like
ions flow from the direction of the solar wind in azimuth and have
a component that flows from the planet away from the Mars
ecliptic. In other words, these foreshock-like ions most likely are
reflected off the bow shock at a location toward the front of the
magnetosphere and are deflected into the instrument. Foreshock-
like ions in elevation sector 11 are most likely generated at a
location closer to the spacecraft and come from the direction of
the solar wind. Ions that appear behind the bow shock may be due
to the chaotic nature of the magnetic cavity in the encountered
region.

Although foreshock-like ions are mostly observed to be protons,
foreshock-like ions in the solar wind and in the magnetosheath do
not appear as ring distributions as shown in Yamauchi et al. (2006,
2008, 2011, 2012) despite being detected by the same
instrumentation. The IMA location of the largest observed flux indi-
cates that the instrument would have the capability to detect a ring if
one were present. The distributions are not diffuse outside the
foreshock but remain beam-like when detected. There is some
blockage by the spacecraft and at this time, that blockage occurs in
elevations which are detecting ions flowing toward the planet (ele-
vations less than 6) from the Mars ecliptic plane (azimuths greater
than 8), which is about a fourth of the measured volume. Thus in the
solar wind, IMA would be unable to determine if there were ions
flowing around the planet from the equator of Mars toward its
southern pole, but could measure ions if they were flowing in the
opposite direction.

An additional explanation for the penetration depth may be
due to the ion gyroradius. Assuming a 10 nT IMF and a 750 eV Hþ

ion, the gyroradius is about 800 km. This is about the altitude
difference between the electron bow shock and the point at which
the last foreshock-like ions are observed (cycle 11). If ions are
generated at the bow shock within a gyroradius depth, they could
be following the magnetic field, and the elevation at which the
foreshock-like ions are observed could be reflecting the pitch angle
of the foreshock-like ions. In this case, foreshock-like ions are
expected to be gyrotropic and to exist in additional elevation-
azimuth combinations if frozen-in flux is assumed. However, the
frozen-in condition is violated on small distance scales within
plasma boundaries like the bow shock. Different populations of
ions have been observed in the Earth's magnetosheath at the same
time flowing in different directions in the presence of a magnetic
field (Lundin et al., 1987; Lundin 1997). The electron spectrogram
indicates the presence of waves in the magnetosheath, so it is
possible that a portion of the solar wind proton beam could be
reflected by wave–particle reactions inside the magnetosheath.

An additional issue is that foreshock-like ions may be gyro-
phase bunched. If this were the case, one would expect that the
location of the detected gyro bunch to drift in azimuth-elevation
location as MEx penetrates into the magnetosphere because of the
difference in location at which the foreshock-like ions would be
reflected. This is not observed.
6. Future studies

Although this paper presented foreshock-like ions which were
observed in both the foreshock region and in the magnetosheath,
there have been some observations of ions in the foreshock region
which are not observed in the magnetosheath (the traditional
foreshock ions). An example of this is shown in Figs. 8 and 9 on
April 2, 2012, from 2210 UT until 2140 UT. Here, the spacecraft orbit
shown in Fig. 8 was similar to that shown in Fig. 1, but the space-
craft had precessed further into the night side. The average loca-
tions of the bow shock (about 2020 UT) and MPB (about 2134 UT)
are further from the planet than the electron data indicate. The
actual features were crossed by the spacecraft as shown in Fig. 8d
and indicated on the top of the spectrogram shown in Fig. 9 (note
that the electron data does not unambigously indicate when the
IMB is crossed during this spacecraft pass). The attitude was a bit
different as well, resulting in the ion detection at different azimuth
sectors as well as ions in the foreshock region as shown in Fig. 9,
observed in different elevation sectors than those shown in Fig. 2.
On April 2, the solar wind Hþ appears mostly in azimuth sectors
0 and 1 where the proton beam is intense enough to extend above
the threshold in sector 2, but the He++ distribution does not have
enough intensity to exceed the count threshold. The solar wind Hþ

and He++ ions are again indicated in the first three instrument
cycles in sector 1 of Fig. 9. The energy spread in the solar wind ions
begins at about 2039 UT indicated shocked ion plasma. This occurs
closer to the planet than the average bow shock location, which



Fig. 7. Ions in the magnetosheath. The bottom five panels contain ion energy-time spectrograms of the differential energy flux from IMA azimuth sectors 14, 15, 0, 1, and
2 which have background removed, all with the same color scale at the right. Ion energy flux values below 5.0e�7 ergs/(cm2 s sr eV) are excluded. An electron energy-time
sperctrogram of the electrons from ELS sector 4 also in differential energy flux with background removed, is shown for reference in the top panel.
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should have been crossed about 2020 UT. Heated ion plasma is
observed in the magnetosheath compared to the cold solar wind.
There was almost no significant number of ions flowing at eleva-
tions different from the solar wind. Ions of energy greater than
3 keV were also observed in the foreshock region from 2013 UT
until 2032 UT above 3 keV at elevations less than the solar wind
beam as seen in sector 2 of Fig. 9. Instead of being fairly constant in
energy as in the previous example, in this case the ion energy
increased with distance away from the bow shock.

The electrons showed multiple crossings of the bow shock like
Fig. 2 and the presence of wave activity. Solar wind electrons are
observed until 2030 UT at which time there is a slight increase in
electron energy, indicating the appearance of the electron fore-
shock region. From 2034 UT until 2054 UT, there are at least
7 crossings of the bow shock indicated by a difference between
shocked solar wind core electrons on one side of a bow shock and
foreshock electrons on the opposite side of a bow shock. After
2054 UT, the shocked solar wind core electron population is
observed, indicating the spacecraft is inside of the magnetosheath.
Whenever magnetosheath electron plasma is observed, variations
in the energy range and intensity of the electron population
indicate the presence of wave activity. Most of the 7 electron bow
shock crossings are shorter than an ion instrument cycle and the
solar wind ions show heating; however, there exists one ion
instrument cycle between 2044 UT and 2048 UT which suggests
that the ions observed in sectors 0 and 1 are similar to cold ions in
the solar wind. The previous pass the electrons show no multiple
bow shock crossing in the electrons and the next pass shows two.
The electrons show no multiple bow shock crossings on the fol-
lowing pass. Fig. 9 indicates that the bow shock can at times be a
complicated structure. Multiple bow shock crossings could provide
more opportunities to generate foreshock ions as they scatter from
boundary regions; however, in this case foreshock-like ions were
not observed in the magnetosheath as was the situation on Jan-
uary 23 (Fig. 2).

Future studies should look at the conditions which lead to
observations of both multiple bow shock crossings and the loca-
tions of foreshock-like ions. Foreshock-like ions inside the



Fig. 8. Mars Express Trajectory on 2 April 2012 in the same format as Fig. 1. The orbit of the spacecraft has precessed to sample plasma from deeper on the night side of the
planet.
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magnetosheath appear not to be caused by multiple crossings of
the bow shock. This study should also include where and when
both are observed, with the objective of explaining why some ions
are observed at constant energy while others are not. For example,
no cases of multiple bow shock crossings or foreshock-like ions
were observed by IMA in 2004 and 2005 when the solar cycle was
approaching solar minimum; however, IMA observed both
foreshock-like ions inside and outside the magnetosheath in 2012
as solar maximum was approaching, despite coverage of the same
spatial region in both time intervals.

Since the region inside the bow shock where foreshock-like
ions are observed is about a proton gyroradius, studies of wave–
particle interactions also need to determine the effect of wave
activity on the presence or absence of foreshock-like ions in the
magnetosheath. Such studies should discuss the differences in
wave activity and ion flow between the outer magnetosheath
where foreshock-like ions are observed and the inner magne-
tosheath where they are not observed. Wave activity could be
extended to look at the role of the magnetic field. Wave activity
generated in quasi-perpendicular shocks could be contrasted with
quasi-parallel shocks to determine how the extraction of
foreshock-like ions occurs. It is possible that ions in the foreshock
region are liberated from the bow shock based on only gyromo-
tion. Again, these effects should be investigated.
Lastly, this paper discusses foreshock-like ions that are very
finite in angle. It is not clear if or how these ions are related to
those exhibiting cycloidal motion. It is possible that ions exhibit a
cycloidal motion near the front of the Martian bow shock and
morph into a beam-like structure as they progress down the tail.
7. Conclusion

Ions in the foreshock region of Mars were observed by the
particle detectors on MEx 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 measure-
ments 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 determined to be 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 pres-
sure was not the cause of the bow shock location change, but



Fig. 9. Ions in the Foreshock. The format is the same as Fig. 7; however, the IMA sectors 0, 1, 2, 3, and 4 (which show significant fluxes) are different from Fig. 7.
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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 interactions 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 toward the
IMB were heated and flowed along the magnetosheath, in the
direction of the tail of the magnetosphere.
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