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1.  Introduction
The behavior of Phobos under solar wind plasma has long been an enigma. The outgassing from its surface 
is expected to be weak, and thus, Phobos does not show “comet-like” interactions. Instead, without a strong 
magnetic field, Phobos is expected to show “Moon-like” interactions.

Solar wind interaction with the Moon is characterized by direct solar wind plasma precipitation on the 
surface (Halekas et  al.,  2011; Holmström et  al.,  2012; Schubert & Lichtenstein,  1974). Since the Apollo 
missions, various measurements of the near-Moon environment by many spacecraft have revealed the fun-
damental physics of the interaction; the Moon absorbs solar wind ions, and a plasma void is formed behind 
the Moon (Ness et al., 1968). However, measurements and theoretical assessments after 2000 changed the 
paradigm of Moon-solar wind interactions. Instead of a simple interaction model with the solar wind, the 

Abstract  We characterize the solar wind proton reflection (backscattering) from Phobos using a series 
of Mars Express operations. The plasma data obtained during the Phobos flyby of Mars Express in January 
2016 showed a non-solar wind signal possibly reflected from the Phobos surface. Similar signatures were 
previously reported during an earlier Phobos flyby in 2008. On the other hand, although Mars Express 
has encountered Phobos (within 100 km) more than 10 times, it has thus far detected only two clear 
cases of reflected protons. The intermittency of the reflected proton detections could indicate that these 
protons are not from Phobos but are produced by the spacecraft body or solar arrays under a special 
attitude configuration during the flyby maneuver. To rule out these artifacts as the cause, we conducted 
three special operations; Mars Express was operated using the identical attitude and solar panel control 
sequence but without Phobos nearby. All the measured plasma data during the special operations exhibit 
no additional plasma signatures. These fake flyby experiments indicate that the measured non-solar wind 
protons during the real flyby are not from the spacecraft and that Phobos likely reflects solar wind into 
space. On the other hand, the intermittency of the reflected protons from Phobos remains unexplained. 
The reflected protons are vital additional plasma components because they inject enough energy to disturb 
the near-Phobos plasma environment. In addition, we can utilize these reflected particles to remotely 
measure the surface precipitation flux.

Plain Language Summary  How does a Martian moon, Phobos, interact with solar wind 
plasma? Because Phobos lacks an atmosphere and a magnetic field, solar wind plasma directly impacts 
the surface. The fate of solar wind protons must resemble that of Moon-solar wind interactions. The solar 
wind protons are reflected back from the lunar surface. Phobos must similarly reflect solar wind protons; 
however, only two flybys out of dozens of Mars Express flybys have shown such proton reflection. Here, 
we show the second event in which these ions were detected using a new instrument operation mode. 
Moreover, to rule out the possibility that the spacecraft body produced such protons, we ran three more 
“flyby” operations strictly following the attitude control sequence but without Phobos nearby. These 
“fake flybys” without Phobos prove that the proton signatures measured during the previous actual flybys 
were not instrument effects produced by the spacecraft body. The reflected proton signatures are different 
between Phobos and the Moon. Why they are different remains an open question, but the behavior of 
plasma at the surfaces of these bodies may differ. Because solar wind plasma modifies rocky surfaces in 
space, the different interactions imply evolution differences between the Moon and Phobos surfaces.
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actual interaction is highly complicated: namely, the plasma, solid surface, exosphere, and magnetic field 
actively exchange energy and materials in near-Moon space (Futaana et al., 2018). For example, while the 
absorption at the lunar surface is thought to be perfect because of the high porosity of the regolith, a signif-
icant amount of reflection (backscattering) from its surface has been observed. Saito et al. (2008) discovered 
protons reflected from the lunar surface with an efficiency of 0.1%–1%. Wieser et al. (2009) and McComas 
et al. (2009) detected reflected solar wind protons in the form of neutral hydrogen atoms with energies ∼100 
eV (energetic neutral atoms or ENAs). The efficiency of proton reflection in the form of ENAs is 10%–20%. 
As the total energy of reflected protons is comparable to that of the ambient fields, the reflected protons are 
capable of exciting instabilities in the electromagnetic field (Futaana et al., 2010). The precipitating solar 
wind can sputter surface materials, contributing to the formation of the exosphere (Hurley et al.,  2016; 
Stern, 1999; Vorburger et al., 2014; Wurz et al., 2007; Yokota et al., 2020). A local magnetic field of crustal 
origin can significantly interact with solar wind (Futaana et al., 2003; Lue et al., 2014; Saito et al., 2008; 
Wieser et al., 2010) and influence the upstream solar wind plasma (Russell & Lichtenstein, 1975). Enor-
mous efforts have been made to simulate the interaction between the Moon and solar wind using a hybrid 
approach (Fatemi et al., 2015; Holmström et al., 2012; Jarvinen et al., 2014; Poppe, Fatemi, et al., 2016) and 
a particle (PIC) approach (Bamford et al., 2012; Deca et al., 2015) on both global and local scales. Charged 
dust also plays a key role in these complicated interactions (Horanyi et al., 2015). These characteristics of 
the Moon-solar wind interaction could be similar to those of the Phobos plasma environment.

Several Martian orbiters have measured the plasma environment near Phobos in the past. In the 1980s, the 
Phobos-2 mission carried a comprehensive in situ plasma instrument package including particle, field, and 
wave instruments together with remote sensing sensors (Sagdeev & Zakharov, 1989). During its elliptical 
orbits around Mars, disturbances in the electron and ion fluxes, and likely the ion composition, were detect-
ed (Dubinin et al., 1990, 1991). Based on the measurement and theoretical estimates, gas and ion tori along 
the Phobos orbit were proposed (Ip & Banaszkiewicz, 1990; Mura et al., 2002; Sauer et al., 1993; Poppe, 
Curry, & Fatemi, 2016). However, significant outgassing has not been identified (Fanale & Salvail, 1989). 
Furthermore, Mars Global Surveyor, equipped with an electron spectrometer (ELS), later identified similar 
electron flux disturbances regardless of the relative location between Phobos and the spacecraft (Øieroset 
et al., 2001, 2010). Researchers concluded that the electron disturbances were produced by the Martian bow 
shock. Using the data from National Aeronautics and Space Administration's Mars Atmosphere and Vola-
tile EvolutioN mission, Nénon et al. (2019) evaluated the sputtered particle flux, while no plasma signatures 
directly related to Phobos or its tori have been reported.

The European Space Agency (ESA) Mars Express made several Phobos flybys (Witasse et al., 2014). From 
the data obtained from the flyby conducted in July 2008, with the closest approach distance of 93 km, we 
Futaana et al. (2010) reported non-solar wind proton signals. From the observed characteristics combined 
with intensive test particle trajectory calculations, we concluded that these ions were reflected protons from 
Phobos. The efficiency was in the range of 0.5%–10%, which is consistent with that for the reflection process 
measured for the Moon (Saito et al., 2008). We claimed that the reflection process of the solar wind (keV 
protons) is a general process in space. However, the difference between the reflected ion measurements near 
Phobos and those of the Moon is that the measured signal near Phobos was intermittent. Proton reflection 
from the lunar surface is a continuous process (Saito et al., 2008). More surprisingly, reflection has not been 
detected in many other flybys. Therefore, one of our criticisms of the first detection event in June 2008 was 
that the detected signal could have been from the spacecraft body or solar arrays. Near the closest approach, 
the spacecraft made a slew (attitude control maneuver) to point optical instruments at Phobos during the 
flybys. Because of this special maneuver, solar wind protons may have hit specific places (that no protons 
can access under the nominal attitude of Mars Express), been reflected, and been detected by the ion mass 
analyzer (IMA) sensor. In addition to the special spacecraft attitude, a solar array was manipulated. Since 
the field of view (FOV) of the plasma sensor on Mars Express covers the solar array, there was also a pos-
sibility of contamination from reflected solar wind protons. Indeed, the solar array of Venus Express is a 
possible source of ENAs via the same mechanisms as mentioned above. The solar wind protons hit the solar 
array, are reflected, and are detected by the ENA sensors. The only difference is that the reflected particles 
are (positively) charged or neutralized, which is determined stochastically (Eckstein, 1981). Nevertheless, 
we Futaana et al. (2010) attempted to rule out these criticisms regarding possible artifacts from spacecraft 
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reflection during the first Phobos flyby by statistically showing that the high proton counts were measured 
only during the flyby.

In this paper, we report the second clearly detected signals of protons measured during the flyby on January 
14, 2016, using a new operation mode of the Mars Express ion instrument. The general characteristics of the 
second event in 2016 were similar to those of the first event in 2008. These similarities recalled the critiques 
stating that the signals originate from the spacecraft. To rule out these criticisms, we further conducted three 
special operations (hereafter called fake flybys): The Mars Express was maneuvered using the same attitude 
and solar panel control sequences, but Phobos was not near the spacecraft. If similar proton signatures were 
found during the control sequence without Phobos nearby, we can conclude that the signals during the two 
actual flybys in 2008 and 2016 were artifacts originating from the spacecraft. On the other hand, if there are 
no signals measured during the fake flybys, the lack of signal would support our previous conclusion that 
the measured signals were from Phobos. Three fake flyby operations were realized in 2017, and we found no 
additional plasma disturbances during the fake flybys. These measurements support the argument that the 
plasma signatures found in the July 2008 and January 2016 flybys were likely from Phobos.

2.  Instrument
In this study, we used data from the Analyzer of Space Plasma and EneRgetic Atoms (ASPERA-3) onboard 
Mars Express (Barabash et al., 2006). The ASPERA-3 instrument is a plasma package comprised of the IMA, 
the ELS, and two ENA sensors (Neutral Particle Imager and Neutral Particle Detector). We used only the 
plasma data from the IMA and ELS.

The IMA is a top-hat type electrostatic analyzer for measuring positive ions with moderate mass resolution. 
The energy range is from 10 eV/q to 32 keV/q, while the default energy range used for the actual operations 
is narrower (10 eV/q–15 keV/q). The energy range is divided into 96 logarithmically separated steps. The 
energy setting can be determined by command. The angular coverage is ±45° for the elevation angle, in the 
direction of electrostatic sweep, with respect to the reference plane, and 360° for the other direction (azi-
muthal angle, measured instantly). The angular coverage is divided into 16 × 16 bins at maximum, and this 
is the default setting. Each angular bin has a 5.6° × 22.5° resolution at the full width at half maximum. The 
setting of the elevation angle and the binning can also be changed by command. The IMA requires 192 s 
to measure the ions over the entire energy range and angle coverage by default. This time cadence was far 
longer than the typical Phobos flyby time scale by Martian orbiters. The relative speed of Mars Express with 
respect to Phobos was ∼3 km/s, giving a spatial scale of ∼500 km for one scan, which is much longer than 
the spatial scale of Phobos (several tens of km) (Futaana et al., 2010). For the flyby in 2008, we used the 
nominal time resolution, but the data interpretation was thus not straightforward.

Therefore, we implemented a new mode to improve the IMA time resolution to 24 s. The energy range was 
restricted to 10 eV/q–3 keV/q with 32 logarithmically separated steps for compensation, while the energy 
range was optimized to measure the solar wind-related protons. The elevation angle sweep was restricted to 
six bins (±2.8, ±8.4 and ±14.0° with respect to the reference plane). The corresponding spatial scale of the 
new 24-s mode was ∼50 km (the relative speed between the spacecraft and Phobos was 2.1 km/s during the 
flyby discussed in this paper). This was still greater than the typical Phobos scale, while the new operation 
mode provided far better performance for characterizing the plasma environment near Phobos. For exam-
ple, the spacecraft spent ∼1 min within a distance of 100 km from Phobos. The 24-s time resolution provides 
almost three full 3D velocity distributions close to Phobos, while the original mode cannot complete a single 
full scan.

The ELS is a top-hat type electrostatic analyzer for measuring electrons. The ELS was mounted on a scan-
ning platform, while the scanner was not operated during the flybys. The energy range covers 10 eV–20 keV 
with 128 logarithmically separated steps. The angular coverage is 5 × 360° with 16 equally separated bins. 
The time cadence is 4 s for measuring one full energy spectrum.

The Mars Express spacecraft is a 3-D stabilized platform (Figure 1). The IMA instrument is rigidly mounted 
on the spacecraft. The ELS sensor is mounted on a movable scanner, but the scanner was not in operation 
during the measurements discussed in this paper. Thus, the ELS was mounted rigidly on the spacecraft in 
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practice. In this paper, the attitude of the spacecraft was represented by two angles with respect to the Sun di-
rection (approximately parallel to the solar wind impingement direction): EL = cos−1nz and AZ = tan−1ny/nx, 
where (nx, ny, nz) is the Sun direction in the IMA reference frame. The geometry of the Sun direction rep-
resents where the solar wind protons came from in the spacecraft and IMA instrument's reference frame. 
The largest movable structures on the spacecraft are its solar arrays. The solar arrays are mounted on the 
±y-plane of the spacecraft and rotate around the y-axis. The rotation angle is thus another parameter that 
can determine the geometry of the proton measurement via the change in the envelope of the spacecraft 
shape.

3.  Phobos Flyby and Plasma Measurement
3.1.  Phobos Flyby in 2016 and Comparison With the Previous Event

Figure 2 shows the flyby geometry on January 14, 2016. The flyby occurred in the solar wind, and the closest 
approach of Mars Express to Phobos occurred at 16:00:24, with a distance of ∼57 km from the center. Pho-
bos (and Mars Express) was located far upstream of the bow shock. The distance to the bow shock surface 
was 2,000 km, which is longer than the typical proton gyroradius of 1,000 km (for a typical IMF strength 
of 3 nT and proton speed of 400 km/s). The ion signatures were sporadic, seen only close to Phobos, and 
did not continue to the bow shock surface. Although we cannot confirm conclusively from the data, the 
measured signals are unlikely to be a part of the ion foreshock populations. Foreshock electrons could be 
measured if the magnetic field was directly connected to the shock surface. During the flyby, Mars Express 
conducted an attitude control maneuver for Phobos observations. The maneuver was driven by the other 
optical instruments on Mars Express. During the flyby, ASPERA-3/IMA used the newly implemented 24-s 
mode. The ion and electron energy-time spectra are shown in Figure 3. The IMA energy range was limited 
to 10–3,000 eV/q with only six elevation channels (Figures 3c–3h) but provided a 24 s time resolution. The 
ELS was operated at the nominal 4 s time resolution.

The solar wind proton and alpha particles can clearly be seen at an elevation angle close to 0° (Figures 3e 
and 3f) at 15:30 (at E/q ∼2 keV for protons and E/q > ∼3 keV for alpha particles). The spacecraft was in the 
solar wind, outside of the Martian bow shock (Figure 2a). Because of the spacecraft maneuver, the incident 

Figure 1.  Analyzer of Space Plasma and EneRgetic Atoms (ion mass analyzer and electron spectrometer [ASPERA-3/
ELS] accommodation on a simplified illustration of the Mars Express spacecraft. The coordinate systems used in this 
study are also shown.
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solar wind was directed toward lower elevation channels in the IMA fixed reference frame (Figures  3g 
and 3h). The solar wind moved outside of the IMA FOV between 15:42 and 16:00. The solar wind signal 
reentered the FOV at ∼16:00 and then moved toward higher elevation angle channels (Figures 3c and 3d). 
After 16:15, the solar wind moved back to the central channels (Figures 3e and 3f), that is, the nominal atti-
tude of Mars Express. The time series of the solar wind incident angle is shown in Figure 3b, where the total 
counts registered were integrated over the angle and energy. Figure 3b further overlays the Sun direction on 
the IMA instrument reference frame (the elevation angle). The solar wind incident angle followed the Sun 
direction in the IMA reference frame, indicating that the solar wind was undisturbed.

Figure 2.  The geometry of the Mars Express' Phobos flyby on January 14, 2016 (orbit number 15260). (Left) The Mars Express (blue) and Phobos (black) orbits 
with respect to the Martian plasma environment (the bow shock and magnetic pileup boundary are represented by dashed curves; Vignes et al. (2000)). The 
MSO (Mars Solar Orbit) reference frame is used, where x points from Mars to the Sun, y points opposite to the Mars orbital velocity vector, and z completes the 
right-hand system. (Right) The Mars Express orbit centered at the Phobos body. The MSO axes were used but the origin is Phobos (PCMSO; Phobos-Centered 
MSO).
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Figure 3.  Plasma measurements by Mars Express/Analyzer of Space Plasma and EneRgetic Atoms (ASPERA-3) during 
the Phobos flyby on January 14, 2016. (a) The solar array angle (blue) with respect to a reference position and the Sun 
direction in the Ion Mass Analyzer (IMA) reference frame (the elevation and azimuthal angles). (b) The time series of 
the ion counts measured by ASPERA-3/IMA represented in the format of the elevation angle-time diagram. The red 
dot curve shows the Sun direction in the IMA reference frame (the elevation angle as in panel (a)). (c–h) Energy-time 
diagram for six elevation channels. (i) Electron energy-time diagram measured by ASPERA-3/electron spectrometer.
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In addition to the solar wind protons and alpha particles, non-solar wind signals are seen sporadically at 
15:40, 15:48, 15:55, and 16:03 (Figures 3c–3e). The characteristics of these signals were similar to what was 
observed during the Phobos flyby in July 2008 (Figure 4) from various perspectives: (a) the energy was very 
similar to or occasionally exceeded the solar wind energy; (b) the ion composition was only protons (Fig-
ure 5); (c) the signals were measured only near Phobos (<1000 km); (d) the signals appeared intermittently 
in time; and (e) the signals did not necessarily come from the direction of Phobos (because the electromag-
netic fields influenced the proton trajectories), as shown in Figure 6a. These common features led us to 
conclude that the measured protons in January 2016 were the second clear case of reflected protons from 
Phobos.

The newly implemented 24-s mode provides updated information about the reflected protons from Phobos. 
In the previous flyby in 2008 using the nominal 192-s mode, we proposed that the sporadic features could be 
due to the insufficient time resolution of the IMA operation (192 s). The long instrument sweep in energy 
and direction, and the fast motion of the spacecraft caused a change in the geometry during a measurement. 
However, even when we used the higher time-resolution mode (24 s), sporadic features remained, implying 
that the intermittent features are intrinsic. We can restrict the temporal or spatial scales from the measure-
ments to be the time scale of ∼20 s, corresponding to ∼50 km.

One of the possible sources of these protons is the spacecraft body or solar array. As seen in Figure 6a, the 
signals came from close to the solar panel. As the IMA is mounted on a spacecraft, a part of its FOV una-
voidably includes the spacecraft body. However, this hypothesis is an unlikely explanation for the measured 
characteristics of the protons. The energy of the non-solar wind signal can reach higher energy than the 
nominal solar wind (Figure 6b). Considering the energy loss during the surface interaction, the measured 
energy of ions should not exceed the original solar wind energy at birth. Due to the very short travel dis-
tance from a part of the spacecraft to the IMA sensor (less than a meter), such ions cannot obtain enough 
energy from the ambient electric field or the spacecraft potential. Furthermore, we Futaana et al. (2010) 
surveyed all available IMA data to determine whether similar proton signals are statistically coming from 
the same direction (i.e., from the direction close to the solar panel) to validate if the measured protons are 
of spacecraft origin. We found that significant proton counts from the solar panel direction were measured 
only during the Phobos flyby. These arguments support our conclusion that the measured plasma signature 
is not an artifact from the spacecraft. To further experimentally invalidate the influence of the spacecraft, 
we conducted special operations as described in the following section.

3.2.  Fake Phobos Flybys of Mars Express

Special operations, fake flybys, were implemented with the assistance of the Mars Express operation team 
at the ESA in 2017. The purpose of the fake flybys is to assess the spacecraft influence on potential ion 

Figure 4.  Ion and electron data measured during the flyby on July 23, 2008 (orbit number 5851). The closest approach 
to Phobos was 93 km at 04:50. Intermittent signatures of solar wind protons that came from Phobos were observed 
(white arrows) (Futaana et al., 2010).
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production during a flyby maneuver. The Mars Express operation se-
quence identical to the period of the Phobos flyby, including the attitude 
control maneuver and the solar array operations, was used when the 
spacecraft was located in the solar wind but far from Phobos. Three fake 
flyby operations were conducted. Figure 7 shows the geometry of the sec-
ond flyby.

Figure  8 shows the energy-time diagram measured during the second 
fake flyby. The maneuver operation was successfully completed. Fig-
ure 8a shows that the spacecraft attitude angles and the solar array set-
ting varied over time, the same as in the real flyby (Figure 3a). Figure 8b 
shows that the change in the elevation channels of the impinging solar 
wind protons varied in the same manner as that of the real flyby in 2016 
(Figure 3b). The solar wind came from the Sun direction, as expected, and 
the time sequence of the solar wind direction in the IMA reference frame 
was consistent with that of the real flyby. On the other hand, no addition-
al signatures were detected during the fake flyby (Figure 8) in contrast 
to the real Phobos flyby (Figure 3). No disturbances in the electron data 
can be identified. The first (May 17, 2017, 0410–0440) and third (May 21, 
2017, 0600–0630) fake flyby data did not show any ion populations other 
than the undisturbed solar wind.

4.  Discussion and Concluding Remarks
Mars Express has regularly conducted Phobos flybys since its orbit in-
sertion around Mars in 2003 (Witasse et al., 2014). During the 2008 flyby 
(with the closest approach at 93 km), keV-energy non-solar wind protons 
were detected, and we (Futaana et al., 2010) concluded that these protons 
were reflected solar wind from Phobos.

The interaction between Phobos and the solar wind should resemble that 
of the Moon-solar wind interactions since these two bodies do not pos-
sess an atmosphere. Because of the lack of atmosphere, solar wind pro-
tons can access the surfaces of these bodies. At the lunar surface, solar 
wind protons are continuously reflected back in the form of protons (Sai-
to et al., 2008) and ENAs (McComas et al., 2009; Wieser et al., 2009) with 
energies on the order of 100 eV (Futaana et al., 2012; Lue et al., 2014). 
Therefore, a similar interaction is expected near Phobos, yet only a single 
measurement has previously demonstrated a possible signal from ions 
coming from Phobos (Futaana et al., 2010).

The new measurement near Phobos by Mars Express ASPERA-3 in 2016 
reported in this paper (Figure 3) provides an additional event of non-so-
lar wind protons near Phobos. Furthermore, the fake flyby operations 
conducted in 2017 (Figure 8) provide evidence that the measured protons 
are not produced locally by the spacecraft body or solar array.

On the other hand, we have seen such ion beams in only two orbits out 
of more than a dozen Phobos flybys. Even in the two clearly identified 
events, the proton signatures are sporadic. More recent flybys in 2019 and 
2020 in similar configurations did not show any signatures. The question 
of why the protons from Phobos are sporadic remains open.

Hypotheses that potentially solve the enigma are as follows:

•	 �The temporal and spatial scales of Phobos are much smaller than those of the measurements. Even with 
the newly implemented 24-s mode, we could not obtain the full 3-D velocity distribution fast enough, 

Figure 5.  The energy-mass matrixes of the measured ions for (a) the 
solar wind composition (accumulated counts for the elevation angle >0, 
Figures 4c–4e, between 15:38:20 and 16:03:32) and (b) the non-solar wind 
composition (accumulated counts for elevation angle <0, Figures 4f–4h, 
in the same time period). The dotted curves represent the mass-per-
charge contour curves for M/q = 1, 2, 4, 16, 32, and 44. Solar wind protons 
are seen clearly in panel (a) at 2 keV, with extended band-like noise in 
the higher mass channel (sometimes referred to as the ghost). Alpha 
particles are seen at the highest energy step (∼4 keV). The non-solar wind 
composition includes only protons.
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as the IMA should scan its elevation angle and energy within the period. In 24-s, the spacecraft moved 
∼50 km. In addition, the scale of Phobos (∼10 km) indicates that the volume in the 6-dimensional phase 
space that reflected ions can fill could be very small and highly variable due to the interplanetary mag-
netic field direction. If this is the case, more observations near Phobos will be helpful.

•	 �Electric or magnetic fields can interfere with solar wind precipitation on the Phobos surface. If Phobos 
is magnetized due to crustal magnetic fields or global induced fields (Mordovskaya et al., 2001), the solar 
wind cannot reach the surface. If this is the case, proton reflection would not occur. Such a change in the 
reflection of protons due to magnetization has been seen on the Moon (Wieser et al., 2010), while clear 
evidence of global or local magnetization at the Phobos surface has not been observed.

•	 �The Phobos regolith has different characteristics than the lunar regolith in terms of the interaction with 
solar wind protons due to, for example, the differences in gravity or distance from the Sun. If highly lo-
calized regions with high and low efficiencies exist, then the proton signatures measured by a spacecraft 
could be intermittent. Asymmetry between the near- and far-sides may exist (Nénon et al., 2021). On 
the other hand, the efficiency of the reflected particles is known to be independent of the lunar surface 
characteristics in the case of the Moon (Vorburger et al., 2013). Further experimental and theoretical 
assessments are necessary for a solid discussion.

•	 �Small-scale geographical structures may absorb the reflected proton trajectories or induce local electric 
field structure disturbances due to the different illumination conditions (Farrell et al., 2010) affecting the 
trajectory of the reflected protons.

•	 �The measured signals came from the Martian bow shock. This explanation is possible, but we consider 
it unlikely for the following reasons. The signal was sporadic and found only close to Phobos. If the 
spacecraft was in the foreshock region, the ion signal is expected to have been stable longer, possibly ex-
tending to the bow shock (Yamauchi et al., 2011). The measured ion beam's incident direction was ∼90˚ 
away from the direction of Mars, and the protons show a beam-like structure, not a ring-like structure. A 
more detailed systematic study of ion velocity distribution in the foreshock region would help interpret 
the observations more robustly in the future. Even if the measured signal (Figure 3) turns out to be from 
the bow shock in the future, the question raised in this paper (Does Phobos reflect solar wind protons?) 
remains unanswered, and the discussion in this paper is still valid.

•	 �The measured signals during the two flybys were due to unidentified instrumental effects. One concern 
with the data is that the measured signals came from a similar direction (around azimuthal sector CH-
13) (Figure 6). While the influence of the spacecraft body was excluded by the fake flyby operations, 
there may be electronic noise that could produce such a signal. In particular, CH-13 has a relatively 
high sensitivity for background counts, approximately three times higher background counts than the 

Figure 6.  (a) The angular response of the Phobos-related protons measured during the real flyby on January 14, 2016. The signal mainly came from the 
azimuthal angle of 280°, corresponding to azimuthal channel 13. (b) The energy spectra of ions measured by the ion mass analyzer during the real flyby. 
Data points marked by + represent the undisturbed solar wind (Figure 5a, both protons and alpha particles), and those with ⋅ are the non-solar wind protons, 
possibly from Phobos. Maxwellian fitting for the solar wind protons is shown by the gray curve. The dashed curve is the instrument one-count level.
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adjacent channels. However, the intense background counts cannot ex-
plain the measured signals because the signals are from protons, not 
background (Figure 4).

Overall, the intermittently measured protons during Phobos flybys are 
likely coming from the Phobos surface, but other possibilities have not 
been excluded. However, the fake flybys of Mars Express and analysis in 
this paper have notably progressed our understanding by explicitly show-
ing that the protons measured during Phobos flybys are not from reflect-
ed protons from the spacecraft body.

Further, flyby data combined with global simulations of Phobos-solar 
wind interactions would provide clues to answer this open question. 
Ground-based laboratory measurement of proton irradiation on lunar 
or Phobos samples (and simulants) may be an intriguing future experi-
ment. In addition, the next Phobos mission, JAXA's Mars Moon Explor-
er (MMX) mission, is equipped with a highly capable ion sensor named 
Mass Spectrum Analyzer (MSA). With the quasi-stationary orbit of the 
MMX, the Phobos-solar wind interaction can be monitored with almost 
zero relative velocity. These measurements are highly desirable for char-
acterizing the solar wind proton behavior near Phobos to explain the 
Phobos-solar wind interaction and, more generally, to explain the rego-
lith-plasma interaction in space.

The reflected protons (and ENAs) were first measured only a decade ago, 
and the regolith-plasma interaction is not yet fully understood. For ex-
ample, it is known that a rough surface does not efficiently reflect an 
incoming ion beam from laboratory experiments. In fact, solar wind 
protons have been thought to be absorbed fully at the surface (Crider & 
Vondrak, 2002). The physical mechanism of a highly efficient reflection 
rate (0.5%–1% for protons and 10%–20% for neutral hydrogen) remains 
an open question. In addition to the fundamental physics, the reflected 
particles can be used to diagnose the surface-solar wind interaction. The 
number of solar wind protons that actually bombard the surface is vital 
information for assessing space weathering effects on the surface. This is 
also significantly associated with the hydrogen balance at the top surface 
of celestial bodies. For example, impinging protons may be converted 
to hydroxyl groups, which can eventually be converted to water (Benna 
et al., 2019; Ichimura et al., 2012). The momentum of the solar wind de-
posited on the surface can sputter the surface materials of celestial bodies. 
These sputtered materials are a significant source of the exosphere (Wurz 
et al., 2007). Furthermore, the long-term erosion of the surface materi-
als to plasma influences the surface characteristics (weathering). These 
phenomena are parts of complex systems of celestial bodies' interactions 
with the space environment (Futaana et al., 2018). Measurements of the 

solar wind flux impinging on the surface provide critical information for understanding complex systems. 
As the reflected particles can characterize the impinging proton flux at the surface from the orbiter (Futaana 
et al., 2006, 2013; Wieser et al., 2010), the reflected particle measurements open a new pathway for remotely 
measuring the solar wind proton characteristics impinging on a surface in space. This technique can be 
applied to other airless bodies such as Mercury (with the BepiColombo mission; Saito et al., 2010, 2021) and 
the Jovian moons.

In the end, we emphasize the uniqueness of the “fake flyby” operations. It has been common for optical 
instruments to point to well-characterized objects for calibration and characterization. On the other hand, 
thanks to the wide FoVs of plasma particle instruments in general and the relatively wide velocity distribu-
tion of space plasma, plasma instrument operation teams (including scientists) do not request spacecraft 

Figure 7.  The geometry of the second fake flyby on May 19, 2017 (0530–
0620 UTC) (orbit number 16943). Mars Express was in the solar wind, and 
Phobos was located far away downtail of Mars. The dashed black curve 
represents the orbit of Phobos in the cylindrical projection.
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pointing. However, we show that the fake flyby operation provided an opportunity for “control experiments” 
and produced a valuable data set to rule out the possible spacecraft effect during the Phobos flybys. To our 
knowledge, it is not very easy to obtain such control experiments for space plasma experiments because 
the environment of interest is highly variable, both in space and time. Indeed, this was the Mars Express 

Figure 8.  Energy-time diagram during the second Phobos fake flyby (on May 19, 2017) in the same format as Figure 3.
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ASPERA-3 operation team's first, and to date only requirest on the spacecraft pointing. In future missions, 
a similar technique can be used to understand the plasma-spacecraft interactions, such as how irradiated 
protons interact with the spacecraft. Similar experiments possibly provide opportunities to derive the differ-
ential spacecraft potential distribution under different solar photon and plasma incident directions. Such 
interactions are difficult to characterize during the ground calibration campaign, and therefore we usually 
rely on computer simulations (Bergman et al., 2020).

Data Availability Statement
All the data used in this study can be obtained from the FAIR-complied NASA Planetary Data System (PDS) 
(https://pds-geosciences.wustl.edu/missions/mars_express/aspera.htm). Identical data are also available 
from the Planetary Science Archive (PSA; https://www.cosmos.esa.int/web/psa/mars-express) and the 
SPICE kernel repository (https://www.cosmos.esa.int/web/spice/home) at ESA. The data used in this study 
are the raw (EDR) data in the PDS/PSA archives. The product names are MEX-M-ASPERA3-2-EDR-ELS-
EXT2-V1, MEX-M-ASPERA3-2-EDR-ELS-EXT5-V1, MEX-M-ASPERA3-2-EDR-ELS-EXT6-V1, MEX-M-
ASPERA3-2-EDR-IMA-EXT2-V1.0, MEX-M-ASPERA3-2-EDR-IMA-EXT5-V1.0, and MEX-M-ASPERA3-
2-EDR-IMA-EXT6-V1.0. The data plotted in each figure are available in the Zenodo repository (Futaana 
et al., 2021).
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