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Abstract 73 

The science operations of the spacecraft and remote sensing instruments for the MMX 74 

(Martian Moon eXploration) mission are discussed by the mission operation working 75 

team. In this paper, we describe the Phobos observations during the first 1.5 years of the 76 

spacecraft's stay around Mars, and the Deimos observations before leaving the Martian 77 

system. In the Phobos observation, the spacecraft will be placed in low-altitude quasi-78 

satellite orbits on the equatorial plane of Phobos and will make high-resolution 79 

topographic and spectroscopic observations of the Phobos surface from five different 80 

altitudes orbits. The spacecraft will also attempt to observe polar regions of Phobos from 81 

a three-dimensional quasi-satellite orbit moving out of the equatorial plane of Phobos. 82 

From these observations, we will constrain the origin of Phobos and Deimos and select 83 

places for landing site candidates for sample collection. For the Deimos observations, the 84 

spacecraft will be injected into two resonant orbits and will perform many flybys to 85 

observe the surface of Deimos over as large an area as possible. (166 words) 86 

 87 
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 89 

1. Introduction 90 

The MMX (Martian Moon eXploration) mission aims to return samples from Phobos, one 91 

of the Martian satellites, and is now being developed by the MMX project team organized 92 

by JAXA (Kuramoto et al. 2021). This mission is the third sample return mission by Japan, 93 

following Hayabusa (Fujiwata et al., 2006; Nakamura et al., 2011) and Hayabusa2 94 

(Watanabe et al. 2019) missions. The goal of the mission is to clarify the origin of Phobos 95 

and Deimos. Through the formation process of the Martian moons, we can understand the 96 

formation process of the satellite systems of the inner planets and, if the moons formed 97 

by capture of primitive asteroids (Burns, 1978) or a giant impact (Craddock, 2011), the 98 

nature of the small bodies that flew from the outer to the inner solar system. The MMX 99 

mission is designed to fulfill all mission objectives that are detailed in Kuramoto et al. 100 

(2021). 101 

 102 

The spacecraft will be launched in 2024, inserted into Mars orbit in 2025, and stay in the 103 

Martian area for about three years. It will perform scientific observations of Phobos from 104 

low altitudes and select sample collection sites. The spacecraft will then land on the 105 

surface of Phobos, collect samples, and return to Earth in 2029. Before entering the orbit 106 

to return to Earth, the spacecraft will carry out a flyby observation of Deimos, the other 107 

Martian satellite. There have been many space missions to Mars, and several spacecrafts 108 



are still orbiting Mars for observation such as Mars Express (Witasse et al. 2014). Some 109 

spacecrafts observed Phobos and Deimos as a secondary objective (Duxbury et al. 2014). 110 

On the other hand, only a few missions have tried to observe Phobos as a main target, 111 

such as Phobos1 and Phobos2 in 1988 (Sagdeev and Zakharov, 1989) and Phobos-Grunt 112 

in 2011 (Marov et al. 2004), but none of the missions were fully successful. Therefore, 113 

the MMX mission is definitely different from the previous missions in that it will mainly 114 

observe the Martian satellites and will also collect and bring back samples to Earth. 115 

 116 

The major difference from the preceding Hayabusa and Hayabusa2 missions is that the 117 

target object of the MMX mission orbits around a large gravitational body (Mars). Unlike 118 

asteroids that exist in interplanetary space as stand-alone objects, the Martian moons orbit 119 

Mars under the influence of Mars' gravity. Therefore, in order to observe the Martian 120 

moons, the spacecraft must orbit Mars in the same way as the Martian moons. In addition, 121 

the target bodies of Hayabusa and Hayabusa2, Itokawa and Ryugu, respectively, were 122 

small bodies with a diameter of less than 1 km, while the target bodies of MMX, Phobos 123 

and Deimos, are larger than 10 km. Therefore, when conducting close observation of 124 

Phobos, it is necessary to put the spacecraft into an orbit going around Phobos in order to 125 

obtain centrifugal force to counteract the gravitational force and, therefore, cannot easily 126 

hover or stay at a Home Position, as Hayabusa and Hayabusa2 did (Watanabe et al. 2019). 127 

Thus, close observation of the Martian moons requires consideration of the gravitational 128 

effects of both Mars and the Martian moons, which is critically different from the 129 

observation of small asteroids. 130 

 131 

In this paper, we describe science operations for the close-up observation of Phobos and 132 

the flyby observation of Deimos. As mentioned above, it is unprecedented to observe the 133 

Martian moons for a long period of time, and thus it is important to describe properly how 134 

to establish the operation policies of the spacecraft and how to plan spacecraft orbits and 135 

corresponding scientific observations. We hope that this paper will serve as a guide when 136 

planning long-term observations of small satellites around large planets in the future. 137 

 138 

2. Overall scientific operation and observation plan 139 

The spacecraft will stay around Mars for three years, from September 2025 to September 140 

2028. Figure 1 shows the overall operation plan of the spacecraft for three years. Five 141 

science observation phases are defined in consideration of important operational events 142 

and arrangement of Phobos, Mars, and Earth. Phase 1: Initial checkout of instruments and 143 

initial observation of Phobos; Phase 2: Phobos proximity observation to select landing 144 



sites; Phase 3: Two landings on Phobos and rover delivery to Phobos; Phase 4: Science 145 

observations of Phobos and Mars; Phase 5: Science observations of Deimos and Mars. 146 

The reason for landing in Phase 3 is that the Earth-Phobos distance is minimum (shortest 147 

communication time) and the Sun-Phobos distance is maximum (lowest Phobos surface 148 

temperature: Fig. 1 bottom) in this phase. The reason why the observation of Deimos was 149 

set in Phase 5 is that when putting the spacecraft into the Earth return orbit, it is necessary 150 

to gradually expand the orbital radius starting from the Phobos orbit, and thus a good 151 

opportunity to observe Deimos will come on the way. 152 

 153 

Solar conjunctions will occur in January 2026 and March 2028 during the three-year stay 154 

around Mars (Fig. 1 bottom). For about a month around the conjunction, the Sun-Earth-155 

Phobos angle will be less than a few degrees (Fig. 1 bottom), making communication 156 

with Earth difficult. Therefore, the spacecraft will be placed into a higher altitude to 157 

escape the eclipses during this period. In addition, Mars will reach the equinox in 158 

November 2025, and then reach equinoxes in every half-year (about 11 months) cycle of 159 

Mars. Before and after equinoxes, the spacecraft will be in the shade behind Mars and 160 

Phobos (eclipses), because it orbits near the equatorial plane of Mars (see the section 3 161 

for details). In addition, since the direction of the rotation axis of Mars is almost 162 

coincident with that of Phobos, the position of the Sun as seen from Phobos (solar 163 

latitude) becomes equatorial (0 latitude) at the time of the Martian equinoxes. The solar 164 

latitude then moves up to 25 degrees to the southern or northern hemisphere side between 165 

equinoxes (Fig. 1 top). We define here the solar latitude (β angle) to describe the position 166 

of the Sun: If the Sun is the zenith of northern or southern hemisphere, then β > 0 or β < 167 

0, respectively. If the Sun is the zenith of the equator, then β = 0. 168 

 169 

Some instruments require sun illumination on the observed areas to acquire clear images 170 

and good signal/noise spectra, and consequently the sun elevation on Phobos (β angle) 171 

has a major impact on planning observations. Low absolute values of β angle, i. e., close 172 

to 0, are favorable for the observation of both northern and southern hemispheres, while 173 

high absolute values (β > 0 or β < 0) favor the observation of only one hemisphere but 174 

restrains the possibility to observe the pole areas of the other hemisphere. The first Phobos 175 

observation from October 2025 in phase1 will be performed from orbits with low absolute 176 

values of β angle, which is ideal to get a global mapping of both hemispheres. On the 177 

other hand, during low altitude orbits in phase 2, the absolute values of β angle will be 178 

very high, which is ideal for observation of the southern hemisphere but induces low sun 179 

elevation for observation of the northern hemisphere. 180 



 181 

In this paper, we describe the Phobos observations operated in Phases 1 and 2, and the 182 

Deimos observations in Phase 5. The observation plan for Phases 3 and 4 is currently 183 

under consideration and will be completed within one year. Mars observations are 184 

described in the companion paper (Ogohara et al., 2021). 185 

 186 

3. Observation orbits from the vicinity of Phobos 187 

For Phobos observation, the spacecraft will orbit around Mars like a Martian moon and 188 

trace out periodic retrograde ellipses around Phobos known as quasi-satellite orbits 189 

(QSO). The plan includes five QSO orbits with different altitudes, defined as QSO-H, -190 

M, -LA, -LB, and -LC in decreasing order of altitude. The characteristics of each of the 191 

five candidate QSOs is tabulated in Table 1 and Fig. 2a (Details of the QSOs for the MMX 192 

mission are described in Baresi et al. 2020; Pushparaj et al. 2020; Chikazawa et al. 2021). 193 

In all five of the QSOs, the spacecraft orbits in the equatorial plane of Phobos. The lower 194 

the altitude of the spacecraft, the greater the gravitational influence of Phobos. Therefore, 195 

at the lower the altitude of the QSO, the orbital period of the spacecraft around Phobos 196 

becomes shorter, and at the same time, the speed of the spacecraft relative to Phobos’ 197 

surface becomes faster (Table 1). The orbital period gives an indication of the necessary 198 

time to perform a full longitudinal coverage for global mapping. 199 

 200 

Figure 2 shows different QSOs in a rotating reference frame centered on Phobos and such 201 

that the x-axis is constantly aligned with the Mars-Phobos direction. It follows that the 202 

direction of Mars is to the left of this figure. In addition, the Martian moons, like the 203 

Earth's moon, always face the same direction to Mars (a phenomenon called tidal locking). 204 

Therefore, in Fig. 2, where the Mars direction is fixed, Phobos does not rotate. All QSOs 205 

are elliptical: on the Martian and anti-Martian sides of Phobos, the altitude of the 206 

spacecraft is minimized and the ground speed is maximized at the same time. Therefore, 207 

at the same QSO, the sub-Mars and the anti-Mars side can be observed and characterized 208 

at higher resolution. 209 

 210 

On the other hand, the closer the spacecraft comes to Phobos, the higher is the viewing 211 

incidence angle on high latitude areas. Consequently, poles observations are not possible 212 

from equatorial low altitude QSOs and reachable latitudes decrease when the spacecraft 213 

comes closer. Phobos polar angles with the altitude are shown in Table 1. For instruments 214 

with a narrow field of view, latitudinal mapping is realized by cross-track offsets of the 215 

spacecraft attitude with respect to the Phobocentric pointing. In order to observe the polar 216 



regions with lower polar angles, the spacecraft must move north or south from the 217 

equatorial plane of Phobos. For this purpose, the QSO-M orbit is gradually tilted to be 218 

oblique to the equatorial plane of Phobos. Figures 2b and c show the orbits obtained in 219 

this way (hereafter called 3D-QSO). By using this orbit, we can observe the polar region 220 

with high resolution and refine the shape model of the Phobos. The timing and period of 221 

the 3D-QSO observation is tentatively allocated in the second eclipse period (Fig. 1 top) 222 

because 3D-QSO can largely escape the eclipse effects. 223 

 224 

Figure. 3 illustrates the same QSOs orbits in an inertial coordinate system centered on 225 

Phobos. Here, sun is located on the left side, indicating that the left side of Phobos 226 

corresponds to the day side. Contrary to the illustration in figure 2, Phobos rotates at the 227 

center of Fig. 3. Using these diagrams, we can tell at a glance whether the spacecraft is 228 

on the day side or the night side of Phobos. Many instruments will observe only the day 229 

side of the Phobos, and thus this diagram will make it easier to plan the scientific 230 

observations. For example, in the case of QSO-H, the spacecraft will stay on the day side 231 

of Phobos for 16 days before moving to the night side of the Phobos and will remain in 232 

the night side of Phobos for another 16 days (Fig. 3a and Table 1). It follows that the 233 

observation at QSO-H must be concentrated on the 16 days on the day side. The period 234 

of the spacecraft's day/night cycle differs from orbit to orbit depending on the altitude of 235 

MMX (Table 1). The lower the altitude, the shorter the day/night cycle. 236 

 237 

One of the characteristic geometric conditions that should be considered when observing 238 

from the vicinity of Phobos is eclipses by Mars and Phobos. During these eclipses, the 239 

spacecraft will stay in the shadow behind Mars or Phobos. Long eclipse periods reduce 240 

the power generation of the spacecraft's solar panels, which has a significant impact on 241 

the spacecraft's operation. Therefore, long eclipse periods must be avoided. The duration 242 

of a single eclipse by Mars is less than one hour, but the duration of the eclipse by Phobos 243 

depends on the orbital shape in the inertial coordinate system (vertical scale of Fig. 1 top), 244 

and it varies depending on the periods that the spacecraft stays in the Phobos shadow 245 

areas (Chikazawa et al., 2021). Particularly, during the low altitude operations, the long 246 

duration of eclipse (more than 10000 seconds) occurs when the inner cycloidal shaped 247 

circle overlaps with the shadowed areas (Fig. 3). The circles correspond to the regions of 248 

slow relative velocity located at the leading side and trailing side in the Phobos fixed 249 

coordinate system. In order to minimize the effect of the eclipse by Mars and Phobos, it 250 

is necessary to make an observation plan to avoid the low altitude operation (QSO-LA, -251 

LB, and -LC) in the season when the long eclipses occur. 252 



 253 

In addition to eclipse, another geometric condition to consider is occultation. During this 254 

period, the spacecraft is not visible from the Earth because it is blocked by Mars or Phobos, 255 

thus limiting the communications between the Earth and the spacecraft. Figure 4 shows 256 

the occurrence of occultations in some QSOs. In the figure, the red and black periods 257 

indicate the occultation by Mars and Phobos, respectively. It can be seen that both Mars 258 

and Phobos occultations occur frequently in lower altitude orbits (Fig. 4). As described 259 

above, unlike asteroid observations, Martian moon observations have many additional 260 

constraints to be considered when optimizing scientific observations. 261 

 262 

Figure 5 shows the position of the spacecraft relative to the Sun, Earth, and Mars centered 263 

on Phobos. In the actual observation of Phobos from the QSO, only the day side of Phobos 264 

is observed except for some instruments such as MEGANE. On the other hand, the 265 

spacecraft needs to be oriented to the Earth periodically in order to transmit scientific data 266 

and spacecraft telemetry information. The direction of the Earth varies within a range of 267 

±40 degrees relative to the solar direction during the spacecraft's QSO stay. It is also 268 

desirable to observe Mars in between Phobos observations (especially while the 269 

spacecraft is on the night side of Phobos: Ogohara et al., 2021). Phobos rotates with a 270 

rotation period of 7.66 hours, and the spacecraft orbits Phobos in the opposite direction 271 

of its rotation. As mentioned above, the time for the spacecraft to circle the day and night 272 

side of Phobos depends on the altitude of the QSO (Table 1 and Fig. 3).  273 

 274 

4. Scientific observation plan for Phobos by individual apparatus in Phase 1 and 2 275 

We have 7 major scientific instruments onboard the MMX spacecraft (Table 2). MIRS 276 

(MMX near-infrared spectrometer) equipped with a scanning mirror to follow the along-277 

track direction of +/-20° capacity will obtain reflectance spectra with a wavelength range 278 

from 0.9-3.6µm to characterize surface minerals of Phobos and Deimos (Barucci et al. 279 

2021). OROCHI (Observation of surface Reflectance by Optical Chromatic Imager) is 280 

composed of seven wide-angle bandpass imagers with center wavelengths of 390 nm, 480 281 

nm, 550 nm, 650 nm, 730 nm, 860 nm, and 950 nm (Kameda et al. 2021), and the main 282 

objective is to acquire spectral mapping. TENGOO (Telescopic Nadir Imager for 283 

Geomorphology) is a visible telescope camera that obtains high resolution images to 284 

reveal the geomorphological feature of Phobos and Deimos (Kameda et al. 2021). 285 

MEGANE (Mars-moon Exploration with GAmma rays and Neutrons) is a gamma-ray 286 

and neutron spectrometer that measures major element composition of Phobos (Lawrence 287 

et al. 2019). MSA (Mass Spectrum Analyzer) is a mass spectrometer whose main 288 



objective is to estimate flux ratios of secondary ions from Phobos’ surface sputtered by 289 

solar wind (Yokota et al. 2021). CMDM (Circum-Martian Dust Monitor) is a dust counter 290 

to detect interplanetary dust and any Mars dust ring (Kobayashi et al. 2021). LIDAR 291 

(Laser Imaging Detection and Ranging) uses a laser beam with a wavelength of 1 micron 292 

to measure the distance between the spacecraft and Phobos and to observe the topography 293 

of the Phobos surface (Senshu et al. 2021). In the following sections, we introduce the 294 

scientific operation plans for individual instruments at different QSOs. 295 

 296 

4.1. MIRS 297 

4.1.1. QSO-H 298 

One of MIRS objectives is to provide a spectral mapping as global as possible to 299 

determine Phobos’ surface composition and thermal inertia. Considering MIRS cross-300 

track field-of-view of 3.3° and maximum Phobos polar angle from QSO-H of 10° (Table 301 

1), three complete longitudinal coverages are necessary to obtain a global mapping, one 302 

with each of the cross-track angles -3°, 0°, and 3°. Settings of current QSO-H are such 303 

that Sun-Phobos-Spacecraft angle is below 90° (i.e., spacecraft is located in dayside) for 304 

the first 16 days, allowing Phobos observation except during Earth communication slots 305 

and during Phobos eclipses by Mars. 306 

 307 

The best conditions for a spectral mapping by MIRS are met when the phase angle is 308 

around 10° and the local solar time around 12h (low solar incident angles are preferred). 309 

In order to assess the best achievable performances, taking into account the spacecraft 310 

orbits, Phobos shape, time dependent system constraints, and MIRS field-of-view, we 311 

calculate for each facet of a detailed Phobos shape model the observation opportunity 312 

with the phase angle closest to 10°. In order to maintain a good geometric resolution, we 313 

limit the scan range of the mirror for the along-track amplitude of MIRS line of sight to 314 

+/-3° (compared to the +/-20° capacity).  315 

 316 

QSO-H could be the opportunity to get a first global mapping of Phobos, with most of 317 

the areas within +/-30° of latitudes covered with 100m resolution (Fig. 6a). Resolution is 318 

best for areas around 0° and 180° of longitude as the spacecraft approaches to the closest 319 

to Phobos. Most of the South pole is not covered as it is very flat and consequently 320 

difficult to observe from an equatorial orbit. Figure 6b presents the percentage of Phobos 321 

surface covered (within +/30° latitudes and whole latitudes, respectively) as a function of 322 

the phase and sun incidence angles. We see that around 70% of Phobos surface could be 323 

covered with a phase angle close to 10°. Low sun incidence values have a positive impact 324 



on signal to noise ratios and we can see that 50% of Phobos’ surface could be covered 325 

with a sun incidence angle of lower than 40° (this could be even lower (30°) for latitudes 326 

within +/-30°). 327 

 328 

4.1.2. QSO-M 329 

For QSO-M we consider that 5 complete longitudinal coverages are necessary to obtain 330 

a global mapping by MIRS, one with each of the cross-track angles -6, -3°, 0°, 3°, and 6°. 331 

We add 1 longitudinal coverage to cover cross-track angles -9° and 9° but only on half of 332 

the longitudes (around longitudes 0° and 180°) where Phobos polar angle is maximum.  333 

Figure 7a shows that around 90% of Phobos surface could be covered with a phase angle 334 

close to 10°. This value is better than that for QSO-H because of solar latitude is closer 335 

to 0 degree for QSO-M (Fig. 1 top). 50% of Phobos surface could be covered with a sun 336 

incidence lower than 45° (this could be even lower (20°) for latitudes within +/-30°). Sun 337 

incidence angle increases with the absolute value of the latitude, because the absolute 338 

value of solar latitude (β angle) is low at the time of this QSO-M (Fig. 1 top). Figure 7b 339 

shows that high resolution coverage could be satisfied with 38% of areas within +/-30° 340 

latitudes covered at geometric resolution of 20m or better. 341 

 342 

In addition to global mapping, the main objective of this first QSO-M in the period from 343 

November to December 2025 (Fig. 1 top) is to observe the 50 landing site candidates 344 

early enough to guarantee all their characteristics are transferred to the Earth before the 345 

solar conjunction during December 2025 and January 2026 (Fig. 1 bottom) so that a 346 

selection process can be applied to define the 20 best candidates that will be observed in 347 

greater details during QSO-LA in the period from February to March 2026 (Fig. 1 top). 348 

Data volume, data rate transmission and duration of Earth communication slots will drive 349 

the capacity to perform the selection in due time. 350 

 351 

4.1.3. QSO-Ls (QSO-LA, -LB, and LC) 352 

The main objective on these QSOs is to characterize the landing site candidates as 353 

precisely as possible (Fig. 8a). The proximity to Phobos is an advantage for geometric 354 

resolution but it reduces the capacity to observe high latitude area. Also, the lower-altitude 355 

orbit has higher ground speed on Phobos (Fig. 8b) and in this case the MIRS along-track 356 

scanner will be used during observations to reduce the ground speed of MIRS line of sight 357 

projection on Phobos so that it is compatible with the integration time. Solar latitude (β 358 

angle) during QSO-LA, LB, and LC is negative (Fig. 1 top), because in this period 359 

summer comes to the southern hemisphere. Therefore, from QSO-LA, LB, and LC, the 360 



best observation with low solar incident and phase angle can be made for the southern 361 

hemisphere, while high latitude areas in the northern hemisphere is difficult to observe. 362 

 363 

For the low altitude QSOs we present in Figures 9a, b, and c for each facet of a Phobos 364 

shape model the observation opportunity with a phase angle closest to 10°. Again, along-365 

track amplitude of MIRS line of sight is limited in that case to +/-3° to optimize geometric 366 

resolution. Spacecraft cross-track amplitude capacity is considered within +/-20° in the 367 

provided results. The percentage of Phobos surface covered from QSO-Ls (Fig. 9) is 368 

much fewer areas can be covered with an ideal phase angle compared to high and medium 369 

altitude QSOs (Figs. 6 and 7): 20% for QSO-LA and LB and 35% for QSO-LC of surface 370 

within +/-30 latitudes could be covered with a phase angle close to 10°. For sun incidence, 371 

50% of surface within +/-30° latitudes could be covered with an angle below 25° for 372 

QSO-LA and 30° for QSO-LB and LC. 373 

 374 

On QSO-LA, landing sites candidates can be observed with excellent resolution (more 375 

than 20 m) as 92% coverage of +/-30° latitudes (Fig. 9a). On QSO-LB, resolution is 376 

improved to be more than 10 m as 75% coverage of area within +/-30° latitudes. However, 377 

for areas around 0° and 180° longitudes, MMX is too close to Phobos to reach +/-30° 378 

latitudes (Fig. 9b). On QSO-LC, percentage of +/-30° latitudes covered with 10 m or 379 

better resolution decreases with respect to QSO-LB due to the limitation of the visibility 380 

of high latitudes around 0° and 180° longitudes (Fig. 9c).  381 

 382 

In Table 3, we present for 4 sites (towards and opposite to Mars and latitudes +/-10°) the 383 

observation conditions for the opportunity with phase angle closest to 10°. We observe 384 

the phenomenon described above with higher sun incidence and lower phase angle on the 385 

north hemisphere and the opposite on the south hemisphere. To evaluate the variations of 386 

phase angle and surface temperature for precise determination of spectrographic and 387 

thermal inertia characterization, each site will be observed with several couples of phase 388 

angle and local solar times, in addition to the best combination of 10° phase angle and 389 

12h local time. To characterize the available couples, for 2 points located on longitude 0°, 390 

and at latitudes +/-10° we calculate all observation opportunities with a full along-track 391 

capacity of +/-20° provided by the MIRS scanner and a full cross-track capacity of +/-392 

20° provided by the spacecraft. Figure 10 represents in the period of QSO-LB (Fig. 1 top) 393 

for each observation opportunity, the phase angle distribution as a function of the local 394 

solar time. We observe that: 1) phase angle is higher on south hemisphere; 2) for 12h local 395 

time, maximum reachable phase angle is around 40° on north hemisphere, while it is 50° 396 



on south hemisphere, and 3) from 15h local time, minimum reachable phase angle 397 

increases. For all the observation opportunities of these areas on QSO-LB, geometric 398 

resolution is between 4 and 7m. 399 

 400 

4.1.4. 3D-QSO  401 

Even in the QSO-H and QSO-M on equatorial plane (Figs. 6-8), some parts of north pole 402 

and most of south pole are not observable because of high viewing incidence angles or 403 

the masking by surrounding topology. This phenomenon is significant for QSO-Ls. On 404 

the other hand, 3D QSOs (Fig. 2b and c) allows a better coverage of the poles by reducing 405 

the viewing incidence angle at high latitudes. In order to achieve the visibility of all 406 

Phobos surface, an evolution within +/-30km of vertical z component in Phobos fixed 407 

frame is required (Fig. 11). The higher the evolution of the z component in Phobos fixed 408 

frame, the lower the viewing incidence angle at poles can be achieved: 3D-QSO z = +/-409 

50km is better for viewing incidence angle than z = +/-30km (Figs. 11c and d). The higher 410 

viewing angle can also reduce the geometric resolution of higher latitude areas of both 411 

northern and southern hemispheres (Figs. 11a and b). 412 

 413 

The solar latitude for each QSO will depend on its time period or season (Fig. 1 top): 414 

again, to ensure a global observation of high latitude areas of both hemispheres, low 415 

absolute values of the β angles are recommended. This is illustrated on the Figures 12 a 416 

and b for the same 3D-QSO (z = +/-30km) with 2 values of β angles: -5° and 21°, in 417 

which the latter shows lower sun incident angles for north pole areas. On the other hand, 418 

if we like to observe one of the poles (not both poles) with high resolution, lower 3D-419 

QSOs with lower z-values and high β angles would significantly improve the geometric 420 

resolution of one of the polar regions: Figs. 12c and d shows comparison of geometric 421 

resolution with the same β angle (+ 21°) and different z values (z = +/-20km for Fig. 12c 422 

and +/-30km for Fig. 12d), in which 3D-QSO with z = +/-20km is better in resolution of 423 

north pole areas. For 3D-QSO with z = +/-20km, 47% of the latitudes above 30° are 424 

covered with a resolution of 40m or better, while for 3D QSO with z = +/-30km, 31% of 425 

the latitudes above 30° are covered with a resolution of 40m or better. 426 

 427 

As a consequence, one strategy (among others) with 3D QSOs is to have a one high-z 3D 428 

QSO with a low absolute value of β angles to get a first overview of both poles and two 429 

low-z 3D QSOs with opposite high absolute value of β angles to get a detailed mapping 430 

of each pole. This strategy is also valid for TENGOO and OROCHI observations. 431 

 432 



4.2. OROCHI and TENGOO 433 

4.2.1. QSO-H 434 

Similar to MIRS, OROCHI observation aims to provide a global spectroscopic mapping 435 

by seven cameras with different band-pass filters with sufficient signal to noise level (> 436 

100, Kameda et al. 2021) in order to understand visible spectra variation and material 437 

distribution of Phobos. Because OROCHI has a wide field of view (Table 2), each image 438 

can cover from south to north polar regions from QSO-H and at the same time OROCHI 439 

observes Phobos with a sufficient spatial resolution similar to MIRS (Fig. 6a), because 440 

the two apparatuses have similar pixel size (Table 2). 441 

 442 

OROCHI images will also contribute to spacecraft navigation and orbit determination, 443 

i.e., spacecraft attitude information can be obtained from the limb shape and/or the 444 

position of landmarks. If a wide-angle OROCHI image is simultaneously taken with a 445 

narrow-angle TENGOO image, it provides important context information to the 446 

TENGOO image that helps shape modeling, i.e., which part of Phobos surface is imaged 447 

by TENGOO (Matsumoto et al., this issue).  448 

 449 

The main objective of TENGOO observation at QSO-H is to construct a detailed shape 450 

model of Phobos at least within ± 30° latitudes. We limit latitudes to ± 30° because the 451 

spacecraft can land only on the areas close to the equator. Since TENGOO has very high 452 

spatial resolution (Table 2), the pixel resolution of TENGOO is better than 1 m even from 453 

100 km distance, and thus it can resolve a few-meter scale targets on Phobos surface. Due 454 

to the high resolution, the TENGOO’s FOV is narrower than 1 degree (Table 2), while 455 

the apparent diameter of Phobos from QSO-H will be 5~10 degrees. Therefore, latitudinal 456 

scan observations by TENGOO are planned to cover a region within ± 30° latitudes on 457 

Phobos. Such the latitudinal scan observation has advantages to limit observation local 458 

times and viewing angles on Phobos, which are essential for constructing a better shape 459 

model of Phobos. For the shape modeling, TENGOO plans to observe Phobos at least at 460 

three different local times; before, around, and after noon, such as 9.5h, 12.5h, and 14.5h. 461 

For the local times of 9.5h and 14.5h, TENGOO will observe Phobos surface with three 462 

different viewing angles to satisfy a better stereo condition. Therefore, during the period 463 

in which MMX will stay dayside of Phobos in QSO-H (16 days in Table 1), TENGOO 464 

will observe whole longitudes of Phobos and the range of ± 30° latitudes with the 7 465 

different conditions (Matsumoto et al. 2021). 466 

 467 

4.2.2. QSO-M 468 



For QSO-M, OROCHI will observe all latitudes of Phobos simultaneously with the same 469 

geometric resolution as MIRS (Fig. 7) and acquire spectral data at the same local time 470 

and phase angles as MIRS with a better spatial resolution than that from QSO-H. This 471 

makes it possible to connect OROCHI and MIRS spectra, and to obtain continuous visible 472 

and near-infrared spectra of each region of Phobos for more accurate identification of 473 

materials on the surface.  474 

 475 

TENGOO will be used also for constructing the detailed shape model, though it will 476 

observe only regions where TENGOO observation will not be enough in QSO-H 477 

(Matsumoto et al. 2021). To reduce data volume and to match spatial resolutions of 478 

images observed in QSO-H and M, 2 x 2 pixels of a TENGOO image will be merged. In 479 

addition, TENGOO will monitor a detail surface condition on Phobos, such as finding 480 

small boulders and craters with a spatial scale of 1 m. Because such small objects can be 481 

recognized easily by their shadows and their heights can be measured from the shadows, 482 

TENGOO will observe the Phobos surface with a Sun incidence angle around 60° or more 483 

than 60° for this purpose.  484 

 485 

4.2.3. QSO-Ls 486 

For TENGOO and OROCHI, main observation objective on QSO-LA, LB, and LC is to 487 

characterize topographic and spectral features of the landing site candidates as precisely 488 

as possible for safe landing on a scientifically important site. From the viewpoint of the 489 

safe landing, TENGOO is the most important apparatus because of its highest resolution 490 

to identify possible hazardous objects on the surface of Phobos. At 20km altitude which 491 

is a typical altitude of QSO-LA, TENGOO resolution is 12cm/px while OROCHI has 492 

9m/px. Therefore, TENGOO can resolve < 20 cm-scale boulders, craters, and regolith 493 

distribution from QSO-LA and 10 cm-scale targets from QSO-LC. 494 

 495 

At QSO-LA, we plan to observe 20 landing site candidates. As shown in Figure 8, one 496 

candidate area will be observed simultaneously by TENGOO, OROCHI, and MIRS 497 

whose field of view at 20km altitude is 0.4km x 0.3 km, 20km x 23km, and 1.15km x 7m, 498 

respectively. Target area to be observed is 1x1 km which can be covered with one 499 

OROCHI 7 color image, 3~4 TENGOO images (only in horizontal direction), and 500 

continuous shots by MIRS. We will conduct a longitudinal scan observation by TENGOO 501 

again to fill the vertical direction of 1km x 1km area (Fig. 12) when the observation point 502 

comes nadir on the next lap. For each candidate site, two or three longitude scans by 503 

TENGOO are planned. 504 



 505 

In order to obtain reflectance spectra with signal-noise ratios (SNR) of higher than 100, 506 

OROCHI and MIRS needs exposure time of >0.1sec. and >2sec., respectively. At low 507 

altitude QSOs, Phobos surface moves faster seen from the spacecraft (Fig. 8b). On the 508 

other hand, it is required that the distance moved during one exposure time should be 509 

smaller than one pixel size of the instruments. At 20km altitude, the ground speed of 510 

Phobos relative to the spacecraft is about 7m/s (Fig. 8b), while pixel sizes are 9m and 7m 511 

for OROCHI and MIRS, respectively, and thus reasonable one exposure times are less 512 

than 1.3 and 1.0 sec. for OROCHI and TENGOO, respectively. OROCHI can achieve 513 

SNR >100, while for MIRS is difficult. As explained above, MIRS along-track scanner 514 

will be used during observations to reduce the ground speed of MIRS line of sight 515 

projection on Phobos to achieve exposure time >2 sec (= SNR >100). 516 

 517 

4.3. MEGANE 518 

4.3.1. QSO-H 519 

During QSO-H, MEGANE will acquire measurements for the purpose of 520 

characterizing the gamma-ray and neutron background. These MEGANE background 521 

measurements are planned to occur for a duration of 15 days, both before and after 522 

MEGANE’s prime science measurements in the lower-altitude QSO-LB and QSO-LC. 523 

The MEGANE background measurements will occur simultaneously with other science 524 

observations. At QSO-M, no specific observation plan is scheduled. 525 

 526 

4.3.2. QSO-Ls 527 

During the lowest altitude QSO phase of the MMX mission, MEGANE will obtain 528 

gamma-ray and neutron measurements. These MEGANE measurements will determine 529 

the composition of Phobos and will contribute to determining Phobos’ formation and to 530 

understanding the processes that have affected the moon’s surface (Lawrence et al., 2019). 531 

The key measurements to be obtained by MEGANE during the low-altitude QSO phase 532 

of the MMX mission in 2026 are listed in Table 4. In addition to the required 533 

measurements and relative precisions given in Table 4, MEGANE may also provide 534 

measurements to constrain the C, Na, Cl, and U contents of Phobos, depending on the 535 

abundances of these elements in Phobos (Lawrence et al., 2019). Overall, MEGANE’s 536 

observations will result in a bulk compositional measurement of Phobos as well as 537 

mapping of compositional variations on the surface of Phobos at a scale that will 538 

distinguish Phobos’ “blue” unit from the more dominant “red” unit. 539 

 540 



Driving operational requirements for MEGANE to obtain the sensitivity required for the 541 

measurements listed on Table 4 are the altitude at the time of MEGANE’s observations 542 

and the total accumulated measurement time. Analysis of previously flown gamma-ray 543 

instruments and their resulting science measurements has shown that cumulative 544 

measurement times of ≥10 days at altitudes ≤1 body radius are required to ensure 545 

measurements with sufficient sensitivity to meet MEGANE’s science measurement 546 

objectives (Peplowski, 2016). The neutron spectrometer measurements of MEGANE 547 

have less strict altitude requirements than the gamma-ray spectrometer measurements, 548 

requiring altitudes ≤1.5 body radius to meet MEGANE’s neutron spectrometer 549 

measurement objectives. Both gamma-ray and neutron spectrometer measurements are 550 

used in combination to produce the compositional results listed in Table 4. MEGANE’s 551 

operational plan requires a 50% margin in the total accumulated measurement time that 552 

is planned, bringing this overall driving operational requirement to be a plan that includes 553 

≥15 days of total accumulated MEGANE measurements at ≤ 1 body radius.  554 

 555 

The MMX operational plans include options for measurements from two low-altitude 556 

QSOs that can contribute to meeting MEGANE’s measurements requirements: QSO-LB 557 

and QSO-LC. Both QSO-LB and QSO-LC offer opportunities for MEGANE to acquire 558 

data at altitudes ≤1 body radius, as shown in Figure 13. In particular, QSO-LB enables 559 

observations at ≤1 body radius for 32% of its QSO, with a minimum altitude of about 0.6 560 

body radius, and QSO-LC is at ≤1 body radius for 47% of its QSO, with a minimum 561 

altitude of about 0.5 body radius. Thus, QSO-LC is much better suited for MEGANE to 562 

meet its science measurement objectives. If the MMX spacecraft only pointed nadir at 563 

Phobos all of the time, an unrealistic scenario, it would take roughly 47 calendar days to 564 

achieve the required MEGANE total cumulative measurement time of 15 days at ≤1 body 565 

radius from QSO-LB. This time is reduced to 32 days to achieve a total cumulative 566 

measurements time of 15 days at ≤1 body radius from the lower altitude QSO-LC. 567 

 568 

However, the MMX spacecraft will not always be pointed nadir during the 105 days 569 

planned to be spent at the combined QSO-LB and QSO-LC phase. In particular, the need 570 

to keep direct sunlight off the instrument deck may lead to Phobos-pointed observations 571 

only occurring on the Phobos dayside, which decreases the possible measurement time 572 

for MEGANE by a factor of two. This operational restriction means that in QSO-LB only, 573 

MEGANE would require 94 days of nadir-pointing operations, out of the total 105 days 574 

devoted to this phase of the MMX mission. The spacecraft will also need to point away 575 

from Phobos nadir for uplink and downlink with Earth. If these Earth communications 576 



can be conducted when the spacecraft is over the Phobos nightside, that would not be an 577 

additional loss of nadir-pointing time for MEGANE, but the detailed Earth 578 

communication plan for MMX during this phase remains to be finalized. MEGANE is 579 

mounted on the instrument deck of the spacesraft and designed to obtain the required 580 

sensitivity of its science measurements when pointed within 10° of nadir. If the operations 581 

of other instruments require off-pointing beyond 10° of nadir, this would further reduce 582 

MEGANE’s accumulated measurement time. 583 

 584 

In the option that also includes 45 days of operations in the lower altitude QSO-LC, 585 

MEGANE could acquire just over 10 days of total accumulated measurements at ≤1 body 586 

radius during this QSO-LC phase, assuming pointing within 10° of nadir on the Phobos 587 

dayside only, with all Earth communications occurring over the Phobos nightside. This 588 

would be supplemented by MEGANE measurements during the 60 days of QSO-LB 589 

operations prior to QSO-LC to meet the requirements of 15 days of accumulated 590 

measurement time at ≤1 body radius. This option is well-suited to achieve MEGANE’s 591 

measurement objectives and provides robust margin against other off-pointing operations.  592 

 593 

Phobos’ irregular shape and the nature of QSO-LB and QSO-LC result in uneven 594 

coverage of all Phobos longitudes at low altitude, as shown in Figure 13c and d. In QSO-595 

LB and QSO-LC, the majority of MEGANE’s coverage is limited to latitudes of roughly 596 

±20°of the equator (Chabot et al., 2021), and Phobos’ polar regions will not be measured 597 

by MEGANE. For both low-altitude QSO options, the “blue unit” is measured by 598 

MEGANE at altitudes ≤1 body radius, which will enable the determination of 599 

compositional differences between the “red” and “blue” unit as detailed on Table 4. 600 

However, in QSO-LC, all longitudes are measured by MEGANE at altitudes ≤1.5 body 601 

radius, enabling neutron spectrometer compositional measurements across all Phobos 602 

longitudes, such as H content, average atomic mass, and thermal neutron absorption. This 603 

is a further advantage of including the lower altitude QSO-LC option in contrast to the 604 

more limited longitude coverage possible from only measurements in QSO-LB. Phobos’ 605 

irregular shape (Ernst et al., 2021) will also factor into the analysis of the MEGANE 606 

measurements, such as the footprint on the surface and the resulting mapping abilities, as 607 

discussed in Chabot et al. (2021).  608 

 609 

While MEGANE’s most important science requirements given in Table 4 will be 610 

achieved during this low-altitude QSO phase in 2026, future phases of the MMX mission 611 

that achieve low altitudes may provide compelling opportunities for additional MEGANE 612 



science measurements. Such opportunities could include measurements during rehearsal 613 

or actual descents and/or ascents to the Phobos surface, during rover delivery activities, 614 

and while the spacecraft is on the surface of Phobos. These science opportunities beyond 615 

the low-altitude QSO phase could link the scale of MEGANE’s global QSO 616 

compositional measurements and the samples to be brought back to Earth by the MMX 617 

mission.  618 

 619 

4.4. MSA 620 

4.4.1. QSO-H 621 

The Mass Spectrum Analyzer (MSA) consists of an ion energy mass spectrometer and 622 

two magnetometers, which measure velocity distribution functions and mass/charge 623 

distributions of low-energy ions and the magnetic field of the solar wind, respectively 624 

(Yokota et al. 2021). The MSA will perform in-situ observations of all the ions going 625 

towards and coming from Phobos to investigate the Phobos surface and related 626 

phenomena (e.g., space weathering). Figure 14 schematically shows the MSA observation 627 

in the Phobocentric Solar Ecliptic coordinates. The solar wind is the dominant source of 628 

ions incident on the Phobos surface, while escaping ions from the Martian atmosphere 629 

reach there when Phobos is in the tail or plume region of Mars. As for the ions from 630 

Phobos, MSA will measure solar wind ions scattered at the surface and secondary ions 631 

from the surface sputtered by the solar wind. It is expected that secondary ions sputtered 632 

by the solar wind, especially Mg+, Si+, Ca+, and Fe+, maintain the surface chemical 633 

composition (Elphic et al., 1991; Schaible et al., 2017). In addition, the MSA has 634 

opportunities to observe water-related ions generated from the Martian torus if exits. 635 

 636 

In the dayside of Phobos in the QSOs from the subsolar point (point A) to the terminator 637 

(point B), the MSA that has a hemispherical field-of-view can measure both solar wind 638 

ions and those scattered at the surface. It should be noted that the observation of the solar 639 

wind ions is occasionally interrupted by the spacecraft’s structure depending on its 640 

attitude. Even in the QSO-H, scattered solar wind ions can reach the spacecraft, because 641 

they retain around 50% of the incident energies when being scattered (Saito et al. 2008). 642 

The scattered ions are picked up by the solar wind again and travel downstream of Phobos. 643 

Moreover, some of them intrude the void region (point C) that is shielded from the solar 644 

wind (Nishino et al. 2010). 645 

 646 

Since the initial energy of secondary ions sputtered from Phobos is negligible, they almost 647 

move along the solar wind electric field (𝑬) to the spacecraft altitude (Yokota and Saito, 648 



2005). Thus, the opportunity to observe secondary ions from Phobos is limited near the 649 

terminator (point B), while the direction of 𝑬 is another requirement. The information 650 

of 𝑬 is given by 𝑬 = −𝑽 × 𝑩, where 𝑽 and 𝑩 indicate the solar wind velocity and 651 

magnetic field, respectively. Both of them are measured by the MSA ion analyzer and 652 

magnetometers. Since 𝑽 is approximately in the -X axis, 𝑬 is restricted to the YZ plane. 653 

When the spacecraft is around the terminator, the possibility of 𝑬 directing from Phobos 654 

to the spacecraft is below ~5 % in the QSO-H. Assuming the direction of 𝑩 is non-655 

biased, the possibility is approximately given by 𝑑 2𝜋𝐿⁄ , where 𝑑 and 𝐿 denote the 656 

diameter of Phobos and spacecraft’s altitude, respectively. The sputtering points of the 657 

measured secondary ions can be traced back using estimated 𝑬 , though the spatial 658 

resolution is comparable to the spacecraft’s altitude. 659 

 660 

4.4.2. QSO-M 661 

The MSA observation in the QSO-M is the same as that in the QSO-H, especially for 662 

solar wind ions. However, the opportunity of observing scattered solar wind ions and 663 

secondary ions from Phobos will increase as the distance between the spacecraft and 664 

Phobos decreases. Observations of scattered solar wind ions provide more information 665 

about the ions immediately after their scattering. The observation in the QSO-M increases 666 

the possibility of 𝑬 directing from Phobos to the spacecraft in the terminator to ~10 %. 667 

The scattering and sputtering points of the measured ions will be more accurately 668 

determined as the altitude decreases. 669 

 670 

4.4.3. QSO-Ls 671 

In the QSO-LA, LB, and LC, the MSA will derive much more information on the Phobos 672 

surface from the observation of scattered solar wind ions and secondary ions from Phobos. 673 

The possibility of adequate 𝑬 to observe secondary ions from Phobos in the QSO-Ls 674 

goes up to 10s % for the spacecraft around the terminator. Thus, the QSO-Ls will ensure 675 

the observation period especially for secondary ions from Phobos. Moreover, the MSA 676 

observation in the QSO-Ls will provide the distribution maps which divide the Phobos 677 

surface to several areas because the spatial resolution of scattering and sputtering points 678 

reduces to around the spacecraft’s altitude. If there are electromagnetic effects similar to 679 

those of the Earth’s Moon, such as magnetic anomalies (e.g., Tsunakawa et al., 2015) or 680 

surface charging (e.g., Stubbs et al., 2014), low-altitude observation of ions and magnetic 681 

field with the MSA will reveal their associated phenomena (Saito et al., 2012). The 682 

situation of the MSA observation in the 3D-QSO is the same as that in the QSO-M 683 

because the ion observation is mostly determined by the spacecraft’ altitude and solar 684 



wind conditions. However, similarly to other remote-sensing instruments, the MSA will 685 

obtain an opportunity to observe ions scattered or sputtered in the polar region of Phobos. 686 

 687 

4.5. CMDM 688 

The CMDM consists of a sensor with a sensitive area of 1 m2 and an electronics box, 689 

which measures the collisional momentum with which a dust particle impacts the sensor 690 

of the CMDM (Kobayashi et al. 2018) and its only observation mode is to wait for the 691 

signal from the dust particles in orbit to collide with the sensor. The main objective of the 692 

CMDM is to detect undiscovered Mars-orbiting dust ring particles in place. According to 693 

theoretical predictions from previous studies, Martian dust rings would be formed as a 694 

result of the injection into Martian orbit of particles with initial velocities exceeding 695 

escape velocities out of ejecta released by meteoroid bombardment of the surface material 696 

of Phobos (or Deimos). The freshly ejected dust particles orbit Mars in a nearly Phobos 697 

or Deimos orbit. However, the ring particles are perturbed mainly by solar radiation, and 698 

their orbits evolve and their eccentricity gradually changes. In the case of dust particles 699 

smaller than 20µm, their eccentricities change so much that they collide with the Martian 700 

atmosphere and would be lost from the orbit within a short time (Ishimoto, 1996; 701 

Hamilton, 1996; Krivov and Hamilton 1997; Liu and Schmidt, 2020). At the position of 702 

Phobos orbit, we will be able to observe not only dust particles of Phobos origin, but also 703 

dust particles of Deimos origin whose orbits have evolved to have their pericenters at or 704 

inside Phobos orbit. 705 

 706 

4.5.1 QSO-H and QSO-M 707 

When the orbit of the spacecraft is at QSO (almost the same orbit as Phobos in the Mars 708 

fixed coordinate system), ring particles with orbits evolved from the Phobos orbit will 709 

impact the spacecraft in the ram or wake direction with velocities of less than 1 km/s 710 

(Krivov and Hamilton 1997). The CMDM sensor is mounted on the -X panel of the 711 

spacecraft. Therefore, we expect the CMDM to detect more ring particles when its sensor 712 

is pointing in the direction of the ring particles' arrival (the ram or wake direction of the 713 

spacecraft). On the other hand, when the CMDM sensor points to the apex of Mars, it will 714 

detect interplanetary dust in Keplerian motion around the Sun. The interplanetary dust 715 

and ring particles that exist as this background are distinguished by the arrival direction. 716 

 717 

According to theoretical studies, the phase of the peri- and apocenter in the orbit of ring 718 

particles around Mars depends on the size of the ring particles and varies with the seasons. 719 

Therefore, when performing in situ observations on QSOs, CMDMs may observe 720 



changes in the flux of dust particles depending on their orbital position. Since the spatial 721 

distribution of Martian ring dust is very rare, in order to reveal its existence and 722 

distribution, the CMDM should be turned on as constantly as possible in any orbit to wait 723 

for dust particles to impact the sensor. Since the ring structure is much larger than the 724 

difference between QSO-H and QSO-M, no difference in the collision frequency of dust 725 

particles will be observed in either orbit. 726 

 727 

4.5.2 QSO-Ls 728 

Compared to QSO-H and QSO-M, the distance to the spacecraft from the surface of 729 

Phobos is lowered to about 10 km in QSO-L (Table 1). As mentioned above, there is 730 

continuous meteoroid bombardment on the surface of Phobos, and this bombardment 731 

should result in the existence of ejecta clouds. In fact, such ejecta dust clouds have been 732 

observed in the vicinity of Ganymede (Krueger et al. 2015) and the Moon (Horanyi et al. 733 

2015). Among such dust particles, those that exceed the escape velocity of Phobos (about 734 

11 m/s) are injected into the Martian orbit and become part of the rings, while those that 735 

do not exceed the escape velocity return to the Phobos surface. The collisions of the 736 

Phobos (or Deimos) surface with ring particles, once ejected from the Phobos 737 

gravitational field, may be the most significant source of dust contribution (Sasaki et al., 738 

1999). Because of the existence of these dust particles, CMDM may observe higher fluxes 739 

during QSO-Ls than QSO-H and QSO-M. 740 

 741 

4.5.3. 3D-QSO 742 

In-situ observation of CMDM on 3D-QSO may reveal the distribution of dust particles in 743 

the thickness direction of the Phobos dust ring. The ring of Phobos is very thin, and the 744 

amplitude of the tilt variation is as small as 1 degree (Ishimoto, 1996) that corresponds to 745 

about 170km (or even smaller) at Phobos’ orbit. In 3D-QSO, the orbit of the MMX 746 

spacecraft has an inclination angle from the equatorial plane, so it may be possible to see 747 

the latitudinal variation of the dust number density. This observation data can be used to 748 

discuss the thickness of the Phobos dust ring. 749 

 750 

4.6. LIDAR 751 

The spatial resolution of LIDAR observation is decided by the laser footprint size on the 752 

Phobos' surface. Because the beam divergence of LIDAR laser is 0.5 mrad (Table 2), the 753 

laser footprint size becomes 50m when the altitude of spacecraft is 100km (QSO-H), and 754 

less than 10m when the altitude of spacecraft is below 20km (QSO-L). From QSO-H, 755 

LIDAR observes the surface topography with spatial resolution of 50m, which provide 756 



the global morphology such as cross-sectional view of Stickney and other large craters 757 

on Phobos. Because LIDAR observations are sensitive to the altitude change, E-W 758 

asymmetricity of craters would be detected if present (see Hirata et al, 2021). 759 

 760 

From QSO-M, the footprint size of LIDAR becomes 25m. With this spatial resolution the 761 

grooves on Phobos (80-200m width; Rosenblatt, 2011; Basilevsky et al. 2014) can be 762 

resolved. The cross-sectional view of the grooves will give us important information 763 

related to their origin and evolution. From QSO-L, LIDAR observes the morphology of 764 

Phobos with a spatial resolution of less than 10m and thus can provide critical information 765 

on the landing site selection. The height of boulders in and around the landing site 766 

candidates will be obtained by the LIDAR observations. At the same time the 767 

compositional heterogeneity could be observed from the reflectance measurement by 768 

LIDAR. The reflectance is geometric albedo at 1μm wavelength because of phase angle 769 

of the measurement is 0 degree. 770 

 771 

5. Rover and its deployment on Phobos 772 

The MMX Rover, a mobile surface science package, provided by CNES and DLR with 773 

contributions from Spain and Japan (Michel et al. 2021; Ulamec et al. 2019) is planned 774 

to be delivered to the surface of Phobos during a landing rehearsal of the main spacecraft. 775 

The rover will determine the physical and mineralogical properties of the undisturbed 776 

Phobos surface material and the heterogeneity within the landing and roving area. 777 

Moreover, it will also observe the flow of the surface regolith on the wheels, and therefore 778 

will give precious information on the dynamics of the regolith in the actual gravitational 779 

environment of the surface. The whole set of Rover measurements will thus also support 780 

to decipher the main scientific objectives of MMX mission by providing data that can be 781 

used for preparing the landing sites of the main spacecraft as well as the sampling 782 

procedure. 783 

 784 

The Rover will be released at an altitude of less than 100m (the current baseline scenario 785 

assumes 40m: Fig. 15) and free-fall without attitude control to the surface. After impact 786 

to the Phobos surface at a speed less than 1m/s, the rover is expected to bounce several 787 

times until coming to a complete rest (Fig. 16). The exact sequence of the deployment of 788 

the locomotion system (i.e., unfolding of “legs” with wheels) will upright the rover, 789 

independent on its original attitude. The scenario does have some similarity with 790 

MASCOT, the small lander delivered to asteroid Ryugu as part of the Hayabusa2 mission, 791 

which was also autonomously uprighting itself after a short bouncing phase (Jaumann et 792 



al. 2019; Ho et al. 2021). After the Rover is positioned on its four wheels, the solar 793 

generator is going to be deployed, and the vehicle can start science operations after a short 794 

commissioning phase (Fig. 16). Operations on the surface of Phobos are planned for >100 795 

(Earth) days, and the timeline will be optimized, sharing periods of mobility (“driving”) 796 

and science measurements with the four PI-led instruments (see Table 5). 797 

 798 

Note that for thermal and power reasons, the rover is sensitive to eclipses by Mars. Thus, 799 

a landing site on the far side from Mars is envisaged. The landing site selection for the 800 

rover will take place in close alignment with the sampling site selection procedure, as 801 

similar products are required for both (high resolution images, detailed shape model, 802 

LIDAR data on surface roughness) and the rover delivery is planned to be performed at 803 

the location where the rehearsal for the first MMX touch down (possibly for TD1) is 804 

going to take place. 805 

 806 

6. Basic strategy of scientific observation plan for Deimos from flyby orbits 807 

Deimos observation can be taken place before insertion to Phobos orbit and after leaving 808 

it, which corresponds to phase 1 and phase 5, respectively (Fig. 1). However, since the 809 

current schedule cannot allow the spacecraft to use a long time for Deimos observations 810 

before insertion to Mars orbit, the main Deimos observations are planned to be performed 811 

in phase 5 for approximately 4 months. In order to minimize the resources of this phase 812 

such as fuel consumption, the observation of Deimos will be carried out only by multiple 813 

flybys and neither by rendezvous nor landing operations on Deimos. For multiple flybys, 814 

the spacecraft will be placed on a resonant orbit that reencounters Deimos periodically 815 

(Fig. 17). Throughout the trajectory to escape from Mars, the spacecraft will travel on a 816 

number of orbits around Mars and crossing Deimos’ orbit periodically. The selected 817 

resonance determines the size of the orbit and the relative velocity between the spacecraft 818 

and Deimos during each flyby. A lower relative velocity translates into a lower ground 819 

speed. 820 

 821 

Deimos is tidally locked, meaning that it always presents the same face toward Mars. This 822 

is an aspect to consider in the design of flyby orbits, because it constrains the observable 823 

regions of Deimos. That is, the longitude of the closest approach upon a single flyby is 824 

determined by the relative velocity between the two bodies, which is determined by the 825 

chosen resonance. Additionally, the synchronous motion between Mars and Deimos also 826 

constrains the regions of the moon that are illuminated by the Sun, which affects the 827 

observation strategy for some of the instruments onboard. 828 



 829 

Depending on the duration of the Deimos observations, the change in the Sun’s position 830 

with respect to Deimos’ surface might be insufficient to observe different regions on the 831 

moon. This issue can be addressed by using multiple resonant orbits. Since each resonant 832 

orbit intersects with Deimos twice (namely, there is an outgoing flyby and an incoming 833 

flyby), a combination of resonant orbits can be used where opposite flyby intersection 834 

points are used, as depicted in Figure 17. This does not incur additional delta-V as long 835 

as subsequent orbits are used in ascending order of size because the spacecraft will escape 836 

from Mars in any case. The difference in true anomaly between the intersection points, 837 

which varies contrary to the apparent counter-clockwise rotation of the Sun, contributes 838 

to the change in the illuminated region of the moon. Different orbits also provide different 839 

longitudes on Deimos surface at the point of closest approach. As seen in Figure 17, larger 840 

changes in true anomaly between flyby points yield larger changes in solar illumination 841 

angle but also means larger orbits. The latter is not desirable because it implies higher 842 

relative velocities during flybys; the scientific observation of Deimos benefits from low 843 

velocities during each passage instead.  844 

 845 

For a duration of 4 months in phase 5 (Fig. 1 top), the change in solar illumination is 846 

approximately 70 degrees. This change is effectively reflected as the change in longitude 847 

of the Sun’s direction on Deimos surface between the first and last flyby. If we increase 848 

the period of Deimos observation to include 7 months of Phase 4 (Fig. 1 top), then the 849 

phase durations becomes 11 months and a single 3:5 resonance orbit provides an 850 

approximate change in the solar illumination of about 190 degrees. If such an orbit is 851 

combined with a larger 1:1 resonance orbit, the same change can be obtained in a time 852 

period of less than 7 months. Additional combinations can be seen in Figure 18. 853 

 854 

These changes in solar illumination are shown in Figures 19a-c. They show the 855 

spacecraft’s ground track on the surface of Deimos for the first flyby in a 3:5 resonance 856 

orbit, the last flyby in the same orbit, and an alternative last flyby if a switch to a 1:1 857 

resonance orbit is performed, respectively. Figures 19b and c reflect the additional change 858 

in sun’s direction obtained by making use of multiple resonant orbits instead of using a 859 

single orbit throughout the sequence. 860 

 861 

6.1 TENGOO, OROCHI, and MIRS 862 

TENGOO, OROCHI, and MIRS will observe Deimos from flyby orbit during the passage 863 

close to Deimos. If we take a 3:5 resonance orbit (Fig. 17), the spacecraft encounters 864 



Deimos with a 90-hour interval, equivalent to 3 rotations of Deimos around Mars. The 865 

relative velocity to Deimos surface at the closest approach is 0.377 km/s. If we use a 1:1 866 

resonance orbit (Fig. 17), the spacecraft encounters Deimos with a 30-hour interval with 867 

the relative velocity of 0.855 km/s. The closest distance to Deimos is adjustable: first 868 

approach could be 1000 km away from Deimos, but with increasing times of flybys which 869 

improve the precision of orbits of both Deimos and the spacecraft, the spacecraft is able 870 

to come closer to Deimos finally with 100 km distance.  871 

 872 

FOVs at 100 km distance are 100 km x 115 km for OROCHI, 5.75 km x 35 m for MIRS, 873 

and 2.0 km x1.5 km for TENGOO. Therefore, only OROCHI can cover whole Deimos 874 

illuminated area with single flyby, but multiple flybys are required for MIRS and 875 

TENGOO. It is possible to change the position of closest approach to the northern or 876 

southern direction at every flyby and thus the areas with wider latitude range can be 877 

covered with observation by both MIRS and TENGOO. 878 

 879 

Spacecraft’s relative velocity to Deimos will be quite high at the closest distance, as 880 

shown above. The challenge is that Deimocentric pointing will not be maintained for 881 

several minutes before and after the closest approach, because the required angular rate 882 

of the along-track direction would exceed the capability of the spacecraft. For the case of 883 

the closest distance around 300km, we represent the evolution of MIRS resolution as a 884 

function of time for the 3:5 and the 1:1 resonance flyby trajectory in Figure 20. At 300km 885 

distance, MIRS can achieve 100m resolution, however, as said above, Deimocentric 886 

pointing will not be maintained several minutes before and after closest approach, the 887 

actual best achievable resolution will be worse. If we consider the time during which 888 

distance will be close enough to have 500m resolution, it varies from 2 hours for the 3:5 889 

trajectory down to 54 minutes for the 1:1 trajectory (Fig. 20). Note that time during which 890 

Deimocentric pointing will not be maintained has to be subtracted to get the actual 891 

observation time. 892 

 893 

6.2. MSA 894 

The situation is the same for the MSA in the Deimos flyby observation as in the nominal 895 

Phobos observation. The solar wind will be continuously observed by the MSA, while 896 

those scattered at the Deimos surface are measurable only in the neighboring dayside of 897 

Deimos. The requirements to observe secondary ions sputtered from Deimos are that the 898 

spacecraft is around the terminator, and that solar wind electric field (𝑬) directs from 899 

Deimos to the spacecraft. Smaller distance between the spacecraft and Deimos effectively 900 



increases the observation opportunity. When the spacecraft is downstream of Deimos 901 

against the solar wind, the MSA may observe secondary ions from Deimos, which are in 902 

the pickup motions by the solar wind (e.g., Halekas et al., 2013). 903 

 904 

6.3. MEGANE 905 

The neutron spectrometer portion of MEGANE has the potential to acquire measurements 906 

during the Deimos flybys phase, but whether such measurements are possible depends 907 

strongly on the flyby altitude as well as the number of flybys and the speeds. For example, 908 

five flybys of Deimos at 1 km/sec with a 10-km closest-approach altitude has been 909 

modeled to provide compositional information about Deimos by the MEGANE neutron 910 

spectrometer that could be compared to Phobos (Lawrence et al., 2019). A comparison of 911 

the same neutron spectrometer measurement for Phobos and Deimos by MEGANE would 912 

enable important insight into the fundamental nature of the two Martian moons and in 913 

particular help address the basic question about whether the two moons are 914 

compositionally the same or different. Thus, while Deimos measurements by MEGANE 915 

would be challenging, this comparison of the two moons by the exact same measurement 916 

is highly compelling scientifically. If after a few successful Deimos flybys, the close-917 

approach altitude of the spacecraft can be lowered, it is possible that MEGANE can make 918 

this key measurement.  919 

 920 

6.4. CMDM 921 

The spacecraft will remain at the orbit on the Mars' equatorial plane during most of its 922 

stay around Mars. Therefore, during this period of observation, it is difficult to determine 923 

the thickness of the dust ring structure because the MMX spacecraft never goes outside 924 

the Phobos ring, which is thought to be about 170 km thick. However, the spacecraft will 925 

pass through the outer edge of the Phobos dust ring on the orbit from the Phobos orbit to 926 

the transfer orbit to the flyby orbit to Deimos, which has a slightly larger orbital 927 

inclination than Phobos. At that orbit, the CMDM in-situ observations will determine the 928 

outer edge of the Phobos dust ring structure.  929 

 930 

On the other hand, in the dust measurement during the Deimos flyby in Phase 5, the 931 

CMDM may detect only the dust particles ejected from Deimos. The apocentre of the 932 

Phobos dust ring does not reach the Deimos orbit even if the eccentricity changes (Krivov 933 

and Hamilton, 1997; Liu and Schmidt 2020). On the other hand, dust particles from 934 

Deimos can be observed at the position of Phobos orbit because the pericenter point 935 

becomes closer to Mars due to perturbation by solar radiation, and it may be difficult to 936 



distinguish those two different origin dust particles. If we know the net flux of Deimos-937 

origin particles in Deimos orbit, we may be able to estimate the net flux of Phobos-origin 938 

particles within the dust flux in Phobos orbit. 939 

 940 

While Phobos-origin dust remains in orbit for only less than a hundred years, Deimos-941 

origin dust remains in orbit for more than 10,000 years, so the total number of dust 942 

particles in the entire torus is larger for Deimos (Krivov and Hamilton, 1997; Liu and 943 

Schmidt, 2020). However, particles of Deimos origin form a torus, and the structure of 944 

the Deimos torus is probably considerably larger than that of the Phobos ring. Depending 945 

on how the Deimos torus extends, the number density of dust in the Deimos torus could 946 

be smaller than in the Phobos dust ring.  947 

 948 

7. Conclusions 949 

A detailed scientific observation plan was developed for Phobos from various QSOs with 950 

different altitudes. The observation plan became complex, as various factors, such as solar 951 

conjunctions, eclipses and occultations by Mars and Phobos, had to be taken into account. 952 

The observation period will be long enough to stay around Phobos for 2.5 years, but the 953 

actual observation period will be shorter due to the effects of conjunctions and eclipses. 954 

Within these limitations, we have developed an observational plan for Phobos that is 955 

sufficient to fulfill the scientific objectives of the MMX mission. On the other hand, we 956 

are still in the process of developing a detailed observation plan for Deimos. The general 957 

plan is to insert the spacecraft into two resonant orbits and conduct a number of flyby to 958 

observe as much of the Deimos surface as possible. 959 

 960 

8. Glossary 961 

Phobocentric pointing or Deimocentric pointing: The spacecraft Z axis points from 962 

Phobos (respectively Deimos) gravity center to the spacecraft. The spacecraft -Y axis is 963 

equal to the component of Phobos (respectively Deimos) orbital angular momentum 964 

vector that is orthogonal to the Satellite to Phobos (respectively Deimos) direction. 965 

Viewing incidence: angle between observation direction and local normal of observed 966 

areas 967 

Phase angle: angle between observation direction and sun direction 968 

Polar angle: angle between spacecraft’s nadir and polar direction, 969 

Sun incidence: angle between sun direction and local normal of observed zone 970 

Sun latitude (β angle): β is defined as 90 degrees - α, where α is an angle between the 971 

normal vector of Phobos-Mars orbit plane and Sun’s direction from the center of Phobos. 972 



Local solar time: local time on a given longitude of the celestial body of interest, 973 

calculated from Sun direction azimuth in celestial body fixed frame 974 

Geometric resolution: size of the projection on the target zone of an instrument iFov 975 

(instantaneous field of view). It can be calculated from the distance to the observed point 976 

d, the viewing incidence i and the instrument aperture angle of 1 pixel iFov with the 977 

following formula. It gives a worst case of the projection of the pixel length along its 2 978 

directions. 979 

𝑑 cos(𝑖) (tan (𝑖 +
𝑖𝐹𝑜𝑣

2
) − tan (𝑖 −

𝑖𝐹𝑜𝑣

2
)) 980 

 981 

List of abbreviations  982 

CMDM: Circum-Martian Dust Monitor 983 

FOV: Field of view 984 

LIDAR: Laser Detection and Ranging 985 

MEGANE: Mars-moon Exploration with GAmma rays and NEutrons 986 

MIRS: MMX InfaRed Spectrometer 987 

MMX: Martian Moon eXploration 988 

MSA: Mass Spectrum Analyzer 989 

OROCHI: Optical RadiOmeter composed of Chromatic Imagers 990 

QSO: Quasi Satellite Orbit 991 

QSO-M: Quasi Satellite Orbit – Medium 992 

SNR: Signal to Noise Ratio 993 

TENGOO: Telescopic Nadir Imager for Geomorphology 994 
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 1239 

Figure captions 1240 

Fig. 1. Current scientific operation plan for Phobos (Phase 1 to 4) and Deimos (phase 5). 1241 

Two times touch down on near side and far side of the moon are planned in phase 3, but 1242 

the time and locations are tentative. Mars observation will take place mainly in Phase 4 1243 

and 5 together with Phobos and Deimos observation. Top panel indicates solar latitude 1244 

(NS0, S25, and N25 mean β = 0, -25, and +25 degrees, respectively) and eclipse duration 1245 

in minutes by Mars (orange) and Phobos (blue). For eclipse duration estimates, a QSO-L 1246 

orbit is assumed. In between the top and bottom panel, type of QSOs (H, M, LA, LB, LC, 1247 

and 3D-M) that will be performed in corresponding time period are described for the first 1248 

1.5 years (QSO allocation for the last 1.5 years are not yet determined). The allocated 1249 

period of 3D-M is tentative. Bottom panel indicates solar conjunction period (Grey) and 1250 

the distance between Phobos and Earth (purple line in au) and Sun-Earth-Mars angle 1251 

(green in deg.). Abbreviations, CO: check out, H: QSO-H, M: QSO-M, LA: QSO-LA, 1252 

LB: QSO-LB, LC: QSO-LC, 3D-M: 3D-QSO, LSS: landing site selection, TD: touch 1253 

down, Sci Obs: scientific observation for Phobos, DM flyby: Deimos flyby observations.  1254 

 1255 

Fig. 2. Observational orbits around Phobos. (a) Five QSOs are drawn in the Phobos fixed 1256 

frame with Phobos at the center, in which the xy plane is the Phobos orbital plane and the 1257 

negative x axis direction is the direction to Mars. Phobos - Mars direction is fixed so that 1258 

Phobos does not rotate in the figure, because of the tidal locking. Characteristics of each 1259 



QSO are shown in Table 1. (b) 3D-QSO with xy dimension of 50km x 100km and height 1260 

from the equatorial plane of Phobos of z = +/-20km. (c) The same 3D-QSO viewed from 1261 

z direction. 1262 

 1263 

Fig. 3. QSO-H (a), QSO-M (b), and QSO-LB (c) in an inertial coordinate system centered 1264 

on Phobos. The left side of Phobos corresponds to the day side. In these figures, Phobos 1265 

rotates at the center.  1266 

 1267 

Fig. 4. The occurrence of occultations in (a) QSO-H in one month, (b) QSO-M in one 1268 

week, and (c) QSO-LA in one week. Blue periods indicate the time when communication 1269 

from Japan is possible, and gray indicates the time when the spacecraft stays on the night 1270 

side of Phobos. The red and black periods indicate the occultations by Mars and Phobos, 1271 

respectively. 1272 

 1273 

Fig. 5. The position of the spacecraft, Sun, Earth (blue), and Mars (red) in an inertial 1274 

coordinate system centered on Phobos. QSOs corresponds to those in Fig. 3. Phobos-Sun 1275 

direction is fixed. 1276 

 1277 

Fig. 6. (a) Coverage and geometric (spatial) resolution of MIRS mapping from QSO-H 1278 

in Oct 2025 (β = 10°). The resolution at equator is better than high latitude regions because 1279 

QSO-H is on the equatorial plane. Areas in white cannot be observed because of 1280 

spacecraft’s equatorial trajectory and Phobos flat shape on the poles. Areas with the 1281 

spatial resolution above 200m are not displayed. Note that the map was calculated without 1282 

considering the masking of facets by local topology: areas with longitude around -150° 1283 

and 150° and latitude -80° as well as the areas with longitude around 150° and latitude 1284 

80° are actually masked and cannot be observed. (b) Percentage of Phobos surface 1285 

covered as a function of phase and sun incidence angles with observation in (a). Blue 1286 

lines indicate percentages for surface within +/-30° latitudes, while red lines for whole 1287 

surface. 1288 

 1289 

Fig. 7. (a) Coverage and geometric resolution of MIRS mapping from QSO-M in Nov 1290 

2025 (β = 3°). Areas in white cannot be observed because of MMX equatorial trajectory 1291 

and Phobos flat shape on the poles. Areas with resolution above 200m are not displayed. 1292 

Note that the map was calculated without considering the masking of facets by local 1293 

topology. (b) Percentage of Phobos surface covered in function of phase and sun 1294 

incidence angles by observation in (a).  1295 



 1296 

Fig. 8. (a) Conceptual diagram showing field of views for the simultaneous observation 1297 

of a landing site candidate from QSO-LA by TENGOO, OROCHI, and MIRS (field of 1298 

views are not in precise scale). The area of about 1 km x 1 km will be observed 1299 

continuously by TENGOO and MIRS, and imaged once by OROCHI, and the north-south 1300 

areas not covered by TENGOO will be imaged in another rotations. (b) The maximum 1301 

and the minimum ground speed of Phobos surface relative to the spacecraft at various 1302 

QSOs. The maximum speed is achieved when the spacecraft is at sub-Mars and anti-Mars 1303 

position, while the minimum speed is at leading and trailing position. 1304 

 1305 

Fig. 9. Coverage and geometric (spatial) resolution of MIRS mapping from QSO-LA (a), 1306 

QSO-LB (b), and QSO-LC (c). Areas with resolution above 200m are not displayed. 1307 

 1308 

Fig. 10. QSO-LB phase angle distribution as a function of local solar time for each 1309 

observation opportunity for a landing site located at longitude 0° and latitude +10° (in 1310 

blue) or latitude -10° (in red). 1311 

 1312 

Fig. 11. Geometric (spatial) resolution distribution of 3D-QSO with z = +/-30km and β = 1313 

-5° (a) and 3D-QSO with z = +/-50km and β = -5° (b). Viewing incidence distribution of 1314 

3D-QSO with z = +/-30km and β = -5° (c) and 3D-QSO with z = +/-50km and β = -5° (d). 1315 

 1316 

Fig. 12. Sun incidence angle distribution of 3D-QSO with z = +/-30km and β = -5° (a) 1317 

and 3D-QSO with z = +/-30km and β = 21° (b). In (a), both poles can be observed with 1318 

high Sun incidence angles, while in (b) Sun incidence is lower on north pole but most of 1319 

south pole cannot be observed. Geometric (spatial) resolution distribution of 3D-QSO 1320 

with z = +/-20km and β = 21° (c) and 3D-QSO wit z = +/-30km and β = 21° (d). Areas in 1321 

white cannot be observed because of spacecraft equatorial trajectory and Phobos flat 1322 

shape on South pole. Areas with resolution above 200m are not displayed. 1323 

 1324 

Fig. 13. (a) Histograms of the altitude above Phobos’ surface. (b) Plot of cumulative time 1325 

at or below a given altitude, for QSO-LB and QSO-LC. Vertical lines mark altitudes of 1326 

1.0 and 1.5 Phobos radius values, which are related to MEGANE’s measurement 1327 

requirements. QSO-LB (c) and QSO-LC (d) altitudes as a function of Phobos latitude and 1328 

longitude of the sub-spacecraft nadir point, colored by altitude. The general latitude range 1329 

of the Phobos Blue Unit is marked with dotted lines. In all plots, the calculations take the 1330 

irregular shape of Phobos into account, computing the radius of Phobos at the sub-1331 



spacecraft nadir point and ratioing it to the altitude to the surface at that same point. 1332 

 1333 

Fig. 14. Observation configuration of MSA in the Phobos-centric Solar Ecliptic 1334 

coordinates. The Phoboscentric Solar Ecliptic coordinate system has the X-axis pointing 1335 

from Phobos towards the sun, the Z-axis parallel to the ecliptic northern pole, and the Y-1336 

axis determined in the right-handed system. In both panels, 𝐵  and 𝐸  indicate the 1337 

magnetic and electric fields of the SW, respectively. The magnetometer measures 𝐵 , 1338 

while 𝐸 is derived from 𝐸 = −𝑉 × 𝐵, where 𝑉 denote the SW velocity nearly towards 1339 

the −X direction. 1340 

 1341 

Fig. 15. Baseline delivery strategy of Rover which is released at 40m high from the 1342 

surface of Phobos. Red trajectory indicates spacecraft and blue is rover. 1343 

 1344 

Fig. 16. Rover delivery to the Phobos surface and up-right strategy. 1345 

 1346 

Fig. 17. Flyby orbits for Deimos observations with Mars centered. Example sequence: 1347 

from an orbit with 3/5 resonance to an orbit with 1/1 resonance, before finally escape 1348 

from Martian system. With respect to a fixed Mars, the Sun appears to rotate in the 1349 

counter-clockwise direction and the spacecraft revolves in clockwise direction. 1350 

 1351 

Fig. 18. Approximate achievable change in solar illumination for the case of a single 3:5 1352 

resonant orbit (1 orbit sequence) or a combination of 3:5 and 1:1 resonant orbits (2 orbits 1353 

sequence) as a function of time duration in month. The latter offers different amount of 1354 

total change depending on how many are flybys performed at each of the two orbits. 1355 

 1356 

Fig. 19 Spacecraft’s ground track of the first flyby on a 3:5 resonance orbit (a), the last 1357 

flyby on a 3:5 resonance orbit (b), and the last flyby if a change to a second 1:1 resonance 1358 

is performed (c). 1359 

 1360 

Fig. 20. MIRS geometric resolution (m) in function of time (sec.) for the 2 resonant flyby 1361 

trajectories with a 300km closest approach. Red line shows 3:5 and blue shows 1:1 1362 

resonance orbit. The spacecraft is closest to Deimos at t = 0. 1363 

 1364 

 1365 

 1366 

 1367 


