N

N

a+B2M+2 QT2 iBOQM TH M Q7 S?Q#Qb M/ .2
JIJs bT +2+° 7i

hQKQFB L F Km™ - >BiQb?B AF2/ -hQ m EQmv K - >B (

Emb MQ- >B " QFB a2Mb?m- a?BM;Q E K2/ - EQDB J

'QMx H2x@6 M[m2b -L Qv Px FB-2i HX

hQ +Bi2 i?Bb p2° bBQM,

hQKQFB L F Km™ - >BiQb?B AF2/ -hQ ' mEQmv K - >B'QKmL F ; r ->B"
QT2 iIBQMTH M Q7 S?Q#Qb M/ .2BKQb 7°QK i?2 JJs bT +2+" 7iX 1 "i?
RyXRR3efb9yekj@ykR@yR89e@e X Q#bTK@yjeyyedd

> G A/, Q#bTK@yjeyyedd
2iiTh,ff? HO@ Q#bTKX++b/X+M bX7 fQ#bTK@yjey

am#KBii2/ QM 3 J "~ kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M


https://hal-obspm.ccsd.cnrs.fr/obspm-03600677
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Nakamuraet al. Earth, Planets and Space (2021) 73:227

hitps://doi.org/10.1186/s40623-021-01546-6 O Earth, Planets and Space

FULL PAPER Open Access

®

Science operation plan of Phobos pas

and Deimos from the MMX spacecraft

Tomoki Nakamut&®, Hitoshi IkedaTorukKouyamd, Hiromu NakagavaHiroki KusaftpHiroki SensRu

Shingo KamedaKoji Matsumotd® Ferran Gonzalez-Franqfedtoya OzakiYosuk@aked, Nicola Bare$

Yusuke OFkjDavid J. LawrendgNancy L. Chalddt Patrick N. PeplowSkiMaria Antonietta Barut<i
Eric Sawyét, Shoichiro Yokoth Naoki TeradaStephan Ulamét, Patrick Mich¥] Masanori Kobayaghi
Sho Sasal¢j Naru Hiratd, Koji WadaHideaki Miyamot8, TakesHimamurd® Naoko Ogawld

Kazunori Ogawd Takahirtwata, Takanémadd®, Hisashi Otak® Elisabet CanaltdsLaurence Lord3
Simon Tardivé&l, Stéphane Mat$; Makoto Kunudfi, Seiji Mitsuhashij Alain Doressoundirafn

Frédéric Merliff, Sonia FornastérJean-Michel Reé&Pernelle BernatdiShigeru Im&, Yasuyukto??,
Hatsumi Ishid, Kiyoshi Kuramatband Yasuhiro Kawakatsu

Abstract

The science operations of the spacecraft and remote sensing instruments for the Martian Moon eXploration
mission are discussed by the mission operation working team. In this paper, we describe the Phobos obser

system. In the Phobos observation, the spacecraft will be placed in low-altitude quasi-satellite orbits on the
plane of Phobos and will make high-resolution topographic and spectroscopic observations of the Phobos s
from ve di erent altitudes orbits. The spacecraft will also attempt to observe polar regions of Phobos from a
dimensional quasi-satellite orbit moving out of the equatorial plane of Phobos. From these observations, we

Deimos observations, the spacecraft will be injected into two resonant orbits and will perform many ybys to
the surface of Deimos over as large an area as possible.
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Introduction et al. 2004), but none of the missions were fully success
e Martian Moon eXploration (MMX) mission aims ful. erefore, the MMX mission is de nitely di erent
to return samples from Phobos, one of the Martian sat from the previous missions in that it will mainly observe
ellites, and is now being developed by the MMX projectthe Martian satellites and will also collect and bring back
team organized by JAXA (Kuramoto et al. 2021). is samples to Earth.
mission is the third sample return mission by Japan,-fol e major di erence of MMX from the preceding Hay -
lowing Hayabusa (Fujiwara et al. 2006; Nakamura et alabusa and Hayabusa2 missions is that, unlike asteroids
2011) and Hayabusa2 (Watanabe et al. 2019) missionghat exist in interplanetary space as stand-alone objects,
e goal of the mission is to clarify the origin of Phobos the Martian moons orbit Mars, under the in uence of
and Deimos. rough the formation process of the Mar  Mars’ gravity. erefore, to observe the Martian moons,
tian moons, we can understand the formation process ofthe spacecraft must orbit Mars in the same way as the
the satellite systems of the inner planets and, if the moondViartian moons. In addition, the target bodies of Haya
formed by capture of primitive asteroids (Burns 1978) or busa and Hayabusa2, Itokawa and Ryugu, respectively,
a giant impact (Craddock 2011), the nature of the smallwere small bodies with a diameter of less than 1 km,
bodies that ew from the outer to the inner solar system. while the target bodies of MMX, Phobos and Deimos,
e MMX mission is designed to ful Il all mission objec- are larger than 10 km. erefore, when conducting close
tives and the mission requirements including operation observations of Phobos, it is necessary to put the space
requirements for instruments are detailed in Kuramoto craft into an orbit going around Phobos to obtain cen
et al. (2021). trifugal force to counteract the gravitational force and,
e spacecraft will be launched in 2024, inserted into therefore, cannot easily hover or stay at a Home Position,
Mars orbit in 2025, and stay in the Martian area for aboutas Hayabusa and Hayabusa2 did (Watanabe e2@l9).
3 years. It will perform scienti c observations of Phobos us, close observations of the Martian moons require
from low altitudes and select sample collection sites. e consideration of the gravitational e ects of both Mars
spacecraft will then land on the surface of Phobos,-col and the Martian moons, which is critically di erent from
lect samples, and return to Earth in 2029. Before enter the observations of small asteroids.
ing the orbit to return to Earth, the spacecraft will carry In this paper, we describe science operations for the
out a yby observation of Deimos, the other Martian close-up observation of Phobos and the yby observation
satellite. ere have been many space missions to Mars, of Deimos. As mentioned above, it is unprecedented to
and several spacecraft are still orbiting Mars for obser observe the Martian moons for a long period of time, and
vation such as Mars Express (Witasse et al. 2014). Sontbus it is important to describe properly how to establish
spacecrafts observed Phobos and Deimos as a secondahe operation policies of the spacecraft and how to plan
objective (Duxbury et al2014). On the other hand, only spacecraft orbits and corresponding scientic obser
a few missions have tried to observe Phobos as a maivations. We hope that this paper will serve as a guide
target, such as Phobos-1 and Phobos-2 in 1988 (Sagde&hen planning long-term observations of small satellites
and Zakharov 1989) and Phobos-Grunt in 2011 (Marovaround large planets in the future.
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Fig. 1 Current scienti c operation plan for Phobos (Phase 1 to 4) and Deimos (phase 5). Two times touch down on near side and far side of the
moon are planned in phase 3, but the time and locations are tentative. Mars observation will take place mainly in Phase 4 and 5 together with
Phobos and Deimos observation. Top panel indicates solar latitude (NSO, S25, and NZh m2anand 25°, respectively) and eclipse
duration in minutes by Mars (orange) and Phobos (blue). For eclipse duration estimatéspeb®B@ssumed. In between the top and botto
panel, type of QSOs (H, M, LA, LB, LC, avytBBx will be performed in corresponding time period are described for the rst 1.5 years (QS
allocation for the last 1.5 years are not yet determined). The allocated peridd f téDtative. Bottom panel indicates solar conjunction peria
(Grey) and the distance between Phobos and Earth (purple line in au) and Sun-Earth-Mars angle (greenchedégutCoO QSB, M QSM,
LAQSGLA, LB QSIB, LQSOGLC, 3D-M 3DSO0, LSS landing site selection, TD touch down, Sci Obs scienti ¢ observation for Phobos, DM yby
Deimos yby observations

a U=

Overall scienti ¢ operation and observation plan gradually expand the orbital radius starting from the
e spacecraft will stay around Mars for 3 years, from Phobos orbit, and thus a good opportunity to observe
September 2025 to September 2028. Figdrshows the Deimos will come on the way.
overall operation plan of the spacecraft for 3 years. Five Solar conjunctions will occur in January 2026 and
science observation phases are de ned in consideraMarch 2028 during the 3-year stay around Mars (Fify.
tion of important operational events and arrangement bottom). For about a month around the conjunction, the
of Phobos, Mars, and Earth. Phase 1: initial checkSun-Earth-Phobos angle will be less than a few degrees
out of instruments and initial observation of Phobos; (Fig. 1 bottom), making communication with Earth dif
Phase 2: phobos proximity observation to select land cult. erefore, the spacecraft will be placed into a
ing sites; Phase 3: two landings on Phobos and rovehnigher altitude to escape the eclipses during this period.
delivery to Phobos; Phase 4: science observations difi addition, Mars will reach the equinox in November
Phobos and Mars; Phase 5: science observations @025, and then reach equinoxes in every half-year (about
Deimos and Mars. e reason for landing in Phase 3 is 11 months) cycle of Mars. Before and after equinoxes, the
that the Earth-Phobos distance is minimum (shortest spacecraft will be in the shade behind Mars and Phobos
communication time) and the Sun-Phobos distance is(eclipses), because it orbits near the equatorial plane of
maximum (lowest Phobos surface temperature: Fiy. Mars (see Observation orbits from the vicinity of Phe
bottom) in this phase. e reason why the observation bos’ section for details). In addition, since the direction
of Deimos was set in Phase 5 is that when putting theof the rotation axis of Mars is almost coincident with that
spacecraft into the Earth return orbit, it is necessary toof Phobos, the position of the Sun as seen from Phobos
(solar latitude) becomes equatorial (0 latitude) at the time
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Table 1 QSO characteristics

QSO Size Period (Phobos  Period (inertial Day/night side Polar angle at min Polar angle at
xed) frame) duration time distance (°) max distance (°)
QSGH 100 km 198 km 7.59 h 32 days 16 day 10 5
QSGM 50 km 94 km 7.13h 4.3 days 2.1 days 21 11
QSGLA 30 km 49 km 5.76 h 243 h 12h 35 21
QSOLB 22 km 31 km 4.40 h 11.5h 5.8h 50 33
QSsaLC 20 km 27 km 3.97h 9.3h 4.7h 54 39
200
(a) —QSO-H (b) (c)
QSO-M
150 QSO-La
—QSO-Lb
100 QSO-Lc
20,
507 Mars E 0
§ 0 N -20 T
> =
_50 ! el
-100
-150
-40 0 40
-200 - x [km]
-200 -100 0 100 200
x [km]
Fig. 2 Observational orbits around Phobos. a Five QSOs are drawn in the Phobos xed frame with Phobos at the center, in plaighithe xy
the Phobos orbital plane and the negative x axis direction is the direction to Mars. Phobos—Mars direction is xed so that Phobos does|not rotate
in the gure, because of the tidal locking. Characteristics of each QSO are shown in Tab@SD Iw&b xgimension of 50 km 100 km and
height from the equatorial plane of Phobos of20 km.c The same 3QSO viewed from z direction

of the Martian equinoxes. e solar latitude then moves of angle will be very high, which is ideal for observation
up to 25° to the southern or northern hemisphere side of the southern hemisphere but induces low sun eleva
between equinoxes (Fid. top). We de ne here the solar tion for observation of the northern hemisphere.
latitude ( angle) to describe the position of the Sun: if In this paper, we describe the Phobos observations
the Sun is the zenith of northern or southern hemisphere, operated in Phases 1 and 2, and the Deimos observa
then >0 or <O, respectively. If the Sun is the zenith of tions in Phase 5. e observation plan for Phases 3 and
the equator, then 0. 4 is currently under consideration and will be completed
Some instruments require sun illumination on the within 1 year. Mars observations are described in the
observed areas to acquire clear images and good signatbmpanion paper (Ogohara et al. 2021).
noise spectra, and consequently the sun elevation on
Phobos ( angle) has a major impact on planning obser Observation orbits from the vicinity of Phobos
vations. Low absolute values of angle, i.e., close to OFor Phobos observation, the spacecraft will orbit around
are favorable for the observation of both northern and Mars like a Martian moon and trace out periodic retro
southern hemispheres, while high absolute values ( >0grade ellipses around Phobos known as quasi-satellite
or <0) favor the observation of only one hemisphereorbits (QSO). e plan includes ve QSO orbits with
but restrains the possibility to observe the pole areas ofli erent altitudes from Phobos, dened as QSO-H,
the other hemisphere. e rst Phobos observation from -M, -LA, -LB, and -LC in decreasing order of altitude.
October 2025 in phasel will be performed from orbits e characteristics of each of the ve candidate QSOs
with low absolute values of angle, which is ideal to get ais tabulated in Tablel and Fig.2a (details of the QSOs
global mapping of both hemispheres. On the other hand,for the MMX mission are described in Baresi et &020;
during low altitude orbits in phase 2, the absolute valuesPushparaj et al. 2021; Chikazawa et al. 2021). In all ve
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of the QSOs, the spacecraft orbits in the equatorial plane
of Phobos. e lower the altitude of the spacecraft, the
greater the gravitational in uence of Phobos. erefore,
at the lower the altitude of the QSO, the orbital period
of the spacecraft around Phobos becomes shorter, and &
the same time, the speed of the spacecraft relative to-Phg
bos’ surface becomes faster (Taldle e orbital period
gives an indication of the necessary time to perform a full
longitudinal coverage for global mapping.

Figure 2 shows di erent QSOs in a rotating reference
frame centered on Phobos and such that the x-axis ig
constantly aligned with the Mars-Phobos direction. It fol
lows that the direction of Mars is to the left of this gure.
In addition, the Martian moons, like the Earth’'s moon,
always face the same direction to Mars (a phenomenor
called tidal locking). erefore, in Fig. 2, where the Mars
direction is xed, Phobos does not rotate. All QSOs are
elliptical: on the Martian and anti-Martian sides of Pho
bos, the altitude of the spacecraft is minimized and the
ground speed is maximized at the same time. erefore,
at the same QSO, the sub-Mars and the anti-Mars side
can be observed and characterized at higher resolution.

On the other hand, the closer the spacecraft comes
to Phobos, the higher is the viewing incidence angle on
high latitude areas. Consequently, polar observationg
are not possible from equatorial low altitude QSOs and
reachable latitudes decrease when the spacecraft come
closer. Phobos polar angles with the altitude are showr
in Table 1. For instruments with a narrow eld of view,
latitudinal mapping is realized by cross-track o sets of
the spacecraft attitude with respect to the Phobocentric
pointing. To observe the polar regions with lower polar
angles, the spacecraft must move north or south from the
equatorial plane of Phobos. For this purpose, the QSO-M
orbit is gradually tilted to be oblique to the equatorial
plane of Phobos. Figur@b, ¢ show the orbits obtained
in this way (hereafter called 3D-QSO0). Using this orbit,
we can observe the polar region with high resolution and
re ne the shape model of the Phobos. e timing and
period of the 3D-QSO observation is tentatively allocated
in the second eclipse period (Fi¢.top) because 3D-QSO
can largely escape the eclipse e ects.

Figure 3 illustrates the same QSOs orbits in an iRer
tial coordinate system centered on Phobos. Here, sur
is located on the left side, indicating that the left side of
Phobos corresponds to the day side. Contrary to the iflus
tration in Fig. 2, Phobos rotates at the center of Fig.
Using these diagrams, we can tell at a glance whether th
spacecraft is on the day side or the night side of Phobos
Many instruments will observe only the day side of the
Phobos, and thus this diagram will make it easier to plan
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Fig. 4 The occurrence of occultations in a @3@ 12 days, b Q9®in 1 week, and ¢ Q4@ in 1 week. Blue periods indicate the time when
communication from Japan is possible, and gray indicates the time when the spacecraft stays on the night side of Phobos. The red and black
periods indicate the occultations by Mars and Phobos, respectively

the scienti ¢ observations. For example, in the case ofat the leading side and trailing side in the Phobos xed
QSO-H, the spacecraft will stay on the day side of Phobosoordinate system. To minimize the e ect of the eclipse
for 16 days before moving to the night side of the Phoboshy Mars and Phobos, it is necessary to make an observa
and will remain in the night side of Phobos for another tion plan to avoid the low altitude operation (QSO-LA,
16 days (Fig3a and Tablel). It follows that the obser -LB, and -LC) in the season when the long eclipses occur.
vation at QSO-H must be concentrated on the 16 days In addition to eclipse, another geometric condition to
on the day side. e period of the spacecraft's day/night consider is occultation. During this period, the spacecraft
cycle di ers from orbit to orbit depending on the altitude is not visible from the Earth because it is blocked by Mars
of MMX (Table 1). e lower the altitude, the shorter the or Phobos, thus limiting the communications between
day/night cycle. the Earth and the spacecraft. Figurke shows the occur
One of the characteristic geometric conditions that rence of occultations in some QSOs. In the gure, the
should be considered when observing from the vicinity red and black periods indicate the occultation by Mars
of Phobos is eclipses by Mars and Phobos. During thesand Phobos, respectively. It can be seen that both Mars
eclipses, the spacecraft will stay in the shadow behincand Phobos occultations occur frequently in lower alti
Mars or Phobos. Long eclipse periods reduce the powetude orbits (Fig.4). As described above, unlike asteroid
generation of the spacecraft’s solar panels, which has abservations, Martian moon observations have many
signi cant impact on the spacecraft’s operation. ere  additional constraints to be considered when optimizing
fore, long eclipse periods must be avoided. e dura scienti c observations.
tion of a single eclipse by Mars is less than 1 h, but the Figure 5 shows the position of the spacecraft relative
duration of the eclipse by Phobos depends on the orbitato the Sun, Earth, and Mars centered on Phobos. In the
shape in the inertial coordinate system (vertical scale ofactual observation of Phobos from the QSO, only the
Fig. 1 top), and it varies depending on the periods thatday side of Phobos is observed except for some instru
the spacecraft stays in the Phobos shadow areas {Chments such as MEGANE. On the other hand, the space
kazawa et al. 2021). Particularly, during the low alti craft needs to be oriented to the Earth periodically to
tude operations, the long duration of eclipse (more thantransmit scienti c data and spacecraft telemetry infor
10,000 s) occurs when the inner cycloidal shaped circlanation. e direction of the Earth varies within a range
overlaps with the shadowed areas (F8). e circles cor - of 40° relative to the solar direction during the space
respond to the regions of slow relative velocity locatedcraft's QSO stay. It is also desirable to observe Mars in
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Fig. 5 The position of the spacecraft, Sun, Earth (blue), and Mars (red) in an inertial coordinate system centered on Phobos. QSOs corresponds to
those in Fig. 3. Phobos-Sun direction is xed

Table 2 MMX remote sensing apparatus

G-, N-ray Visible camera Multi (7)-band  LIDAR Near-infrared Mass Dust counter
spectrometer camera spectrometer  spectroemter
Name MEGANE TENGOO OROCHI LIDAR MIRS MSA CMDM
Wavelength Gamma-ray: 0.45-0.65 pm 390 nm, 480 nm, 1.064 pm 0.9-3.6 pm
range 200 keV-10 MeV 550 nm, 650 nm,
(0.12-6.2 pm), 730 nm, 860 nm,
neutron-ray: and 950 nm
20-7 MeV
FOV -ray: Nadia ~0.7° > ~60° 0.5 mrad 3.3°0.35 mrad 2-pi sr pi sr
(0°) 45°(cone),
neutron-ray: 2
iIFOV (pixel size) 5.9 rad 0.44-0.46 mrad 0.35 mrad
Panel and direc-  Z panel Z panel Z panel Z panel Z panel Z panel X panel
tion of FOV Z direction Z direction Z direction Z direction Z direction Z direction X direction
Objectives Major element  Surface morphol-Visible spectra Re ectance at  Hydrous mineralsPickup ion Interplanetary
composition ogy 1.064 pm dust
Neutron, hydre  Craters 0.65 eature (Phase angle 0°) Organics Re ectance ion Mars dust ring
gen

between Phobos observations (especially while the spaceotation. As mentioned above, the time for the spacecraft
craft is on the night side of Phobos: Ogohara et2021). to circle the day and night side of Phobos depends on the
Phobos rotates with a rotation period of 7.66 h, and thealtitude of the QSO (Table 1 and Fig. 3).

spacecraft orbits Phobos in the opposite direction of its
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Fig. 6 a Coverage and geometric (spatial) resolution of MIRS mapping froid @St 2025 ( 10°). The resolution at equator is better than
high latitude regions because Q${0s on the equatorial plane. Areas in white cannot be observed because of spacecraft’'s equatorial trajectory
and Phobos at shape on the poles. Areas with the spatial resolution above 200 m are not displayed. Note that the map was calculated jwithout
considering the masking of facets by local topology: areas with longitude ardis@i and 150° and latitudeB0° as well as the areas with
longitude around 150° and latitude 80° are actually masked and cannot be observed. Percentage of surface covered at resolution better than 100 m
is 98% for areas within30° latitudes and 73% for all areas, at resolution better than 40 m is 28% for area8@fitatitudes and 16% for all
areas, and at resolution better than 30 m is 0% for areas wabfratitudes and 0% for all areas. b Percentage of Phobos surface covered as a
function of phase and sun incidence angles with observation in a. Blue lines indicate percentages for surfa8@watitndes, while red lines
for whole surface

Scienti ¢ observation plan for Phobos the distance between the spacecraft and Phobos and to
by individual apparatus in Phase 1 and 2 observe the topography of the Phobos surface (Senshu
We have seven major scienti ¢ instruments onboard the et al. 2021). In the following sections, we introduce the
MMX spacecraft (Table2). MMX near-infrared spee scienti c operation plans for individual instruments at
trometer (MIRS) equipped with a scanning mirror to dierent QSOs.

follow the along-track direction of 20° capacity will  As for the XY, and Z panels of the spacecraft (Tal2g
obtain re ectance spectra with a wavelength range fromthe X or X panel faces the direction of travel of the
0.9 to 3.6 um to characterize surface minerals of Phobospacecraft in the QSO. e Y panel faces the vertical
and Deimos (Barucci et al. 2021). Observation of surfaceouth or north direction of the QSO orbit plane when
Re ectance by Optical Chromatic Imager (OROCHI) is X or X panel faces moving direction, respectively.
composed of seven wide-angle bandpass imagers witte Z plane points toward the gravitational center of
center wavelengths of 390 nm, 480 nm, 550 nm, 650 nmthe phobos in QSOs. Most of the instruments are in the
730 nm, 860 nm, and 950 nm (Kameda et al. 2021), and Z plane and are oriented toward the phobos from the
the main objective is to acquire spectral mapping. Tel QSO. Among the major instruments, only CMDM is
escopic Nadir Imager for Geomorphology (TENGOO) in the X plane, and its eld of view is also in the X

is a visible telescope camera that obtains high resolutiordirection (Table 2).

images to reveal the geomorphological feature of Phobos

and Deimos (Kameda et al. 2021). Mars-moon Explora MIRS

tion with GAmma rays and Neutrons (MEGANE) is a QSO-H

gamma-ray and neutron spectrometer that measuresOne of MIRS objectives is to provide a spectral map
major element composition of Phobos (Lawrence et al.ping as global as possible to determine Phobos’ surface
2019). Mass Spectrum Analyzer (MSA) is a mass specomposition and thermal inertia. Considering MIRS
trometer whose main objective is to estimate ux ratios cross-track eld-of-view of 3.3° and maximum Phobos
of secondary ions from Phobos’ surface sputtered bypolar angle from QSO-H of 10° (Tablg), three complete
solar wind (Yokota et al. 2021). Circum-Martian Dust longitudinal coverages are necessary to obtain a global
Monitor (CMDM) is a dust counter to detect interplan  mapping, one with each of the cross-track angles 3°,
etary dust and any Mars dust ring (Kobayashi et al. 2018)0°, and 3°. Settings of current QSO-H are such that Sun-
Laser Imaging Detection and Ranging (LIDAR) uses &Phobos-Spacecraft angle is below 90° (i.e., spacecraft is
laser beam with a wavelength of 1 micron to measurgocated in dayside) for the rst 16 days, allowing Phobos
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Fig. 7 a Coverage and geometric resolution of MIRS mapping frorMIB®lov. 2025 ( 3°). Areas in white cannot be observed because
of MMX equatorial trajectory and Phobos at shape on the poles. Areas with resolution above 200 m are not displayed. Note that the map was

calculated without considering the masking of facets by local topology. Percentage of surface covered at resolution better than 100 m is 99% for
areas within 30° latitudes and 85% for all areas, at resolution better than 40 m is 94% for area8@fithtitudes and 64% for all areas, at
resolution better than 30 m is 78% for areas witl88° latitudes and 49% for all areas, at resolution better than 20 m is 38% for areas withjn 30°
latitudes and 22% for all areas, and at resolution better than 10 m is 0% for area8@tlatitudes and 0% for all areas. b Percentage of Phobos

surface covered in function of phase and sun incidence angles by observation in a

observation except during Earth communication slots QSO-M
and during Phobos eclipses by Mars. For QSO-M we consider that ve complete longitudi

e best conditions for a spectral mapping by MIRS nal coverages are necessary to obtain a global mapping
are met when the phase angle is around 10° and the locély MIRS, one with each of the cross-track angles 6,
solar time around 12 h (low solar incident angles are pre  3°, 0°, 3°, and 6°. We add one longitudinal coverage to
ferred). To assess the best achievable performances, takover cross-track angles 9° and 9° but only on half of
ing into account the spacecraft orbits, Phobos shape, timghe longitudes (around longitudes 0° and 180°) where
dependent system constraints, and MIRS eld-of-view, Phobos polar angle is maximum. Figur& shows that
we calculate for each facet of a detailed Phobos shaparound 90% of Phobos surface could be covered with a
model the observation opportunity with the phase angle phase angle close to 10°. is value is better than that
closest to 10°. To maintain a good geometric resolution,for QSO-H because of solar latitude is closer to O degree
we limit the scan range of the mirror for the along-track for QSO-M (Fig.1 top). 50% of Phobos surface could be
amplitude of MIRS line of sight to 3° (compared to the covered with a sun incidence lower than 45° [this could
20° capacity). be even lower (20°) for latitudes within 30°]. Sun indi

QSO-H could be the opportunity to get a rst global dence angle increases with the absolute value of the lati
mapping of Phobos, with most of the areas within 30° tude, because the absolute value of solar latitude ( angle)
of latitudes covered with 100 m resolution (Fi§a). Rese is low at the time of this QSO-M (Figl top). Figure7a
lution is best for areas around 0° and 180° of longitudeshows that high resolution coverage could be satis ed
as the spacecraft closest approach to Phobos. Most afiith 38% of areas within 30° latitudes covered at geo
the South pole is not covered as it is very at and conse metric resolution of 20 m or better.
quently di cult to observe from an equatorial orbit. Fig In addition to global mapping, the main objective
ure 6b presents the percentage of Phobos surface covereaf this rst QSO-M in the period from November to
(within ~ 30° latitudes and all latitudes) as a function of December 2025 (Figl top) is to observe the 50 landing
the phase and sun incidence angles. We see that arounsite candidates early enough to guarantee all their char
70% of Phobos surface could be covered with a phasacteristics are transferred to the Earth before the solar
angle close to 10°. Low sun incidence values have a posionjunction during December 2025 and January 2026
tive impact on signal to noise ratios and we can see thafFig.1 bottom) so that a selection process can be applied
50% of Phobos’ surface could be covered with a sun-incito de ne the 20 best candidates that will be observed in
dence angle of lower than 40° [this could be even lowegreater details during QSO-LA in the period from Feb
(30°) for latitudes within 30°]. ruary to March 2026 (Figl top). Data volume, data rate



Nakamura et al. Earth, Planets and Space (2021) 73:227 Page 10 of 27

(a) (b)
~1km
~1km

MIRS

TENGOO

OROCHI
Fig. 8 a Conceptual diagram showing eld of views for the simultaneous observation of a landing site candidate ft#b@EENGOO,
OROCHI, and MIRS ( eld of views are not in precise scale). The area of abdukrh kvill be observed continuously by TENGOO and MIRS,
and imaged once by OROCHI, and the north—south areas not covered by TENGOO will be imaged in another rotations. b The maximum and the
minimum ground speed of Phobos surface relative to the spacecraft at various QSOs. The maximum speed is achieved when the spacgcraft is at
sub-Mars and anti-Mars position, while the minimum speed is at leading and trailing position

Fig. 9 Coverage and geometric (spatial) resolution of MIRS mapping from/ Q&P QSOB (b), and QST (c). Areas with resolution above
200 m are not displayed. a At QIS percentage of surface covered at resolution better than 100 m is 99% for area8@ftldtitudes and

85% for all areas, at resolution better than 40 m is 99% for areas B@hiatitudes and 75% for all areas, at resolution better than 30 m is 98% for
areas within 30° latitudes and 70% for all areas, at resolution better than 20 m is 92% for area8@fithtitudes and 58% for all areas, and at
resolution better than 10 m is 37% for areas witl80° latitudes and 21% for all areas. b Atk @ercentage of surface covered at resolution
better than 100 m is 92% for areas withBO° latitudes and 67% for all areas, at resolution better than 40 m is 92% for areas within 30° latitudes
and 63% for all areas, at resolution better than 30 m is 91% for areas 3@thiatitudes and 61% for all areas, at resolution better than 20 my|is
90% for areas within 30° latitudes and 56% for all areas, and at resolution better than 10 m is 75% for area@0¥itdtitudes and 43% for all
areas. ¢ At QSICC, percentage of surface covered at resolution better than 100 m is 79% for area8@ftlatitudes and 54% for all areas, at
resolution better than 40 m is 79% for areas witl80° latitudes and 52% for all areas, at resolution better than 30 m is 79% for areas withjn 30°
latitudes and 50% for all areas, at resolution better than 20 m is 79% for areas3@ithatitudes and 48% for all areas, and at resolution better
than 10 m is 71% for areas withiB0° latitudes and 41% for all areas
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Table 3 Observation conditions at four representative sites feo 10°. For sun incidence, 50% of surface within 30° lati

phase angle closest to 10° tudes could be covered with an angle below 25° for QSO-
Site location QSO Resolution® Phase  Sun Local LA and 30° for QSO-LB and LC.
(deg, deg) (m) angle incidence solar On QSO-LA, landing sites candidates can be observed
) ) time (h)  \ith excellent resolution (better than 20 m) as 92% eov
Lon 0° LA 7 16 38 12 erage of 30° latitudes (Fig9a). On QSO-LB, resolution
Lat 10° LB 4 13 39 12 is improved to be better than 10 m as 75% coverage of
lc 3 12 33 12.9 area within  30° latitudes. However, for areas around
Lon 0° LA 6 30 23 11.7 0° and 180° longitudes, MMX is too close to Phobos to
Lat 10° LB 4 38 25 12.3 reach 30° latitudes (Fig9b). On QSO-LC, percentage
lc 3 35 22 12.9 of 30° latitudes covered with 10 m or better resolution
Lon180° LA 7 15 48 12 decreases with respect to QSO-LB due to the limitation
Lat 10° LB 4 11 49 12.2 of the visibility of high latitudes around 0° and 180° longi
lc 4 10 47 11.4 tudes (Fig. 9c).
Lon180° LA 7 29 9 12 In Table 3, we present for four sites (towards and
Lat 10° LB 4 37 8 12.2 opposite to Mars and latitudes 10°) the observation
lc a4 31 13 119 conditions for the opportunity with phase angle closest

to 10°. We observe the phenomenon described above
with higher sun incidence and lower phase angle on the
north hemisphere and the opposite on the south hemi

transmission and duration of Earth communication slots SPhere. To evaluate the variations of phase angle and
will drive the capacity to perform the selection in due surface temperature for precise determination of spec

@ Resolution by MIRS

time. trographic and thermal inertia characterization, each site
will be observed with several couples of phase angle and
QSO-Ls (QSO-LA, -LB, and LC) local solar times, in addition to the best combination of

e main objective on these QSOs is to characterize the 10° phase angle and 12-h local time. To characterize the
landing site candidates as precisely as possible (8#). available couples, for 2 points located on longitude 0°,
e proximity to Phobos is an advantage for geometric and at latitudes 10° we calculate all observation oppor
resolution but it reduces the capacity to observe hightunities with a full along-track capacity of 20° provided
latitude area. Also, the lower-altitude orbit has higher by the MIRS scanner and a full cross-track capacity of
ground speed on Phobos (Figb) and in this case the  20° provided by the spacecraft. Figut@ represents in
MIRS along-track scanner will be used during observa the period of QSO-LB (Figl top) for each observation
tions to reduce the ground speed of MIRS line of sightoPportunity, the phase angle distribution as a function
projection on Phobos so that it is compatible with the Of the local solar time. We observe that: (1) phase angle
integration time. Solar latitude ( angle) during QSO-LA, is higher on south hemisphere; (2) for 12-h local time,
LB, and LC is negative (Fid.top), because in this period maximum reachable phase angle is around 40° on north
summer comes to the southern hemisphere. erefore, hemisphere, while it is 50° on south hemisphere, and (3)
from QSO-LA, LB, and LC, the best observation with from 15-h local time, minimum reachable phase angle
low solar incident and phase angle can be made for thdncreases. For all the observation opportunities of these
southern hemisphere, while high latitude areas in theareas on QSO-LB, geometric resolution is between 4 and
northern hemisphere are di cult to observe. 7m.

For the low altitude QSOs, we present in Fi§a—c
for each facet of a Phobos shape model the observatioBD-QSO
opportunity with a phase angle closest to 10°. AgainEven in the QSO-H and QSO-M on equatorial plane
along-track amplitude of MIRS line of sight is limited in (Figs.6, 7, 8), some parts of the north pole and most
that case to 3° to optimize geometric resolution. Space Parts of the south pole are not observable because of high
craft cross-track amplitude capacity is considered within Viewing incidence angles or the masking by surrounding

20° in the provided results. e percentage of Phobos topology. is phenomenon is signicant for QSO-Ls.
surface covered from QSO-Ls (Fig) is much fewer areas On the other hand, 3D QSOs (Figb, c) allows a better
can be covered with an ideal phase angle compared t§overage of the poles by reducing the viewing incidence
high and medium altitude QSOs (Fig$. and 7): 20% for angle at high latitudes. To achieve the visibility of all
QSO-LA and LB and 35% for QSO-LC of surface within Phobos surface, an evolution within 30 km of vertical

30 latitudes could be covered with a phase angle closé component in Phobos xed frame is required (Fig1).
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Fig. 10 QSGLB phase angle distribution as a function of local solar time for each observation opportunity for a landing site located at langitude 0°
and latitude 10° (in blue) or latitude 10° (in red)

e higher the evolution of the z component in Phobos signi cantly improve the geometric resolution of one of
xed frame, the lower the viewing incidence angle atthe polar regions: Figl2c, d shows comparison of geo
poles can be achieved: 3D-QSO z 50 km is better for metric resolution with the same angle (21°) and dif
viewing incidence angle than z 30 km (Fig. 1lc, d). ferentz values (z 20 km for Fig.12c and 30 km
e higher viewing angle can also reduce the geometric for Fig.12d), in which 3D-QSO with z 20 km is bet
resolution of higher latitude areas of both northern and ter in resolution of north pole areas. For 3D-QSO with
southern hemispheres (Fig. 11a, b). z 20 km, 47% of the latitudes above 30° are covered
e solar latitude for each QSO will depend on its time with a resolution of 40 m or better, while for 3D QSO
period or season (Figl top): again, to ensure a global with z 30 km, 31% of the latitudes above 30° are-cov
observation of high latitude areas of both hemispheres.ered with a resolution of 40 m or better.
low absolute values of the angles are recommended. As a consequence, one strategy (among others) with
is is illustrated on the Fig. 12a, b for the same 3D-QSO 3D QSOs is to have one high-3D QSO with a low
(z 30 km) with 2 values of angles: 5° and 21°, absolute value of angles to get a rst overview of both
in which the latter shows lower sun incident angles for poles and two low-ZBD QSOs with opposite high abso
north pole areas. On the other hand, to observe one ofute value of angles to get a detailed mapping of each
the poles (not both poles) with high resolution, lower pole. is strategy is also valid for TENGOO and ORGO
3D-QSO0s with lowerz-values and high angles would CHI observations.
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Fig. 11 a Geometric (spatial) resolution distribution of@BO with z 30 km and 5°. Percentage of surface covered at resolution better
than 100 m is 62% for areas withiB0° latitudes and 92% for all areas, at resolution better than 40 m is 29% for area8@fitatitudes and

71% for all areas, at resolution better than 30 m is 15% for areas @@thiatitudes and 54% for all areas, at resolution better than 20 m is 3
for areas within 30° latitudes and 25% for all areas, and at resolution better than 10 m is 0% for area30Xikkiitudes and 0% for all areas.
b Geometric (spatial) resolution distribution of @8O with z 50 km and 5°. Percentage of surface covered at resolution better than
100 m is 63% for areas withii30° latitudes and 92% for all areas, at resolution better than 40 m is 32% for area8®fitatitudes and 71%

for all areas, at resolution better than 30 m is 17% for areas va@tfitatitudes and 51% for all areas, at resolution better than 20 m is 1% for areas
within  30° latitudes and 16% for all areas, and at resolution better than 10 m is 0% for area30Xitiitudes and 0% for all areas. ¢ Viewing
incidence distribution of 3QYSO with z 30 km and 5°and d 3D-QSO withz 50 km and 5°

S

OROCHI and TENGOO to the TENGOO image that helps shape modeling, i.e.,
QSO-H which part of Phobos surface is imaged by TENGOO
Similar to MIRS, OROCHI observation aims to provide (Matsumoto et al. 2021).
a global spectroscopic mapping by seven cameras with e main objective of TENGOO observation at
di erent band-pass lters with su cient signal to noise QSO-H is to construct a detailed shape model of Rho
level (>100, Kameda et al2021) to understand visible bos at least within 30° latitudes. We limit latitudes to
spectral variation and material distribution of Phobos. 30° because the spacecraft can land only on the areas
Because OROCHI has a wide eld of view (Taldg each close to the equator. Since TENGOO has very high spa
image can cover from south to north polar regions from tial resolution (Table2), the pixel resolution of TENGOO
QSO-H and at the same time OROCHI observes Pho is better than 1 m even from 100 km distance, and thus
bos with a su cient spatial resolution similar to MIRS it can resolve a few-meter scale targets on Phobos sur
(Fig. 6a), because the two apparatuses have similar pixéhce. Due to the high resolution, the TENGOO's FOV is
size (Table 2). narrower than 1° (Table?), while the apparent diameter
OROCHI images will also contribute to spacecraft nav of Phobos from QSO-H will be 5-10°. erefore, lati
igation and orbit determination, i.e., spacecraft attitude tudinal scan observations by TENGOO are planned to
information can be obtained from the limb shape and/ cover a region within 30° latitudes on Phobos. Such
or the position of landmarks. If a wide-angle OROCHI the latitudinal scan observation has advantages to limit
image is simultaneously taken with a narrow-angle TEN observation local times and viewing angles on Phobos,
GOO image, it provides important context information which are essential for constructing a better shape model
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Fig. 12 Sun incidence angle distribution of a-@I30 withz 30 kmand  5°and b 3D-QSO withz 30 kmand 21°. Ina both poles
can be observed with high Sun incidence angles, while in b Sun incidence is lower on North pole but most of south pole cannot be observed.
¢ Geometric (spatial) resolution distribution of@BO with z 20 km and 21°. Percentage of surface covered at resolution better than
100 m is 58% for areas withii30° latitudes and 90% for all areas, at resolution better than 40 m is 47% for area8®itatitudes and 83%
for all areas, at resolution better than 30 m is 43% for areas vB@fitatitudes and 79% for all areas, at resolution better than 20 m is 32% for
areas within 30° latitudes and 69% for all areas, and at resolution better than 10 m is 4% for area30Xikaiitudes and 23% for all areas. d
Geometric (spatial) resolution distribution of@8O witz 30 km and  21°. Percentage of surface covered at resolution better than 100 m is
52% for areas within30° latitudes and 86% for all areas, at resolution better than 40 m is 31% for area80fithtitudes and 69% for all areds
at resolution better than 30 m is 21% for areas witlB@° latitudes and 54% for all areas, at resolution better than 20 m is 6% for areas within 30°
latitudes and 24% for all areas, and at resolution better than 10 m is 0% for area8@jtlititudes and 0% for all areas. Areas in white cannpt be
observed because of spacecraft equatorial trajectory and Phobos at shape on South pole. Areas with resolution above 200 m are not displayed

of Phobos. For the shape modeling, TENGOO plans tospatial resolution than that from QSO-H. is makes it
observe Phobos at least at three dierent local times;possible to connect OROCHI and MIRS spectra, and to
before, around, and after noon, such as 9.5 h, 12.5 h, andbtain continuous visible and near-infrared spectra of
14.5 h. For the local times of 9.5 h and 14.5 h, TENGOQeach region of Phobos for more accurate identi cation of
will observe Phobos surface with three dierent view materials on the surface.
ing angles to satisfy a better stereo condition. erefore, TENGOO will be used also for constructing the
during the period in which MMX will stay on the day detailed shape model, though it will observe only regions
side of Phobos in QSO-H (16 days in Taldlg TENGOO where TENGOO observation will not be enough in
will observe whole longitudes of Phobos and the range 0QSO-H (Matsumoto et al. 2021). To reduce data volume
30° latitudes with the seven di erent conditions (Mat and to match spatial resolutions of images observed in
sumoto et al. 2021). QSO-H and M, 2 2 pixels of a TENGOO image will be
merged. In addition, TENGOO will monitor a detail sur
face condition on Phobos, such as nding small boulders
QSO-M and craters with a spatial scale of 1 m. Because such small
For QSO-M, OROCHI will observe all latitudes of Pho objects can be recognized easily by their shadows and
bos simultaneously with the same geometric resolu their heights can be measured from the shadows, TEN
tion as MIRS (Fig.7) and acquire spectral data at the GOO will observe the Phobos surface with Sun incidence
same local time and phase angles as MIRS with a betteingle equal to, or greater than, 60° for this purpose.
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Table 4 MEGANE required measurements from low-altitude QSO observations

Measurement Global measurement of Phobos Measurements of the “red” and “blue”
units separately

Detection limit Relative precision ( 1)  Detection limit Relative
(%) precision
(1) (%)
H 100 ppm 20 100 ppm 33
o} 20 wt% 33
Mg 2 Wt% 33
Si 2 wt% 20 2 wt% 33
K 300 ppm 20 300 ppm 33
Ca 5 wt% 33
Fe 1.5 wt% 20 1.5 wt% 33
Th 150 ppb 20
A (average atomic mass) n/a 33 n/a 33
a (thermal neutron absorption) n/a 33 n/a 33
QSO-Ls while pixel sizes are 9 m and 7 m for OROCHI and MIRS,

For TENGOO and OROCHI, the main observation respectively, and thus exposure times are less than 1.3
objective on QSO-LA, LB, and LC is to characterizeand 1.0 s. for OROCHI and TENGOO, respectively.
topographic and spectral features of the landing sitetOROCHI can achieve SNR100, while for MIRS is dif
candidates as precisely as possible for safe landing on eult. As explained above, MIRS along-track scanner will
scienti cally important site. From the viewpoint of the be used during observations to reduce the ground speed
safe landing, TENGOO is the most important instru of MIRS line of sight projection on Phobos to achieve
ment because of its higher resolution to identify pos exposure time 2 s ( SNR>100).
sible hazardous objects on the surface of Phobos. At
20 km altitude which is a typical altitude of QSO-LA, MEGANE
TENGOO resolution is 12 cm/px while OROCHI has QSO-H
9 m/px. erefore, TENGOO can resolve <20 cm-scale During QSO-H, MEGANE will acquire measurements
boulders, craters, and regolith distribution from QSO- for the purpose of characterizing the gamma-ray and
LA and 10 cm-scale targets from QSO-LC. neutron background. ese MEGANE background
At QSO-LA, we plan to observe 20 landing site eéan measurements are planned to occur for a duration of
didates. As shown in Fig8, one candidate area will 15 days, both before and after MEGANE’s prime science
be observed simultaneously by TENGOO, ORO measurements in the lower-altitude QSO-LB and QSO-
CHI, and MIRS whose eld of view at 20 km altitude LC. e MEGANE background measurements will occur
is 0.4 km 0.3 km, 20 km 23 km, and 1.15 km 7 m, simultaneously with other science observations. At QSO-
respectively. Target area to be observed is 1 km which M, no speci c observation plan is scheduled.
can be covered with one OROCHI 7 color image, 3—4 TEN
GOO images (only in horizontal direction), and continuous QSO-Ls
observations by MIRS. We will conduct a longitudinal scanDuring the lowest altitude QSO phase of the MMX
observation by TENGOO again to Il the vertical direction mission, MEGANE will obtain gamma-ray and neutron
of 1 km 1 km area (Figl2) when the observation point measurements. ese MEGANE measurements will
comes nadir on the next pass. For each candidate site, twdetermine the composition of Phobos and will contrib
or three longitude scans by TENGOO are planned. ute to determining Phobos’ formation and to under
To obtain re ectance spectra with signal-noise ratios standing the processes that have aected the moon’'s
(SNR) of higher than 100, OROCHI and MIRS needssurface (Lawrence et al. 2019). e key measurements
exposure time of ®.1 s. and 2 s., respectively. At low to be obtained by MEGANE during the low-altitude
altitude QSOs, Phobos’ surface moves faster seen fror@SO phase of the MMX mission in 2026 are listed in
the spacecraft (Fig8b). is requires that the distance Table 4. In addition to the required measurements and
during one exposure should be less than one pixel size afelative precisions given in Tablé, MEGANE may also
the instrument. At 20 km altitude, the ground speed of provide measurements to determine the concentra
Phobos relative to the spacecraft is about 7 m/s (F8Q), tions of additional elements, listed with their detection
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Fig. 13 a Histograms of the altitude above Phobos’ surface. b Plot of cumulative time at or below a given altitude Blan@&3QC. Vertical
lines mark altitudes of 1.0 and 1.5 Phobos radius values, which are related to MEGANE'’s measurement requiteBn@)tan@QSICC (d)

altitudes as a function of Phobos latitude and longitude of thespabecraft nadir point, colored by altitude. The general latitude range of the
Phobos Blue Unit is marked with dotted lines. In all plots, the calculations take the irregular shape of Phobos into account, computing the radius of
Phobos at the sulpacecraft nadir point and ratioing it to the altitude to the surface at that same point

limits and relative precisions (1), if these elements 6.7 km to 16 km. Speci ¢ details and examples of MEG
are abundant enough on Phobos (Lawrence et al. 2019ANE’s expected spatial mapping that take into account
Na (2 wt%, 30%), ClI (0.15 wt%, 25%), and U (50 ppihe irregular shape of Phobos are shown in Chabot
90%). Overall, MEGANE'’s observations will result in aet al. (2021).

bulk compositional measurement of Phobos as well as Driving operational requirements for MEGANE to
mapping of compositional variations on the surface of obtain the sensitivity required for the measurements
Phobos at a scale that will distinguish Phobos’ “blue’listed on Table4 are the altitude at the time of MEGANE's
unit from the more dominant “red” unit. As a general observations and the total accumulated measurement
approximation, the spatial resolution of a gamma-ray time. Analysis of previously own gamma-ray instru
or neutron investigation is proportional to the altitude, ments and their resulting science measurements has
i.e., an altitude of 10 km yields a full-width at half- shown that cumulative measurement times o0 days
maximum spatial resolution of 40 km. In QSO-LC, at altitudes 1 body radius are required to ensure meas
the altitude above Phobos’ surface ranges from roughlyurements with su cient sensitivity to meet MEGANE's
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science measurement objectives (Peplowski 2016). e longitudes at low altitude, as shown in Fid.3c, d. In
neutron spectrometer measurements of MEGANE haveQSO-LB and QSO-LC, the majority of MEGANE’s cev
less strict altitude requirements than the gamma-ray erage is limited to latitudes of roughly 20°of the equa
spectrometer measurements, requiring altitudes.5  tor (Chabot et al. 2021), and Phobos’ polar regions will
body radius to meet MEGANE's neutron spectrometer not be measured by MEGANE. For both low-altitude
measurement objectives. Both gamma-ray and neutronQSO options, the “blue unit” is measured by MEGANE
spectrometer measurements are used in combinationat altitudes 1 body radius, which will enable the deter
to produce the compositional results listed in Tablé. mination of compositional di erences between the “red”
MEGANE's operational plan requires a 50% margin inand “blue” unit as detailed on Tablé. However, in QSO-
the total accumulated measurement time that is planned,LC, all longitudes are measured by MEGANE at altitudes
bringing this overall driving operational requirement to 1.5 body radius, enabling neutron spectrometer cem
be a plan that includes 15 days of total accumulated positional measurements across all Phobos longitudes,
MEGANE measurements at 1 body radius. such as H content, average atomic mass, and thermal
Both QSO-LB and QSO-LC oer opportunities for neutron absorption. is is a further advantage of obtain
MEGANE to acquire data at altitudes 1 body radius, as ing MEGANE measurements from the lower altitude
shown in Fig.13. In particular, QSO-LB enables observa QSO-LC option. Phobos’ irregular shape (Ernst et al.
tions at 1 body radius for 32% of its QSO, with a mini 2021) will also factor into the analysis of the MEGANE
mum altitude of about 0.6 body radius, and QSO-LC ismeasurements, such as the footprint on the surface and
at 1 body radius for 47% of its QSO, with a minimum the resulting mapping abilities, as discussed in Chabot
altitude of about 0.5 body radius. us, QSO-LC is much etal. (2021).
better suited for MEGANE to meet its science measure While MEGANE’s most important science require
ment objectives. If the MMX spacecraft only pointed ments given in Table4 will be achieved during this
nadir at Phobos all of the time, an unrealistic scenario,low-altitude QSO phase in 2026, future phases of the
it would take roughly 47 calendar days to achieve theMMX mission that achieve low altitudes may provide
required MEGANE total cumulative measurement time compelling opportunities for additional MEGANE sei
of 15 days at 1 body radius from QSO-LB. istimeis ence measurements. Such opportunities could include
reduced to 32 days to achieve a total cumulative measmeasurements during rehearsal or actual descents and/
urements time of 15 days at 1 body radius from the or ascents to the Phobos surface, during rover delivery
lower altitude QSO-LC. activities, and while the spacecraft is on the surface of
However, the MMX spacecraft will not always be Phobos. ese science opportunities beyond the low-akHi
pointed nadir during the time planned to be spent at the tude QSO phase could link the scale of MEGANE’s global
combined QSO-LB and QSO-LC phase. In particular, QSO compositional measurements and the samples to be
the need to keep direct sunlight o the instrument deck brought back to Earth by the MMX mission.
may lead to Phobos-pointed observations only oceur
ring on the Phobos dayside, which decreases the possMSA
ble measurement time for MEGANE by a factor of two. QSO-H
e spacecraft will also need to point away from Phobos e Mass Spectrum Analyzer (MSA) consists of an ion
nadir for uplink and downlink with Earth. If these Earth energy mass spectrometer and two magnetometers,
communications can be conducted when the spacecraftwhich measure velocity distribution functions and mass/
is over the Phobos nightside, that would not be an addi charge distributions of low-energy ions and the magnetic
tional loss of nadir-pointing time for MEGANEd. MEG  eld of the solar wind, respectively (Yokota et al. 2021).
ANE is mounted on the instrument deck of the spacesraft e MSA will perform in-situ observations of all the ions
and designed to obtain the required sensitivity of its sci going towards and coming from Phobos to investigate
ence measurements when pointed within 10° of nadir. Ifthe Phobos surface and related phenomena (e.g., space
the operations of other instruments require o -pointing weathering). Figurel4 schematically shows the MSA
beyond 10° of nadir, this would further reduce MEG observation in the Phobos-centric Solar Ecliptic ceor
ANE’s accumulated measurement time. dinates. e solar wind is the dominant source of ions
Given the lower altitude of QSO-LC in comparison to incident on the Phobos surface, while escaping ions from
QSO-LB, QSO-LC is best suited to achieve MEGANE'sthe Martian atmosphere reach there when Phobos is in
measurement objectives and provides more robust mar the tail or plume region of Mars. As for the ions from
gin against other o -pointing operations. Phobos, MSA will measure solar wind ions scattered at
Phobos’ irregular shape and the nature of QSO-LBthe surface and secondary ions from the surface sput
and QSO-LC result in uneven coverage of all Phobogered by the solar wind. It is expected that secondary ions
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Fig. 14 Observation con guration of MSA in the Pholoesiric Solar Ecliptic coordinates. The Phakagic Solar Ecliptic coordinate system has
the X-axis pointing from Phobos towards the sun, the Z-axis parallel to the ecliptic northern pole, and the Y-axis determine¢amétee right
system. In both panelsand indicate the magnetic and electric elds of the SW, respectively. The magnetometer measghitesis derived
from , where denotes the SW velocity nearly towards thé direction

sputtered by the solar wind, especiaMg , Si, Ca ,and secondary ions from Phobos is limited near the termina
Fe , maintain the surface chemical composition (Elphic tor (point B), while the direction of is another require
etal.1991; Schaible et al. 2017). In addition, the MSA hagnent. e information of s given by ,
opportunities to observe water-related ions generatedwhere and indicate the solar wind velocity and mag
from the Martian torus if exits. netic eld, respectively. Both of them are measured by
In the dayside of Phobos in the QSOs from the subsolathe MSA ion analyzer and magnetometers. Sinceis
point (point A) to the terminator (point B), the MSA that approximately in the X axis, is restricted to the YZ
has a hemispherical eld-of-view can measure both solarplane. When the spacecraft is around the terminator, the
wind ions and those scattered at the surface. It should béossibility of  directing from Phobos to the spacecraft
noted that the observation of the solar wind ions is oeca is below ~5% in the QSO-H. Assuming the direction of
sionally interrupted by the spacecraft’s structure depend is non-biased, the possibility is approximately given by
ing on its attitude. Even in the QSO-H, scattered solar , Where and denote the diameter of Phobos and
wind ions can reach the spacecraft, because they retaifpacecraft's altitude, respectively. e sputtering points
around 50% of the incident energies when being scatof the measured secondary ions can be traced back using
tered (Saito et al. 2008). e scattered ions are picked up estimated , though the spatial resolution is comparable
by the solar wind again and travel downstream of Pho to the spacecraft’s altitude.
bos. Moreover, some of them intrude the void region
(point C) that is shielded from the solar wind (Nishino QSO-M
et al. 2010). e MSA observation in the QSO-M is the same as that
Since the initial energy of secondary ions sputteredin the QSO-H, especially for solar wind ions. However,
from Phobos is negligible, they almost move along thethe opportunity of observing scattered solar wind ions
solar wind electric eld () to the spacecraft altitude and secondary ions from Phobos will increase as the
(Yokota and Saito 2005). us, the opportunity to observe distance between the spacecraft and Phobos decreases.
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Observations of scattered solar wind ions provide morechanges. In the case of dust particles smaller than 20 pm,
information about the ions immediately after their scat their eccentricities change so much that they collide
tering. e observation in the QSO-M increases the with the Martian atmosphere and would be lost from the
possibility of directing from Phobos to the spacecraft orbit within a short time (Ishimoto 1996; Hamilton 1996;
in the terminator to ~10%. e scattering and sputter  Krivov and Hamilton 1997; Liu and Schmidt 2020). At
ing points of the measured ions will be more accuratelythe position of Phobos orbit, we will be able to observe

determined as the altitude decreases. not only dust particles of Phobos origin, but also dust
particles of Deimos origin whose orbits have evolved to
QSO-Ls have their pericenters at or inside Phobos orbit.

In the QSO-LA, LB, and LC, the MSA will derive much

more information on the Phobos surface from the obser QSO-H and QSO-M

vation of scattered solar wind ions and secondary ionswWhen the orbit of the spacecraft is at QSO (almost the
from Phobos. e possibility of adequate to observe same orbit as Phobos in the Mars xed coordinate sys
secondary ions from Phobos in the QSO-Ls goes up taem), ring particles with orbits evolved from the Phobos
10 s % for the spacecraft around the terminator. us, the orbit will impact the spacecraft in the ram or wake direc
QSO-Ls will ensure the observation period especially fortion with velocities of less than 1 km/s (Krivov and Ham
secondary ions from Phobos. Moreover, the MSA obserilton 1997). e CMDM sensor is mounted on the X
vation in the QSO-Ls will provide the distribution maps panel of the spacecraft. erefore, we expect the CMDM
which divide the Phobos surface to several areas because detect more ring particles when its sensor is point
the spatial resolution of scattering and sputtering points ing in the direction of the ring particles’ arrival (the ram
reduces to around the spacecraft’s altitude. If there areor wake direction of the spacecraft). On the other hand,
electromagnetic e ects similar to those of the Earth’s when the CMDM sensor points to the apex of Mars, it
Moon, such as magnetic anomalies (e.g., Tsunakawaill detect interplanetary dust in Keplerian motion
et al. 2015) or surface charging (e.g., Stubbs et al. 20143round the Sun. e interplanetary dust and ring part
low-altitude observation of ions and magnetic eld with cles that exist as this background are distinguished by the
the MSA will reveal their associated phenomena (Saitoarrival direction.

et al.2012). e situation of the MSA observation in the According to theoretical studies (e.g., Ishimoto 1996;
3D-QSO0O is the same as that in the QSO-M because thédamilton 1996; Krivov and Hamilton 1997), the phase
ion observation is mostly determined by the spacecraft'of the peri- and apocenter in the orbit of ring particles
altitude and solar wind conditions. However, similar to around Mars depends on the size of the ring particles
other remote-sensing instruments, the MSA will obtain and varies with the seasons. erefore, when perform
an opportunity to observe ions scattered or sputtered ining in situ observations on QSOs, CMDMs may observe

the polar region of Phobos. changes in the ux of dust particles depending on their
orbital position. Since the spatial distribution of Martian
CMDM ring dust is very rare, to reveal its existence and distri

e CMDM consists of a sensor with a sensitive area of bution, the CMDM should be turned on as constantly as
1 m? and an electronics box, which measures the colli possible in any orbit to wait for dust particles to impact
sional momentum with which a dust particle impacts the sensor. Since the ring structure is much larger than
the sensor of the CMDM (Kobayashi et al. 2018) andthe dierence between QSO-H and QSO-M, no dier

its only observation mode is to wait for the signal from ence in the collision frequency of dust particles will be
the dust particles in orbit to collide with the sensor. e observed in either orbit.

main objective of the CMDM is to detect undiscovered

Mars-orbiting dust ring particles in place. According to QSO-Ls

theoretical predictions from previous studies (e.g., Ishi Compared to QSO-H and QSO-M, the distance to
moto 1996; Hamilton1996; Krivov and Hamilton1997), the spacecraft from the surface of Phobos is lowered
Martian dust rings would be formed as a result of theto about 10 km in QSO-L (Tablel). As mentioned
injection into Martian orbit of particles with initial veloe  above, there is continuous meteoroid bombardment
ities exceeding escape velocities out of ejecta released lpn the surface of Phobos, and this bombardment
meteoroid bombardment of the surface material of Pho should result in the existence of ejecta clouds. Such
bos (or Deimos). e freshly ejected dust particles orbit ejecta dust clouds have been observed in the vicinity of
Mars in a nearly Phobos or Deimos orbit. However, theGanymede (Krueger et all999) and the Moon (Hora
ring particles are perturbed mainly by solar radiation, nyi et al. 2015). Among such dust particles, those that
and their orbits evolve and their eccentricity gradually exceed the escape velocity of Phobos (about 11 m/s) are
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Fig. 15 Baseline delivery strategy of Rover which is released at 40 m high from the surface of Phobos. Red trajectory indicates spacecraft and blue
is rover

injected into the Martian orbit and become part of the surface. Because the beam divergence of LIDAR laser
rings, while those that do not exceed the escape velocis 0.5 mrad (Table?), the laser footprint size becomes
ity return to the Phobos surface. e collisions of the 50 m when the altitude of spacecraft is 100 km (QSO-
Phobos (or Deimos) surface with ring particles, onceH), and less than 10 m when the altitude of spacecraft is
ejected from the Phobos gravitational eld, may be the below 20 km (QSO-L). From QSO-H, LIDAR observes
most signi cant source of dust contribution (Sasaki the surface topography with spatial resolution of 50 m,
1999). Because of the existence of these dust particlesshich provide the global morphology such as cross-
CMDM may observe higher uxes during QSO-Ls than sectional view of Stickney and other large craters on

-H an -M. obos. Because observations are sensitive

SO-H and QSO-M Phob B LIDAR ob i iti
to the altitude change, E-W asymmetricity of craters

3D-QSO would be detected if present (see Hirata et al 2021).

In-situ observation of CMDM on 3D-QSO may reveal From QSO-M, the footprint size of LIDAR becomes
the distribution of dust particles in the thickness direc 25 m. With this spatial resolution the grooves on Pho
tion of the Phobos dust ring. e ring of Phobos is very bos (80-200 m width; Rosenblatt 2011; Basilevsky et al.
thin, and the amplitude of the tilt variation is as small 2014) can be resolved. e cross-sectional view of the
as 1° (Ishimoto 1996) that corresponds to about 170 kmgrooves will give us important information related
(or even smaller) at Phobos’ orbit. In 3D-QSO, the orbitto their origin and evolution. From QSO-L, LIDAR
of the MMX spacecraft has an inclination angle from observes the morphology of Phobos with a spatial-res
the equatorial plane, so it may be possible to see thelution of less than 10 m and thus can provide criti
latitudinal variation of the dust number density. is cal information on the landing site selection (Senshu
observation data can be used to discuss the thickness aft al. 2021). e height of boulders in and around the

the Phobos dust ring. landing site candidates will be obtained by the LIDAR
observations. At the same time, the compositional
LIDAR heterogeneity could be observed from the re ectance

e spatial resolution of LIDAR observation is
decided by the laser footprint size on the Phobos’
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Fig. 16 Rover delivery to the Phobos surface andigipt strategy

Table 5 Instruments on MMX rover

Instrument Type Measurement Responsible institution

NavCAM Stereo navigation cameras Local environment CNES (with LAM)
Multi-scale imaging
Path selection for driving

WheelCAM Two cameras imaging interSoil characteristics, strength, cohesion, grain <206 (@m) CNES (with ISAE-SUPAERO)
action of wheels with soil
RAX (Cho et al. 2021)Raman spectrometer Mineralogical composition, grain heterogeneity DLR (with INTA/Univ. Val-
adolid, JAXA/Univ. Tokyo)
MiniRAD Radiometer Thermal properties (temperatures, conductivity, capacity), poro§iyR

measurement by LIDAR. e re ectance is geometric e Rover will be released at an altitude of less than
albedo at 1 m wavelength because of phase angle o100 m (the current baseline scenario assumes 40 m:

the measurement is 0°. Fig.15) and free-fall without attitude control to the sur
face. After impact onto the Phobos surface at a speed
Rover and its deployment on Phobos less than 1 m/s, the rover is expected to bounce sev

e MMX Rover, a mobile surface science package, pro eral times until coming to a complete rest (Fid.6).
vided by CNES and DLR with contributions from Spain e exact sequence of the deployment of the locomo
and Japan (Michel et al. 2021; Ulamec et al. 2019) ifon system (i.e., unfolding of “legs” with wheels) will
planned to be delivered to the surface of Phobos duringupright the rover, independent of its original attitude.
a landing rehearsal of the main spacecraft. e rover will e scenario does have some similarity with MASCOT,
determine the physical and mineralogical properties ofthe small lander delivered to asteroid Ryugu as part of
the undisturbed Phobos surface material and the hetero the Hayabusa2 mission, which was also autonomously
geneity within the landing and roving area. Moreover, it uprighting itself after a short bouncing phase (Jaumann
will also observe the ow of the surface regolith on the et al.2019; Ho et al. 2021). After the Rover is positioned
wheels, and therefore will give precious information on on its four wheels, the solar generator is going to be
the dynamics of the regolith in the actual gravitational deployed, and the vehicle can start science operations
environment of the surface. e whole set of Rover meas after a short commissioning phase (Fi§6). Operations
urements will thus also support the main scienti c objec on the surface of Phobos are planned fod80 (Earth)
tives of MMX mission by providing data that can be useddays, and the timeline will be optimized, sharing peri
for preparing the landing sites of the main spacecraft asods of mobility (“driving”) and science measurements
well as the sampling procedure. with the four Pl-led instruments (see Tablé and
Michel et al. 2021 for details).
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Fig. 17 Flyby orbits for Deimos observations with Mars centered
Example sequence: from an orbit with 3/5 resonance to an orbit
with 1/1 resonance, before nally escape from Martian system.
With respect to a xed Mars, the Sun appears to rotate in the
counterclockwise direction and the spacecraft revolves in clockwise
direction

Fig. 18 Approximate achievable change in solar illumination
for the case of a single 3:5 resonant orbit (1 orbit sequence) or a
combination of 3:5 and 1:1 resonant orbits (2 orbits sequence) as a
function of time duration in month. The latter o ers di erent amount
of total change depending on how many are ybys performed at
each of the two orbits

Note that for thermal and power reasons, the rover
is sensitive to eclipses by Mars. us, a landing site on a lower ground speed resulting in higher spatial sampling
the far side from Mars is envisaged. e landing site of Deimos surface.
selection for the rover will take place in close alignment Deimos is tidally locked, meaning that it always pre
with the sampling site selection procedure, as similarsents the same face toward Mars. is is an aspect to con
products are required for both (high resolution images, sider in the design of yby orbits, because it constrains
detailed shape model, LIDAR data on surface rough the observable regions of Deimos. at is, the longitude
ness) and the rover delivery is planned to be performedof the closest approach upon a single yby is determined
at the location where the rehearsal for the rst MMX by the relative velocity between the two bodies, which is
touch down (possibly for TD1) is going to take place. determined by the chosen resonance. Additionally, the
synchronous motion between Mars and Deimos also
Basic strategy of scienti ¢ observation plan constrains the regions of the moon that are illuminated
for Deimos from yby orbits by the Sun, which aects the observation strategy for
Deimos observation can occur before insertion to Rho some of the instruments onboard.
bos orbit and after leaving it, which corresponds to phase Depending on the duration of the Deimos observations,
1 and phase 5, respectively (Fij. However, the current the change in the Sun’s position with respect to Deimos’
schedule cannot allow the spacecraft to use a long timeurface might be insu cient to observe di erent regions
for Deimos observations before insertion to Mars orbit. on the moon. is issue can be addressed using multiple
erefore, the main Deimos observations are planned resonant orbits. Since each resonant orbit intersects with
to be performed in phase 5 for approximately 4 months. Deimos twice (hamely, there is an outgoing yby and an
To minimize fuel consumption during this phase obser incoming yby), a combination of resonant orbits can be
vations of Deimos will occur via multiple ybys. No ren used where opposite yby intersection points are used, as
dezvous or landing operations on Deimos are planneddepicted in Fig17. is does not incur additional delta-V
For multiple ybys, the spacecraft will be placed on aas long as subsequent orbits are used in ascending order
resonant orbit that reencounters Deimos periodically of size because the spacecraft will escape from Mars in
(Fig. 17). roughout the trajectory to escape from any case. e dierence in true anomaly between the
Mars, the spacecraft will travel on a number of orbits intersection points, which varies contrary to the apparent
around Mars and crossing Deimos’ orbit periodically. € counter-clockwise rotation of the Sun, contributes to the
selected resonance determines the size of the orbit anéhange in the illuminated region of the moon. Di erent
the relative velocity between the spacecraft and Deimosorbits also provide dierent longitudes on Deimos sur
during each yby. A lower relative velocity translates into face at the point of closest approach. As seen in Hig,



Nakamura et al. Earth, Planets and Space (2021) 73:227 Page 23 of 27

Fig. 19 Spacecraft’s ground track of the rst yby on a 3:5 resonance orbit (a), the last yby on a 3:5 resonance orbit (b), and the last yby if a
change to a second 1:1 resonance is performed (c)

larger changes in true anomaly between yby points yieldlast yby if a switch to a 1:1 resonance orbit is performed,
larger changes in solar illumination angle but also meangespectively. Figurd 9b, c re ect the additional change in
larger orbits. e latter is not desirable because it implies sun’s direction obtained by making use of multiple reso
higher relative velocities during ybys; the scientic nant orbits instead of using a single orbit throughout the
observation of Deimos bene ts from low velocities dur sequence.

ing each passage instead.

For a duration of 4 months in phase 5 (Fifj.top), the
change in solar illumination is approximately 70°. is
change is e ectively re ected as the change in longitude
of the Sun’s direction on Deimos surface between the rst
and last yby. If we increase the period of Deimos obser

vation to include 7 months of Phase 4 (Fig.top), then _;:t‘wee rotations of Deimos around Mars. e relative

the phase durations becomes 11 months and a single 3velocity to Deimos surface at the closest approach is

resonance orbit provides an approximate change in the j oo
solar illumination of about 190°. If such an orbit is com 0.377 km/s. If we use a 1:1 resonance orbit (@), the

. . ] . spacecraft encounters Deimos with a 30-h interval with
bined with a larger 1:1 resonance orbit, the same chang(tane relative velocity of 0.855 km/s. e closest distance
can be obtained in a time period of less than 7 months. : : . o '

. . T to Deimos is adjustable: rst approach could be 1000 km
Additional combinations can be seen in Fig. 18. . L . .
. . o . away from Deimos, but with increasing times of ybys
ese changes in solar illumination are shown in o - . ;

. ! which improve the precision of orbits of both Deimos

Fig. 19a—c. ey show the spacecraft's ground track on

. . and the spacecraft, the spacecraft is able to come closer
the surface of Deimos for the rst yby in a 3:5 resonance . . .
. . : .~ to Deimos nally with 100 km distance.
orbit, the last yby in the same orbit, and an alternative

TENGOO, OROCH]I, and MIRS

TENGOO, OROCHI, and MIRS will observe Deimos
from yby orbit during the passage close to Deimos.
If we take a 3:5 resonance orbit (Fifj7), the spacecraft
encounters Deimos with a 90-h interval, equivalent to
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Fig. 20 MIRS geometric resolution (m) in function of time (s) for the 2 resonant yby trajectories with a 300 km closest approach. Red line shows
3:5 and blue shows 1:1 resonance orbit. The spacecraft is closest to Deitnhos at t J-'

FOVs at 100 km distance are 100 krhl5 km for  be close enough to have 500 m resolution, it varies from
OROCHI, 5.75 km 35m for MIRS, and 2.0 kmL.5km 2 h for the 3:5 trajectory down to 54 min for the 1:1 trajec
for TENGOO. erefore, only OROCHI can cover all of tory (Fig.20). Note that time during which Deimos-centric
Deimos illuminated area with single yby, but multiple pointing will not be maintained has to be subtracted to get
ybys are required for MIRS and TENGOO. It is pes the actual observation time.
sible to change the position of closest approach to the
northern or southern direction at every yby and thus MSA
the areas with wider latitude range can be covered with e situation is the same for the MSA in the Deimos
observation by both MIRS and TENGOO. yby observation as in the nominal Phobos observa

Spacecraft's relative velocity to Deimos will be quite hightion. e solar wind will be continuously observed by
at the closest distance, as shown above. e challenge isthe MSA, while those scattered at the Deimos surface are
that Deimos-centric pointing will not be maintained for measurable only in the neighboring dayside of Deimos.
several minutes before and after the closest approache requirements to observe secondary ions sputtered
because the required angular rate of the along-track direc from Deimos are that the spacecraft is around the termi
tion would exceed the capability of the spacecraft. For thenator, and that solar wind electric eld () directs from
case of the closest distance around 300 km, we represerideimos to the spacecraft. Smaller distance between the
the evolution of MIRS resolution as a function of time for spacecraft and Deimos e ectively increases the observa
the 3:5 and the 1:1 resonance yby trajectory in F@0. tion opportunity. When the spacecraft is downstream
At 300 km distance, MIRS can achieve 100 m resolutionpf Deimos against the solar wind, the MSA may observe
however, as stated above, Deimos-centric pointing willsecondary ions from Deimos, which are in the pickup
not be maintained several minutes before and after elos motions by the solar wind (e.g., Halekas et al. 2013).
est approach, the actual best achievable resolution will be
worse. If we consider the time during which distance will
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MEGANE orbit for more than 10,000 years, so the total number
e neutron spectrometer portion of MEGANE has the of dust particles in the entire torus is larger for Deimos
potential to acquire measurements during the Deimos (Krivov and Hamilton 1997; Liu and Schmidt 2020).
ybys phase, but whether such measurements are pessiHowever, particles of Deimos origin form a torus, and
ble depends strongly on the yby altitude as well as thethe structure of the Deimos torus is probably consider
number of ybys and the speeds. For example, ve-y ably larger than that of the Phobos ring. Depending on
bys of Deimos at 1 km/s with a 10-km closest-approachhow the Deimos torus extends, the number density of
altitude has been modeled to provide compositional dust in the Deimos torus could be smaller than in the
information about Deimos by the MEGANE neutron Phobos dust ring.
spectrometer that could be compared to Phobos (Law
rence et al. 2019). A comparison of the same neutron
spectrometer measurement for Phobos and Deimos byConclusions
MEGANE would enable important insight into the fun A detailed scienti c observation plan was developed for
damental nature of the two Martian moons and in par Phobos from various QSOs with di erent altitudes. e
ticular help address the basic question about whether theobservation plan became complex, as various factors,
two moons are compositionally the same or dierent. such as solar conjunctions, eclipses and occultations
us, while Deimos measurements by MEGANE would by Mars and Phobos, had to be taken into account. e
be challenging, this comparison of the two moons by theobservation period will be long enough to stay around
exact same measurement is highly compelling scienti Phobos for 2.5 years, but the actual observation period
cally. If after a few successful Deimos ybys, the closewill be shorter due to the e ects of conjunctions and
approach altitude of the spacecraft can be lowered, it iseclipses. Within these limitations, we have developed
possible that MEGANE can make this key measurement.an observational plan for Phobos that is su cient to
ful Il the scienti ¢ objectives of the MMX mission. On

CMDM the other hand, we are still in the process of develop
e spacecraft will remain at the orbit on the Mars’ equa  ing a detailed observation plan for Deimos. e general
torial plane during most of its stay around Mars. Accord plan is to insert the spacecraft into two resonant orbits
ing to Krivov and Hamilton (1997), during this period and conduct a number of yby to observe as much of
of observation, it is dicult to determine the thickness the Deimos surface as possible.
of the dust ring structure because the MMX spacecraft
never goes outside the Phobos ring, which is thought to bbreviat
be about 170 km thick. However, the spacecraft will pas MIST\)I/:aCIi?(r:ISm-Martian Dust Monitor; FOV: Field of view; LIDAR: Laser Detec-
through the outer edge of the Phobos dust ring on thetion and Ranging; MEGANE: Mars-moon Exploration with GAmma rays and
orbit from the Phobos orbit to the transfer orbit to the NEutrons; MIRS: MMX InfaRed Spectrometer; MMX: Martian Moon eXploration;
yby orbit to Deimos, which has a slighly larger orbital Sy 1258 Spect Anazer CROCH: optea Radmete composed o
inclination than Phobos. At that orbit, the CMDM in-situ  Medium; SNR: Signal to Noise Ratio; TENGOO: Telescopic Nadir Imager for
observations will determine the outer edge of the PhobosGeomorphology.
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