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Development of near- and mid-infrared imaging spectrometers for the Martian moon’s sample
return mission and next generation space projects
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We report the current design of near-infrared spectrometer for the MMX (Mars Moon eXploration)
mission, and also discuss near- and mid-infrared spectroscopy for next generation space projects
with advanced imaging technology. MMX spacecraft is scheduled to be launched in the early 2020s,
orbits Phobos and Deimos, and returns samples from Phobos back to Earth in the late 2020s.
Near-infrared spectroscopy is useful to understand the material distribution on Martian moons
(e.g., hydroxide minerals at 2.7 -2.8 um, hydrated minerals at 3.0 -3.2 um, and organics at 3.4
-3.4 um) and dynamics in Martian atmosphere (e.g. H20 at 2.5 -2.65 um, and pressure with C02
absorption at 1.2 -2.2 um). We proposed a near-infrared spectrometer NIRS4 for the MMX mission to
carry out the near-infrared spectroscopic measurement of the Martian moons Phobos and Deimos and
Martian atmosphere. NIRS4 is based on the NIRS3 on the Hayabusa-2 spacecraft, which has a fast
optics (F-number 1.4) with a long slit corresponds to a wide field-of-view (FOV) of 14.6 x 0.03
deg. NIRS4 covers the target area of 26 km length with 100 m spatial resolution looking from 100 km
altitude. It also achieves 20 m and 1 m spatial resolution, respectively, from altitudes of 20 km
and 1km. A grism is put in the collimating optics, and its wavelength resolution is ~ 1.5 to 3 nm
(R~650 to 1000). A 2D HgCdTe array (648 x 512 pixel, pixel size 15 x 15 microns, sensitivity range
1 -3.8 microns) is used as a detector. The detector and optical system are cooled down below 90 K
and 190 K with a Stirling cooler to reduce thermal noise. As an order sorter of dispersion light,
we put 1- 1.9 um (1°* order) filter on a half part of the slit, and 1.9 -3.8 um (2™ order) filter
on the other half of the slit. In this way, a half FOV (7.3 x 0.03 deg) with wavelength range of 1
-1.9 um is focused on a half side of 2D detector (640 x 256 pixel area), and the other half FOV
with wavelength of 1.9 -3.8 um is focused on the other half of the detector. The calibration lamp
is used to determine the absolute wavelength. An optical chopping system which periodically
interrupts an incident light to determine the background level precisely and to gain the
signal-to-noise ratio.
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Deployable Camera system 5 (DCAM5) proposed for Martian Moon Exploration mission (MMX)
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We propose Deployable Camera system 5 (DCAM5) for remote and in situ observations of Phobos and
Diemos in Martian Moon Exploration mission (MMX) led by JAXA. DCAM5 is the latest version of the
DCAM series in space missions (DCAM1 and 2 were successfully operated in IKAROS mission and DCAM3
is equipped on Hayabusa2 mission). In this mission MMX, DCAM, a small handy-sized body equipped
with several visible cameras, a triaxial accelerometer, batteries, and a communication unit will be
separated from the spacecraft (SC) and thrown toward scientifically valuable regions of Phobos and
Diemos where SC cannot approach nor land on, e.g., inner wall of Stickney crater.

As falling toward a target region, DCAM will take multiscale, multiband images of the target
regions with a multiband camera equipped on the leading edge of DCAM. Multiband images with high
resolutions down to ~ 1 cm/pix will reveal spectroscopic characteristics of the target region, such
as the distribution of hydrated minerals and the texture of boulders which could reflect the
thermal evolution of Phobos and Deimos. When DCAM collides to Phobos surface, we will measure the
acceleration profiles at collision as an indicator of the mechanical properties of the landing
point. From the acceleration profiles we will obtain the following properties depending on the
nature of the landing point: (1) in the case of landing on a boulder, disruptive strength of
boulders, which allows us to estimate Q* value reflecting the thermal evolution of Phobos, (2) in
the case of landing on a regolith layer, penetration resistance (drag coefficient) of regolith
layers which allow us to constrain the surface evolution inherent to Martian moons, and (3) in the
case of a fine powder layer, compression curves of powder layers which reflects the porosity and
the cohesion of the layer, constraining the levitation process on small bodies and the compression
evolution of fluffly bodies such as planetesimals. After landing of DCAM, we will take close-up
images of the surface to clarify the size and the porosity of the surface regolith.

Since DCAM is a light and small body, several DCAMs are preferred to be equipped and thrown toward
different, valuable regions to reveal the origin and the evolution of Phobos and Deimos.
Furthermore, we propose two objectives of DCAM5 other than the described above: one is to
investigate candidate landing points on Phobos before landing of SC and the other is to observe the
status of SC at around its landing and the disturbance of the landing points. Since each objective
is achieved with one or more DCAMs, we need 3 DCAMs at least in order to complete all the
objectives.

F—OU—R: NERE. RERE. BEMS. DBEHOIAS

Keywords: Martian moons, planetary exploration, onboard instrument , DCAM

©2016. Japan Geoscience Union. A1l Right Reserved. - PCG10-PO2 -



PCG10-P0O3 HAMERSER S EA2016EAS

REBEY YTV —VEEICH(TD T A RIKE - AEBEFEEDIRE
Geophysical experiments on Phobos proposed for JAXA Mars Moon Exploration mission
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Scientific instruments and their support devices are being proposed for geophysical experiments on
Phobos as potential instruments for the Mars Moon Exploration mission (MMX). JAXA is currently
planning a sample return mission to the martian moons. The spacecraft will stay in a quasi-orbit
around Phobos for months or 1-2 years, and make scientific observations including remote sensing,
landings on Phobos for sampling, and several flybys of Deimos. Scientific goals of MMX were defined
as in the following two categories: (1) To reveal the origin of the Mars moons, and then to make a
progress in our understanding of planetary system formation and of primordial material transport
around the border between the inner- and the outer-part of the early solar system. (2) To observe
processes that have impact on the evolution of the Mars system from the new vantage point and to
advance our understanding of Mars surface environment transition. While a landing site for sampling
is still under consideration, in a current plan the main spacecraft lands twice, on the “red” and
“blue” areas on Phobos for example.

We proposed five scientific instruments for this mission. SEIS: a three-axes short-period
seismometer and an active seismic vibration source, SSXT: a penetration probe of several tens cm
length with temperature and thermal conductivity sensors, miniRAD: a miniaturized thermal infrared
radiometer, a muon detector, and SUMIRE: a mechanical insertion resistance probe of 5 cm length.
A1l these instruments basically aim at investigating the geophysical properties of the surface,
sub-surface, and interior of Phobos, and their combined observations can provide integrated models
of mechanical and thermal properties of the subsurface which has not been studied so far. The
scientific objectives of these instruments are connected to the following mission objectives
corresponding to the mission goals above: (a) To obtain indirect information on the Phobos internal
structure in order to constrain the origin of Phobos independent of the sample analysis results.
(b) To characterize the space environment and the surface features of Phobos, with the intention of
comparison with asteroids.

Because the first four of the above scientific instruments require a long observation time at a
fixed location, a long-lived landing package (MSM) is also proposed. SUMIRE is planned to be
mounted on the feet of the mothership (main lander). Objectives of MSM are providing electric
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power, command/telemetry interfaces, and an operable environment for the scientific instruments
throughout a period of our observations over a Mars year. MSM has the following specifications and
functions: (i) Operates independently from the mothership and survives at a fixed point of area.
(ii) Controls internal temperature in an operable range of the scientific instruments for their
continuous observations. (iii) Provides wired interfaces of telemetry/command and power to the
scientific instruments. (iv) Communicates over a radio link with the mothership in orbits and with
ground-based stations on the Earth. MSM will be placed on Phobos’ surface during the landing
sequence of the main spacecraft, and stay there over its entire lifetime.
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Moments of inertia of Phobos with inhomogeneous internal structure
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The origin of Phobos is still an open issue. It may be either captured asteroid or formed from a
disk of impact ejecta produced by a giant impact. Although it is not straightforward to determine
the origin from internal structure alone, it will place important constraints. One of the key
parameters related to the internal structure is moments of inertia (MOI). Phobos’s MOI can be
determined from amplitude of short-period forced libration and degree 2 gravity coefficients.
Currently, the libration amplitude is estimated to be 1.09+/-0.01 degrees by analyzing multiple
image data [1]. Although the degree 2 gravity coefficients are estimated from tracking data of Mars
Express on its close flyby at Phobos, they are not solved for at sufficient accuracy [2]. Axial
difference of MOI can be constrained by the libration amplitude, but currently MOI of Phobos is not
known. The observed libration amplitude is consistent with homogenous mass distribution of Phobos,
but local mass anomalies cannot be ruled out [1, 3]. Here we consider relatively simple two-layer
internal structure and assume that ice water or porosity is confined in either layer, and calculate
how much MOI deviate from the value for homogeneous body if such an inhomogeneity existed.

Phobos’s bulk density of 1.86+/-0.013 g/cm’ [4] is lower than most of the samples of carbonaceous
material, which requires porosity and/or light elements like water ice. If the low bulk density was
explained by water ice, its mass fraction is expected to be 10-35% depending on rocky material
grain density [5]. If the mass distribution inside Phobos was inhomogeneous, e.g., water ice was
concentrated near the surface or the center, we will observe a deviation of MOI from the value for
homogenous interior. Here the MOI differences (dMOI) with respect to the homogenous Phobos are
calculated for some cases where we assumed that (1) Phobos has a tri-axial ellipsoidal figure (a =
13.03 km, b = 11.40 km, ¢ = 9.14 km), (2) Phobos has a two-layer structure and their boundary also
has the similar ellipsoidal figure for which the libration amplitude is 1.15 degrees being
consistent with the observed value of [1], and (3) water ice is confined either of the upper or
lower layer and rock density is the same for both the layers. The water ice mass fraction is
changed between @ and 30% .

In the case that upper layer is composed of the rock plus water ice, when the upper layer thickness
is 10% of the semi-principal axes, no more than 14 wt.% of water can be contained in the layer and
the maximum dMOI is about 9%. When the layer boundary is deeper, more water can be contained, but
the maximum dMOI is about 16%. In the case that the water ice is confined in the lower layer, the
maximum dMOI is also about 17%.

We also tested the cases in which the porosity is responsible for the low bulk density. We
calculated due to inhomogeneous distribution of the porosity using the similar two-layer structure.
The results depend on the boundary depth and rock density. In the case that the lower layer is
porous, the maximum dMOI is about 17% when rock density is 2400 kg/m’, and about 9% when rock
density is 2100 kg/m’.

It is found that, for the layer configuration assumed here, dMOI is smaller than 16-17%. A 10%
accuracy will not be sufficient, and it is required to achieve at least a few percent of MOI
accuracy in order to detect it. To this end, the required accuracies for the libration amplitude
and the degree 2 gravity coefficients are also a few percent.
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Topographic degradation of craters on the moon of Mars, Phobos
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Geological investigation of the blue unit on Phobos
Geological investigation of the blue unit on Phobos
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The surface of the Martian satellite, Phobos, is spectrally divided into two units: red and blue.
Understanding their difference may be key to determining the origin and evolution of Phobos,
because the blue unit has commonly been interpreted to be composed of original materials of Phobos.
Whereas the red unit is distributed nearly globally, the blue unit maps to some relatively small
impact craters and the largest crater on Phobos, ~ 9 km-diameter Stickney crater, and its nearby
surroundings. Hypotheses to explain its distribution include: (1) emplacement of low-velocity
ejecta from the Stickney impact [1], (2) landslide materials extending to the west of Stickney
crater [2], and (3) an inner heterogeneous structure of Phobos [e.g., 3; 4]. Regarding (1), Thomas
1998 suggests that low-velocity Stickney ejecta are capable of distributing asymmetrically due to
the effects of Phobos’ rapid spin, however the emplacement velocity did not be considered. The
ejecta may have been emplaced beyond the extent hypothesized. Using high-resolution images, we
investigate this with high precision.

We examine the largest region of the blue unit east of Stickney by: changing the NIR/BG color ratio
for the western part of HiRISE (High Resolution Imaging Science Experiment) images based on the
analysis of [5]. In order to compare these maps, we create a dynamical potential map by dividing
the numerical shape model [6] into 1,672,215 small triangular pyramid. From the tidal, centrifugal,
and self-gravitational forces [7], we calculate the dynamical potentials at 121,770 points on the
surface of Phobos. In addition, we perform numerical simulations in order to examine the
relationships between the patterns of Stickney ejecta and regions of blue unit. Considering the
rotation of Phobos, as well as the gravity of Phobos and Mars, we map the emplacement where the
simulated orbit of particles and the sphere of Phobos intersect and calculate the emplacement
velocities based on our simulations. In the calculation of the potentials and the simulations, we
change values of the distance between Phobos and Mars from 20,000 km to 9,376 km to account for the
changing distance through time. Moreover, we calculate the angle and the direction of the
potentials.

As a result, many blue materials exist on the floor of craters and grooves. Comparing the spatial
extent of the blue unit in the region east of Stickney crater to the slope map, a greater
occurrence of the blue unit is observed on gentle slopes with increasingly less occurrence with
greater slope angle. When performing comparative analysis among the maps generated based on varying
orbital distances, the extent of the blue unit appears to be consistent with the current orbit.
From our simulations, the emplacements of low velocity ejecta of Stickney cover one of blue unit
regions east of Stickney.

Our results suggest that blue material easy to move rather than red material. Moreover if the
origin of materials composing the blue unit is ejecta of an impact crater of Phobos, the
emplacement velocity of the ejecta deposits must be lower than the escape velocity of Phobos. Based
on these investigations, we interpret that the Stickney crater is underpinned by the blue unit with
its surface being modified into the ubiquitous red unit through space weathering among other
processes. Subsequently, the impact event except for Stickney might expose fresh blue materials.
[1] Thomas P. C. (1998) Icarus, 131, 78-106. [2] Shingareva T. V. and Kuzmin R. 0. (2001) Sol.
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Syst. Res, 35, 431-443, [3] Murchie S. et al. (1991) JGR, 96, 5925-5945. [4] Basilevsky A. T. et
al. (2014) PSS, 102, 95-118. [5] Thomas N. et al. (2011) PSS, 59, 1281-1292. [6] Gaskell R.W.
(2011) Gaskell Phobos Shape Model V1.0. VO1-SA-VISA/VISB-5-PHOBOSSHAPE-V1.0. NASA Planetary Data
System. [7] Thomas P. C. (1993) Icarus, 105, 326-344.
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The Dawn gravity science investigation utilizes the DSN radiometric tracking of the spacecraft and
on-board framing camera images to determine the global shape and gravity field of Ceres. The
gravity science data collected during Approach, Survey, and High-Altitude Mapping Orbit phases were
processed. Currently, the latest gravity field called CERES@8A is available, which is globally
accurate to degree and order 5. Combining the gravity and shape data gives the bulk density of
2163+-8 kg/m’. The low Bouguer gravity at high topography area, or vice versa, indicates that the
surface of Ceres is likely compensated and that its interior presents a low-viscosity layer at
depth. The degree 2 gravity harmonics show that the rotation of Ceres is very nearly about a
principal axis. This is consistent with hydrostatic equilibrium at the 3% level. This infers that
the mean moment of inertia of Ceres is , implying some degree of central condensation. Based on a
simple two-layer model of Ceres and assuming carbonaceous chondrites and hydrostatic equilibrium,
the core size is expected to be ~280 km with corresponding average thickness of the outer shell of
~190 km and density of ~1950 kg/m’.

Keywords: Ceres, Dawn, Dwarf planet
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The Instrument error on estimation of normal albedo of Ryugu using the laser altimeter
on-board Hayabusa2 and the reflectance measurement of the carbonaceous chondrite at zero
phase angle
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Keywords: Asteroid albedo, Ryugu, Hayabusa2, Laser altimeter, Carbonaceous chondrite, Refelectance
measurement
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The origin of Itokawa dimples and a comparison with the surface structure of Phobos
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g: gravitational acceleration To = ga
a: impactor radius v?
v: impact velocity, R: crater radius
p: target density, m: impactor mass
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Earth-moon images captured by Hayabusa? visible cameras during Earth swing-by
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Phase angle dependency on reflectance spectra and ultraviolet spectroscopy of carbonaceous
chondrites.
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Effect of iron sulfide on the space weathering of asteroids
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The space weathering alters surface optical properties on airless bodies such and asteroids, the
Moon and Mercury. As for silicate bodies containing iron silicate, the space weathering
(characterized by optical reddening, darkening and attenuation of Fe-related absorption) is caused
by nanophase metallic iron (npFe?) particles within vapor-deposited amorphous rim by micrometeorite
impacts or within amorphous rim by solar wind implantation.

However nanophase iron sulfide (npFeS) was found in Itokawa particle’s space weathered rim (Noguchi
et al., 2011) and was observed more frequently than npFe’ in regolith breccia meteorites (Noble et
al., 2011). Therefore we performed experiments of pulse laser irradiation to olivine and FeS
mixture samples to explain the effect of FeS on space weathering. The samples which 5, 10, 20
weight % FeS mixed to olivine of particle size 45-75 micron was made and irradiated at 10 mJ once
or twice. Some of laser irradiated samples were also conducted additional thermal fatigue
experiments. After laser irradiation and/or thermal fatigue experiments, reflectance spectra of
samples were measured, and some of laser irradiation samples were observed by microscopes; FE-SEM,
HRM, TEM and SEM-EDS.

The results show FeS promote vapor deposition type space weathering, especially overall darkening.
The spectra of samples including FeS showed more reddening and also overall darkening, and also
fine FeS particles are highly effective. Thermal fatigue experiments after laser irradiation show
that darkening was back to standard but reddening remained. This results show that spectral change
especially darkening is not stable against heating simulating asteroidal surface. Our HRM, TEM and
SEM-EDS observation suggest npFeS particles exist but have not been exactly identified in this
study.

Therefore, addition of FeS particles promote reddening by formatting npFe’ on the surface of
olivine particles. The cause of darkening is not micro-scale particles but macro-scale sulfur
deposition by HRM, TEM and SEM-EDS observation. Thermal fatigue experiments in this study show
sulfur can easily vaporize from surface, which suggests sulfur on asteroids is less than in
meteorites.

:\:_rj_l: : qﬂlgﬁﬁ'fb{,ﬁﬁﬁ\ /J\;&E\ %ﬁ\ iigjz/\"g |\)|J
Keywords: Space weathering, asteroids, sulfur, reflectance spectrum
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High velocity impact experiments for frozen sands related to crater scaling laws in
strength regime
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The survey of physical properties of planetary subsurface using penetrator
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54Cr Isotopic Anomalies in Asteroids Caused by Injection and Diffusion in Solar Nebula
54Cr Isotopic Anomalies in Asteroids Caused by Injection and Diffusion in Solar Nebula
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Temporal change of **Cr isotopic ratio in meteorites:

Chromium has four stable isotopes: their mass numbers are 50, 52, 53, and 54. The ratio of *'Cr to
the major isotope *’Cr in various meteorites including chondrites, differentiated meteorites, and
iron meteorites shows variations (anomalies). Sugiura and Fujiya (2014) estimated formation ages of
each meteorite parent body and found that ages of meteorite parent bodies and the degree of *'Cr
isotopic anomalies in the meteorites are in a good correlation. They thought that this relation is
caused by an increase of *Cr-rich particles contained in meteorites. Based on this interpretation,
they carried out numerical simulations, in which small **Cr-rich dust particles are injected into
the solar nebula at a certain time and diffuse in the nebula, and showed that the correlation can
be reproduced by the small grain injection model.

Injection Model Revisited:

Although the Sugiura and Fujiya model is interesting and attractive, we think some points should be
reconsidered. First, they assumed that small dust particles from a supernova arrive only at a
narrow ring area on the disk at a certain distance from the central star. However, the injection to
such a narrow ring seems unrealistic. Secondly, they supposed that the solar nebula is static. The
solar nebula evolves in the time scale not much different from the time scale of parent body
formation. Thus, we examine the concentration of **Cr-rich dust particles in the solar nebula as a
function of time with a uniform injection model. The solar nebula dynamical evolution is also taken
into consideration.

Results:

We obtained results that the concentration of *!Cr-rich grains in the meteorite parent body
formation region increases as the time. The surface density of the solar nebula decreases with
radial distance, and we suppose that the material is injected uniformly, then after the injection,
the concentration of **Cr-rich small grains per unit disk area becomes an increasing function of
the radial distance. Since the meteorite parent body formation region is rather close to the Sun,
e.g., 2 - 4 AU, the concentration in that region is initially low. On the other hand, diffusive
motion of small grains in the solar nebula is caused by turbulence, and the mass flux due to the
diffusion is in proportion to the gradient of the concentration. So, the distribution of
concentration approaches a flat one with time. Thus, the concentration in the meteorite parent body
formation region increases with time.

According to our numerical simulations, the quantitative relation between the **Cr anomalies and
the parent body ages obtained by Sugiura and Fujiya (2014) can be reproduced when the turbulent
diffusivity parameter a, which is a model parameter representing the strength of turbulence in the
disk, is of the order of 107 - 107,

F—7—R ! Isotopic Anomaly. Solar Nebula. 54Cr. Meteorite Parent Body Formation. Injection
Keywords: Isotopic Anomaly, Solar Nebula, 54Cr, Meteorite Parent Body Formation, Injection
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Possible duplicity of some asteroids discovered in Japan
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What can be obtained in Mult Impact Hypothesis by Abduction? Approaching the mystery of
Origin of "Solar system and Asteroid belt"!
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Whether Asteroid is the primitivc Solor material? No!, according to Multi-Impact Hypothesis !/
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£ Orbital distribution of Asteroid

Celestial body of the orbital radius different,
The number distribution of asteroid.
Most of the asteroids, are distributed in the Asteroid belt
between Mars and Jupiter
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