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Characteristics and Significant Exploration of Small Solar System Bodies
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Laboratory Experiment on Impact Process of Granular Target under Microgravity: Drag

Equation of Projectile Penetration

0000 00000000000 Y0000 ,00000000000002,00003,000000000°2
Takaya Okamott, Carsten Guettléy Akiko Nakamura, Jan-Hendrik HagemaRnKoji Wada®, Jurgen Blum

l0oo00o0O0000000,20000000000000,300000000000000000
LGraduate School of Science, Kobe UniversiBraunschweig University of TechnologiPlanetary Exploration Research Cen-
ter, Chiba Institute of Technology

gobooooboooobooboobooooobobobooooooboooOooboobooDooboobooDOobb
0000000000000 000000000000 smoothterraimd 00000000 COO0OODO rough terrair]
ooooobo0ooooo0oooooOooooogoo 10-2ocmM OO 00O OO0O0ODOOOODOOOODODOOOOO
00000000000000000000000 ems!-ms!00000000000D00O0O0OOO0O0O0OO0
oo0000000oooo0o0ooImms-ZO00000000000000O0O0O0OOOOOOOOOBODOOOOO
gooooooooboobooooooooboboobooooobooboboobooobDobobooboboboobDoD
gboooooooboboboooooooobooboboboooobooboboboooboooobobOoboboobooooon
obooobOooooboobooooboooooboobooooboon

Oo0o0ooo0o00ooO0o00oDooO0o0oooO0o0ooDObO0oOo0ooDoO0OO00n 90-106p mOd 355-5000 m, 00
100-180p m@O 300-600p MmO OO OOOOOOOOOOOOOOOOOOO0 Smm, 00 15mmO00Cc0O0000O0O
000000000D0D0D0D0OD0D0OD0O0000000000000000000000(@O0)00000000000
0000000000000 00000000000000000OOOOOOOOODODODODODODODOO (<34%x 10-4m
sHO00000000000000 (Beitzetal., 201100000 5ecms 1, 23cmst,"50cms! 0 300000000
OO00000™20Pal 500Pad 20000000

gobooooboooobooobbooobooboooobooboooobobooobooobbooooboOooboOoobo
goooooooboboooooooobobobooboooobooboboobooooDobobboobooooDbOoo
gooooooobobooooooooobobobooooooooooboboboooobDobobboboboooOoo
ocooooooobD 20o0000000,00000DO000O0,00D0O000O0ODODO0ODODO 3000O0DOOOO
ooboooobooooobooobooboobooooboooobooboobbobooooboobooboooobooooboooobooOoon
00000000000000000000070ms!00000000000O0O0O0OOOOOOOOOOOO0O0
0000000 (Nakamuraetal. 2018) 00 0000000000000 0O00O0OO0OO0OO0O0OOOOOOOOOOO
oooooboooooogo

1/1



Japan Geoscience Union Meeting 2013 g ’

(May 19-24 2013 at Makuhari, Chiba, Japan)
©2013. Japan Geoscience Union. All Rights Reserved. ]’;‘;g‘;‘sgiem

Union

u07-03 00:105 00:50 190 09:55-10:10

00000000000oooooo _ N
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Fragmentation degree of impactor in collision with asteroid regolith
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Numerical simulation on trajectories of crater ejecta from a small asteroid
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Reflectance spectroscopy of CM2 chondrite (Nogoya) using the Hayabusa2 ONC-T Fligh

Model
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Sciences prospected from the results of ground tests for NIRS3: the Near Infrared Spe

trometer on Hayabusa-2
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Development of Thermal Infrared Imager onboard Hayabusa2
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Simulation of thermal inertia measurement of an asteroid by Thermal Infrared Camere
onboard HAYABUSA 2
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Detection of dust around 1999JU3 using Hayabusa-2 LIDAR
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The surface of an airless object suffers from bombardments of micrometeoroids. The bombardments produce small fragment
or dust grains, on and around the surface of the object. Dust grains on the surface could ejected from the surface due to sor
reasons such as seismic shaking, another impact, electric repulsion, etc. Lateral transport of dust particles at the surface of t
object is likely very important for formation of local morphology. Also, vertical transport of dust is critical for interpretation of
irradiation age of comic rays and implantation of solr wind elements which could constrain orbital evolution of the object. We
are planing to detect dusts around the target object of Hayabysa-2 mission, 1999JU3, by using Hayabusa-2 LIDAR.

Hayabusa-2 LIDAR is one of four remote sensing instruments onboard Hayabusa-2. It measures distance between the spa
craft and a target by taking a time of flight of LASER pulse. The threshold level in optical receiver changes in 8 steps. Dust grains
with radius of ten micron meters and spacial density of a few grains per cc is expected to be detected from an altitude of 20kn
(Hayabusa-2 home position), but it depends not only on the physical properties of dust grains but also on sensitivity of receiver
for faint signal. Thus we need to verify the performance of dust detection mode of Hayabusa-2 LIDAR.

We develop a new device which simulates a faint reflected light from dust clouds. When a trigger signal is received, it irradiate
LASER with a pre-programed pattern. The time resolution of the pattern is ten nano seconds and energy changes in 7 steps. T
maximum energy of LASER is adjusted by using ND-filter.

In this presentation we will present a strategy to verify the perfomance of dust detection mode of Hayabusa-2 LIDAR, and
discuss the possibility of dust detection around 1999JU3.

ooooD:000,LbAR, O OODO00O
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Engineering Aspect of Small Body Exploration -Hayabusa2 and Future
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The second asteroid sample return mission "Hayabusa-2" is now under development. It is to be launched in the end of 201
to set out on a round-trip voyage for a C-type asteroid 1999 JU3. The Hayabusa2 mission is regarded as a series of the Japan
programmatic exploration of small body. In order to stably and strongly evolve our small body explorations, the best blend of
new technologies and heritage-based technology should always be pursued. This talk reviews the mission scenario of Hayabus:
what are mission enablers and what are technological challenges in it, and then discusses several future strawman missions tt
can be realized with our present and near-future engineering capabilities.

Keywords: Planetary Exploration, Spacecraft, Asteroid, Sample Return
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Development Status of Hayabusa-2 Deployable Camera (DCAMS3)
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Hayabusa-2 sampler: Surface variety of near-Earth C-type asteroid
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Samples from C-type asteroids, which are abundantly present in the asteroid belt and of which reflectance spectra resemk
those of carbonaceous chondrites, may well preserve the information covering the long history of the solar system, compared 1
other bodies such as comets and Itokawa-like bodies. Their scientific values will be significantly increased for return sample:
obtained with detailed geological contexts. Moreover, surface samples from near-Earth C-type asteroids will provide insights
into the space weathering of C-type asteroids and the surface thermal processes due to irradiation of sunlight, which cannot |
obtained from meteorites and interplanetary dust particles. The Hayabusa-2 is a sample return mission from a near-Earth C-tyj
asteroid 1999JU3 (2014-2020). Here we describe a sampling system of the Hayabusa-2 spacecraft to obtain samples from m
tiple surface locations of the asteroid with minimal contamination and a possible sampling strategy.
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International Campaign of (162173)1999 JU3 Lightcurve Observation
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The observations were carried out at 32 nights during 2011-2012 apparition using 13 telescopes. The telescopes we used are
follows: the University of Hawaii 88-inch (2.2-m), Lulin Observatory (1.0-m), Nishi-Harima Astronomical Observatory Nayuta
telescope (2.0-m), Himalayan Chandra Telescope (2.0-m), Tenagra Il (0.8-m), Bosque Alegre (1.5-m), Magellan Baade (6.5-m
Calar Alto (1.2-m), Tubitak Ulusal Gozlemevi (1.0-m), MOA-I and Il (0.6-m and 1.8-m), IRSF (1.4-m) and ESO/MPI (2.2m).
We would like to emphasis that low solar phase angle (Sun-Asteroid-Observer's angle) data were acquired during 2011-201
apparition which were not covered by 2007-2008 data. The new data sets enable to derive the accurate absolute magnitude &
albedo.

(162173) 1999 JU3 (hereafter 1999 JU3) is a target asteroid of Hayabusa 2 sample return mission. The primary goal of th
mission is to bring back samples from a C-type asteroid, which is considered to contain organics and hydrous minerals. It i
scheduled to launch in 2014 arrive at 1999 JU3 in 2018. Some physical properties of 1999 JU3 were determined during th
last apparition in 2007-2008. It is classified into C-type asteroid through optical spectroscopic observations (Binzel et al. 2001
Vilas 2008). Lightcurve observations indicated that 1999 JU3 has a synodic rotational period of 7.6272 +- 0.0072 hr (Abe
et al. 2008). From the mid-infrared observations, it was found that the asteroid has an effective diameter of 0.87 +- 0.03 knr
(Muller et al. 2011). The pole orientation derived by the lightcurve observations still has a large uncertainty (Kawakami 2009;
Muller et al. 2011). We had another observational opportunity in 2011-2012 when the apparent magnitude was bright enough t
derive absolute magnitude and lightcurve with 1-2 m class telescopes. Since this is the last observational opportunity before tt
spacecraft launch, we, Hayabusa 2 Ground-based Observation group, conducted a global observational campaign to acquire
optical magnitude. In this presentation we report the results based on the campaign data.

We analyzed the photometric data using IRAF. As the results, we firstly derived the synodic rotational period of 7.631 +-
0.0072 hr. The result coincides with the previous result to an accuracy of our measurement. We found that the amplitude o
the lightcurve was subdued with an amplitude of "0.05 mag. Because the amplitude had been always small regardless of tt
observing angles (parameterized by 'phase-angle-bisector’), 1999 JU3 must have nearly spherical shape, which make us diffict
to determine the pole orientation. In collaboration with experts in asteroid shape model and thermal model, Dr. J. Durech anc
T. Muller, some physical parameters were studied using our data. As the results, it is found that (i) the absolute magnitude i
19.20+-0.12, (ii) the geometric albedo is 0.057+-0.025 typical for C-type asteroids, (iii) and the thermal inertia is 200+-100 [J
m-2 s-0.5 K-1] with the combination of mid-infrared data. As of 2013 February, we could not get conclusive result for the pole
orientation, although the inclined pole solutions show better match to the observational data.

Relative Magnitude
o
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Ground-based observations of visible spectroscopic properties of 1999 JU3
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Interdisciplinary science of Hayabusa 2 mission
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Evolution of small bodies: The role of collision
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Collisional fragmentation and dynamics of asteroids, and the solar system origin reveale

by them
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Planets are formed via collisions of kilometer size of larger planetesimals such as asteroids. Collisional outcomes (coagulatio
or fragmentation ) are very important to reveal the origin of the solar system. In spit of many efforts, we still have uncertainty of
collisional physics for such large bodies. The size distribution of bodies are affected by collisional outcomes and hence the siz
distribution of asteroids may give a clue to clarify collisions of such large bodies and the origin of the solar system.
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Material diversity of C-type asteroids with reference to their reflectance spectra
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The target asteroid of Hayabusa 2 mission is Near-Earth asteroid 162173 (1999JU3) with a sizeco008%4«m and a low
albedo 0.07G 0.006 (Muller et al. 2011). It is a C-type asteroid whose reflectance spectrum shows a 0.7 micron absorptipon
band (Vilas, 2008), similar to CM-type carbonaceous chondrite meteorites. However, recent telescopic observations of JU3 faile
to detect the 0.7 micron band, which probably indicates material diversity of the JU3 surface.

In the early solar system, rocky particles were accreted with icy particles to form C-type asteroids. Internal heating due to the
decay of short-lived radionuclide 26Al has taken place within 5 million years after the birth of CAls and molten ice to facilitate
water-rock reactions. The deeper portions of the asteroids suffered high temperature heating and thus heavy aqueous alterati
while shallow layers experienced low-degree of alteration at low temperatures. This leads to the formation of zoned sturatur:
from heavy altered interior to weakly altered surface. The aqueous alteration reactions ceased sometime between 10 to 100 m
lion years after CAl farmation.

However, if we assume that JU3 formed with a size of 1km, which is comparable to current size, at 2 Myr after CAl formation,
the internal temperature cannot reach melting temperature of ice by the decay heat of 26Al.In this case, agueous alteration h
never taken place in JU3, which contradicts the detection of hydrous minerals from JU3. Thereofere, JU3 might have been muc
larger than current size when it formed and later disaggregated. This suggests that JU3 is a rubble pile asteroid and the zoni
structure of alteration is expevted to observe.

During 4.6 billion years after formation, surfaces of JU3 have been subject to impacts. Dust particles, the largest populatior
is 200 microns, and solar winds continuously hit the surface of the asteroids, which results in changes of materials, calllec
"Space weathering”. We have simulated dust-particle impacts on C-type asteroids experimentally. Pulse laser heating on the CI
chondrite surfaces succeeds to reproduce "bluing” of the reflectance spectra (Matsuoka et al. 2013), which is observed fror
space-weathered C-type asteroids. The blueing agents are probably nano-particles of iron sulfides and amorphization of Fe-ri
serpentine.

Along with micrometeorite bombardments, large scale impacts occur occasionally on the asteroids which leads devolatiliza
tion of hydrous material. In fact, many C-type asteroids show reflectance spectra similar to dehydrated carboncaeous chondrite
Recent mineralogical investigation of such dehydrated CM chondrites revealed a wide variation of mineralogy in terms of dehy-
dration (Nakato et al. 2013).
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Scientific Observations during Cruising and Rendezvous Phases of the Solar Power Sali
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Following successful demonstration of deep space solar sail technique by IKAROS, the solar power sail is a deep space prol
with hybrid propulsion of solar photon sail and ion engine system that will enable Japan to reach out deep interplanetary spac
beyond the main asteroid belt. For over the last decade, we have been investigating interdisciplinary space science areas tl
will benefit respective scientific premises from such a deep space observation platform mainly during its cruising phase. The)
include: (1) infrared astronomy to observe the first generation stars as the IR cosmic back ground radiation being discriminate
from the foreground scattering of zodiacal light due to (2) cosmic dust, which at the same time hit a large cross section of the sola
sail membrane dust detector, concentrating inside the main asteroid belt, and (3) gamma-ray astronomy to identify burst sourc
by taking advantage of an extremely long baseline with the terrestrial observatories as counterparts. Recently, the mission desi
has extended from cruising and fly-by only to rendezvous and sample return options from Jovian Trojan asteroids, en route Jovic
gravity assist. Then, scientific observation opportunities gain for (4) Jovian magnetosphere interacting with the solar wind, (5)
multiple flybys of asteroids at the main belt and the Jovian Trojan region, and (6) semi-intact sampling of both interplanetary dus
at 5.2 AU heliocentric distance and surface compositions of a most-likely D-type asteroid in the Trojan clan. We also investigate
possible synergy effects among these interdisciplinary observation plans and respective available instruments, such as IR a
dust, gamma-ray and solar wind.
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IKAROS and Solar Power Sail Mission for a Round Trip to Outer Solar System
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Pronunciations of the names of the minor solar system bodies
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Ground calibration impact experiments on arrayed large-area dust detector for interplar

etary space onboard IKAROS
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Geological features and surface processes on saturnian small satellites
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Cratering experiments of porous surface in strength regime using low density impactors
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Present status of international announcement of opportunity for research of Hayabus:

returned samples
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Analysis of The Asteroid Itokawa Surface Spectra Using Principal Component Analysis
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Scientific observation plan for Hayabuasa-2 visible muti-band cameras
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Calibration of Asteroid Explorer Hayabusa-2 ONC (Optical Navigation Camera)

00000000 YLZoooo2,0000h,0003%0000L4,000020NCOO0O ¢
Masaki Satd*, TAKEI, Akito !, Yuichiro Ch&, Hidehiko Suzuki, Manabu Yamady Shingo Kameds Hayabusa2 ONC tegm

lOgpoo,?0000,3000000,40000000000
IRikkyo University,2The University of Tokyo?Chiba Institute of TechnologyJAXA

ogooooooo sooOoOoOoOOOOOOODOOOOOOOOOOOOODOOOOOOODOODODOOD 20000
OO000D00O000DOO0O0O0OCcOOOoO 199unooon

sOoof0oofbo coooogoooooopoboooocggooooooboooooooobooooooOogooDooo
cooboogooooooobooooooDoOoOoboOoUOooOooDooOOOoOoO0OoooOoDDOOoOobODOODD 20 1999JU3
ubooobobooooboobooooboobooooboobooooboobooooooo

199U 00000000000 000oOoooovoonmdOO0O0O0O0O0OOO (Vilas,2008p0 00000000
goo0opoooO0ooooOoO0OooooO0oUoOoooDoOo0O0oooOooUUooDODooOoOoooo v ONMOOOOOOOOon
gooobobooobobooogoboooobobooooboon

O00O0OCCOCOODOOOOO0 oONCOOOOOOOOUONCODO Optical NavigationCamera D 000000000
OOOO0OOOONCOO ONC-WIDONC-W2O OODODOOOOOOONC-TODOOOOOODOOOOONC-TODO 70
OOO0O0O0O0O0O0000 (390Nt 480nn] 550nnid 589.5nnf] 700nni] 860nmi] 950nm)0 10 00000000000
boooooooboobobooooooboboboboboooooboobooobooboboboooooobooobOon
goooogo

CoOoOoooNCOOODOOOoOoooooooooooooooooooooooNCcOoOobobbooooboooa
oobOoobOoooOoooboooobooobooobooooboooboboooooboooooooboOoooOoooboboOoboooonn
000Q0PSF(Point Spread Function) D 0 0 0000000000000 O0OOOOODOOOOOOOCOCOOOOOOO
ubobooboobooooboboooooboboooogon

1/1



Japan Geoscience Union Meeting 2013 /0 <9 ’

(May 19-24 2013 at Makuhari, Chiba, Japan)
©2013. Japan Geoscience Union. All Rights Reserved. ]E‘;Eé‘si—fime

Union

u07-P09 go:booboboobo 00:50 190 18:15-19:30

INAsO 000000 ooooooooogooog
An observation performance study of NIRS3 on Hayabusa-
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Measuring Albedo of C-type Asteroid with LIDAR onboard HAYABUSA?2 Spacecraft
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Development of MASCOT (Mobile Asteroid Surface Scout) small lander on Hayabusa?
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Dynamical simulation of microgravity rovers
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HARADA, Toshihiro!, Kohei Kitazatd*
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LUniversity of Aizu

We developed a dynamics simulator of microgravity rover for small body exploration. Surface exploration using rovers are
expected to return scientific discoveries yet to be made, and for them the global and long-term operations and tactical planning a
needed. However, gravity fields of small bodies are not uniform due to their irregular shapes so that it is difficult to analytically
predict the rover’s motion. Thus, physical-based simulation for microgravity rovers is required.

We designed the simulator to have functions to estimate the rover trajectory based on rigid-body dynamics and to visualize th
trajectory data on the shape model of small body. The graphical interface has been built in to support the usability. In addition
we performed a comparative experiment in laboratory to verify the simulation of rigid-body’s rebound motion.

Finally we examined characteristics of rover motion using ltokawa’s shape model. As a result, we found that the rover’s motion

would converge for shape models of less than approximately 5-m resolution.
Keywords: simulation, dynamics, rover, Hayabusa-2
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A study on a low-cost deep space exploration mission utilizing a small kick stage
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Asteroid Shape Reconstruction using Structure from Motion
Asteroid Shape Reconstruction using Structure from Motion

Yohei Mori**, Naru Hirata, Hirohide Demura
Yohei Mori**, Naru Hirata, Hirohide Demura

1The University of Aizu
1The University of Aizu

A shape model of an asteroid is important for science analysis on exploring missions. In the Hayabusa mission, three mode
of asteroid Itokawa were reconstructed by different methods [M. Maruya, 2006], [H. Demura, 2006], [R. Gaskell, 2006]. A more
precise model was reconstructed that have 3 millions or more polygons used multi-image photoclinometry after the mission [M
Maruya, 2006]. For the Hayabusa 2 project, a shape model of an asteroid 1999JU3 is also required. It must be investigate
what reconstruction method is good. We focus on a method called Structure from motion (SfM) to achieve it. An open-source
software Bundler [N. Snavely, 2006] implements SfM and Bundle adjustment [B. Triggs, 1999]. SfM is a method which uses
multiple images to estimate real space coordinates of features in images and camera positions. Bundle adjustment is a ki
of optimization method for non-linear model to estimate parameters on a geometric model precisely. A more precise resul
and less manual works are expected compared with ones in the Hayabusa mission by using and customizing the software. \
reconstructed a shape model of Itokawa from 169 AMICA Images using this software. As a result, a sparse shape model i
reconstructed successfully around equatorial region. However the number of points of polar regions are quite less than one
of equatorial region. This is caused by an insufficiency of images captured around a pole. We experimented this polar are
observations using a shape model presented by [R. Gaskell, 2006]. In this experiment, we rendered the model and take imag
around of it with some longitude variations. One of the dataset is consists of images view from 30 degree longitude. The polal
region is reconstructed successfully by inputting the dataset. And we also experimented with 70 degree and 80 degree longitu
datasets for confirming the availability of Structure from Motion in the case of the rotation axis of 1999JU3 is parallel to the
plane of revolution. The result was also good. Structure from Motion is useful for reconstructing asteroid shape model from
multiple images. We are examining a method for quantitative evaluation of these results.

0 0 000 : Hayabusa, Hayabusa 2, 3D Shape Reconstruction
Keywords: Hayabusa, Hayabusa 2, 3D Shape Reconstruction
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Gravity Estimation in Hayabusa2 Mission
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1Japan Aerospace Exploration Agenéjational Astronomical Observatory of Japaitjayabusa2 LIDAR Science Team,
4Hayabusa2 Astrodynamics Team

The Japanese asteroid explorer Hayabusa?2 will be launched in the mid-2010s to return samples from C-type near earth ast
oid 1999JU3. During the rendezvous phase (i.e., proximity operation phase), we will make scientific observations to estimate
physical parameters (e.qg., gravity field, shape, pole direction, spin-rate, ephemeris) of the target body, which are very importar
not only for its scientific investigation but also for the spacecraft navigation. In particular, the mass is essential to perform a
stable touch down sequence to collect samples from the asteroid’s surface. We will attempt to estimate the gravity field of the
target body using earth-based radiometric tracking measurements (2way Doppler and range) and spacecraft-based measurem
(information from optical navigation camera and laser altimetry) with global parameter estimation technique. As the first step for
the gravity field estimation, we performed a simulation study about mass estimation under simple configuration and evaluate
the relation between the quality and quantity of measurements and the accuracies of estimation results. The detectability of tt
low degree and order gravity field coefficients is also investigated.

gogooobo:boob,00,b0d
Keywords: gravity, orbit, small-body
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