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Introduction: The equation of state (EOS) of ge-
ogologic materials, such as silicates and ices, under
highly shock-compressed states play an important role
in planetary evolution. Extensive research has been
conducted for the EOS of solid materials. A number of
very sophisticated thermodynamics-based EOS’s, such
as SESAME [1] and M-ANEOS [2], have been devel-
oped. These numerical EOS codes, however, use many
model parameters to reproduce experimental data.
Thus, it is difficult to find the optimum model parame-
ters uniquely, requiring extensive experiments cov-
ering a wide range of thermodynamic conditions.

Such costs for EOS’s may be necessary evil be-
cause physics behind the EOS of highly shock-
compressed geologic materials is very complicated. In
fact, recent experimental result using high-power laser
have revealed further intricate properties of silicates
under high compression conditions, such as large de-
parture of isochoric specific heat C, from Dulong-Petit
limit due to molecular dissociation and ionization [e.g.,
3,4]. In order to incorporate such complex properties
into a thermodynamics-based EOS properly, physics
behind these materials needs to be modeled well.

Such thorough understanding of material properti-
es is essential for building a versatile EOS for hydro-
code calculations. However, there are many occasions
where the thermodynamic properties only along Hu-
goniot compression curve are needed. For example,
estimation of the fractions impact melt/vapor and the
final molecular composition of impact vapor plume
requires only the entropy gain due to initial impact
shock.

Furthermore, when a new range of shock pressures
is explored, thermodynamic measurements are usually
very limited. Also, the vast majority of shock com-
pressed EOS data are taken only along Hugoniot
curves. However, many thermodynamic data including
both on-Hugoniot and off-Hugoniot conditions are
needed to revise sophisticated EOS’s accurately. Such
revisions often take time and have to wait for data ac-
cumulation. Nevertheless, when new experimental data
are obtained, one would wish to examine the signifi-
cance of such new data promptly. Thus, a simple EOS
that works only on Hugoniot curves but can describe
the experimental data accurately would be very useful
for shock compression experimental data analysis.

In this study, we propose a semi-analytical formula
of on-Hugoniot EOS derived from the differential form
of Rankine-Hugoniot equation and compare it with
conventional EOS’s and experimental data.

Analytical Formulation: One of the outstanding
properties of condensed matter under shock compres-
sion is the linear velocity relation between particle
velocity U, and shock velocity Uj:

U;=C, +s U, 1)
where C,, and s are bulk sound velocity and a constant,
respectively. This relation is known to hold for a varie-
ty of materials over a wide range of impact velocity [5].
Despite the wide applicability of this relation, most
EOS’s do not take advantage of this relation. One of
the few exceptions is the analytical EOS by Tillotson
[6]. It is simple and accurate (for compression) and has
been used widely. However, it is not thermodynamical-
ly self-consistent and cannot calculate entropy gain due
to shock heating.

In addition to the U,-U; relation (1), we use only
general thermodynamic relations, the differential form
of Rankine-Hugoniot relations, and Griineisen EOS.

From these relations, we obtain ordinary differen-
tial equations for temperature 7 and entropy S:
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Density and pressure can be obtained with frequently
used analytical solutions for Hugoniot curves:

UY
P=pUY, p=P—p %
Then, all the basic thermodynamic variables can be
calculated for Hugoniot without having knowledge of
an off-Hugoniot EOS. This EOS needs only six model
parameters p,, C,, s, C,, I,, and g.

Experimetal Validation: In order to examine the
validity of the new on-Hugoniot EOS, we compared
the results of our calculations and literature values.

Fig. 1 shows comparisons between our EOS and
ice shock experiment data with single-stage powder
gun [7]. Because all the parameter values are well es-
tablished, there is no room for adjustment for fitting.
However, the comparison indicates that our semi-
analytical EOS can reproduce shock temperature and
entropy very well.

Similarly, our semi-analytical EOS are compared
with shock data of both diopside and quartz obtained
by 2-stage light-gas gun [9,10] (Fig. 2). The shock
temperatures measured around 150 GPa are well re-
produced by our EOS with Dulong-Petit assumption.



These good reproductions of well-established
shock temperature data and entropy estimates support
the validity of our new EOS for Hugoniot conditions.

Planetary-Velocity Impacts: For extremely high-
pressure shocks, C, is not approximated by a constant
value well; it may become well above Dulong-Petit
limit [e.g., 3,4]. The effect of specific heats can be
calculated easily with our new EOS.

Although there is good agreement among different
EOS’s at relatively low shock pressures (~150 GPa) in
Fig. 2B, different EOS’s yield significantly different
results at higher shock pressures (several hundred GPa)
[4]. This scatter results from the fact that there are not
many experimental data available in the higher shock
pressure range. Under such conditions, our EOS is
useful because it does not require many data points to
make accurate predictions along a Hugoniot curve. It
can also be used as an anchor for the more sophisti-
cated EOS for Hugoniot conditions.

Furthermore, because C, is a very important prop-
erty to characterize condensed matter, the capability to
derive C, from temperature data is very useful. A cou-
ple of examples of comparisons between our recent
experimental data and our EOS predictions are shown
in Fig. 2. The quartz data at 150 GPa requires C, sig-
nificantly larger than 3R, but the shock temperatures of
diopside at ~300 GPa is consistent with the Dulong-
Petit value. Such difference in C, among different sili-
cates is of great importance in planetary science.

Planetary Applications: Perhaps, the most im-
portant thermodynamic variable that an on-Hugoniot
EOS is expected to provide is entropy. Once shock-
induced entropy gain is known, its final thermodynam-
ic state after adiabatic decompression can be accurately
calculated. There are a number of applications of such
entropy calculations in Earth and planetary science.
For example, the degrees of melting and vaporization,
post-decompression temperature of impact-induced
vapor can be calculated relatively easily once entropy
gain is given. Furthermore, this EOS is useful for
matching thermodynamic conditions between laser-

induced and impact-induced vapor plumes [12].
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Figure 1. Comparison between shock experimental data [7]
and our proposed EOS calculations. The results of Both tem-
perature and entropy are reproduced well by our semi-

analytical EOS.
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Figure 2. Comparison between EOS calculations and shock
experimental data for diopside [8,11] and quartz [9,10,11].
Temperature and entropy for both diopside and quartz at
shock pressures below 200 GPa are reproduced well by our
semi-analytical EOS and Dulong-Petit C,, but temperature
measurements at much higher shock pressure for quartz with
intense laser [11] requires higher C, than Dulong-Petite (3R).
For comparison, M-ANEOS and SESAME calculations by
[4] for the same conditions are also shown.
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M1 BAEFi—TROEREERER.
EBEARE o EMAS NN, BAFE
Bh 5 EE,

1CSEDFRHERTHREINMAZRY . FonKENMCERAE 10 ET
[FHEARDMANTES ENGMN o1, —A. BRARE 30 ETIE, TLIFEHEAR
[CEGE->THEBd. EEERE (EERAE 0 E) OERBEREBREIEDLLS LN LN
ahotz, REORAE. KEXREDEEERTEERAE 10 EOFEEERI/NS W E



FAbND, MNOBIKE, BHOEE. FHOEH, BREEICLI-TELENS &
AFEINEHNT, Sk, FHICERZITOFETH S,

SRR - EERID Y A XL & EZRu R E D RIE

w#E=% BELEL

INEREBRMERSN-ROBABEEREE, SASh-BLO/NREDREERRN
LRELONATLS, TOERENRROCETILHEICETSIHAERELY £ 1HHE
CREVWSENMBNT WD, COEVEHRATHIVEDELT, Y¥—aT7XF—3
ENZEFOoNEIN, COMREIITRTORETO/NREICHENICE S HIFTEEL,
ZoTIREBRMEOBROKEERE AT A 0K E L TERAL/MRHOY 1 Xt
[TFBL. COYA AN KRENE EEHRORDOHAMEEREIKRELLZHDTIEE
WAhEERT-, SHEITEA/IFHNOY A XLEEZASCETHAEENEDL SKHEE
& DD EREMIZFRERT=,

RREEFJAAFEARARICH S 2BXBEHNAFZEALEAISER 3mim & Tmm
DFAOVKERN -, TRLETNDEERFH ST 0.018g £ 0.213g THDH, HREE
(& 1.62-4.58km/s DEETITLY. KEAD > 3 v MEFH 2km/s BIZHEDH K527
fzo MRAFEIFEMNEICH LTEETH D, FEHOKRES(E. EEHK 5 5cm, 7. 5cm,
9.0cm M IEEDNEKE —AMH 4.0cm DIFAKRZAN, BHOMME L TIXFEYH
ZO0.2mDEFEWELA Y FTEAD-LDEFEAL. HSEELR 1550keg/m*, [EfETR
ElEMPa RBETH A ERDODENDEZEIL 0. 40Torr LT T, 2 5DEEE S A 5 (3000
a%/#E200007/#) ZEVCEELGARNERET S EICK ST, S
BWRDSRTEEZRHNET 5 &A=z, SERMILIEZYaY FIKX18THS,
BFTORPHRE LT, YA XN 2MFICHLEBHEREIL1 0OFIZHBI I EASH

271,



42Ny FERRICEDD S fEAIH

ANPKIEAS 1, ISR — 1, (L 2
(1) FHREIER, (2) ERCh

BRI E R E DR ICE N TAEN 2 EE 2R LTS, BET
IEHIER - BE ORI R 5= Th A 5 BEOBBE RN RIKOEZEH 3R
HZEEITERVD, BUEICEBWTHEADOREERITE LWBLR TIERW.
FRIZ A NI R HEN T2 O HIER L FIZFRA O Z2ICHRE ST\ 5. H T Oflf
GBS O HFFIT BT OE S E 2 R 2 EToOREIRRE V. HmIZBEAR
HRT5H & EDOEBICE > THMERDBIREIND. AEZ2E=4—7FT52LT
BIEOAEEAZBERET LN TE S, TR BRI CIIARIC 130234
1000km @ =MAARICEE SV BRI OxR Yy NU— 7 ik LT, £D 8 4
[F O RC ek & 1744 O H mERBER 2 2 TV D AGEE TIXHEND R
L LM TELEEICEODLAMEICOVWTHER L E 2 —RE21TH. HE
E LT, HEDPO R V=2 ENAREERE, ("7 FoERBEE, 77
vV a MY, A V8T M2 XD AEEEEOHEIZ OV TR T 5. &f)
D OOFEEIZILFLE TH DR, = 2SHOFEEIZ OV T E A LRI
T2 TR OHRETH 5D, Itk OFEBEIT EFROMIEO I & 72 2 E 2285
K 2 IR O FhEMAEIZEA L C, MBI 2 HHEE S5 EIR T A X1ZoWn
TOMEMNRBILETH D Z &, IELWEFEO - DITITE 22 2RI K 2 B Ol
R DN T DO RFHIRIEN AR TH D Z & ik D . ARIERITHNL S AL
KB & B A R S RICER A DL ENTH D,

D L—RERAHE

HZM0H% < OfEDPBEEDE Y ONfE & 2O HERN A L 7= R#EEL 2 LT
W5, 2O, AEOXAEESGTmomE (Fim) &0t (Rif) TIEAER
HWEDG, A7 v 7 ADRONELD EEZLNTWD., 7 L—ZREH
TFEICT V=5l D Z L THFsE S L Tk7e (e.g. Morota & Furumoto
2003) 23, BUEDOEAEZIT L CIIEZHEN/ NS WeH o imatne S
TR olz., I THRAIEIT RO EGREEE, BRDFEE S L7 #%E
A XY MTOWTHIT & & COMRBEITRY 23& 20~z £ THEED
BHACTHRHESNTEBVEREADRFRESNTWNDLA XU ME2ERPTH L. Hi



TR EoRim B EEE KETA R N ERAT S L OEE
ZHho THEZEA N P ER VAT, T9 L TR 56 DA X2 FDIAIC
OWTCHRIZE Z AHiTHE D 1.880.4 &V 9 iBEDAFFEIZ LB W AR
BaERWE L., AR MERDRVRZOR ITHHBICIEEETHY, &
DOFERMDIE LW E T 5 & MIBRTEF ORRAEZSHE 1L 12 km/s LT & LSS b
5. INETRFEA AR — LTI B OGRS FIET D DO b FiLR .
14 o\ FOEREE
R 7e & OMFEEBLSUZ 1T O KGR 72 & ORIFIZE D D R0 72 & A KL A
=V BFET D, ZDEA LA — L OWIT o —F —ERE L T, #
DJEBEEL ORIt THIER DO A7 MV OFIRD AT 5. B Ok R ] I35
FORE S LWHBEHEOL THD DT, a—F—FHREITER Y A XK FET
5. MR OREIRNA X7 FOBETH a—F—JFEEIT A N b AR
DT —2 L7720, Fex 37 Ao oHEEMHA ER (1~10Hz) & EHAHA
=it (0.3~1Hz) Z8&mL, KVIRWHE (0.3~ 10 Hz) THEZEHED A~
bw%ﬁ&k FOFER, HERABD ALY MLOES X 1TE LIRS 80 FE A
ZELT D Z Lo T, RIS 80 FELL T TIRIEME A7 M Vid 7R
4/A7F%TWXA7FWTE<§ﬁ§ﬁ6ﬁ’SWLiUﬁ%<@5E%T
WA MV TITBAR 0072 < 72 5. ZOJRKE U TIXEZE R s O\
I X DB, 80 FELL LD #R N T 5 500 km LIIROMEE DR ENE %
bd. ZOBEBRENHZORKZRE T D DITITER LB PV ETH L.
AN LTIy athERE
BEA D A B 2B TR 721 Cle < B mgt s wWo Big bl i 2 9.
EZERRNITH B D BB S TR Y, M BRI X > TABOEREFE
TEDHTEZRBLTWD., HZEREZHA LI-HESIT 1 SOMEFNTY
HONEEEZ RO L HEE L THIHINTWS., Fx i3t ABOW
EHBRZAONDLGAIZOVWTHE L. ZO/E, 1M T10 A4 X MEDOH
W DRTE SNTHERABA XU MBI TE L2 LRz,
BrICK S AEDmE
H 22T R BRI R TH 2508, F OERPFERREICE L 34T
LHBL Ao TOWARTIEZR. SR S5 H il 22 iR 7 2 i3
%72 8O\Z & SRR X 2 U O FhiE M O RE M 22 BRAR A B9 5 . TSt
TERDE S D11 % FEBFEN LTz,



<P QART—YTHEUVLABRAMODEE & AE1L
AREH (BiZXXA)

TEFRIFBZEDERKE—MRICOVWTERE - AEEE (~Y v N EEEREE
T?) ELOREKERRE N TH 2, FICERZMEMPIENZER 300kmEZ 23
RIEDT L —Y 2T 2ERRRIE. KEREGHROHIF Y. S5ICEFYY MLz
Bl 2FREEZB I 2R EEFEMENT V. o, RAMOEEN. BRRICEDEE
BMENfehE. BMFEHREOREREBICRKEFT 7o, BRAMDESHETHNS
BENMICEATI2MREGZRMI DI ELARTH D, BRAMOM TEEZENTT D
AICIF ME—RTTIFEL< 3RTNBA - REONIBEZHE T 2DENH BH
BAYEREICEWTIF KO LS BRABLMEGHAROT—7 PESRET -7 IFEE
LW, IRZEEERICREDHDIENSGT—F &0 IR ) F—F ZR0.
AEOEEERAOEROHEEEZTS LN, FEE—DF7 7O—F &3, ULhL%A
N5, ADBE. BERABEAGRARNSEBRL TWS e, BHfiT—FIc k> THRS
NTWRWARRIOENSETILOBENETICAWSICIEFREL TWe, 2D,
BICIEEEZMAT—ILOEXRI7 L—FHH 50 AESINTWVWSEL. ThFXRTAHAEAC
BEYT 2FBRBMZEDLBITIF TN TIah o, 2007 FicHT 5 LIF5hicBA
DORARBAERER "H<w) TR L—YREsZRAVWc2KEHAlIck > TABIRT—%
ZEBEICERIDEEHIC.UL—RBEZAVWTCEREDREAICOREER Z B
BT EICED FEUTARMOENGZETIOBEEZANRICA EEIE®ESZ &IC
BIhL. BEAZEOIBIRICIEAZ2ENBETILIEBEI N,

KAERTIE. TSP EEDBOSNLEFOEN - HEETILICEDWT, HRE

(BE/REER) ETIWNWZETP v 77— hUl, ETU Y ZICH o> T, Ishihara et al.
[2009] &£ AfRIC. Bt 1 BMRETILEZFAL. HRICKB2ENMREZID RV
TET—VTEBR MREYYNILOERTHZEREOER (M) ICTERT S &K
EUfco £io. #RDEE L 2800 kg/m®, ¥ MLDZEE L 3360 kg/m® Z{RE L.
TNZNEAT—EE Uco ELKRRBBBICOVWTOAXREDRZZE 3200
kg/m* ERELTER Uz, —MIICED - #fEh S BHRE (E/REMR) OHE%E
T5%6. WRAE. BERTICLDEES NI Apollo12/14 551 N TOMRE%
WO TH ZH. SEEOBBIFICED., Apollo Tvya v ERDEREL
BUCENREOHRENEESI N, SSICHETIL—TEBICHEEIERZ EWVWSR
MICH Do ZDIch. AMRTRFBHHEED O km BEERBDLSHRL. &F 1
BHRETINEUVTERADET Y VI Z2iTolc Ko MICBEUVICERERET
JLE#FT—% ZBAWT,. Wieczorek and Phillips [1999] & D FEIC LD, AL



B9 % & - I PIBEEER EERBAIF v ET « —DETZITV. REXRAMOD
REDIR EBNOEEDRETZIT - .

A DT N TOEEZM[Wood, 2004]IC D WT#ETZEIT > 58, Moscoviense
ZHICEAL T, HOFRAME LR L T BHOBRBICH LTI Y ML TS T OREN
RKEITEZE, ZE) VI/HPRAODHICTREBS TN TWEZENESME B>, Tk,
REHHT—4 H5S Moscoviense BHIDE—2 UV FIC ThAD AR DNABREICE
HUTWBHEEZOSNBDEESDETEIRY %5 & Moscoviense RIS E—DERR
TR 2EDERICEL > TERSNICERRMTH S EWSHRENRVESN
foco _EERAMTH 255, 2 QOEEIMEEER (80km) TEED2ENH BN
EYTALAYZal—rarvic&DEEFEROECD S5k ZRES > 1A B
HICB0EDZ VY LAERZEZLHE. 80km BEDHEFHEDRLI D S 2 AR IE
~50%FEE &+ K E <. Moscoviense BN EFRA M T 2 AIREM 7 38 < RE
9% [Ishihara et al. 2011],

EEIF v ET+ —OERRSICEAL TE E—EMHICIFAEDLE 0.1 OBIMRIC
DBH, BEENKELBBZIEFE0T LDDEARAICKEREZ & D M - ERELRD
S5EBHINSFrET  ——RSICE. BAIF Y ET r =T TR, BRIERD
A XHHELUTWBIENTEINGE, 5. BERUcFvET s —DBER - RS
k5. Namiki et al. [2009]DRIEL fcEEZRDHFED S5, Typel & Type2
BHICDOWVWT, BAIMNIFIFEATWARWNT &, Principal Mascon Z#(C D W T i3 khit
BHMNETU TWBENESHI ER STz, UM UARD S, Principal Mason it~ >~
NILT 2B ORRIG B AREEZ T TIEGBERRW S, fttRko~Y > ML
SR EHE TCHALEKRDETINZEET ILENH . EFFAXITERIIY
AfCE 4 FRTIL—T (PN4) LEHIICER SN cBRAMIE. BEAME L TOMT
BEOHMMNESNT, BANTTLTWDEBRERD N5, BIEPN4 £TIE
HEBEHBENM >TcbDD, ZORIRIHHEINLEHEEIND,



SPA &3t DIEE & A N &R A A

OLXZFE 1.6, KMTERLF 1. FWfi— 1. WAL 2, ¥kiEH# 2, bR BN 3. #EHEEL 2. FHEY
A KEE S, BHEE 1 1. FENMEMREREE. 2. EXIRIEMER. 3. EXRRIREHEA.
4, ZFHERZE. b MEREZREMEN. 6. ERKFE
=

BAZIIZ#% 5 South Pole-Aitken th (SPA Zth) (. EXERERICL YR I, TORAITIEAR
EMETHAII Y FILYENBEHLTWESEEZONTEY., ADEEREOHEBAICENASARNEDTE -
YR EZEEMNICIRET ADICRLEELGHEB THIEEZAONTE -, BHICHEOFDLERIZH VT
(X, BEIREAXRE O, REOHMEAICECHRIIIRTHAREL, 70 vV HMICECER
MEN>TWBAIEEEAT N E ShTER[1],

LHL., IEDHAFETIX, Pieters et al. (2001) [2] & Ohtake et al. (2009) [3]1AY, BRZHhDERD
DA SEEBMENVSICHBMECHINREELNEET DHEHREL TS, FIC Ishihara et
al. (2009) [41 TlZ. SPA & DT H 20730km DFHRMFET S EHAIL TS, KtfibIZREEN
FHET AHA. impactmelt MSBESME LI=FAIREMEDMIZ, HBEAFIEMOSNE L EFELIZEWS
AREE LB F o, BROFIMDETIEIHRIITIATRHERON=E SN TV :=CNETOMARLEEL
5, TO-OAMETIE. BREYWEEE->TULEHFHRITSIE L. Z0OHYMFEHNLEI>HENL. EXER
BEICE > THBRAFEMON-FBEHEFHTEL., RbOMBEEELZHR TS EBMNE LT,

Fi&

AMETIE, ARFEELELTARARBGE NP BEOTILFNADERA A= (M) (I2XE59%
BAT—2ZAL, SPAREDY L—F—ELXUVZFDOFELDORGFARY LB ZETS Z LT, Yt
BHIEIRINZEHE L= @B L=t (L SPARM(F (X2 Th 5. T 1= B IERITEITHED Hiesinger
et al. (2004) [S]1D#ERFEIZ, M T—F ERLL TH O] BEHD LALT T—4h5EZE5RZERL
T=.

M T—A2 K YEMEFERICIE L TR, &, FITBR T LEMR Ay TELEZE£D (RGB K) (2, i
BT—RICKYVHRTERLENY VT EEREDLE, Tz, BICAMETEBL-hEWETHD
MREDHMIRT LIz, {RAEDREAEIEL. KE 1250nm (TG AR FLORIREELDEWLS
HMEADEHHEFIAL.KE 1050nm #h S & 1550nm D RETRA RS ML EEE THAEE. JKE 1250nm
HMETARY LA ZOEREY HFESRILAALGNEZEDE LT,

HR

4 DD U TIZH-> T, PR THDOEAERSTEE (K1), YT A B, CITAhIFT
FREREZCELEENEASTEY . YUUICHSDIZBVWTIIMER. HER. lABRL L.
SEISEFLBIEYIOANY FRIZHAMLTWLS, £z, U2T D ORBIZEWTIE, BEREAA—HRICED
2TWBEWVNSEHELAALNT=,

-, A0 19 SFATHEEELAAOLNE (B2), ChIZTDOWTHBEEY VFEBL LEDET
ETH, HoNE=HEEDS B I5BERAY VT AMSBREIZEEL. YUY BMLY S DoBICIEs#
REFAERFEET LV EH-EAA NI, YT DORAIZIE. BEAE&HSNEL ST,

B, hEHRE Y. U2F CHho D OREDAEMER BEZE2kn LLL) 2L, U2F D ZEIC
ZORAIDER BEE 1kn LIT) NBEONIZHEL TS EVNSHENALNT-,
£

B T BONEIIZENTHREENZSHSMLTLSZ L, RBBK., EHRELECABTSH
Ehb, ZOY U BORAINERERICKYRN:-EETHD LHATE, D) >4 % excavation
cavity EH#ELT=, £z, UVIBEXYRAIZEWNTHOIN > 4 EFFOMRBIZOWTIE, ZTOFHE
ERELT, L VFERELEMBMETHLATREME. AMMAEEFIZE TS impact melt pool M5 7ML
Lf-mgeEnZEFond, LHL, Uy D AOBKRANMIDHIFIZK LESHATHSZE, U2T D
RO RSN D ICX L—#THDHZ L. -, BEDZE) VJ/RMODETILTE2EDLA
Bl T DRAERA impact melt pool THBEHBI I TN =2 ,MB, 4 DEDY VT DORAEIDEE
HY impact melt pool THBEHBTEE. Cho dBRORBESITVTAE Y H D OEEOMNMIIZH
BMDT, impact melt pool AETIXHRWEHBITE, Thd 4 FFOMNRBIIBEHSIWVEIBEETL:
IR E THDAREEN T LN, —A T, Y25 DAA impact melt pool THDET D E. £ITHEDY
L—2—X45—1) UGN SEETE S impact melt pool DERELLL—HBT B, Ch&lY. ARHIRA
EOEERMICENTE, EDIL—F—R5—1) VFRINMERTE SRR £ HEAITE 1=,



BIZ, RBHEICK DI MDRHHMEMBIERICL D 4D20) v IBNEL—BLTWE I AL, KR
T SPA DI FRIER & BHERER] S DTS5 eNTER (B3),
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3. BONEREME 2, Head (2010) [6licfitvy SPA il A MBI X2k = L7= (X, %
ERRHEE O, FRWES A impact melt pool EIK, Hi F~DJR D ITHEE TE TV =8,
WEEOBFZE THER STV 5 impact melt pool DTE % FElZ AR TR L7z,



B EHERD NIV MgHELERDOEZ B2 ¥ AT b 2180 b
KMTE#RF (ISAS/JAXA)

BEAEZE “H<R” ITBHBLULAEARI MVTO7 745 ICKYRB LARR - AR
HAakT—4ZANT. ARKOSHMARICE TN ETHRELYO Mg# (Mg &
(Fe+Mg)DEILLL) #EZTT /LB REVEAITREZEZSNTWV LU BFH L
Mg# (BRA# 80) LAa> TWBREREMELONL, FEHTFE SN/ MgHERLZD R
5. BBRINAEEAOSVWMIHIARIIA—2 v OELBREICEEEFDOEEZ
5h3, BEATREZZONAELYBEN Mg#DSMEHLERT SERE L TIEL
SODDFEESHDHDD. —DDI TIVEHRELT, ARIIA—2+ 2 OWIHA
Mg#DBREREBESN TV LY BBIMETH > ZFIEEEDH TSNS,

B3Ik E BB REICHREDERELES YA T MM X0 MKV ERSNE
ETBHRMPBERDESZITANSNTNSY, REDHRT, AEERTIEENE
(FHIREI TR BELANREAOMEERRE TS ENEDODNTNVS[1], Fi.
COERADOREIIKFRICENTHERE (IR DIBGFATRER I NZ/ZHIC, HhERE (T
REDBRRMBEEZF > T LHESNS[2]. —AT. B - #hEkY > TILOSH
DHOMBREPIYAVEMEICDVWTIZA LMK T—HT S EPHESNTESY[3].
VEME DR AES IR EHEARETRLE O TOWEILHEDLST, MEDA - #hik
TEHELLBLBO>TWBRENS, EDLSBRAZEOL AN ILDPVEEEINS[4].
TECNETAHEHIKD Mg#ICDWTIE, #EBRT —F ETTICADAD Mg#MEWNE T
BF[5]&. BY U FIVahETICA LIk Mg#ILIZIFFL W ETHER[6]1D2 DD
MOBEDLNTWNS, b LA EHIKT MM ERLRDIMMPIELINET B, AkD K
DICA EHERTER®C Y AV DORMEEZEZE—ICL DD Mg#IZDWTIZA LBk T
REDEELTDEDBHIEBANZALDBBELRY, COLIBANZZXALLT
[71ICKY., % AT bR MEDERKIPFTOAI FOBERICEY., EER
RTH5Fe & Mg DRBINAIRETH S LT HMPIBBEINTINS,

LHL. SEZRZOHAERICIVENEN-AEASHTOS W Mg#nrs, AYIY
=2 v OMEAMo#DBRRBESN TV ELVBENEEZAOSNSIHEICIE. AL
HuikD Mg#(3FE L W\ATREME B H Y. EDIZSFENED X S 745 Fe & Mg D3 BIHEITF
CRBEBEARLSIED, e, BRARICKL S A LHBIKORMEE—LHRHICDONTH KRR
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EITHELEETH S,

LR, BN/ A SththiRPEKFILEYO Mg#DRIRP, EDERICDNWTHEE
EEMMAZEBULMTETVANS, SEINSBONAEHRAERICEENSRETZEM
ZBHBICL>T, ADEBRTHZEENDZ YA T2 bR b BRREDIEKP
S ATV UNRY PMEDBERANZXAICDNWT, BIEMICKREFTT Z72HDNDEE
FEBOBBONDIHDEEZTINS,
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KAR D i 22 O fiE AT 7 &~ B K KA E 2GR & Z D8~
EREERHS I 21— a VY

FIFEE— (B R RARABEE T2 R)

2005 4EME, HEHRICOWT—RIEL 5T\ 3 TEREHZURG, DMLY Fro—>o L o Tw»
72DD3, A. Cameron, R. Canup 52 & % SPHEZH WA —HOBYEERTH > 72, FEH T,
SERSCEBTEFE YR, 0o OEFEE/NABRE K S ICHEN S, ZOREVRI 2 oHERBH
FNEHTERVLEVIHIRE R 7%, FRCHER LB o720k, FMBRMHEYE %23 SPH Ki
F-D3E 4 100-1000 EFREE L 2272 < . BRI BRSO ERBE L 2wl L Thot, %
DI, HEEBEPH SN LHBORERMMELMEZEBE) 2L IETET, HEBMTIHEEORMED b
ELWrEI bR\, EEZT,

ZZT, BEOHEMSHTH B, FMOEBA AD YA F I 7 2 %R EREED 3 %G Euler-
Mesh #fiiififk 2 — F 2w, BRSO FGEZ /NARK, R IR E B, b
HIUX L RENTIIC B2 OREH R EZH W T, 7A=Y DER~ADHE L 2L L9
KA L o7z, RMHO a— FOZEHELR/RTHE EWIHED H o7, BRI BERER O %
FRBUE 2000 JTRDA BRIV 7,

JRaaHIBRICE RS 1/5 BEDOFIRZRED 3o s k)0 BT 5 LT, HERD 2 /5%
EDE IR T v & 2 BRI E 10D 2 L0350k o 7z, BEERD T 7 ELIXE
ZOSPHEFEEH TV EDLS 2\, L L, ZoME0EE, AEHE L, AEBERD N %
BfS R (Kokubo et al. 2001) Z HHW T PRI N HHRIZBHD ¥ 4 L A7 —)L TRABISHA L,
CDETINTIRBAEDOHZMIRT 2 2 LIdD THEETH 2 2 EVAHL 72, Zo&EDIRGE
iz, BEREEIC L > TBREINE T 7UBIEEAERIE L o TV BEGAICHYT 5, —4.
FENCTHENDNZ LA ERID v v ) RETEXOGGIZ, PRI, HERIZ, BERD L
CEB 1 OHBEDY A LA — NV THEOHERREICHE 52, o541, 2T 5 R
BRI L RFEE TICR e, R EROFEF T3 E0w) 2 LIS T 3,

DF0D, AN TE 2089 ITRBABRRITESEKEFET S, L) 2 Lbdo7bllThH 2
(Wada, Kokubo, Makino 2006), FEAfEZER 7 — ) COMERZEAR, BHENLREGRKXD
FOHEOGED TN EDOFHRICERIZIH E D HWnE A9, L, Z D% REIC BRI
DD S IZFHOB L 72,

Z D%, 2010 FFWD 5 Mesh 2 — FZ2 W72 L w2 2L — 3 VD preliminary & #5203
KD 7N —T12 ko T O TETwSE, 206 DFIETIE THENL ) REHHELLES
Hid ANEOS SH W 51T 3238, K IZ WKMO06 T/ L 72 D D D IR AE L o Ry
RbOTHY, BEOHBERZHHTE S L) &7 7 Mz REFHEMERTE 2089 ixiE-
Eh LTy, 5%, B2EIERER 2 KIS 2 7 RE ST X 2 SRR X 28 ki
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ZEMNTED,

F72PZT I, F =V —mRU3K 820 EAHEIZHY, =2 —mD¥00 150C<HWNE TR DL, Motid 2
TERKEELTHHATES, 207D PZT 1%, KGfFE COEMOYD, miREREICEINLI N ar
R MMO [ZH5# 4 5 KR 50 BE LI i MDM (S fiids & LT &4 T % (Nogami et al., 2010), =2
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EWIORERMNOAHR G, REME, RME, REFEDEREOBMICEERREG TH D,
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B v, K& m, *¢¥@?ﬁ§€?€ﬁ§Q LB, MET KX =L oV=m?2 L7125, BIIE, MV ik
DIMEEAT > TWDH DI, AAROHFILRFZEBAIER (HIT) 250 THEDET LR, T AR KIESRIC
HARTARM DIRAN 2 <, Rl — B2 FERNINETE D &0 ) K5 S, FHEBR RO IZ T8
RA[RTo D, MEHI DRI 71X, 8, 8k, RFE, 77 v 7 AMOWRI B L b d, FETIERA Y -
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Too MEI N AR 71X, BEDARE —~TH LoD, B —LT7 A CNICKRE S L7 B o iR 2 1 E L <
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varv L TRAETDHIT I ASELADPEHTAKIERICE > TED (T7v—va U ES)) B2RASEDHIEN
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ERRRTH 5,
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1 PZT BHZOE S EFUE L ERA RN T LT 7 TG L2 IE, A3k L7zX,

<725, BlZiE, 40mmx40mm*2mm @ PZT 1 ThHiLlE, K 10nF OFERELZ O LIk D, TDD,
R & BRI & DEHRE ) 2 K TIRECT H 5 BREMAE SRS KR & 72 PZT ThHh->Th, @A LoEEK
IR & DTV E, SIN NS 720, FEEZHAHERVAREEND S, TO7DIZ, ERiFEET LT
VI ERMINT D LIIMATH D, BRAR S LT TS BT obh b, —olF, TTIORAR S RE
REFEREORMBNOEFEFHAHT IO TH L0, b ) —DIIRHBORFOBER BEORERFHEICE
SINRNEIICT DO THDH, b L, PAT O A2 EEE— FOT VLT 7 TiAH LIz b, REC
Ko THERENRELS BT D720, At LGS bIREREREEZFFOZ LT D, EBARET LT
7, BEFEELS LTOWIE, ANBEREICIIRESNTIUESEHANT N TE D, 50 b L
NI NGA T 100ns FREICR D720, T LT U7 ONH BN D INERFRSCRREkO -0 DT V4 vt n
AZA—=TDHF T Y T L— NI R E DT D MENRD D,

ZOXOBREBERFICLDFHEMMPBRIIR AL H D, HEVITHIRIITKT U TEER LW, EEK
K- ABRHENZ Y 72 > 72 REOIRBIUADE B L 0A->TLEI ZETH D, ZORBFOEBHEET DD
X, 7V T7 T TCHALEINDEEFOREEZRLEL, 20707 7 ANV EGHTTOLEND D,
BepiColombo-MDM D54, 77 v = ADC ### L C, EEOT—42 %X v m— KL, R4 Ok 1-1E
AR N EZI TRV DEXNT L, —MICFHEI v va Ui, EHEEECBE L — MR LW
R b, 77 v a2 ADC OBNRERT — 22X v rn— RT5700EL— MIRL TR RN,

ZD XD RMEDIRRD -2, BRARMO S LT o FE2HEL, Edih 7 OE 2 2 g3 5 7= 008
VAL —HF—HHER T, K1 OLX) RESPHRERNOIHAHIND Z & 2R LTz, RHE T 72 i
IS AMlE E TERE LT (RIERERIEN 2ps), BHSCTHHET 28T BHOE—RELAZKRYIKLT
W5) BRENGHIAEND (M), BEDOA XY NUSORA X b (FIZE, Bz JE A~ Ok
B2, IREEMIZ L DR E RNV T —DOBREIC L > TEUMMEEL E) TIXZD XS RERICITRD
Nz, EBEHEICFIHTE 57259,

EDILZOT VT T OMINEEONES B30 ReiE, SBATARAU R TIEFICH <, M1 oflTix,
10ns TH D, ZNETOWNIETIE, PZT IC X DALEMHERONEOWRERELIL Imm DL FRE L 2> TWD
2, BRARAT 7 TN G B DAY 10ns & 2 E TO 10 fFLLEHRW 2, (LEORERE OH _E
DHRFTE D,

oMz, A LD OEMmE PLT MHEEOANHEE LY /NS LTHAH LOT 7 OA 6 28
JE LT SIN b ESH 2D T D, ZOHT, PZT 226D IHME B O R ~_ilo e 25,
HIRJE I L VIRV DN E & 5 &, 2R OEB) R 5 Z 3 gnol, EDORKE LT, e
ZER LT D5 PZT MOBMRK O 5 Bt 7217 TR REKEHEBRFEZICHFG L TVWD EEZ TS, 514,
B ICFE A3 2 AR O E I & R M OFEET LV ORF 21T 5 TETH L.



Rubble-Pile RIAFRK & /NRE DY A X5 %h

OFmHAL '
'R

INREFEBEHIIOSNSDEELREND—D&E LT, /INRE [tokawa DEREAFEFEIZKE
WZEDHERRNFEITSONS (Fujiwara et al., 2006; Abe et al., 2006) . ZhlZ,
[tokawa A Rubble-Pile BEZHORATHSIHL LW EZERIET 5. Rubble-Pile XIKIZ,
—fRIC5I5RVUSRE 0T, BEENDHTERALELTOBEKILEILL TLWEIREKEERZEINT
V5% (Richardson et al, 2002) . CD&LILBREDFEIZOVWTDERII/NREDHATERE
DHETHEY BOEHICIRE > TS, H9lE, NMREICH L TEHEIOEENLEETSHZ &
[Tk > THIEMNEZFRL TRubble-Pile #BiEL %55, HHIWIHEBMLERBIEDOFERELT
Rubble-Pile KA EIND, EEBZA DN TE (Davis, 1979) . ZDERBHMLEZRE
WIEAE L%, RELE-BAEETABCEATEERET S5 LIC&>TH Rubble-Pile X
EOBREINDZENTEIND L ST 0T,

ZMD&S7% Rubble-Pile RIAF K BEDEMDEREZ(TT, fAEHI IaL—2 32T
FERBIRBREBFOBEREEOBENAAONTNSIEN, v Ial—aviERERE
BONKREREDY A XEESTELBL-E /L HD (Michel et al., 2003; 2004) . 1=
2L, BEDYVZI2L—Y 3 vFETEHERORNMA XL TknIEETHY, [tokawa D K
SN A XINREDOREFZR/RT A EIETELRL. -, BEBEAEDETZENLT
WAERTIEA W8, BERDONMNREDREIZDOVWTHLTHATHS.

—F, EEHIZLIEESANTIEES C Rubble-Pile BEZEH >XADEEITHER I LY
Mot=. IZNg%ZE Ida, Gaspra, Mathilde, Eros (& Mathilde ZWNTEREENFNIFEKRE
KNI ED, 2HMABENTROBEELEN S, Rubble-Pile TIXALY, EREINTLY
5. COESHEBEEFFRET S8, fHlZ(E Cheng (2004) TIF/NHREDFEHRBIRIZ K
HEMODRELY #1TL, BEEBEINT 10-50km 4 XONREIIKBRDEHICK LT
+HEVNEGZED, WHENREFREL TUVELV=8®, Rubble-Pile #& %L L DT
[TA0D, EFRLTWS. COFEIRIE, /M CEHFaDEEL [tokawa HYRubble-Pile & %
BOZELELIESLEHRATESHS. LALELL, KERFEHEMBAICITRELYNRED
BOINGEYZEho=Z EMNREEINTLVS (Bottke et al, 2005) . #DLSLIREBTTD
EEEEZEETHIENRENEERIEFMEIE > EEL L DAHEENH D=6, 10-50km
YA XDINKEIZ Rubble-Pile BENR SN ED+REHHRBAIZHE LTS LTS E
L. Zh&YIE, BEEAICKIBAEOBEBEBHESY A XIKEFELTWSHLBRT S
DHIBEARTHDIESICEZONBEN, Zhlk Itokawa D & 574/ X Rubble-Pile X{A®D
FEOEAHFFHEATETAEL.

FERICEIEEBRIIBENT LD, HEXEOHEMNDE L, BAINA 7 RO EE
L. ShiZHL, MNEREONERABRZEE L UINKERTONERILOEZREL D
CETINBREBEDEZASIFE (FAROA M=) %, BEFELEFLZVEONZL
DINBREDOEEEDHTELZIRELE LTULVS. KX Bear et al. 201) I k2 EHERED
YDHI)IZWL DOHADXHEEZEML THER LTz, INEEY A XEEREQOEZRZRL:
LDTHS. Britt et al. (2002) TIF/NREDERMZERELZEAE(Z, 30%LL L% Rubble-
Pile, 20%LLF % Fractured ZE7=Id Monolithic RIAEDEL TS, BREOHEE MR
EERFIHI0%ATHDINDT (E@EIVRFSA LDIFE) , NILYEMETEZ D E 40%LLE



M Rubble-Pile, 30%LLTF % Fractured 7= Monolithic RIFIZHET S. ZORM LI,
INEREDNIWOBEELEZIOOHEESININTEBEN YA XTLIZKECEDO TSI E
MNRIEEINDS. ERES500km LLD/PREFEARMICEREIZELS, BEEAICLIEELDD
WTWB I ENTREENS. EFE 100-500km DEE TIIIEEEERO/NKRE L SEBEO/NHK
EIZZTEMMELTWS. hld, HE/DMREOESTEY LHEBMRIEZZER L 1= Rubble-
Pile NRENEBFELTWSZEEZEKRTI2OME LALL. LML, 8EBEQOTIL—T
[CIECELEZDEZDINREZIA THEL, BEMEDEVWERTWWAEEEELH 5.
Mathilde £, /&3 % 50-100km DFEEH TIE, ETH/IRENSEREFHF H>TLEH, Fhk
YINE Ly 5-50km DFEE TIE—85 L TIEWEEERZFE DXL S5I1245. 7A LOAR)—&W
ZELZDHA XTOEAFIEISKDEL, 7Oy FADEFEAENEEHOERIZHET
BT—ATIEHZH, COBERICKRTBHHIEEDEZARIN->TLVELY. &5 (ZHELBREL
Z &I, ltokawa £ /9 % Skm LI TOEEB TIIBUSEREO/NXRELA TR ELS. ZDOX
NoHEABNDINREDOY A XEREFEEDERIE, FEERICKIEAOBERNAKBMIZIE
INERELARDRRERBLIZIDTHDIZEETRELTLSD, TORREZEHRIZEHBET S
: EIXIRAR E L,'C% LWEBDHNE. SHROBE, FEICK->TT—4&#EOILELLEI,

HMFEL IS aL—2avIt&oT, JYRLBGINREOANEEEILETILOBEZIT
bhbZENREFEND.
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<yFLwic>
PNERNAI IS E NS E b SIANG BI04
REThd, 0D, KBROELZHL
DN T D T DI IR St B B 52 D BRARE DS A A]
RERD, ERMEBG TEEL SN M
B O — D |ZEZLETRE Qp* 3 5, Davis et
al (1979) TiX Qp*% RIED shattering ki
E Qs*EEHENINRT Uy VOMAGE DY L
LTUTDOLIIZFE L TWD,

* * 4
0y =05 +mwGR" (1)

Q¥ X RARDE 2212 K - THEEE S5 &4
L TERY, EEME L BEMPE RS
A REOHEIEREZZLET 5 ETITIERFIC
HERNT AL LD,
<FEBRAR>

RAIRD T Zeh e U HEERE 9~ 2 & FrBk et id
RO T TN NANVKRIE (LUF R-P RIK) 8
FERkENG, O, 207 ok AR
R &5 KGR O TIL, R-P RIEN
WREINAFEL TV EEZDND, WRIT,
R-P RIKDOE LR Qro* 2 515 Z & 13K
bR DEZEDOIEL Z B G2 T D5 F0R00 O
—DkD,

R-P RIKZHEAT DR LT B VISR &
NEFT720 20 Qs*=0 L2 b XD
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Do LU, M CHEZRENEZ D &l m

T CHREILARE SN D L9125, 2
DL EHBERNVX =R IS0, E
BIZIE Qro*ITE NIRRT v L LD HRE
7B EBEZBND, & ZCARIFFETIE, RP
KRIEZRE L= 2 — 5 b & U Tl 2
FEBRAATV, EZEHE T X DA B O Rk g
DR E M Fr W DA B 22 S AHE T O
TARAXF ik ELE R -7, ZL T, R-P
KIRDOEFREIESAED O @l EE 2B 5
Qrp* % RO T,

<FEERITIE>

REBRTIE, HT7AE—XTIEHK L7 R-P
KiKKHE 2 — 4 v - (Fig.1) % AV T E 22 5E 5
AT STz, PP R & FHO Z B g 7 A §it
Z T Tmm 1 v U Ek%E 2~Tkm/s OEE
THEEIET, TNENOEEFIMFIZENT
B —7y NEHRT HE— AOFERESCE
— X DOFFHE 72 &5 WE LT,
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BILRNE G208 KT I IK S — 7 b O SR TR EE ~ D 528

OMl#!, FlEE!
K IEP NSy N S A

IXC®IZ

KRARE L OMEZ2E, KR - KER, A 8= N RIRDOERK « E(LICEE 2%
HERLELEZEEBEZDLN TS, 22 TINE KRB AW 722 £ 45 % <
RENTE I, EBEOKKET, hF A a7 4 v 7 (iR L CEELT 2 LA (R
DEZEZRRER LT &L b 523, ZivE COMPEER CIXHE—EHZIC L 5N Lo
7o, BEEE 22T 2B EOR TIX, FAEZICK VALY T v 7180 E%E
RS FE N T35 2 LA ST % (Gault et al., 1969; Housen, 2008) Bl
BRI RN F—DOGEFNE L EHERREZ ST TEEREIT 125G, HRICKD %
T D EKR LA L — B EORRIT, BRI K-> TH r‘om‘: HoLIEIE
— T A ERMEINTWAD. —FF, Nakamura et al. (1994) 1%, EZEMECTE ORI
Tea 7T A 2lal B O 54aRE e UCTEREZITY, TORER, 1EIHOEZENEICIL
ZEAEEELRNZEEZHREL TS, 20X BRAR—HNEZ 2EMIE, HEICX
DHRAET DTy 7 BIETERENS TH Y, HEEEZEOWIE TITHEHIA -T2 T >
7 Ak ERAL LTz ECHEBRT L2 ERNATHDH. & 2 TR TIIKEREE vz
BERE R ER 2T, FREZRIC L DT V7 T v 7 4540 & B2 E o Btk % &
HIZHA ST D 2 & il T,

EBRITiE

BETR 2 T v 7 3K —7 y N ORI IC 5 2 A8 TR 57912, JLifE K
FARIRR A TEAT OMRIRE ICFRE LT W AR & W T 2SR 417 - 7. SEBR Tk
KRNI HE] (Reok4m]) BR S8, HRITTXTH—4 v hORRDEICAT
7. FEBRIEEEIT-15, -10°C T, MZ%HE1X140~480m/s DFiJH TEIL SH7-. KA
MHEE T, TOEEIXL6gTHD. K¥—F v NI HRSHEKT, £ OE 13240
~1280g Th 5. FBrt, [P L@ OE&ZF L. /o, hFx A e 74

NSRS o T2 —5 > N, 77 v 7 054 & EBALT 5 72 OITHER S E & A%

W DORIEZIT T2, Z D%, IROMIEEEROIER L LTz,

EBHERLEEE

AWFFETIL, 18 A OERO 3V F—H 22 L S, 208 LI O = 31 % —#
B LIEERET o7, ZORR, Z—7y FOWIESR M) THELLZEKR
AREE (/M 1%, 1EEOHERO TR LF—EENEmNZ —7 v FOIE ) DEEGOD



KED B/INSWETE T, F72, BEEEEIEIMI o, /MIRED Lz, £ LT, a7
EREZ T4 —7 v FOm /M, BEAFOK—KIEEZEOn, /ME T 31X —5 DR
Rl d 5 LMD /NE L 7o TWVWAD I EDHER S 37z (Arakawa et al., 2002). =
NHIXTVI T I E =0y NOBBRENR TR RTHLEZ2bND. —T7,
HRAL LR O & (m/M) 2310-4LL T ORE OFESERE AL, @Ezemiic L &
—EThole. ZHUXT VI T v 7 BEELE RITT 2 LN TE DA XIZITTRD
bHZLERLTNA.

X DHIT, FATEZEO TRV — I 2T TR L2 T, /ME R7235E, BEKlE
EREZ T 22— FOm /M, BEOKOFERIZEILS —ETHZ EnnnoTz.
TORITFER OB REEH T~—H—1F LT, m MEBRTRNLX—BEDOBRTH
L. MEHDEn MOMIL, BET RV —EEIKTL, FRIOEERKESLY —7
v NERIIKTFE LW E b,

£, 77 v 7 BEEOHINIECWETOERITWOT L NN TEY, 20
PEE X 0’ Connell and Budiansky (1974) 12 & - CTREINERD 7 T~ 7 L =R DB
fZlE LTHBRMIORIN TS, 2O % EEBREEHIE A L7ofE R, 77 v 7 5EI
EZEEEIC L 6 TR = RV X — B E ORIV T 5 2 &3 o .

- TR FEER

@ EE

O F(EKato et al,1995)

B ®|(E 0-500g

# WE(Kato ot &l,1995) 0-500g

# ¥EE(Kato ot al,1995) BOO-1000g
X 1=

+ 1[@ 0-500g

1| Az2E

1| 0O:z=

mL/M

0.1}

0.01

1000

> Q [J/kg]
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FHEEKF R FEROERMBEICEHT H2REBRMFR

OF&E ABLL, JRll BiE 2
AR BRETANITERE, 2 E RS BEATIER

B AR R MR COMEE R G R
TIEHARNT 7 U7 A N OBEZEAE B Z
SlEBLZLN TS, MEETO N A G
2L DX A N OB Z2E 135 10m/s (2
LET LN, FA ST 7V AL FORE
Al REME JS R L 1 IOK T 50m/s £C, U T
A4 N TH bm/s £ THERRETH 5 &2
SnTnwallel. L, YUFZA RE AR
DENE LR CTIIENBEINT, %
BHE | I~1m/s TH D EHE SN TS
[8]. —J7, KEZADOBNEEERITE
T T\, Fi, KX A MIBUZ X
D BERSIC K o TOKRL TR v 7 R 72D,
BEMERIZ 70 > TR = RV F— Z Huh S
WK D7), MENPEZVITILS RS
EEZbNS4]. £ ZTAMZETIE, 22k
3R 44-80% D RERE L 72 3em K& A MER[E 1=
DEZERBR ATV, ORI & B AT &
EIRASTROR, B, BEENE Z 2 E5E5
i (22, ZEfRER) Zai~7-.

Fik o EBRITAL KRR O KAUKE S (=
li-15°C) TIT-o7c. MK 2 IR IRE RN
IZMHEFE L, ¥ 20pum OOKBRL 1% 1ERk L
7o KA A N ERITOKIORL F % BRSO TR BT
AFUERGE L CERR L, #EEAET-15°C Db
& TRERS SE 72, KZ A MERIZEAE 3em,
7SR ¢ =44, 52, 60, 70, 80% (& 7.2-
2.6g) , BERGIEM 1 WEfAl-4 HR & L7, KR
M &AL E KB B 720, EIERA 7

Ze W U TR 7 2 W CTERC L 72, 3
AL ONGEN TR A A E HHE FE AW,
E 2 E Vi=0.6-63m/s CTIFITIEHEZE S+
7= SEHIEIENIZ AR TR D L, H2EEH
ANCIE D 2B L7z, W o kA EE 2 M
2272, EINFERICIZTT Ny 7%,
BIEIZIZ AR 2N T, EROET 1T
BERTH2EORBEN AT THRE L, H
78 o JXFE WL L A X7 RRT A—
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Dust Monitor Instrument for future missions to asteroids
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1. Introduction

Dust particles may exist on the surfaces of or around asteroids. Their existence would reflect the evolution of the
surface environment of an asteroid, which is important when interpreting terrestrial observations of asteroids.
However, the role of dust particles on small bodies are not critically studied due to limited chances of observa-
tions.

The NEAR-Shoemaker spacecraft reveals that the surface of Eros hold enormous amount of dust particles,
which appear to fill a crater to form smooth dust ponds [1]. On the other hands, the high resolution images of
Itokawa obtained by Hayabusa spacecraft indicate that dust particles are deficient on the surface of the asteroid.
However, interestingly, the returned samples of Hayabusa are generally dust particles [2], which raise the ques-
tion if dust particles actually exist around the asteroid as a cloud, but are optically not detectable because the
cloud is extremely thin. If this is the case, small asteroids may typically hold numerous numbers of dust particles
as results of evolutional histories of asteroids. However, even so, no terrestrial observations can critically deter-
mine the existence of dust due to the above reason.

We are, therefore, planning a direct observation of circumasteroid dust with using the Dust Monitor (DM) in-
strument, which may be useful even for a flyby mission to an asteroid. In Japan, Hayabusa-2 mission, a succes-
sor of Hayabusa mission, is planned to be launched in 2014, aiming at a C-type asteroid, 1999JU3. In this study,
we discuss the scientific advantage and the feasibility of the in-situ dust observation using Hayabusa-2 as a mod-
el mission.

2. Observation targets with DM

Observing the circumasteroid dust with DM has three principal significances. They are explained in detail below.

2.1 Levitating dust

Dust levitation phenomena have been observed repeatedly on the Moon [3]. There are some candidate
mechanisms to make dust levitate from the surface: impact, seismic shaking, granular flow, photoelectric dust
levitation, etc. Among them, photoelectric dust levitation is the most plausible mechanism to make dust levitate
periodically on the Moon [4].

Surface of a resistive and airless body is positively charged on the dayside due to photoelectric effect to
make an upward electric field. Since a dust grain on the surface is also positively charged, it would levitate from
the surface if the electric field became strong enough. This process is called as photoelectric dust levitation and
is expected to occur on asteroidal surfaces.

Dust grains up to ~100 um could levitate and transfer laterally to make smooth deposit at the depressions [5].
Finer grains (< 1 um) would defeat the gravity, resulting in partial evaporation of asteroids [6]. Such levitating
dust grains around asteroids have not been directory observed so far. We are planning to observe them with DM
and obtain their size- and velocity-distributions, which are required to reveal the surface evolution of asteroids.

2.2 Impact ejecta
An active impact experiment on the asteroid 1999JU3 is proposed in Hayabusa-2 mission (An impactor of 2 kg
will be hit on 1999JU3 at 2 km/s). Detecting ejecta grains from such an impact experiment with DM is challeng-
ing but will give us meaningful information on the surface and the interior of asteroids.

Recording the position and the time when ejecta grains are detected with DM, we reconstruct the trajectories
of the grains and obtain their ejection speed and angle. In particular, the ejection angle is informative since the
ejection angle reflects the porosity around the impact site: The ejection angle tends to become high for fluffy



target [7]. In addition, the trajectory reconstruction enables us to determine the speed of the ejecta at the moment
of detection. Assuming that DM detects the momentum of colliding grains, the grain mass (or size) turns out
with the colliding speed determined. We checked the possibility of ejecta detection with DM in the impact ex-
periment of Hayabusa-2 mission as a test case. The preliminary results indicated that the amount of ejecta is
enough to detect with DM. We will obtain key information about the porosity and the size-distribution of surface
regolith of asteroids from detecting impact ejecta with DM.

2.3 Avoidance of debris collision

Hayabusa-2 mission plans to conduct an active impact experiment as described above. It is difficult to precisely
predict the size and the ejection velocity of the ejecta. Hence, high risk “debris” as large as one can critically
affect the spacecraft still can drift around the asteroid when the spacecraft is approaching the asteroid after the
impact. Monitoring dust will be able to reduce such a risk.

3. Observation methods
When the spacecraft accompanies closely with the asteroid, the relative velocity and the number density of the
circumference dust are extremely small. In addition, the speed of the majority of dust ejected at the impact ex-
periment may be slow. For dust observation under such the environment, we propose two methods, direct
method and indirect method.

3.1 Direct method

The low speed (< 1m/s) dust grains are not able to produce ionized plasma for detection of impact ionization as
used for hypervelocity dust. There are still detection methods for such low speed grains, for example, utilization
of momentum transfer and electrostatic induction [8]. Momentum sensor utilizes momentum transfer during
collision between the grains and the detector. SESAME-DIM of Rosetta/Philac uses a momentum sensor of
piezoelectric PZT for detection media and the target velocity range is 0.025 — 0.25 m/s [9]. The merit of this type
of detector is its mechanical simplicity, compactness, and light weight, e.g. about 500 g for the detector system
unit of MDM to be onboard BepiColombo having 64 cm’ of detection area [10].

Time-of-flight (TOF) sensor utilizes electrostatic induction while a charged particle passes through an elec-
trode. LDM for the Selene-2 mission is designed to use two electrodes to detect the TOF signals electrically
induced by the incident charged dust particle [11]. The grain size can be inferred from the charge signal assum-
ing the charge state of the incident particle is proportion to the size.

3.2 Indirect method

The technique of the aerosol measurement by LIDAR (LIght Detection And Ranging) can be applied for the
measurement of the drifted dust grains around asteroids. LIDAR must be equipped for ranging between the
spacecraft and asteroids for its landing. The light-receiving system may be optimized for the scatted light from
dust grains. The distribution of dust grains in depth can be derived from time-of-flight between the timings of the
pulsed laser irradiation and the scattered-light receiving

4. Summary

As described above, the asteroidal exploration needs dust monitoring device onboard. After the successful aster-
oidal mission Hayabusa, successive asteroidal missions are planned and studies. Dust monitors for circumaster-
oid dust should be seriously considered to be onboard upcoming asteroidal missions.
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BRAMD Y L—2AT > MMch EDWIAIHADEHZRSE
REER (RHEAFAFRRRFHER

BREEREOEEIL, ARRICEBI 2REBERBAECHS. 7ROHARPDA /N7 b AV MED
RUEFEAIE 38~40 BEICERLTEY, DT ELS5—EDOARFEEF 39 BFEFICKAERINERGE
Hhd > fc&LEZXTES [eg, Teraetal, 1974]. ThEBPAEBRIARRETATND. —4, TOFHIC
R BAMEESL DAL AL, 7RORE Imbrium % Serenitatis & LN D fe EEEEE L (~39 2E) B E
DERBAMD 5 DMEMTTFRENTWSHIC—KREERZRL VB, EWDIERTHS. D
Lo, BRAERBIIRGOEHZETVEWCEELST, INE TABRBEDORAEDENEE L DRHE
HORTZDERIEZR/INTER. FIZIE Gomes et al. [2005]IFEAREDBEN L BEDIF THRIIEIR
BHORRZEHALTVS. Zhic&d s, BEARBIEVOENENGBEIFUCHEEL TV HRELD
AEFEOHICLVIEZD LT OEEY, KBREMDLOH 7 BERICKELLTED 21 DHRE)
BICASfcZ&ZzEODIFIC, £B, REE, BIEDOPELIMINBIHEEL, T > TNXRE
wENBREDHELE TN, TOEZIFRIABRICELSEN, INHBRAEREHORAICE T
ELTWVWB. 2OYFUAIE Nice ETIVEMIEN, REFAINZTYIT—X « HA/I\=N)L b D#E
PREE, BIEOHEER, FRORBAT—IVOMEEZ S FBRTEZETIVELTEMTNDD
H5. TOELSICESPRIBBERFIIAGRERDBGEZEET 5METHY, BRZFICEITHHRY
NEREBHRFED—DEERS.

BASRPAERERA AR T 21cIc, HEAXASEGREZRAWVNT, BOBIcHS 11 BOEREH
IKBWTIL—RAT T4 V% FTo>TER. LELERIGHS Y L—2BEBEEZFE > THEINDR
HMOERDL S, BERNICERIEBREHROEFESERILT 5 LIETELGL. @GS, 7L—2REHL S
SHERICEIRT B12DDT L—2ERFZETIVHZEZHEREEREL TCWBHTHS. ZTTHAL
FIFONERAMD Y L —2HEE & ABAORNERDOLLREZTL, BPAEREEZZR/HL VB YL
— R ERFRE (Stoffler & Ryder £ 7)L) [Stoffler & Ryder, 2001] & 323% L TULMVEULEIER (Neukum ET)L)
[Neukum, 1983] TEBE SN BEMD ETANS Z & THRIEZ M 1.

ABEAOHITIE, KREEP fi7) (KREEP I& K, /1T, P Z28hE b FHMZERDT) & FeO EHMRIR
ITEVWEDHREDH DTS [eg., Takeda et al, 2006]. UE— VI VI TF—42h5RBEHL5NDEAR
EDTEDREDLED S [e.g., Kobayashi et al, 20101, ZN 5D ABEAIFBAOEAHL¥EE FHTWVBEE
HEEO S EfcEZEZABNTWVWS. TNHSDABRROREEEER D Ar-Ar FIE 41-44 BFEL LD,
7RO TEEMICHWVERETR L TUWS [Nyquist etal, 20111 BHTZDHT 42.6 EED Ar-Ar
FMlE, Dhofar489 D Mg J v FREEIV A ML, ZNEXRTEEEZEZ SN TS Dhofar 908 DX +
Jy J ADOmAETHATNTEY, COFRIEAEATEEKEREZERMLTWVELEEZOSNS
[Nyquist et al., 2011].

BERAELEIRICH HERAMD T 1 XDFIKRES A X937 [Neukum, 19831 27 4 v T4 7 LTHE
SNBER 1km TDY L—2FEE 0.1-035km? THhofe. & LABAFORRER TAE I NIz 41-44
BEOHRRERDPBEAOBEBREBMOERICE >T U Y FENFEDTHS%ES [Nyquist et al., 20111,



ZDERDBETIZ 0.1-035km2 D7 L—2BEZFDIET THS. B 1% Neukum [1983] & Stoffler &
Ryder [2001] 7 L —2FRFEHOLBREZRLTWVWS. IhZR5&, BAEREZZIFLTLEL
Neukum BSEL (1R (a)) ', BBADOENREELERRAM DY L -2 BEHEOEEEHZEBL THY,
SEIDRAEBENTH S EHDDS. —F, BREIFEIREZ L TV 5 Stoffler & Ryder BI#kIZE&E
BHSKRECANTNSG. INSDBERHS, BIAEREBRITED ofc, FllddbocELTH, FED
INEWEDTHOTeEEZDDNEZETHS. BEDIEIRTIE, 38 BEICHEHEEDE—I OB ofeh 40
BEFICIT—RFNITRENMED D RO ZITNIEE ST (B 1 DR (). TORE, ERBHAROER
BE0DERIE, 20 km/s DEHREEZRELTI L—2R7r—) V7RI SBHITN S8 ERERMAE D
DIERIEDEEDBIIN S, ~1.8x102g EREES5NS. —H, Nice ETIVTCFRAITNEBANOERE=
IEEED (84£03)x 107 g, NKREH (3-8)x 102" g TH Y [Gomes et al,, 2005], HLZDEEYIFTNnLY
HTRITNEL. U EDHERIE, BOKREDOEERMD 39 BEFIFHIR I N LT EEROBIAFRE
REZBET 2D TIEHZH, LYV/IMNRBEOEEEDIBIM® Nice ETIVTRETNTVAE LS5 BERXK
EHEDOBIHR oM ERLICEET 20D TIREWL. BERABREECIE T L—2FEREZDED
DUHENNETHS.

<BEHE> Gomes R. et al,, 2005 Nature 435, 466. Kobayashi, S. et al.,, 2010b, 41st LPSC, Abstract#1795.
Nyquist, L.E. et al,, 2011, 42nd LPSC, Abstract#2368. Takeda, H. et al., 2006, Earth Planet. Sci. Lett. 247, 171.
Tera, F. et al,, 1974, Earth Planet. Sci. Lett. 22, 1. Stoffler, D. and Ryder, G., 2001, Space Sci. Rev. 96, 9.
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FREABREMIED Y L — 2 MBEOBEFRZRD LTS, ##@Q), (b)IE Neukum [1983]& Stoffler &
Ryder [2001]DZNZhD 7Oy bRICK LT, I88BE—REHERFEDETCT v T VI LTA
SNEERFERETHS. 7L —DEEIE, BEANSKILEEZSNSABEROMRED Ar-Ar £
&, BADOBREMD Y L —2BEDHEEEZTY. #R(0)I& Stoffler & Ryder [2001] DEARDEEIRNE LN E
LTcBRC, BRAITNSEERMOD Y L—2BELBBAOBREROBEHZES LS5 TE LIRER
LTW5.
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Levitation dust: a source of IDPs.

TARKERS 1, /NVRIERL 1, A 1,

WARRAT 1, FHIEZ 2, BATN 2

VT RERPREREN R v ¥ —, 2 R KR AR
Hiroki Senshu!, Masanori Kobayashi!, Koji Wadal, Noriyuki Namiki!?,
Noayuki HirataZ, and Hideaki Miyamoto2
1Planetary Exploration Research Center, Chiba Institute of Technology,
2The University Museum, The University of Tokyo
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Exper imental approach to armoring effect of
cratering efficiency on boulder-rich target

OFmm ', HHET’ EIFHHE? Carsten GUETTLER?
'RERP, THFRE

INEREA FHDRETIE, ZEMLGYIL—F—4ERETILIOFEINEZLY BN AKX
JL—3—DORZNER SNz, £f=, JL—F2—DFRI-ERLIL/NSNWIENHMOENT
W5, ChIcddHEBAELT, 1) BREEICEL>THESNT) MEHLLIL—
A—DHE, 2) RILF—BLETOY L—2—4SBHNEOET (ERHR) , 3) EROBHL
WRILF—BLETO/NI L—2—DREBE DR, GLEMRBIATLS.

RILE—EBETOI L—2—BRICEITAERMRERIAT 518, HRRXKFEOBEHRHK
FRW-EBRETo-. BAIIEZE Im, ImDHSRE—X, #—4"y k& 215um, Tmm,
3mm, 10mm DA S AE—X T LE=ERHN0cm DRAT U LARBERAL:. BEEEL
#9300m/sec ICEEL, BRREINzV L—2—DER, FIZAELE.

A—Hy FEBROBERLEEHE/NASA—FIZRY, 9 L—F—BRHIEORIZLLT
PlLRT—1) VT DRT—1) TINS5 A=2T ETM,D-0.1T FEDLLEFRWMBH E, EERLEMO.1
DEEIEBEDI L—F—HBHERERED Y L—F —HEMEEZRLEZOIZK L, ERLL
HEMT BITONTHANEOETHERIN:. SEAOERBREHF TRLEREAKREN
BAE Inm, Z—4y R 10mm (£ 10.0) DFEIFE—4 v MIFOREIZHN GG
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SEINRERRT, DU LLBEREFREOEB TIEIERFDRICKDIRILI—ELTDI L—
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EWSHELHD (Hollsopple and Hausen, 2011) . SEIIERERASEFHEDET
WEZEEA, EWVEREREEESICERATELGSRILI—BLEDY L—F—BRORT—1) VT
HIfEEZ BT .



Oxidizing proto-atmosphere on Titan: Constraint from the impact origin of its N2
atmosphere

A ml, BIREEA 2, fadEE# 1 Olivier Mousis?

VT IE TR ERENIE Y o 7 — . 2 RGOSR B A s B 2T 78 8L, 3CNRS/INSU

AAZANIERFJRROBETHY , FVWERSFRIEF O ENMOENTND, 2D
BA B REDED XL IR ENTZ DI HOW T D D BRI KRE R IC R > TV 5,
COMERRTHZ LT, FA X COBEZRRIOEREZEES L2 LT T, LEHERD
BTV A E B2 DR & D, — KBS, Z A & oMo BAIFREIZ, R T X
B o 7O T AEEE L TR S - R OfiZE - A1K - ERRIC Lo TS B2 bR
TW2% (Lunine er al., 1989; Prinn & Fegley, 1989; Alibert & Mousis, 2007), #A XL ®
EET RV —ZEE/T DL, A X OERII Y A Z BB « 785 L, JFAAREN
T LEZ SN TS (Stevensn et al., 1986; Kuramoto & Matsui, 1994). JR#EKZ DAL
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EY 7 X 27 CRENEMR TS (Lunine er al., 1989; Prinn & Fegley, 1989), fthJ5iZ%.
AR DOBIAT -V TCOMEBFRKTHY . KIREES 7 X2 7 T CHENERT D
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TRMLRFE LT UE=TICERMRIC /R D LR IS (Alibert & Mousis, 2007), DF V., Z
DBEBITIE, JFIRRIT LR E LT VE=TICERRRTH L Z N5,

FUAERZT DT V=T NOERDTVRERESNDIHLRRET VO 1 D& L CHEZER
MEAET VNEEE X3 TV 5 (Jones and Lewis, 1987; McKay et al., 1988), Z AU m s A (A
ISR Z BT 2 BEICRAARTE ISR SN A ERE (RNYvavy) Lo TRATOT %
=T EGRLTCERDFEERT DET NV THD, ZDAN=ZALBHEME L 22 E 5 TR

KA E T B =T DIREIEDF 2T 4 7 ABRAKAFET 21T T TH DM, KGR DR
RN EN TNV D DT TIERW L, DFRISDFAXT 7 ZZHONWTH ZHE TH I
Lot TWirrolz,

T TARMETIE, XTIV AEEBECTEXLBEETNVERFTITHEEL, A% DR
RRRE LTHE R DN DAL IR KK T OB BRINEIC K 2 BHRAERDEELRD D Z L2 HHY
LT %, RBIFEOET NMIT 1 RITOE KL OWRKET NV EALFISET NV E T vy TV 7L
THEZE L7 (Gibson & Marrone, 1962; Hall et al., 1962),



ARBFFEDFER D ST A Z o PEEPINEZ IHI T 2R EFFOZ L 3D oTz, LW H D
b AZNILL OREEMZFF > TWDH72D (9l) ([THBNREWEZH Y | BERIC X
STMAINIZS WD TH D, ZDTd, A X ATETIETCH R KRR~ OMEZECIL, R
ILEDMRNTZDIZT =T OGREISH 0T Z 6T CEHICREET) | ERAEMNRNRE
L</hanz tpbrol, @mREEY 72 275 (Lunine er al., 1989; Prinn & Fegley,
1989) THEE SN D A X VB OHIARA~OWEDOE R LB XD & BUEDZ A XV RED
£ 9 RERRADERS NN ERbhoT,

—J7 . CIRABERFRITE CRRALR) 22 R IR ERIIR L D3 & < 72 D T & SRR DR R B
Dhrole, ZHUE, ZEERFBOIREBEC DI (4H), A X &l L THED /S W
2D Thd, WRERENEGS RDOMERL LT, TV E=T HMISHIRIIEZ Y | 7P
BHCHE T 2 BR D FNERSND Z PRl fik e LTURIREES 72 = 7 (Alibert
& Mousis, 2007) (Z&VHEE SN D “RILRFICECIIBRA~OMBROE REEZX D5 &, ¥
AL ORI REVERRKEABERT D5 2 ENRREND, EOTORFREOMEIZ, L
S A H L DEFZRKDERINTEK Lo D72 HIF, JRAARKD "R LR IS T bR o R T
ol Z L EBRIERLTND,

ARFFEOFREFIICRILE Y7 2 =7 (Alibert & Mousis, 2007) €7 /LI XLV HEHI S
D LR RICE OB EDOFEL XFTOMRTH D, AT X ATEM UK
EROFHBITE T2 R TPRINDL Z b, b ULRIREEY 7 X =27 (Alibert &
Mousis, 2007) EFANELWVORLIT, XA Z 2 LRKKICT T T X 2DOHEROILFAHK b
TRLIRBICEL Z ERTHEIND, EEEIZ, 2T X ANLEH L TWD T IV— D ERK
ELTEMLRFL T =T BBIHIENTED (Waite et al., 2009), Z OBHITAMIEOH
E LB TH 2,
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