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The Introduction of CCS:CO; capture and
geological storage for our Low Carbon Society
by Morihiro KURUSHIMA
- J

Abstract

As 80% of the world primary energy including in
the Asian region is dependant on fossil fuel, it is
essential to address large-scale emission sources to
achieve the reduction targets set by the Kyoto
Protocol of COP3. Even though promotion of utiliz-
ing renewable energy, energy conservation, etc. are
important measures for reducing CO, emissions,
sustained utilization of fossil fuels including coal
resources cannot be denied from the viewpoint of
efficient use of resources. And, the implementation
of an effective CO, capture and storage is the key to
efficient use of fossil fuel for the Asian region and
the global environment.

Key words: Environment, Eco System, CO, capture

and storage: CCS, public acceptance
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I. A Short Biography

Since July 2009, I am assistant professor in Kyoto
University and hold the chair of JAPEX Energy
Resources Engineering Laboratory. I received my
PhD degree in SISSA (Italy) in October 2007 with
thesis "Modelling structure, phase transition, and
vibrational spectroscopy of silica at extreme condi-
tions" supervised by Prof. Sandro Scandolo, where I
have developed my skills both in ab initio and clas-
sical molecular dynamics simulations. After that, I
was postdoc fellow in Canada for computational
material sciences in Prof. John S. Tse group for
one and half year before moving in Kyoto. My cur-
rent research topics include: energy resources
(enhanced oil recovery and methane hydrate),
interfacial phenomena and wettability, high-pres-
sure physics and geosciences, first-principles and
classical molecular dynamics simulations. The aim
of the whole Energy Resources Engineering Lab is
to develop new techniques for inquiry and recovery
of new energy resources such as "trapped oil" and
methane hydrate and also to precede carbon diox-
ide sequestration. We devote ourselves to nurture
the next generation of petroleum engineers and sci-
entists with necessary chemical-physics and ther-
modynamics background. The molecular dynamic
simulations conducted by our group will throw

some insights on the mechanisms and insights for

*JAPEX Energy Resources Engineering, Department of
Urban Management, Kyoto University

the relevant phenomena, and arm the next genera-
tion with a detailed structural information on oil-

water-mineral systems at molecular level.

II. Application of "Nanogeoscience"

to Petroleum Engineering

Enhanced Oil Recovery (EOR) techniques to
increase the crude oil production from oil reservoirs
are increasingly important for the energy security,
as the reserves are limited. Because the oil field is
enormous, it is generally thought that EOR is a
matter of drilling and flooding. It is shown here
that the "small", like in nanoscale or atomic scale,
is also very important to enhance oil recovery.
There are two examples: one is oil-water interface
system, which is typically less than 1 nm; the other
is the three phase zone of oil-water-mineral, name-
ly, a conatct line of three-phase. Molecular dynam-
ics are inevitable for such nano-scale simulations of
these two systems, which rely on the brute forces
between the hydro-carbon atoms of oil, the oxygen,
hydrogen atoms of water and those of minerals. In
fact, there are many EOR techniques including gas
injection and chemical injection, among others.
The main approach to EOR is to decrease the inter-
facial tension (IFT) between oil-water interface, to
alter the wettability of the rock, or reduce the vis-
cosity of the crude oil through molecular additives
that are adsorbed at the oil water interface or
migrate into the crude oil through the interface. It
is important, therefore, for the phenomena pertain-

ing to the crude oil and underground fluid (usually
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aqueous) interface as well as the crude oil, the
underground fluid and the rock 3-phase interface to
be understood. The aim of our study is to develop
and apply computational materials science tools to

study the structural properties of oil-water inter-

Fig. 1 Preparation of light-oil-water interface
system. The upper panel shows the 1ol
components of our light oil model.

b)
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face and to predict wettability phenomena in the
oil-water-rock system.

A. Oil-water interface

The interfaces between two immiscible liquids
are ubiquitous and play an important role in many
Unlike the

bulk materials, the interface system is a noncen-

natural and technological processes.

trosymmetric environment about which we know
very little. Experimental measurements for liquid-
liquid interfaces are challenging because of the rel-
atively small size---typically only a few molecular
diameters wide and the buried nature of the inter-
face. In our study, the light oil system was mod-
eled to realize the components of the crude oil (Fig.
1), which consists of n-Alkanes (n-hexane, n-hep-
tane, n-octane, n-nonane), cycloalkanes (cyclohexa-
ne, cycloheptane) and aromatics (benzene, toluene).
The number of molecules in the light oil model sys-
tem was 144, 132, 156, 180, 96, 156, 60 and 156,
respectively. The interface systems were prepared
as follows: at first, all hydrocarbon molecules were
mixed and equilibrated at the target temperature
and pressure in the isobaric and isothermal ensem-

ble. The water molecules were prepared in almost

1,200

Density (kg/ma)

400 - i/

Aromatics

Water n-Alkanes + Cycloalkanes

Distance (nm)

Fig. 2 (a) A snapshot of light-oil-water interface system at 298 K and 1 bar taken after 5.0 ns and (b)
the density profiles. It is shown that the aromatics accumulate at oil-water-interface, whereas
the other hydrocarbons are uniformly distributed in the oil phase.
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same box size with equilibrated hydrocarbon sys-
tem. Then the interface system was made to com-
bine the hydrocarbon and water system. Each sim-
ulation was run for 5.0 ns under ambient condition
(298K-0.1MPa) and the reservoir condition (400K-
30MPa). We have found, at all thermodynamic con-
ditions, that aromatics (benzene and toluene) con-
centrate on the interfacial regions, whereas the
other hydrocarbons of oil are uniformly distributed
along the oil slab (Fig. 2). We attributed the self-
accumulation of the aromatics to the favorable
Gibbs free energy due to the lower interfacial ten-

sion between the aromatics-water interfaces.

Fig. 3 A schematics of the weak hydrogen
bonding

H,0

Hexane
CH;(CH,),CH;

« -Quartz

/ Snm
H,O-treated \

Further, we suggest that the "weak hydrogen bond-
ing" between the aromatic rings and the proton of
the water (Fig. 3) are the cause of the lower interfa-
cial tension among others".

B. The wettability of oil, water and mineral

Sandstone reservoir minerals are usually repre-
sented by crystalline quartz or by various glass sur-
faces. The wettability of oil/water/quartz is there-
On a

freshly formed dry SiO,-surface, a number of reac-

fore a model system for those of reservoirs.

tive sites [e.g. siloxane bonds (=Si—O0—Si—0),
non-bridging oxygens (= Si— 0)] react rapidly with
the water in atmosphere causing the formation of
silanol species (=Si— OH and = Si(OH),). The con-
centration, distribution and nature of sianol groups
on the hydrated surface will most probably influ-
ence the properties relevant for the technological

). As a demonstration, we have shown

application®
the quartz likely presents very different wetting
phenomena for different treated surfaces (Fig. 4).
In addition, the kinetics of liquid/liquid displace-
ment (i.e. dynamic wetting) on solid surfaces is not
only dependent on the interfacial tension and rela-
tive viscosity, but also influenced by solid-liquid

interactions. Such study is under way.
III. Remarks and Prospects

By better understanding a) oil-water interface

and oil-water-rock interface interactions at molecu-

CH,-treated

Fig. 4 The comparison of the wettability of hexane-water-quartz systems with two dif-
ferent surfaces between H,0-bearing- (left) and CH4-bearing- (right) on quartz

(0001) surface.
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lar level, b) the absorption and desorption of hydro-
carbon molecules on surfaces of rocks and c) their
diffusivity under different conditions (ambient and
reservoir), it is possible to explore and assess new
methods to enhance oil recovery. Our study in
future will include the CO,-effects, salinity effects,
“soft”

factant agent effects on the water-oil interface and

"hard" nanoparticle’ and some other sur-

the oil-water-rock wettability.
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A revisit to songs of “Lake Biwa Elegy ”
and of “Mt. Fuji entirely Covered with Snow”
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TR S NS, BRI S0 % 520 Tk S
NB 7w, Rk AR O /N S B ARG
WoORWEIZ X VvES NS, Lo L, Sk
TEH T B 720K T OISR (BT, Kok
MAEME STV, AIFE T, TEENZ AT
% IR R 7258 2 BIEREERIC X D AFZE L 72, IRE)
Rk, A EIRE S Y — v 2 IRHIPTA LS
&, WD 3 KILIEEFR 28 % Stereo-video- pho-
tography CTHEIZE L7z, Z DR, KT Ok i3k
B8y — VICKRELEBEEZT DT ENHS IR -
To. B5I, KTZEIEBEY 5 1 Kocke WL
LENTE E TS 2 2 Ko R BAEMAAT 2 920 L,
WREY /S5 — o D3 TR B R T A D= A L
EWHLMILT.
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BRIZB W CREM 2 A 2 RIS 2 000 D IZ, B
ICHAL L2 DETF NV EZEBA L TWD Z &A%Y
5Nb. L7zho> T, BUZERMEOTFIEE O I
13, TEh & BUREREE A K L 7 BT AT R T
bEEZAH. AWZETIE, wAOME R, EEE
B, AV F— R & B E RPN EB o B8
A LTS 52 ¥a—y7ur s a2 L
7z FENTHUSINICIZOK & 22500 2 T O IAET S
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WP OB, SR E ) O 8, A O 2
RO EERE L7z BAEITRS RIIEH RGO A7 &
3, PRI EBIC BV TR ERT—F L Rn 2R
L, BWTFIREEDE S,

(R Meg, Bl ZZEETEW)

EmBEEEREEDO—)VAR; 7O A DR

AN - 54 V3 TOSEFTIIHEESIC X 552
FER e s & Bi <72 D AT RE 72 TEAESRAT 253k H T
Wb, EEEETH 5 DI IZEEh oMo Tk
BEZ HVEDNH L. AUFETIZIH Y 7 b Marc (2
X DA RBEHET 247, T2 S TE D7
HEOMREMEZME LIRE L 72, A CldRgoa—)L
2BICIEH LT, fEkoa—)v & M T — L iR
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A T o7, FORE, RSOy ¥
RV CiiT— LV CIRIZFERETH o 72, —hHT
INTREDIREETH AL IE DT AZ TR/ L 25,
PER T — AT HEARTHRI T — v % 725 250 e
OB OTHAVNE , 722 DFADRITHLY Fruv
TEDIEVIEE R E Doz, ZoEWE, MAT—LD
AR B0 B & 2 & oI A U o iFEe
MR EINT27ebeEZ o5, U EXD, Filla—n
V2 2 & THEETOHLBIEDT AR, Thb
LRI TR % 0 2 72 w2 Ak 2 A % 1k ©
& AR S N7z,
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BEIRIVX—FHEE
IxZyaeririNEH

X5 VA R — b OERNEREIC K
SEMFE~NDE(L

AWM D LT ANVTF—FRELTRAY NN, FL
— FEHEIN TS, AAREHORERBEICD A ¥
UNA FU— T OFEPHER SN TEY, 20164 L
W oo T SR BE SR CTHFSE - BSEASED S hTw
L. LLERDS, B¥EN—ATEHT 5I11EH
MWEES % <, 200K M 2 W5 A
PBEE SN TWAE., Z 2 TARIIZETIE, 5 E R
IS X AR OB Z EE L, ZOME, 7
ANA FL—= P MIBWTIE, AR Emek) K-S
ENA FL—MERD 2 ICET 5 BEGEHEI/NE
K BBZEBMOENTVE, DX LBR% AT
=RV, N FL— PRI NHBED
BB EAKOTIIIRY, HARO L 25704
BLRT L 50 TREVIEZLZONTVS, &
FERBCERERIIZB VT, B4R O A R & A
LB L72E 25, MMRERmRAARL 25120
AR AL R @A R SNz, TS
MERESEL B ENL FL— MEBSEL R,
HRENEL L ol TR &N S .
Thbb, N FL— bORABEIKTICE 5K
SN, AR oz 2 HEM S 7.

HRINA RL— hETDINA 7 HZANDIRA

XY R L S TIHRONBNA FH AT RN F—
e UTRIERICRHT 5121%, N AT RZEEND
CH, & ZhDHoH 2 (CO, H,S % E) 5T 5
DB D, AL TIX, AN FL— b oFEEE
W LT2NA T T A GO HENE % MR 9 2 720,
CH/CO,B £ U CO/H,SRAETANA FL— DA
B - TRBRENC O W TS RO ERZ T 72, T O
B, CH/CO, TN A % WA BIREHTANA K
L— A4 L, CO/H,S TiZX W %ELR HS N A F
L— MOARPAER L7722 L5, Gfsttodle & 0 HEl
EN7e. S1RIZE 52 CH/CO/H,S @ 3FERAH A1
DWTHERBOELREIT, TOAN - 5% 5
MRS 2 2 2T, B ANA FL— MEIC L RS
INAGEEOWREN:E G 5.

EIEXAY VHEEEICHIT D NaCl DEE

AR, AUAPREL OB R BB LA & 22 0, N
AF I AZAINF—~DHFENRH T > T b, £OHT
b Ay R, BAMBEEY 7 & DA BREEEEY & IR

BCHESETUHL, TAVF—JiE LTHHZNA
FHARFERESELEYFN T AL LTERENT
Wh. AKBIZETIE, EMBEFEMICEIRA & > S % w
L7256 0RENFHIORGETF— 5 L LT, &iiA s v
FEEZ BT 5 NaCl O FE 2 R7z. ZORAE,
9 AR 7 ¥ A5ERE, Bl ¥ Y IEED i
MmA Y VHEELD LT~45FEREN &b o7,
F 72, #A NaClisEEds 1 g/l Cldmin - i & v %
FEOVT D NaCl R E Y 2 & 0 F AFEA =133
MU 7z, REEBTHWAIER TIE NaCl # AR O
Na* JREEAT 240 ppm FREE & AKAH - 72 72 O FH KIS A5
¢, NaCl# A, X NaCl i Claiz@EZ izt 3
F A= VL ISR EAR - E 2 bR
5. F72, B NaCl i) Tid# A NaCl iR ¢
BIEERAY VA AFERINA Lz, & IRImA Y v
FEWETIIPEA NaCl #ED 30¢g/1, 60g/l DEHIE
NaCl #E:8IN& ex X 7 ¥ A EEHENZEFIN 79%,
B% ERELWAL, Hilmx ¥ Y 5EEL D NaCl 2 A
12X B BBEREDENKE -7z, THEE NaCl
EPECTREFZILICE D5 A —TITMA, pHAMET L
TV Z EDFERTE W NSNS, e A
LHENEDH ST TIVA Y EIEA NaCl j#E 30 g/l,
60 g/l ThE WD, A ¥ VESEERIEDOT A TS HiE
SEARIRS B L2 2 ON5D.

INIVRY v MEZIRIC K DML TFEIE

AR, 7OVA D oy NEREE) SR IR R IR,
FEEIE L v ) B A REEE R Z TR Y, ERBITTIE
WHETDH o 72k T8 5 VIZ K 2 WS T & 280 L
TEHZBHPTTWS, SVAY vy bR &G
DMED DY, WEREDAT L —F T 43RS
s TwAE, LeLARDS, 7OVRA Y oy Mgk
ISR RIS <, T8 L LCo TN 0
TN THRVODPBIRTH 5. &2 THIFIEETIL,
POVA Y oy NP X Bk T EE IS B W TRIE S
AN DWW T O TR BRI ET Lz, RIEEIL,
Fa A o RIS AR OTING & 2 S E o8 ss
WIEGARICRE R RUITTE v kR E D L1,
B A+ Y PEREEEAICTH AT IVF VT I VRDOEMA
REEGATNG- 2 DB ifa Lz, OSSR, BicH
TR 2 A L7286, Smitt, R o
HRDPRET-RIAR & AR RIS L Cnwb 2 &2
LI L7z. F72, ZOREEERIOREBROEZEIZD
WTRET L, V2 RIEEER O E O R S AL
TH FiRoHAIAED 5D 2 & 2Tz
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&, BICRIOMALFISIZHE D 7/ — FERA ) G- 72
[RBEN | & I 2 BREN O ZOWGEEZIT, &
NS OBEMEBEMN AL E B FEHR SN L BN - pH
X GHRD &Ml 22 LT, RIS TR S
LB AEFNTELZLERWL, 5612, 2ol
THWLEmZ, AEO<AL 70735 A2 (QCM:
Quartz Micro-balance) % HlAiAA 7ZEMICIH I 2
5T, RKBENOZOWIELE, &EF ) RT-oh
HAHEZ FRERITE 22 B RA L. SRS 0%
ORER, B E T 2T 7 KT OfEAHR T 7 R T- O
B E R IR TC U ORI T TE D X H I o7,
COFEEHNT, 3dER4E (Ni, Co, Ni-Co, Fe-
Ni) OF RERICEII Lz, /2, chbod
BT 2 Y ol 22 LT, ThEclcs
AT AR MHAT100 DL E ARSI 100nm
SBF ) T 7 A=K LT, 4%, &8/
WTPOEEF ) 77 AN—ELCEEF ) 74 V5 —
NETRgER D, 4ET WHEORK L Z o Aiige %
RS 5.

UFOLAF VBB HRIDT COEYME
BEE(LDZDEHREEEMFE

) F A4 F VBB, VF AL F U8
WEA & BARROTHW R ICHA D 28 0R L, WEYWE O
BT 5. ZoOEBMKL T TOMEELLO M
%, X BT E O CTRR BRI A THh S, )
FI LA YHPIMAD T ERE A IS, 0
& X TR B TP Mg O EIZ b E B L, ) F
v A A Y DB AT X BRI AR R DR % F25R
B L, TSR 1 7 VRO S bD RN %
HoHAIZL LD ELTWwD, ERETIIEDEER T
B L7070 XM ETEE % A, Bt oGy
DR ORI AL OWE Z 1TV, SPring-8 Tl &
V) SR C OREE AL ASHEAT 3 B WL & VA S IR
OREE DR ZALDRIEER AT > TV 5.
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TS AVEGRELICKIBETBEY Y
YU LGEMHORENE

BRWICEBERT V=3IV A, AVITA, Ivva
AZN ()7 LA THEICHOREY) 7 EEERNIDT
F LT EEOMBEEAN & 77 A~ it &
DOFEFALIHAM O AT X BB, o KiE
kD%, ¥4 %y A MNTHAZ Hwiz=7 > =
E e % IS i SAVIN ¢ = B S NN =231 I
&, HmTEREOBE) X2 0GR E, BIFRUYA 2
NMEOHERZ EHT 5 720008 %, TS L5
B EIR ARIPE S E K L TiTo Twb. Fixid
£, 79 XABHBEELIC X o TR S 5 BRI LAk
ORERE LT EVEDBMRIC OV T Z DTS, Th
F T, RIETEK SN 5 BRI LS 373
O YESONBEZO RICRELAVERH D, WEO
i PR A ICEETH D e o TE 2 H
15, TN HNEOREERIZE & HLEOBRIZOWTIE
Fex DTN,

HBE/NVAJe—L Y FERICKD A X
— IV B DERRT

P ST IR B 72T 120 < 583 % X M
T L —¥— (X-ray free electron laser: XFEL) I,
W TEWIRE, caae—L r X, 10050 1/

(100 7 = & M) ORIV R &) KA B 5.
41, TOXFEL ZHW7-8rmkA X —Y ¥ 78l
DFEE HIFL T, BICHRE L T A EHmEF L
—#%'— (EUVFEL) %> T, BLEFWIZEATGEmse
R dbiE K & 3EF LT A A — Y ¥ ZHA O BHZE (2L
D#MATWAS. EUVFEL 2 515515790 2R,
XFEL & ZIZFE U4 100 7 = 2 MR OREEIEZ $ - T
Wb, ZD7H 12DV AE AT REED RO
I LEB/DLIENTENL, 7z MO HRE
TUEOMEZ L E, 77— T A HwTHEGE L
CHEBIICIRZ DT EDTEL L HITRY, ThETIE
OB LOCIWED Y A F 3 7 AR BINT & BEBRTHEAN
FEHT 5. TAZZOTHED S v 57 2 RWE OREEREAN
~NOIBH & H AR L T\ 5.
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VEGER TR X, ) ALARTERICE LT, Tl

LB BRME L7 Z BB LT . BUFISHERE
OWFFERENE 2 5L5

NUDLYIAR—bZRAWVWETONY
TSy I ABURRE

PREFEMIL, LI ANT -2z L, BT AV
FICBWTE, FRS, BEREREEZHW5 A4 7O
B, UL, SERILPESTH D, Zolekk
VDEEMREN TS, 70 b AP BT % 72
BRI AR L E L e CORFERI AR o)k
MW CTE 5. £/, F—0HE % W TOKOGHEAT
AL, MEOBVIKEL EEETRETH S, AT
X, 777 — F—=7ICX W IEERAL T e b 5
WA T AHNY AT T FR— MIOWTHIZE 21T -
TWwWb., TRETOBRICZE Y, ISHIG SIS iR
WIZBWT, F—r32 Mz S ONTHLEE & Z5 oM
LML, HEOEEELEEL, D CO,H A
L CHEE LR A B L CARTE 2 F a2
LTWw5h., 52, BHIZOWTHEZ W R—F 2
1bIZ & 2 filgE kg o) 7 S EH OWFge % B L Tw»
5. B, BROEBIIEEEITTALEDIL, Ih
5ORIZER N— 212, IR Z 3E L CRERBRE AT
W, SRR RO FH Z HIE T .

HREAERE

ARAFZE T, i (200~600C) T7a b niER
U, ALFIICESER T v 7 0 0) VIEEEICE H LCifge
ZH#DTWDL., 70 MRERON EO7zdlliE, F—
XY MEEOBRDSS—ODT U —FThb. ZHhET
DM X B EETIE F—751% 2% RBIEHTRA
THoleh, V) VR SHHH &85 Hi 7= Ak
XY, F—7REIOMMEICE TR SE5 2
EWHY L7z /2, 1mm BEOKE XOMGERLE5
LHIEIZHHIILTED, Iz Hn/AsE8EiE %z ik
P, (EESADIFERITo T0A. 58IL, 545 F
— 7R L2 HIFTE & DI, R oHIAL, A
ORI S22 T 7a—F12 kY, Fa b A5E
RO]_FIZHDY #Ee.

F& U ORRIEER

F I IBPERAEE TEOTH|S, 351, Kk
7 ECHARAM LRIRBEOM BN 2 /RT3, FHREOF ¥

T

RS DLIZOOEICTR E I A N, FOH®E
BRON TS, F5 v OERBEER, SR L~oF
¥ Do REER, F¥ VOO EZHANE LT
LN TWSE, TNETONETIE, 75 »H5HHR
WHH L35 2 e HETH Y, FEHfbD-0I121E, &
WREORE)S Y —F 7 )0y —Th b, £ TEE
T, 7OVAEMECHEERY VLT, 577 v OREE
BHCF v LYYV LTwa, $72, BREThOF 1 F
¥ DONIIMEE DB ATE B & OHHRZ B2 DWW T
W7 EOALEGAT L RIS L VIR TW A, Wi
FRIAGDOEL LX), WA A= XL OMINE
FTwl.

RS E A ORER

HAE, KEBEMHRE LTI ar» EmTdhsb
B, KEGEMOE R 5K 07201213, HEOZHALDS
RHOLNTWD. ALEWEEMIE S ) T VIR TRE
L RIURE A R0 7= O WAL RE T H D, AEFO
25 WEENTWAS, Avarkg 54 ke
(L& WEAR ZnSnP, 13, BIRIABRIZREIZ LY, 20
NYFFx vy 7D 166eV 95 1.25eV FTENT S
EFHEINTWAS, 2L, ZnSnP, DY F¥x v
T & KGEMOHBN M TH 5 14eV BEICHIBE T
EDWEMZRIR L Twb, RiffseTld, ShF otk
B ENTWARW Zn-Sn-P ZI0RIREER % BRI /ERK
L, Y FF¥v v T2 L7 oEE L2 A T»
5. Tz, EEEEZFHLZREEZ Y FEYy v 70
IOV T HIREKOBLE SHE LT 5.

BEMRIOERTOEADRRE

W, VU AR ER T 24, B TR
KCHEFAT 4 Vi EERHEY, FHEAHRL, B
PNEREET L. ), BRTLRERBEROR) ¥
SR CIUITEZ R CTEX 29 TH S5, HR”Y
RGEOHIEDHEETH S Z LS TEY, A
JHE LCIETidewn. 22 TARETIE, @REZ
DY) AW OBNFEREE R VL Z LT, ) UFE
KOGEZREL, WD) AW 1ERTH 5 Zn,P,
DOREERATND, TRETOMZEICEY, ) At
WD Z ETRAERBZ RWEEICH G EW) V&
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TEERFFRE BRI T2
M7 Ot 2T 2HEE
70+ AREHES T
(B HEESRIFHE)

FIYIEREICKD X FEHA

INE TORBETIZ, MEEHOT a7 55208
BT VT ERNFF ¥ RNT F A4, Bt AD
AUN=F TN TV Ta vy EHNTX
MOARY MVERZETIYE 22— 7 IR AATY
72. L LAahs, FVF7VEkTim T80 HEE A/D
TUN=FENHLTBY ML T Fu /55 & ik
FIINT =5 & LT AN TEDEE R £
ZT, WYRAET—5 OB 7 vy =7 2L X
MBSO % 8353 2 FH T X BoWME 21T 72,

Bieid 7 I 7 A5 V5 4 RO BB E 7 v
=T TRV, =R A= KIEHDT T A
BERSD X WEMELZEZAT FrD Ka, KA
MBS N7z, SHTHONEE eI 2= 0
A ATETE VT by 27 TEEHRZ L2 LTI
WZHHUC X OB T R 5 2 EAvRs iz (M 1).

EROERBEZNMDI/RZ D IS5 —
REEDFF

79 A% —JEi (CE) %, &N/ ST X —%%H
WV FHBER L OMAGDEIZLY, GEOME

OV EBT UV TEILFFYRLT T4
IS&YBENI=RRY FIL

X-ray intensity [arb. units]

Rn KB+ (c)W. F. Davidson 512 & YREShi=
Rn Kg2 SUYLBRNODT FVDRRY b L*

1 1 1
0 50 100 150 200 250 300
X-ray energy [keV]

*W. F. Davidson and R. D. Conner, Nucl. Phys. pp. 363-384 (1970).
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EMZENEE WA ORRBE T T TE 2 FEL LT
SN TEz. ZOMABNIEED IV, KGR
RTWAE N, REIZETRATHAS. LirL CE
ETIRDIHETORE Y2, ZOWTEHLETOL DY
A v & LCEAAEEZFHT 5720, #ifiio s
JE ML - D) 7% EVARAES B B 230 “C R e
Thorz. THISH LG, KT L v ez
W7\ EAT LT, R 2R & R ZIY 3
Z5HH LV CE HEORMIBIIR L7 (TEKT 2 5 A
% —JEM D VLCE ). VLCE #ECiddb a2 5
BT EO{HT %2 SET D ETREIRET 2 ALY V4
B, JEEOKE D5 O T HOEN & i 28
FEORYE VEHE G, NIV =T RS
AL v Ew) K& BfsE AT 5. VLCE Ex
— IR AR DY S Z & T, B OM MRS
THEERET I v 7 AOME Y% R D DM
WP B EASHREIC R B,

(AR S 2000 S S e B AR B2 K
WUHF7EE P.D. OEMMHAE G LS AR
FREIIZER) A% 2000 JEHHER BRI E A ZHLE L
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TR BB T2
MR O+ X THHEE

74 7 OMHZERE
(B F/BEFEsH)

BETHMECKDERI U—THEETE

P F ML, 50 AR TR T B C b BSR4
JEF-A 4 — Vv ORET R0 T RR D 2L % B K T
LA TN T 22 LW TH 5. AFREET
1, BETHEEEHWT, 7254 bR, A—AFF
A MR, =y FIVROEHEME OIS 1) — 75T
il ATV S, ZOFER, THETOFRNTET

BRRGDpo 72 LWEERPR A T&, 22T, €
D—HlE LT, 774 M ) — 7 3E of R

IZDWTIRR S, A 27 ) — FHERT A S BEIIER 1
EHFET, £H7)—THHIZBNT, BETHmNELY
o7z,

OPEBE TGO 7 1) — TR L & O A
D) — THRERELIZIEFEIC I B LTwS. L
b, BEFERIE, A7) —THEICHETLLD D
BOWBRET, $TITMBORLERI TS, 7)) =T
BHEORIMIATFETH S T L ZRL TV 5.

PRI E RS 7 ) — THRREENIERE IS L v
DD Y, FHHEFHFHEIECIZE, 7Y — T
Wi b BnWZ Esbholz /2, RIS LIH 1
FERGE TGO 7 ) — TRMZELE OF REED 7 1)
— TS D IR LD 2 2 L2 n, R
TORNEERFEHTZ RO REAH 5 Z L &R L
TWa.

COPNIRT 91, BETFAEmNEE Y ) — T
FHICIEREICERITH Y, Stk 7V — THIGEEOM
HEFH LW ) —THRETFHANT A= 2R T52 L
WIEH LTl

4H-SiC B Ni/Al # —= v U BfEhiKiE
BT & 1 D BB D ERER

SiC 3N Y F¥x v FHRE W0, HLMEILEAH
T 5 NYAl B2 5 & SiC 28R i {73845 |2 7]

W —aEERRT IV 7 MBSO NG. av s s
M & SiC ik L O R CER%EEZ > TW 5D
1 Ni,Si(Al) TH Y, MRS F — 2% R
I, IR ALBREE &R ALREEO NLSI(AD 2SRAE L 72
FRRZTER T A 2 EAEELINEFTHLNIILTE
720 A AL JEEED NiSi(AD (Enfic, 7 Al L p
24 — 2 MEERTAY, NiSi(Al) O Al EAZELS 5
& — AR IR TARERAS n B2 5 p BINEALT 5 1%
BZWI S Thv., 2 2 TAIFSETIE, NiSi(Al) OF&
SIEEED Al BRI A I S 242 L, Ni,Si(Al) 2°
WHZER) SiC 124 — 2V & 7R 3RS 2 I3 % &
LEHE L.

Ni,Si OIPLHIFH 6K TH 10u Qem &KL, RE
BN AECEEICEIN L 72, — 0, A — ARBUIR TR
ISR SEIRATIE E TR L 7R AN L, AxiREE
P CIEDfiZ R L7z, 65T, Ni,Si (&HfliZReR &
3R, BFEA—NVadFr ) TETEREE X
5N 5. ALBEEERINC P NiSi(Al) OHHLTHM
L, F—= VR L7z, Zh2n ol ikr kil
BT, 7.8at.%Al TR —IVRBUIMKE TADEZ /R L
72, 55T, Ni,Si?d Si % Al TE#ELTV->TL 4R
HOAERD X 9 BNy FREEDZALIE R, £F ¥ Y
TWHE—=NVHPLETICEELTnwEEEZ LN, fiEo
T, ALBEZICL 54 — 22 R o2t
Z, EXxVT7TOEATHMAT 20138 L v,
0001)SiC FEM FIZTERE L 72 Ni,Si(Al) 132 (013) il
BRHLTHEY, NiSi(Al) DL FIREFERE
HERMRDLE, NLSIAD O DOEIZBIT B8 FHEE
&, AVBEEZIC X B 7 2 )V MR OZA LM R o
ZEAL & BB IR LTV B T REEATE

o onH WA
AEHIZ HhiE A
#OM OJEE WRA
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STM IC KB MEIFREDEF L A)VEFT

(D Cu(111) WA O STM Bi%E

WEAEICH | & Ht %, H4E ETOREETFOZREHZH~
L Ef T Cnb, kK, I 7R h—KRrF )
F2—7 (CNT) OAERIZIE Ni % Co E\WVo 28 @mhs
SN TEZ, TSNS RG2S
HEETHAH. LITAHD, T Au, Ag, Cu Vo 72k
FLMAERZELRWERIZBWTY CNT %757
= UPAEET A 2 e E Nz BRI Cul) 37T
T EORTOBENREN P HIEHZHUTH
0, B2 OB TORFEFRTOWRS B OFECE T
LG IR SND L) 1o TERDS, T2
FEROHEBNI D .

FEEROFER, REREHOIMMOBEEZ FH ST
< & 500 K FEEE O LRI WL TR & 13 R 7 D1
WA END XD T Ehghotz. BIEENE
NOWHEOF OB TIREOEHNZ1T-> TB Y, HWiEHA
OFRERLOWBFICLY), ZORATORFFEFIZLS
WSRO SN T L TETH 5.

(2) SOI #7127 F v v TR OiRA

F 7 A= FVETF ORBR% F5o 72341%, HaT7N
A ZDOWBEDOEWAETH 5. AL T SPM (B 70
— 7HEMEE) OB RER T X x v TOMERERAT
Wb, BT RRESEREOF ) Fy v TOBEIC
SPM Ml C& UL, BEORIIMZETIRES SIC
B Z I L7 KB CORT 2 BERT (BTl
e, ERREEMEONL EEZONL. LPLED
5 SPM B D 72D I IFFARII G- L ROV
GEMPVLETH L. TOXH I L HANETIE
SOI (silicon on Insulator) M #JHWT, >/ F v
v TEVERT HZ L #RATVS, YA VEMHTS
ZET, I T L OV Odn I 2 FE % 15
LHIENTED.

WIFED#ER, SOI MmN < Ge A5 %179
Z LT, SOI #M o BOX Jg-Si gt i)/ Fx v
THIEEENLZ L2 /AR L. 2oXy vy THOIIR
OMMIE 1nm WAL, BERBETOA L TV A EHEIX
2nm BET, THIKREDDOSTTHEF ¥ v 7
24U L7 RRE© SPM Blg8sn] e A A CTH 5. L
LS, WEDLEZABZREIDI I BFx v THE
W ENDL DAL ETAFRENT WS, SHIEF Y v 7
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Ca,P,04?, Ca,P,0,-Ca,P,04?, Ca0-Ca,P,0," Ik
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