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KIZA 7V Z AN E BREHEICOWTHZ 5,
FFTANLD, HH120—FERIZOWTHENRS,
HHER
Xx=Ax+ bu
y=cx
RFZ, VATLDAN u (1) 2L THS &
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T4 Ty 7DTNIEBI u(t)=2y0(t—kT) 215> T, fEER D EHIFEHR G(s) Cols)
WCANT 3, COBAIBENCREL LD, T4 T v 7 DTN BB HEEECANT
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WET A2 L 3EEETH Y, Fow@H LT O RBERRIIMmRGICET T 2, £ 2 TH2 LB
WEEISA LT, 2XILERE S » 7y 7 MEOENR 2 KD 2 HIRERET 5. AwXT
(3, FIEBEEBRIC LD, ARFEPIEMIFEREGETERESERTRETH 5 2 & 2RT,

1. FAHE

fek, MRZER L CHEENERTE 2 &) Lhad{LMBETIE, B MIERE 7TRE: 2
L 77 e —F 25 bR T &7, Lo LEEIC % - I 2 & T RB IS A L TRy
Bl LB, RE L TE T 5([10,11,12], —J, MlAADRHREIHETIRRZEM LT
DEFEEZERTET, MEL VIS D v, fE- THERL L 7z I s B E R IR A 2
ST 2 A A D EOEALD TH TG, FEOMERMs TREME 2 B L Lew [6],
Y I A0 A bEREED EXBMERETH B IAF v 270l T 3 v IR HIRE
L, HRSREOED 1 DDA FERANLRBE TR 2 227 TE 57, HRIREOKL 22
LLEic7e 2 L S X s alkic il 7 5, 6~ C, HWEROBIFIZRMN 255 e 2 & Tl
Fom biE 2 E N2 BB TR EICHC 2 L FAEATEETH D), HUREORRBIERE L X
->T<5% [7]

72T, WAAIERMET R ZROCIE S Ty 7 IR ERILL, HAA DY RGE
D FHEI & B R RET 2, 2RI F v 7y 7 MEIEIEROEAOFERIC &
> TEEOBERTRE 2 JERMZRT IR, 2880 Bl vl e 7 SERZ R BRGHEITRE, BRIz fe o £
ERIRF o 7y 7R 7 b, BABZERTIEGHF v 7y 7 MEOEWRED FEL L
TREHIRE (1] 2 A7, REHEFEZ V2R, REEFEIC L > TERS A
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AFTIE, B XU L IR AGTEMEOGE 2 R X, AFEOHEMELZ TS,

2. BRICEBHRF v Ty IRE

ZRICIEREF v 7y 7RI [K] (ko &y icERbIns,
(K]
maximize flr)= an(xn) (1)

=
subject to gn(x) = Z Imn (Zn) < b,

= (2)

XnEAn, nEN, (3)

22T, M= {1,2,..,M}, N= {1,2,..,N}, bn 3&HHIRIHT 2RI ERTH S, %

B An A C R" D & SRS BERTREZ FERVERTIE L 20 V), A, CZE D L B KT e

IR GBI, An= {an, a2, ..., Gnk, ..., @nkn) D & & ZRICIEFE S~ 7 7 HIE
b,

1 #RIDIERE F o 7y 7 MBI ZEEIRF o 7y 7RIEEEMETH Y, MWl [4,5] &
Lo THERETHLEY 27T 70 —FIREIN TS, T2, 1HIKOIEREEEGET
[ (3 Bretthauer [8] & 12 & - TH AR AIE 2 AT ISR X, SRR EER 2 F\V 2 7D
REIN TS, SNHMAAEDETOELOBERTEL, BROBRISE 2 OME G
WHT I EEHLY, 20720, BEDOHIK 2RO IR BGEHEE X Vassilev [7] 512
& o GEUIBREPFRE ST W 5 05 KBUE M IR LT W e n,

ez lx, REHFEZ AW ZRICHERE S 7y 2B OELUREZIREL Tw 5

[9]. Z DML IIALA A DBl b T % Vv T B 720 I 7 JERRTE S H i R~
AT 52 e T& 5, REHHNEISEREZEAT 5 2 21 & - THRFEE 2 UG R I
B L TR FIETH b, Luenberger [2] 13, JRMBEAMEN 7 JERAZRTHIRE H 1L1E, R
BEm#LT 22 2L ), RENAREOREEOMIC 3T 52 L 2R L7, HEDY
# T2 REACS E D P TR EORIC—F L w e SRBEX v v 7HHFET L E v ),
BB LRI O A I RIEIE 2 L 7235613, FEOBEIE2 DR Y DA X
v 7EAE L, KBRS [SD] oA 5 [K] O FATaREME & 70 5 L IZIR & 70 v, Frox
2, EY273778v—F (MA) [4,5] 2% > CRBEMEZ %2 %, COP (Cutting-Off
polyhedron) 7 /v ') Z Bl Ic&k > T2 DRI G- 2 5 FBREZRAICT 5 & 5 o fEk%
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3. FHEM=EER

Fer 3, RFFRZIEL 2 KNG v 7y 7, ApEstEiE, IR G
i URH R EER 24T - 700 AFEBRICH W 2R ERIZ NEWS-5000V1 (CPU R4000SC) T
»H5,

3.1 JEM2XRkWRXF v THy IRBE~DER

w2 KEFEIRE I3 ER L METH D IERIE SRS I, E4, IEMAMBEN LIRS Ty
% [11], Fz 3% BED DBEREDF] & L T Bretthauer [8] & D7z 2 XERF v 7
Wy 7 [QP] 2H DIk . ARFEERTIT Bretthaver [8] & D2 @AHIKSEME L Ok
MhZe IR L CARTEZ @A L7z, 2 RBRF v 7y 7R [QP] (3K & 5 12EML
SNb,
[QP] n
maximize — z <% dixi— a:x:)

n
subject to Z bix: < b
i=1

l,-éxié Ui, Z:]., veey N2,
x; integer, 1=1, .., n,

CZTb=20 &Y 5, ¥ d: PIEEMEZL G ITHMBEKEMEL Y, 29 THIFIFIED L X

8

o

Bretthauer & & [fkICR 2L TRAES ¥, de [2,28], a.c [30,80], b= [1,13],
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Kizd: €[—28,28) £ LIEMZ HIBIR 2RO 2 AR L7z, Zo%a, X )or—2X
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720 SO0 BHUMEDIB20/] & iR\ 72 & & 0 RIRMA & FRRE, BLU2n£2EK1ITRT, TR
A ZERR D TR S ACEBU FIRE DR DY FEAT P REMR & 720 1), Toliffh K F - 72FETH 5, R
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i=1
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—74913. 2|-7554 -74798|-74430. 2|-75588. 9
~74913.4
0.2 0 0 0
11 13 14 15
~75416. 1|-752973712. 6|-75440. 7]-75660. 8
0 0 0 0
16 18 19 20
~74637| -7576143. 6|-76826. 3|-74833. 3
~74833.°3
0 0 0 0

3.3 IFEOIERTMBHETERE~DER

BEDIEFIEHIFIZGZ O L LT Vassilev [7] 5DOfIE :
maximize f(x)=—xi+6x1+x2—11
subject to gi(x)=xi+xi—4x1—4x+4<0,
g(x)=xi+ 25 —6x1— 622+ 14 <0,
< <10,
0<x:<10,
x1 and x2 integers,
WCAFELZ@EA L7, COMBETEIEX v v 7I3FAEET, BB R O ol fif 12 7
5o
KIREX v o TDHET 5 L9512, I REZER L7,

maximize f(x)= —% (11— 6)*+ 22,
subject to  gi(x)=(x1—4)*+(x2—4)*—16<0,
g(x)=(21—8)*+ (22— 5)*—16 <0,
0<x <15,
0<2:<15,
x1 and x2 integers.
CORMBEIINEX v v TDEE L, REBUS EED I 21=6, x:=8 IZFEATARRET B 5 A%, 3L
fEEIC & > THRalff x1=5, =7 2155 2 LT E T2,

Y,
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4. TV

fRZE ] LTI ER T & 5 & 9 Zhod LM 3TEk & ) % 7 7 e —F 258 LT w
7273, Z DHARED MER S WTRAMED R 2R TH - 72, BEKRIH R & L CRHE
IR LG ENDIIRPAA LN T2, —TF, BEM ETHEEIERTE L WillAad bk
WAL TIZBEARFIRMEANDIIRP W T H > 72, R T, A O EEE b FHE I
EedEM L, BEROHKISRMTZ FORERSSE LME O G PRE 2125 L7z, FIEMEERICLY
BERUR B LRED — M IIARF R L VAl 2155 2 LA TE, 29 ThVWHALMEDR W
AR ERFL N TE B L 2MERL 72, S 612, REMMHEDRE L HELEO R E
TN, RHREZIT) S EATE B LHZ 6N, ARDOMFRETH 5,

SEXM

[1] F. Glover : “Surrogate constraints”, Oper. Res. 16, pp. 741-749 (1968).

[2] D. G. Luenberger : “Quasi-convex programming”’, SIAM J. of Applied Math-
ematics, 16, No. 5, pp. 1090-1095 (1968).

(3] MIB, EMEYE R, SkH6L 0 BB LR 2oDT LT XL7, [Z%5% (A)
J67-A, No. 1, pp. 53-59 (1984).

(4] MPNIFHZ 0 “EERSBLRTED 72O DFRE", (5% (A) J73-A, No. 3, pp. 550-
556 (1990).

[5] MIIHZ, JEHRM, SWEH 2T RIF v 7y 7 BB SREERE, 2%
(A) J75-A, No. 11, ppp 1752-1754 (1992).

[ 6] EHMAG, AW, 5 “TY 2 7E0ERETEME~D®ET", %W (A)
J76-A, No. 1, pp. 64-67 (1993).

[ 7] V. Vassilev and k. Genova : “An approximate algorithm for nonlinear integer
programming”, European Journal of Operational Reseach, 74 pp. 170-178 (1994),

[ 8] K. M. Bretthauer and B. Shetty : “The Nonlinear Resouce Allocation Problem” ,
Operations Research, Computing Vol. 43, No. 4, pp. 670-683 (1995).

(9] Awpazit, KESEH—, IS, =5, RAREZ . “EHNED 2 KT
Ty 7y 7 REA~O@EH", 5% (A) J78-A, No8, pp. 1065-1068 (1995).

[10] R. Horst and P. Pardalos (eds.) : “Hand book of Global Optimization”, Kluwer
Academic Publishers (1995).

[11] R. Horst, P. Pardalos and N. Thoai (eds.) : “Introduction to Global Optimiza-
tion”, Kluwer Academic Publishers (1995).

[12] A8 T "KRIREBEGEDOBR”, HHLCH Vol. 36, No. 11, pp. 1062-1069 (1995) .
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[13] Amwizi, BZReg, KREBEE—, MBS, RARZ, BEGHIFE2EH L7220

MRS Ty ZHEDO 2 — ) R T 1 v 7, FILBEERER IR, $315 A, pp.
261-268 (1995).
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||

BT — 7 2O ERT YL U ED
fREIZ DWW T D—HLR

M2 > 7 — X L ® H
An inverse logarithmic potential problem is considered under the condition that the
observation is restricted on portions of the boundary. We apply a weighted Fourier
transform for the problem, and a numerical algorithm is considered. Simple numerical

examples show the applicability of the considered method.

1. FLHIC

Tty HFER O W IEIZ £ < DHEM), THNMBEOBRETVE L TH LEbI, BENE
TR RRED—2 L > T W, e THMER T & v )V ERREIL, FoARN) 7 o H72
K TH 5 2 Kt Poisson HRERD Y — 2 WP B W TARBRE 2 fF OB & LT s,
ZOMRIEZEL P SAThbNTERP, L2 L2 BRAERT 2 VBT 57 —5 2
RO ST IR 2R, HEVWIIERA LR THLZoN DL LTHRZTE R, —7, #HE,
THDOHHTHLbNEZLOMBIZBWT, F— 2 PRRERDTERO—HrTLrE 25
NG WEAPZL RZT LN, AR TIRZOMLGAITHT BT OWTHEET 5,

2. MIRE
DIFC, S Q B2 L L+ 2548 1 OMGER E L, 20MEDES D b7 5 M4
R
S _ M 2r 2
rmrjlrm_ﬁimjwm T<0<A1m+T} (1)

CBOTHEET L 2 W52 5NT0B D LT 2, MEKET v L v VEERT Y —2
HNETNE LTI, BE—EDHY —RAET IV

f(x, y)Zij:l1 S (x—x5, y—us) (2)

BHEZDHE, TITNTRA—ZITOWTHEN, BEQIIBEME L, & (v, v),/=1,2,,
NOAZERMET 2, ZOFRMD L LT, B/ ¥T XA =2 (x5, 9,) BT XTHET b2 2

— 31—
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3. ERNERCEE

B = ZETNRNIKT BREER T v v VISHRERE 2 W T

ul(r, )= —-217T~/f 7, 0 Iny 72+ 7*—=2rr'cos (06— ) v'dr'do’
2

an

_ZQ In v72+r2—2rricos (0—06;) ®)

T%g héo 7273 L (Yj, QJ) [ (.I‘j, yj) @*"EFI‘. ?&%fﬁ.‘(}) éo Eg%( ur %%Eiﬁk Q O)i%ﬁ I _I:C:ﬁ%ll
BRL7Z2BI8E u(0) B L, wl(0) IIMAITH S &» 5 Fourier EBARRET H 5, BISK
ur(0) DHEE Fourier 525k 7 12OV TRRDOBERITE 515,

Q N
W}gl Zf’:n, k=1,2,-'-, (4)

Tbb, MERTFyY 2V u(0) D1 KPP SNRKETHOHER Fourier f2fkick VY —2 %
TNDONENT A —F e —RBNICRET LI ENTEL, LIrL, RETEZ SHMEDEA,

F = AR TP Z 5N TnnwZ 2 s, EHARMICEIK «.(0) D1EE Fourier 172K

ERKODLIEEARETH D, T TEHHER2HE LT 5K

Wrmn(8) = {2MT exp(ikl), OETx

(5)
0, 0T n
PEAE LIRS
2n
gT,M,k:/uL(6> wrm(0)d0, k=12, (6)
0
BHEZbH, THDEE Ye & Groae 1I2DWT
gT,M,k:g (ot p—17iF Or s 7e), B=1,2, (7)
e BRI T 5, 22T
.OT,M,m:U(mv M).U(m’ T)
0, m=+0 mod M
v(im, M)= (8)
1, m=0 mod M
sinmT 0
2o(m, T)={ "1
1, m=0
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THb, X8EE=1,2,-NIZOWTHZ,
g:(gT,M,lv 8T,M,25 " gT,M,N)t
y=(r1, 720 5 7)°

A*=(0rmrx0)k1=12,-N

c 2 (pT,M,l——l 71+‘0T,M,1+l;)
1 I=N+1
&2 < e
e= = z=§+1 (PT,M,Z-z 71+0T,M2+171) (9)
en 2 (PT,M,N—171+ pT,M,N+l;l—)
I=N+1

LB L, 7Y % HEK

g=Ay+A"y+e (10)
2B, TNEYITOWTIRIHIMNEKRT > ¥ v N u(0) D Fourier 4 # KD 5 Z L T &,
P NT A =5 (25, y;) BHEET DI ENTES, S TERITRTREEICL D y2 kDD 2
LxkA B,
[ZrdyXaui]
Step 1. #=0, €2=0&35<,
Step 2. y"V=(A"+A") Re(g— &™)+ i(A —A")Im(g— &™) TyDEPUEE KD 5,

N k
Step 3. JifEx 3 (zé”*”> :.2.3 P B=1,2,, N % 2"V 122 W TH#E<,

Step 4. " VH B3z, j=1,2, -, NPUWR L TWILUIKET T 5%,
Step 5. 52"+1):l=§}+1 (orp—iyi+0rmpsiy) &L, nen+1& LT Step 2R3,

4. HfERERH

K 1ISRTEY —ZDEEICDOWTEHXEOEEME 12056 3 £ TEASE, #HELZHA
72 BV —ADFEEIZDOWTIZ0.3X27r & Lz, 8o XE Ei2ag$icot TERMIllEZ L
D, R6)DFEs & AN & D) FEHE L7z, BURHER 27, /=1,2, -, NOZAL»T107°LIF & %
S IATBI k-T2, HLIZTNATY) XA 1HYRE L2 XM AMENEEZRL, [FH
BRI Z DL EOHEEREZ IR, MR & D BEE S R OMEE I 5 LHEEITET 5850
XEDWELP NI bbb, iU, BRESXEOMEBKPIKE L2 LI2E DA
BONG VR EL bl EFEZ LD,
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8=30°
VMax:0.5

7s=0.05

X1, Ay —Z2DO/E

1, THT)ZL 1 PPR L 72EADNDAE & 2D L & DHEE#RSE
040 X T DAl 5 1 2 3
M HEERE MK HEER A EERE
260 1.36E-4 230 1.22E-5 110 3.16E-5

ity

5. b I

AR TIIER T v ¥ 2 WVHERE Z SO MR O A TR SN HAITOWTHR,
fH 5B 1A T 2 BIEARE 2R L2, FoBUEFERRE B 2 %\, EEICHIE 2 BRI 7 <
CENHRETHD I L BIRLI,

fHEe

AT T RBRK TR s = BB B8R & DRI RKRDO—ETH %,

SEXM

(1] APRWIER, RAE, (1992), HmAE

[ 2] V. Isakov, Inverse Source Problems, (1990), American Mathematical Society.

[ 3] P.S. Novikov, Dokl. Akad. Nauk SSSR, 18, (1938), pp.165-168.

[ 4] D. Zidarov, Inverse Gravimetric Problem in Geoprospecting and Geodesy, (1990),
Elsevier.

[ 5] D. Stromeyer and L. Ballani, Manuscripta Geodaetica,9, (1984), pp.125-136.

[6] T. Ohe and K. Ohnaka, J. Comput. Appl. Math, 54, (1994), pp.251-261.
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)7 TUEERDD V—X a flEIZIBITE/ 3T 2—7—D5h B

HEAES - LR RO 5% K

BOBADEL RIS SN TEEZE LA 2, FiciiRibr i3 siko EHIRED
ZALTHECH LK APEDLLINT, KRELBFLILNT WS, BLOMRETIE, #HE
DEBAKILD (e HER, KD THl7Z &) srFREFHEEZHI L, B (F723£2 0ftEn)
DT E ZREDIEEZ b > RN EFREDFHZEL TS, L LAHDER (380n
m~780nm) (3, HTH1.67eV (1.59eV ~3.26eV) DEiPH ICHE~FH ~fk~H ~dh & v - 72 fahs
DLDHEH-THEY, HimatH T2 HIAT 21T, SOFEBEILETH L, AT
JERRBRI) oy FHLEE L LTT -2 ) EF L72ED H 5 ab-initio 4 FiLE L, W< D L ERGRE
BEAII IR =R b, FEBE 53 A EEITATRETH S L, FIERKDR
RAGH—FEDNT A =5 — > TREFIZNIKFL TS, ZOHDV—X a T3, &
BEBE WDV EALI FR S —HEOFHETO o EETH 5 L, FHEBIE D SCC(Self
Consistent Charge) #EEUC & 288 DK LEFHEIC & Y Falifb S LT 54 5 ab-initio D & 9 I
FEIRT 20HEL v, DV—X a 3ERGEHEED S FIEFRICEHRETH ), 2B LT
TICERME L L L RERREB/TE WL, "I LEERDRHEICH - TL, NEH
I ERE SHERITHEIIG R 0wy, Dariich s (R LEV) BEORENDH 53
FGRA=F =LK OPFET HDT, O KIS HEEDFE LT > T BIEFITHE-S T,
ZNH 2 LTIZHENT 5,

1. ANF—9DfER

HEERDDV —X a fHBICVELAN 7 74 0IF, —fAN (EEFES05) &xifrihiE (EE
F525) D2OTHY, Rlebiizhgzhn, — AT — 7 IZRNLEENDDVDATA’, A
BIIHAREEDSym Wave'? L) 7 a7 S5a2HWTERLTWS, 20D & ZLELER
(3, FEAE, RETZ2MMEMCT 20, DATHE, DV—X a TlIEEOH@#EILIZITHbNL
WDT, FEREITIZIAS THANLTEUENH 5, R H I3 XEREG T IC & 55K 7251/
PHBE - AEEAOCTHBREREL, ZATFIC L VEREERDOTWS, FHHET D8 4 8
GFDHT, AT AIFHRIZED T v, ERICE2 B DEERDERKG R <7 bV & ETK
HOWNZRZ PV EZRRELTAHADE, MBEFIPTHEI L0, FRPTLEA A~
Horlx, ML ZERAROBEEZR-TWE D EHFEZTBY, AT Wy DADFET
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SFEIFLERMRL IC—HLERZBTTWS

2. AATF—9DELE

AHEMRD BRI, — AN T 7 ANDLTDNT A= — % BRI L TEIEL TWw 5,

a. FrTNVE AR EFEZ I ERHE L2505, IR, (EE7 7 A VERDITT
CHBILTREL L BDT, @LRLHTEHPLETH S, HRIETFS DD S VET

T 1IRTFH72D200~3000% > 7 )i & LU, i3k TO0.1eV LN D a2 Tl = 4
WE—ZRKDDEIENTEDLLEVDLNT VDY, EBREFREZ S ODLEVHETIILH»ALE

DIZEBBEFRHY, S TNEELLT O LTk %212, [MoClg] 3~ (0, REFE
7, PRS2, #EE25) T50005,  [MosS, (H,0)e]* (Cav, JE-F4K34, F-FHE%9, WL
EH33) T2000057, [WsS, (H,0)o)*" (Cov, JRT#34, JETHER Y, BLERS4) T30000x72
ETIHTPOR L T 5,
b. SCFS or SCCS HERMZEMELIRMNL LT, KT vy v UMERDOBRICEY) DR T 2L
% SCFS &, oL+ & LTRY) DlfF 285 5 SCCS &Ehbh 5, €DJREN 5 SCFS D
PHREOETREZ L) SFHRT L EHZ 51575 %k T 5 Ro PRIEMEOBIZKE
BEL, HEMBOBICERL W AWE B2 LAREMTb T 2 ulttir s 5, F 7255
#1715 Mulliken Population Analysis iIZ3 Ro 25K E ST b, 2D SCCS THN
(¥, RoPHEERBOBITENATIH WD TRL L TEHELSTE, FHE&T %D Mulliken
Population Analysis i23 Ro (ZZ1ULUZEKREEINT I 2w,
c. RoF 7B, BIOEFEREREL LToORELH Y, $%E1Z SCFC DREIZR) N
T< %, Ro Dfifily, LEEEMED2/3FREE, KHIRRERRE, & 2\ IIEMEEEOL. 152 R 7+5&% %
DEATHTD, BENDLWAELERAND LN, 778 —EERDOLA, HEE#E w->T
BBHFAET 2DT (2L 21E [MosS, (H,0)J** D) 77 Tlt, Mo-Mo, Mo- x-S, Mo
~p5=S, Mo-O D 4 FEIHOKLBIEEBED ® 5) —HRICPD B Z L (3#EL v, Ro (3RHEHER (KR
Mulliken Population Analysis) 12Kk & < ZhWT L %08, —EDFERZFHE L THIET 20
BZWEIEIICRoZRLEILIFIL VDT, EIZEET 5 (72 13MH %2 D 5 k% [H
ET D) NETHb, Mulliken Population Analysis D#EH% Ro @ A JIE I K X8 THE )
K LEt® %247y, Ro & Mulliken Population Analysis ZIURE %5t/ 72 L X5 by
HEDPHRETEL WP EFEZTWEY, BED & 2 53 Slater DJFEFEEDME%E EE L THW
Twbd, ?

%8B, T7xNVETIE, KF~7vFE»1.0a.u.=0.53A, 2F~HA2.0 a.u.=
1.06A, High~A > P72Lh2.5 a . u.=1.32A, AX~»3.0a.u.=1.59Ak7%->T\n3,
d JRFHER FHREICHWIEFIZBWT, BEFPUEZ X FTHE) », 72& ZIFHH Tls,
2s, 2p, 38, 3p, 3d D 6 FEIHADST 7 4 )V I TH BH5, THUTLS, dp ZMZ 2P E I TH b, —ik
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ERREDFIH 2479 DS, 77 4/ P DFEEKT b+ LR E D FHLEFMAL T H 1
275, KRR ¥ ORIE AT ) BRICIZ b - L AMRIGE £ TR 725 R 10 7273 RinE
BMZGA, EOBICER L ZWEBP LARHELTWL I 5 Y, ko WELL &
D5 L EHEICK > TL b5, 72, Mulliken Population Analysis Tl3, 12 72/b8dhiE IC
ETHA-TL DI s, JRHLEZ B IEHR T Net Charge »WEICH 2 &2'H Y,
—# DFE T Net Charge % BT 2 RICITFEBIVLETH 5,

e. WELL GFFEETF ¥ %) RIDO, VIDO, IDOA ? 3D /Y5 # —% — L ) Hi5E S
N5, BFEEICHEINCT (SCCEMIZLD) FETORT 2 WDMELND L&, FFD
B BRT e, BEEEROMEYL S H S8R (RIDO) T, 5% (VIDO) 7207
S XHOKEZ £ -7 < (IDOA =0), HifE (IDOA =1), & %wIiIFlHd (IDOA=2) T, WELL
iz 5N b, WELLIZ XY, AEICHE T TORIERKOIRIEIZHE I NS, SLKKEDOFHE
T, FFv e WREEBKOEZ7 0y M LT, &F TREBREPIRIEITRGEL THhoT
ot > TWbDEERS 2 F1UE, WELL Offii3 %2 1T ERHERRICHELZ 5L v, E
B2z [MoClg) 3 (0,) T RIDO=3~10, VIDO=0.5~1.5, IDOA=0,1,2% §~XCEtHE L
PRER, B F 0 RTEARICEE N o i 2 5%, 9RIDO=Ro , VIDO=-1.0, IDOA =
12fEHLTw 5

f. ALF, TICK, VECBAS I & 3H 7 IWVEDHARICET 5/ A =8 —ThH 55, +5o
TN EKE L > TWIUEZIZERE CIFFEARICHWT I 2w, L LEZEZN
|¥ Mulliken Population Analysis D#EHR L HTLICEAT 5DT, 7740V FDETHEE L
THWTW2, VECBAS oW T T 74V b V2, V3, V5 W¥Ealiny ) wEERAH 1),
Frx ZAFV5, V27, VBBEMMT A L bME L T2, ©

3. EtHE

#e 0 R L 2 & o Orbital Population 28 h @727 7 4 )V (EEFS36) ZiARAAT, &
JEFHLEICB T 2B FROWMIE L ENZEEZRICL TN T 27 w7742 BEL THAL
T B, WIME & AAED 245120, 003 -T-LLF TR T Sl LT 5725, MR LA w2 &
DEL, FOLERIXL L I5A4A—9—%0.120.05-0.01 /NS LTHSW, ZNLTY
WHR LA WE X ZREMBOBZF = v 7 L2Y), BTV 2 DOMREE FHllICRET L T,
VG L TRHIRD WA WAL NFG A =7 =2 DB LERZTAHAI) LTnd,
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' SHERROMRE

XPS, 81TRAX7 bV, BE, %I 3FERME B L R LIEREZH/B TR
5, Y RHERRE P L ) EROBTRELZHHETETWELDEH LTS, Lo L, Mulliken
Population Analysis (BT 2 DR ICHOWTIE, T TOEBRILSEZEOME R
BALBOMEmZ L) L AbnwZ E05h ), B2 LA U 5 2 £9°% 5, Mulliken Population
Analysis 1235 < Net Charge |3, FAMIZ Pauling & QB PERE 1D (265> T a2k
o HEA A Y RRDRIE R BT THI A7, MRHEL L TP Z ) ASHETH B 0IEY
RTHBD, HIIDOTHTH->TLZDORDERIE, BB MR (728 2 13—Hit
He4pr&, SRS, Bd3ng, v EEMMER) L—BHLTBRLVEWD
TFEODNH L, Lr LEBRGRZ W DL ETEML 7 7 25—k T, BRIERILEE »
IMERICTE 2 F TERIBRSDH 200251 L <, FRFHEIZBWTIZR,IC & - T Mulliken
Population Analysis D#ER307% )V ZLT 20T, D & 2 HiEmIIRETH 5, —2D
AL LT, Bk &5 12 Mulliken Population Analysis D#E8 & AT 5 &EFD Ro %
HHEISE, AT RT 2 MK LEFEIZ X ) Mulliken Population Analysis D44
REZPRSE LN WDLDIEH I EHLZTHD, BEOILELEDHEAZ L OBRERE W<
DOUEAIET FA8 —$KRT L, ok % L - 72 Mulliken Population Analysis 25DV —
X a THETENIE, INE TORRNNBICEOWSICHE > TE2ERY, LW » 5T

EDHITEHNZ N,

EE XM

1) G.Sakane, T. Shibahara, and H.Adachi, J. Cluster Sci., 6, 503(1995). 2) 3TiE,
IR, BAL, S FREERAT M E RS, 2A18(1992). 3)HUR, ZEE, &, F42[sE
LR s %, 2B11(1992) . 4) B, #AR, 28R, 23, DV—-X o MEHease
#, 6, 135(1993).5) AR, AChl, WU, IR, Bor, ML HmamEE g E,
2P21(1993). 6)HAR, %, B3, DV —X o HEHEEH, 4, 9(1991). 7)FH4A&, DV —
X a WHEH22%, 3, 21(1990). 8) &L, “&-FAEMEFEAM”, ZHHRR (1991), P .30. 9)
J.Slater, “Symmetry and Energy Bands in Crystals”, Dover Publications, Inc., New
York(1972), P .55. 10) 72 & 2%, ', DV—X o« IFEWH 22, 3, 9(1990). 11L.
Pauling, J. Chem. Soc., 1461(1948).
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DV—X a2k 50 ENET) 77~
7 5 R — R R D 8¢

RS - AL ERt R B &

Electronic structures of two incomplete cubane-type molybdenum clusters [Mo;X, (H,
0),]** (X=0, S), four mixed-metal cubane-type clusters [MosMS, (H,0),]** (M=Fe,
Ni) and [Mos;GaS, (H,0),,]™ (n=5, 6), and three cubane-type sulfur-bridged molybde-
num clusters [Mo,S,(H,0),]** (n=4, 5, 6) have been calculated by the discrete-
variational Xa method. The calculations explain successfully the experimental results
of valence-band X-ray photoelectron spectra, electronic spectra, magnetic measure-

ments, and reactivity difference toward organic small molecules.

SEARSEMALE T, BRABZ W DL EARER Y 5 28 —#ERDO AR KIRDI 5L E
RALL T b, 287 728 —RI3Z DMABDEIWRICE Z b1, FRLYIEDFRBLN
WETE 2, FTLE ) 7TV IIERNERLE TV ) BREOBRALKENZH ) LT w2 LT
T, ZOMMBILEFZFEICEATEY, ZOMEREBRLEOP TORI AL LDD—
THd, FRICEIVBAINE) T T 26507 7 X5 —koRRIE2Z, BEFHh¥ICED
RKDOENFNLDEFREICL VHEFEL TS VEDH D,

BRALETIE ab-initio 112 & ) LEEIIREEE D @ W E R ZRER I LT 2908, ZR4E
BE WS DLBEAITER A8 —#EATIE, MY AUREETFOEN 2L, FEEiElt
TREAREINFECICZ Ve, FEEFESELL T 240 TY, ARILAYD L) %
ab-initio 1 & BEFEIIIER TN TH B, F 72 ab-initio (from the beginning) &5 ->Th,
v 2 RER RO ICHEREIMEELTEBY, 7 7R —iROE L i HEIIEERN T
%\,

L LZehi s, DV—Xa % Hvy, HS S XEEEIRTIC & ) RO 7RG TRIFE TS, &
BEBE WOV EALER 5 25—tk & TR RE 2 LLBAERER ISR R B 2 &
HTE, ZOFMEHRIIERBERZ LCHHELTW S, DV-Xa EZ2HNUIT, Himr'ET
LAABOWMEETD, 7 7R —HENEFREZLV—T 1 MELTRH LI EHTS 5,
ARIIHEGREE ) 7T 7 7 A8 — R TOEF LT 5,

1. REeFa CBE)TFro 529 —#F [Mo:X,(H,0),]** (X=0, S)
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Fig.1. Metal insertion reaction of incomplete cubane-type molybdenum clusters.

Coordinated H,O is omitted for clarity.

H, H,
H,0, OH; H,0. OH,
/J " /‘JAo’\ 4
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Y X \' Ofo ’ 0% g/_b[\k‘ ot
10,
Hzo,n;o \X/ OH, ot Hzo,ﬂzo \X/ OH, ot
(X=0,S) (X=0,5)

Fig.2. Carbon-sulfur bond formation. Reaction of [Mos(us-S)(u-X)(u-S).(H,0),]*+ (X=0, S)

with acetylene and acetylene derivatives.



i 1L FERER A IE R E v — ek 17 %5, 39~44(1996)

Fig.3 iz [Mo,S, (H,0),]**8 £ U [Mo;0, (H,0),]1**?» HOMO DB E X 2 R ¥,
CNERDE, MEREHATIIANTEF 2NV BRIFHEDZE G 2—BIZ D > TERERI AL
Do TWBRDITK L, FEREGHETIIEROIMUIZI D > TP > Tnwd 2 bR b, C
DRNHHEDISEDEND—REFZ 51D, TRWHEIL, HEAREHEEIRE, BIR
fEeR it L s ) %, FHETRDLEB T AN X —(3, WHEIMEOET AT bk
RN EC—BLTEY, AEDFEIFIELWE &2 RMHT T2,

X-Z plane

/

. K| \
R // \
(Mo3S (H;0)5 )¢ I 45¢(HOMO) | (mo,0,14,0),1¢- /40e(HOMO
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Fig.3. Contour maps of HOMO 45e for [MosS,(H;0)s]**, x-z plane, and of
HOMO 40e for [Mo;0,(H;0),]**, x-z plane.
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EN
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—N\1 —IN1 ‘D
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Fig.4. Reactions of [MosNiS,(H,0),,]** with alkynes.
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Fig.5 12 [MosFeS, (H;0) 1, ]** 8 & UF[Mo,;NiS, (H;0) 1,4 HOMO o i #1555 i X 2
NY. F72, Fig6 i EHMO K TRIA L 7—BILREK, =F Vv, TtF LD LUMO %2/R
To INHERD &, =7 VKD HOMO (3= 7 VEIOS= v 7 VD 3 dy BB 5K -
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HLED 5 - TH ) HRANF O LUMO EHUEDMAED = L%\ 2 E05b» 5, ZDE NI
WHDERE N F 12T B RKINEDEAND—R EFZ L5,

Fig.5. Contour maps of HOMO(93a’ | ) for [MosFeS,(H,0),0]*", x-z plane, and of HOMO 94a’
for [MosNiS,(H,0),0]*", x-z plane. In this figures solid, dotted and dashed lines indicate

positive, negative, and zero contour lines, respectively.

Fig.6. LUMO’s for CO, C,H,, and C,H,.

7M=L, SRR ARG GRS Y, FFETRO BRI ALK
— 3, ATRENBOBT 27 bV L I & < —F L7z, F72, XPS PR EERER & b
AHERSRIE B L TH ), AEOFEAFE LW £ 2EHIF T2,



6 L BRI i 2 o v —BF5ERE 17 %5, 39~44(1996)

3. BEEEF 1/ 0B 5 XY —#k [Mo,GaS,(H,0),,]"* (n=5,6)
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Fig.7. Perspective view of [Mo;GaS,(H,0),.]°%".
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Fig.8. Energy levels for [Mo;GaS,(H,0):,]°" and [MosGaS.(H:0)»]%
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Fig.9. Energy levels for [Mo,S,(H,0),,]™" (n=4, 5, 6).
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ENERGY-LOSS AND STRAGGLING OF MOLECULAR
IONS MOVING IN SOLIDS

DEPARTMENT OF APPLIED PHYSICS
TOSHIAKI KANEKO

On the basis of the wavepacket model, the electronic stopping power and the
straggling were investigated for H,*, Hs*, 2H*, and 3H"* ions penetrating C and Ag
foils with energy ranging from 1 keV/amu to 10 MeV/amu Here the molecular-
orientations and the bound electon distribution are taken into account. The calculated

results are summarized in terms of the effective charge.

1. INTRODUCTION

Interaction of molecular ions with solids has been investigated intensively, in
particular, since about twenty years ago'~®. Regarding the inelastic energy loss, Brandt
et al.? first reported that the energy losses of hydrogen molecules are different from
the single-atom ions. In the limit of the internuclear distance R being vanishing, the ion
cluster acts as a unified single ion. On the other hand, in the limit of R being infinite,
individual constituent ions in the cluster behave independently. Thus, the values of R
play an important role in the inelastic energy loss. From the theoretical viewpoints, the
energy-loss analyses based on the electron gas model have been carried out for bare
point-charge clusters*~”. So far, interest has been focused on the dissociation process
that after the electron stripping on entrance the constituent ions separate with each
other on account of a repulsive Coulomb force. Gemmell et al. obtained the so-called
ring pattern, and deduced the initial value of the internuclear separation®'".

Cue et al. measured the transmitted fraction of the 0.4-1.2 MeV/amu H,* ions'? and
concluded that there are two mechanisms : one is the original transmission in super-thin
foils and the other is the recombined process after dissociation occurred in thicker foils.
Eckardt et al.®® first observed that the energy-loss per nucleon of 12.5-130 keV/amu
H,* on carbon and aluminum is less than that of H* with the same specific energy.
They interpreted this reduction as the alignment effect of a diproton. Levi-Setti et al.'*
reported that the relative per-nucleon stopping power of carbon foils for the 12.5 and

25 keV/amu H,* ions is greater than unity for the dissociation process, while less than
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unity for the recombination process. These works imply that the orientation effect and
the charge-state condition are to be taken into account.

Recently, with the use of high resolution spectrometer, it became possible to directly
measure the energy losses of the partially stripped ions, i.e., He*, C***, O°~7* under the
condition of the frozen charge state'®~'”. Those data are in good agreement with the

18 Quite recently, the orientation effect on the energy loss of the

analytical formula
oviginally transmitted molecular ions was reported'®. This paper is an extention of the
energy loss calculation to other solid targets, and newly shows the straggling values for
the above ion-solid combinations. Hereafter we adopt atomic units (e=m=7%=1) unless

otherwise is stated.

2. CALULATION

Here we treat bare ions, i.e., H*, 2H*, and 3H", and dressed ions, i.e., H,* and H,*.
The electron distributions on H,* and H;* ions are described by the gaussian-base
molecular orbitals. The ground-state one-electron wave functions for H,* and H;* ions
are assumed, respectively, to be ¥,(r)=N,[@(r;)+ @(r;)], and ¥;(1)=N;[ @)+ ¢(r,)+
@(rs)], where @()=Qa/z)**exp(—ar? is the base function, and the nomalization
factors are given by N,=[2{1+exp(—aR?/2)}]-"? and N;=[3{1+2exp(—aR?/2)}] 2.
Here « is the orbital parameter and R the internuclear separation. The position vectors
r,, r,;, r; are measured from the center of mass of the ion. Using these wavefunctions,
we calculate the total energy E.. of the system as a function of two parameters, @ and
R. By numerical method, we have the minimum value E.;=—0.531(a.u.) for a H,* at
a=0.430(a.u.) and R=2.05(a.u.)=1.084(A), and E,o,c=—1.099(a.u.) for a H;* at «=0.475(a.
4u.) and R=1.695(a.u.)=0.897(A). The former value is bit a bit greater than the result of
R=1.06(A) for the lowest vibrational state, and lower than the vibrationally averaged
distance R=1.29(A)*. The latter value of R is very close to the result of Ab initio
calculation, R=0.91396(A), by Carney and Porter?”. They also have got a triangle
structure with high accuracy (6#=60.0012°), consistent with the present assumption.
Juding from these situations, the obtained values of R and « are reasonable though a
simpler - method.

we consider for H,™ and 2H* ions three types of correlation of the molecular axis
with the direction of motion: (i) the molecular axis is fixed to be parallel to the
direction of motion (referred as PARA), (ii) the axis is fixed to be perpendicular to the

direction of motion (referred as PERP), and (iii) the axis is randomly oriented (referred
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as SPHER). Regarding H;* and 3H™" ions, the randomly oriented (SPHER) case is only
considered.

The inelastic energy loss and the straggling are estimated in shellwise manner.
According to the wave packet model, the velocity- and the Z,(target atomic number)-
dependence of the proton-stopping power were shown to agree with the experimental
data?V. In both treatments, the external ion charge expressed in the Fourier space,
pext(k, R), plays an essential role. Now we treat the case where the charge state or the
bound-electron distribution is frozen during the passage. The stopping power S and the

straggling Q?/Ax can be expressed within the linear response as

$=1/(x){d'K(1/K2)] dowlm{—~1/e(k, ©)}[pon(k, R)J3(e—kv). )

Q?/Ax= 1/(7:2V)Sd3k(1/k2)8:dwmZIm{ —1/e(k, @)}[pexi(k, R)]*0(w —kv). (2)

In the wave-packet treatment, the above quantities are estimated by the sum of the
conduction-electron and the core-electron contributions, where the dielectric function
e(k, w) is characterized by the Lindhard function®” and the wave-packet dielectric
function'®, respectively.

The calculated stopping power and straggling are summarized in the effective

charges, Zests, and Zegst, respectively, as follows:
Zeff,s = {S/Sp}l/z, Zeff,st = {Qz/sz}uz . 3)

In the above, S, and Q2?, denote the corresponding quantities for a proton with the

equivalent velocity.

3. RESULTS AND DISCUSSION

In this section, using the wave packet model, we show the calculated results of the
electronic stopping power and the straggling for H,*, Hs*, 2H*, 3H" ions penetrating
solids(C and Ag). The incident energy of those ions ranges from 1 keV/amu to 10 MeV/
amu. We assume that the number of conduction electrons per atom and the rg value are
(4, 1.526) for C, and (1, 3.02) for Ag, respectively. The parameter values of inner shells
on the target are tabulated in other paper?®.

Figures 1-2 show the effective charges Zeu;s of H,* and 2H* ions in three
orientations, and of H,* and 3H* ions in the spherical orientation, respectively. In these

figures, the solid line, the dashed line, and the dot-dashed line stand for the SPHER, the
PARA, the PERP orientations for a H,* or 2H* ion. The solid square stands for the
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Zesss data for the 9.6 MeV/amu SPHER H,* ion?*. The dot-dot-dashed line indicates
the spherical orientation for a H;* or 3H* ion. The solid circle is the experimental Zeg s
data for the SPHER H,* with the kinetic energy of 9.6 MeV/amu?®. Both data are in
good agreement with the calculated ones. From figs. 1-2, the following characters can
be found: (i) A strong molecular-orientation dependence of Zeys of H,™ is found
especially at the specific energy less than 100 keV/amu. It tends to vanish at high
energies. (ii) In the PERP and SPHER H,* cases, Z.s depends very weakly on the
velocity, and its variation between 1 keV/amu and 10 MeV/amu is less than 0.15. On
the contrary, the variation of Z.:s of the PARA H,*™ amounts to 0.4 for C, and 0.3 for
Ag. (iii) The variation of Zs of the SPHER H;* is about 0.2 for two targets. (iv) For
Ag targefs, Zesss of the PAPA H,* is almost greater than unity even at low energies,
as is a remarkable contrast to C target. (v) Regarding 2H™, the above comment (i) is
also valid, and the orientation dependence is a bit enhanced than for H,*. The energy
dependence of Z.is of 3H* is not so strong.

Figures 3-4 show the effective charge Ze;s of H," and 2H* ions in three
orientations, and H;* and 3H* ions in the spherical orientation for C and Ag target,
respectively. Here the internuciear distances of a 2H* and a 3H* are fixed to be 1.
084(A) and 0.897(A), respectively, so that the coulomb explosion; is not taken into
account. The orientation dependence of Zesie is also found especially in the energy
range of E<100 keV/amu. Remarkable features are: (vi) For H,* and H;* ions, Zess
is greater than Zys in almost all cases, while for 2H* and 3H™, Zy s is smaller than
Zetts. Letrst In this energy range changes more than Zes. (vii) At high energies, Zogs:
converges to 1.41 for 2H* and H," ions, and 1.73 for 3H* and H," ions.

Finally, we comment on the molecular effect in the stopping and the straggling. If
we set the proton incidence as a séale, we can say that the molecular effect appears
only when the effective charge is greater than (2)V2=1.414 for 2H?* incidence, and
(3)12=1.732 for 3H* incidence. As for the stopping, the molecular effect exists in the
cases of the SPHER and PERP 2H*, and the SPHER 3H* moving in C and Ag targets
over the whole energy range. In the PARA 2H™* case, whether this effect will be or not
depends on the velocity. As for the straggling, the molecular effect will be limited to
the PERP and SPHER 2H* with E<100 keV/amu, and the SPHER 3H*.

The paper presented the strong orientation effect in the inelastic energy loss and the
straggling of H,* and H;* ions in a frozen charge state and of 2H* and 3H™* ions,
especially at low energies. The role of bound electrons was very important especially

for low-velocity hydrogen molecules and even at high velocities they can diminish the
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effective charge by 0.3-0.4 per electron. We would like to expect that by combining the
measurement of charge-state fraction, researches on the stopping of molecular and

cluster ions give information on the alignment effects and on the screening charge.
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180° ik £ A > BkLD
S I 2V —3 a v 2w Ni(110) 2R mi & T

HEEER L AR (! &

Ni(110) EHi1Z BT H4EHHS 180° MR FHELS Ot (NICISS) migE%2 > I 2 v 4 b5 2
LIk sN, 2REEZGEL. (BCA) I2HDWT w5 ACOCT 22— F % w72 5H 5k
YIalb—varh1.5keV D Het A A > % Ni(110) £HE D [112] F IS AS & 7238541247
bh 2, 180° He NICISS D AGHAHEAED ACOCT fERITBWT, F1 L5 2 BREEHED
5 % DREFMEDEALICHK L, BMEOE—7MEIT 1" FRELILT 52 LA L 72,

1. ELCHIC

e R TR E AT, 72 & ITREBASCRE IR EOIT IS, A= AN X —L L TkeV
R DI 4 F+ ~EEL (low energy ion scattering; LEIS) [1], 100 keV fEI D HE A F >
EEL (medium energy ion scattering; MEIS) [2], MeV I &% 4 A > BEL (high energy
ion scattering; HEIS) [3]I23HE N A A 4 v EEDHEZHNTIT) S TE S, 2D
Lo LEIS i & 2 KEREE T ORI, REIZB T MBI » F—4 v 7RET Yy
X U IRBRIZEDCT WL, L2 LA s, MEROMLE, T2abb 2ERELOSA, Kk
EEERMNICHNTI T2 L ZREETH 5, W% 6, KE» HH - 72 AGA IS 5% B EEL
BEDWAIZ Y v F—A L ZHIRICE DD, 537 oy X 7RI DD ERET
L EIIRGTII WD TH b,

BRELA 677 180° Th % LEIS ma, AGts HgHHEIZIZIZFR L TH L2256, 7y X7
MRL LT Y F—A L THIRDABDPHRE D EHFZ LND, LA > T, KiaKEIZBIT 54
BR T8 O v % E BAISHIT T 2 728, #RELA 6 % 180° IRk LEIS, 7% bbbl
224 F L ERELS O (impact-collision ion scattering spectrosopy; ICISS) [4,5] & Z D%,
¥ 7 b B CAICISS (coaxial ICISS) [6,7], ALICISS (alkali-ion ICISS) [8-10] 8 & ¥ NICISS
(neutral ICISS) [9-13] #EEINT Wb, HETDY v F—3— D uEIHERFOHL
PBLEADASATIE, 180 BIFBELEE BT » =7 LB R» Y » F—2 — Dk
TOAGHED 7 + = > v 7R ET Ry X0 72— DR TORGNED 7 + — 77~
TRRITEDAEL B,

Ni(110) K@ BT 58 1B NiJRFEE 28 NiJ&F L 0% 1 BRI V7 8RR X
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H 3 MEIS [14,15] = HEIS [16] Df#Hi T34 % & 5\~ 13 5%, LEED [17-19] f##rTid 8
% 610 % WHELTHBY, E2R NiE T L% 38 NiRFL0F 2 s MEIS[14,15]
%2 HEIS [16] Df##r TI2IEA EEAL T, LEED [17-19] f##T Tl 3% $H5\ii4 %
STV ERESNT WS, 2D L9 12 Ni(110) RHEOMEAME I MEIS % HEIS O 1 F »#k
fLE LEED X OPEFIEDENITEI N R > T b,

Niehus 7V —7" [20] 1%, 1.5keV ® He*4 4 > % Ni (110) FE» [112] Hinic A4S
72854 (K1), 180° He NICISS MEN AGHH o AFZBA L T o, M2 TREINTWD
WEDERERTIE, 32OE—2IPELTEY, E=2 1, B LI OfekiE IS4 T
AR, ThbbE— M a3, FRENIL, 49 BIWTI THDH, $72, K3 TES
T\ 3 180° 4 T ERELIEE O IELE ICB W E—7 TIZE 1B NI R FHv v F—a—>
DT 7 + —H A 3172 He R+ 0885 1 8 Ni i Fohduik 2808, ©— 7 11I35E 1 )8
LE2ENIEFOY» F—a— VDR T7 +— A RE N2 He KT 2 NZFNE 2 L8 3
J& NiJEFodicks@uE, E— I E 1B NIBEFDOY» F—a2—CDRAWT 7+ —2 R
ENzHe BFAHE 3B NiJHFOHIICRZBEIZEVELTW S EHESN TV EHILS
NTw3 X912, 180° NICISS 5 0 FERAS . & AT § AUT R EEE 2 € BAYICFHME T & 27260

[21,22], 2 fkRIEZGEM (BCA) 1230 & JEFEHZR % 3 KICHIICHL Y #k > T 5 ACOCT =
—F [23,24] Z2HWTERT—2 2L, Ni(110)KmtEL2#H~<5,

2. ACOCT7m¥sZ4La—F

ACOCT 7u 275 . a— R, BCA IZ#HD W THE mIZMIC BT AR FEHZR % 3 XLiicy 3
2V A PTED L) ICHARINTWS,ACOCT 2— FOFEMZNRIIM TR R I N T 523,
24]0 ZZTlE, ACOCT 2— FOFERLMWENAZHMT 5, JRF0 5 7 5 BARGE 2 &A% T
HICEEEND L, EAEEIHRENS L) fanE 2 ACOCT 2 — FTIZHWTWw
VAl

WEDEETHHINTWA AL F v —BEFBKRT > ¥ % )it Firsov Rk EEEE [25] #EA L
72 Thomas-Fermi %! Moliere #{L [26] TH 5, BIRENIAZHNICB T HRTFIZTAWICHBHIC
HEHIF % &9 Einstein €7V & AW T 3 XTI HE S T 5, BIRENZN DOMER DA
B3 Gauss A TH 5 L AL INT WD, 1 RILBIREHRIGIZE AN Debye €7V [27] % f#
ALTREIN TS, wED ACOCT 22— F i, Ni(110)FKEi< BT 5 BdRENDIEERH 1
3, FEWEICHS 5 FEFmDZFEE Debye i 225 K [28] ¥ F47 1M ZEE Debye iR 325 K

[16] ZHWTHEINT WS,
T, R L ARNR T OBIRENEIH & 02 1CFEH LTI % 5%, 1.5 keV @ He?
41/%Nﬂﬂ@%ﬁ@ﬁﬂkﬁﬁux%gﬁé%n,A%%ﬁy@mw&ﬁﬁﬂ%ﬁ@7w
— AV HRICEE T3 2T R BB T A7 107 s A —F— DR 2 BT 5, b,
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ERICHB 1T BB FOBIRENEIZ 1072 s A —F—Th b, L72h > T, AGRIFDOASE & Gt
BEOM, BEFOMEIZEL 2w EGE SN [21,22,29-31], ZHRELIVED ACOCT =
—FIZEAZINTW S,

180° % HFEKELBE Ot RE 2/ NS T 5729, WED ACOCT 2 — FIZASPRLT»% Ni(110)
£l [112] Wi EOAICAEHTEL Iab—y a2 7ur7La3—FeLTALINTW S,
ZhU3, MR L EREEZE YT 5 180° S EELRL IR L, AIHEGEL, H 5\ i3 6 < 180" D
BHEELD ZF LD LI W2 TH 5, AFHRF L LT 1.5keV D He' /AR F >~
BERA L 72 180° ICISS (3EELBFRIC B W TE W L 2 B8R T 2 2%, 180° NICISS 5 ) FEx
7 — & B RNTT 5728, HHEALRIE I3 D ACOCT 2 — FTIRMlARAZ N TV,

3. ACOCT #&R

BRERTICBITA2E 1R, HEVIEIE2RBETOAIN) Tk < K FEEEIRF 180" (N)
ICISS B&EE~DEHH % 5(7,21,22,23], # 2, F1BNIEFL» LB THE NIRRT T
180° & HEELANDHEL W F D ACOCT 2 — FTHE I N TS, Niehus 70V —7"[20] DHE
BRCIE, MIEBDZITOEM 4130.75° 1L TH S5, REFEELREOMITREZ NS TS
728, ACOCT 2—FTl34133.0°THAHELTyIabvf rE3NTnE,

BRFREPBRI S N AGHA, ThbbE—I7E an IRARFRIKMFITET AT —
JEFRIRT > 2 VICIER IR TH 5. MR EE o & LT, Firsov d#kIEREE ar 2 F\2% Moliere
KT v e Vi34 F v LIRT EOMAEHZBRFHET 2720, a = CaXar LERINTN D
CaZBAL, Ca%1 L) I T 5, 180° He NICISS D AGHAMKAF D FEBRAER

[20] (M2)icBIFBHE=27 113, B1IBNIEFOL v F—a— > DORum»BEHEE 1 & Ni i
FICRBBGEICL VELTWBREREINTWEI RS, E=2 [ IIBMICHEINTWE
£2Z6Nb, LEW-T, AFy—RFEET v VEMEICRETE % 2RFEELE TV

(two-atom scattering model; TWASM) [29,31] #HWT, ’IEERIIBITIE—271D
E— 708 om DVEBRERICBITS an = 14 12HE L% 5 £ 913, Ca 2R THEY L KT
vy NERDLE, Ca=0.70 TH2Z LA L7, Niehus 7v—7"[20] (3, fifjH#iz s
32—y a3 iZBVTCi=0.60fEZHWTWE2®, WED ACOCT 2 — FTRHAIN
5 Ca=0.7013RYLHETHELLEDbNS,

4B LT w2 Ni(110) 2B 1T 5 180° He NICISS 58 AFHfakED ACOCT
RERERL T2, 22T, Adio/ds (3 Ade/ds = (diz — db)/ds E LTERIN T HHE1E
E2BNiEFLOMDE 1 JBHEEE die DREFUE (%), Adas/ds (3 Adas/ds = (das —dB)/a’B
LTCERSNTWEE2RBEEIBNIETLOMDOE 2 BRIEERE ds DEFIME (%), ds 3N
V7 BRIEEE, o 13 Ni(110)EE D [112] Hiar» 56N T3 AGHTH 5, EBRHER (X
1) &I ACOCT #HRI2BWTY, 320E—=IELTWwS, L2 L%udsH, ACOCT
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REROE—TZ U tn =49 L n =53 DI TNE—=T TH LI EDNFERERLEBL >TWn5,
ACOCT #RDE—Z1 D am (TEBRERD Z N LAFRIC 71° TH 5, ACOCT #HERHAE—7 11
B, GRITTNE=7 2HELTwE»ZTNL72HIT, & NiJJFEmHD 180° He NICISS i#iE
NDFGHHE5 TRENT WS E—7 TIZFEICHE 1 NiJEF2 50 180° #ELIC L 7%, 5 2
B NIJEF26D 180 BHELICL LB 2 bbb, E—=7 DT NE—=27I3FICHE 48 Ni &
F2oDBC BELEFE 2 BB L UE IR NI F2 50 180" #itil, E—7IIIFTICE 4B L §
5T NiJEF2 56D 180 BELIC L 2 2 LT 5, 2N o6& NiJRFRE,» 5 180° #kilz &

D FEMIICEA & 202 5728, 180° BELOBEREGHIPLE DX 6 TRINTWbH, E—27 TI3FE 18
NiEFDY % F—a—C DT 7 r =2 A3N7: He K THHEE 1B EE 28 NiJHFic
KXHHE, E—7IIIEE 1B NIEFOL » F—a—C DT 7 » — 4 2217z He KL F7 5
2B NiRFIRIHE, B2 NIBTFOY v F—a2—C DT T7 + —A2 2317 He ki ¥
PHEIBNIFETFIRIPE, BLOB1IRBEEIBNIEFOY v F—a—CDFHRTT7 +—
ARINIZRF He P 4 BIRFICRBPUEICEI N AELTWE, S5, E—7INIE 1R LE
2ENIREFOY Y F—a2— DT 7+ —H A3 17 He hi 77 4 J& NiJf 12k 58
B BIUE2BLEESENIBETDOY » F—a—CDRMT7 » —h 2E3 72 He kI3 5
J& NiJG-FISRZPLUBEICE DL TW5, b LE 1 W 2 BREEIHEALZD, 203K
203U, T2 bbE1IERE2E NI R TFOMENFZT UL, E—Z27 T LH0mE 7o 7
4 —NVICHETLTHA ) EHRISI NS, BIZIE, B 1BEEREI ML EE 2R EE LG
JEF2 60 180° BRELBIEICE D E— 711D am IIKREL 4D, 5B 1 BHESI O LB 2B EE

J& NiJEF2 50 180" BtELIEIC SV E—Z7 ND am 13D A B EHZ 6N b, LT TIE
E—Z7NEMZHELBAH a =40 26 o = 80" DRIZE T 5 180° He NICISS 5&E 7 v 7
4 —=NVIZEHT 5,

AT, 5B 2 BRI L Thiewn, 4505 Ades/ds = 0% ERGEL, 8 1 BMIERED
KA Adiz/ds D&% 2L 3T Ni(110) R 12 B 1+ 5 180° He NICISS 585 0 ASH kA7 %
YIaVA MY B, KT, B JEHEEORNIE Adi/ds 275 % W72 (Adi =+ 0.06A)
DA D ACOCT #ERERL T b, B 1 EHEEMSMH /720, E=27 10D anld50° & 7%
D, M8 TRINIAd/ds=0% D an VB 1 KRELL>TWE, E=ZID am 13 71° T
H5.IX913, 5 1 BRI EEEEDRRFME Adhe/ds 775 % W L7z (Adhe = — 0.06 A) %549 ACOCT
MR2RLTWDE, E=2D a3 49 THY, REEML T WA E—FK L TWaH,
F7NE—=73HRBL, RI0DERRER LRRIC a= 52 EHICBWTE—27DFPBHNT W
5, E=7ID am 371 TH b, ZDHAED ACOCT AT FERAEFIT BRI & - 7258
D707 4 —=NVERLTWD, # 1EMEEEBOMENE Adz/ds 7510 % WG L7z (Adi =— 0.
12A) O%AD ACOCT #ERPHILISRINT WS, E—211D an 1348 7%V, Adw/ds =

0% Dan END US> TWwo, T2, E=ZMD an 371" TH 5, £ 1 BRIEHH

ICRE CUE L7z Ade/ds =— 15% (Adiz =— 0.18A) DA D ACOCT fFEAX12THE



LA A E L L~ & — ek 17 5, 61~74(1996)

ENTV2, E—21ID anld 48" TH Y, Adip)ds =—10% D am 12 L\, E— 711D am (3
1°TH b,

FRTEGBGLAREEANICLZE—Z N LMD E—=IE an DELZ L YVHALPICTS720
I, om D' 1 THMEALINTEREIN T2, B 1 BHEEHOBENE Ad/ds RS L E—7
D an Z3KREL L >TEY, Ade/ds PWHET 2L E—27 D an (ZDS LG5 T D, ¥ L
L, E—Z7IIcBIT 2828 L% 48 NiJETF2 5 180° ICERELE N2 HEAE 1 B Ni [T ofr
BOBIC I NVHEINI P LTH S, E— 271D an 13 Adiz/ds DIEFUEDZALIZIIEAF L T
Wi, UL, K6 5br b k)i, E—2M24L 58 4 BRE 5B NiJH 725 1807 i
BELESN2BEIRF2BREIE NI H T MEINIDT, £ 1B Ni EFoMENLILIC
L BB FEE ICHN T W <, Ade/ds DBEFMEDZALIZIE — 7D an IZBG LG \W72HT
H b,

%2 BEEBOEHAZLEELR 1313, Adu/ds=—10% (Adi=—0.12A) #* Adws/ds
=4+5% (Adis =+ 0.06A) Dffiz ACOCT 22— FIZHWT 180° He NICISS 5&FE D A4t
Belimk v I 2L PLERERERLTWAE, COBADE—21LD an 13 49° TH Y, Adw/ds=—
10 % 2 Ados/ds = 0% O ACOCT R ICB T2 E— 271D an £V b 1P KEL L 5T 2,
287 b, 82 BN L IC X B8 48 Ni B 15 50 180° il 72, E—27 LD
n 1ZREL LD, E=2ID an 1271 TH 5, 2OHHD ACOCT #52R b [X 10 D FEERFERIC
BB mE 7 r 7 4 —VERLTW 5,

ACOCT #5128 1T 2 % DMFTRE 2 ML TIUL, Adw/ds =— 5% 7 Adews/ds = 0%
DL (K9) DE—7 I EMDHWET 17 4 —)VId Ade/ds =—10 % 52 Ades/ds =+ 5 %
(M13) DENL EHNRTIEFEA LR ULBEHAZRLTWS, 2D X3, E—7IIEME4EL
BELFHIZEIE FARBIVESENIRF2»LD 180 BELTH LI, H1IBER3
J& Ni i & g RIEEEE Adis/ds (= Adiz/ds +Adeslds) EBT 5L, Adelds =—5%
Adsslds = 0% TH5 Adhs)ds =— 5 % 3 Adrz/ds =—10 % > Adas/ds =+ 5 % TH 5 Adrs/ds
== 5% ICHELVALTH DL, Ld->T, Ni(110)EHIZHB1F 5 180° He NICISS 5&ED A
SHEAEN 4D ACOCT #E5R% EBAER L i LT, 1 JEHERES 5 % IE L, 2% 2
JEFIRERE AR A L T e WAy, 5 1 RS 10 % D& L, 2% 2 BHIEEEEZ 5 D6 T
UTWEBALOMERZRINT S LIZTER W, Thbb, Ni(110) KHE i< BT 547 ACOCT
FEFIC X 2 4R FNME 2 MEIS % HEIS O f#HT#E R H 5\ (3 LEED Of#f#E RO Z 6 L L,
Y OMNTHERE —B LT EL2REATE2 L3 TEL W, L Lahs, H1EHEgE S
2 JBEIEBEDREAME R 5 % HDEAL T <,  HIT/ME W, Fl21F 1 % BIcZ 38T 180° He
NICISS 58 D ABHEAFEE & 2 2 b4 M3, &) EEMIC Ni(110) ZiikgE 2 fi#r T &
5TH>9 .
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4. TV

Ni(110) (251 5 % 1 B BIHEEZ oL 2 K RESE L ) & MEIS % HEIS OfHiCl3 3 % %
%1349%, LEED @A TIE8% 75 10 % WL T\ 5 &, % 2 BRIHi#EE MEIS % HEIS
DIRHTTIZIT &£ A YRR LT U7, LEED BT TIE 3% $ 5013 4 % I T 5 L s & 41
Tvib, Ni(110) EHOEHIEZ, MEIS % HEIS O #AT#E = LEED AT R cR7% - T
W B Tle, ERINEFHEE RN & T B 180° NICISS HE ) A S AE 0 S BRAS S 2
ACOCT a— F#HWTY a4 b Lz, Z0E, % 1J8MEE S 2 @Mz L2
TG BB K LT 5 % BB S R, E— 2 fB 1 BEZLT 572012, 21600
BIEERE® 2 5 10 fh oo, (213 1% MICBILE ¥ 2 &, Ni(110) BEREE % £ ) 85K i st
Tx 2 WHMED D B
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Ni(110) Top View
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Ni(110) Side View
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15 keV He' —> (112] in Ni11O)
I 6, = 180°
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The 2-D profiling of ions implanted into crystal

AR A EER h I T
S.T.NAKAGAWA

Dept. Appl. Physics, Okayama Univ. of Science, 700 Okayama, Japan.
Abstract

The lateral-profiling of B ions into crystalline Si has been developed using various
tomography technics: microbeam RBSY, SEM for the cross-section?, and SRPS’. The
best resolution power of the contour map of equi-concentration lines is about 0.3 xm at
present. On the other hand the computer simulations have aimed to derive empirical
predictions for the lateral distribution. For example, Ryssel et al.¥ expressed the lateral
distribution of ions implanted into amorphous targets semi-analytically, by means of
the depth dependence of lateral range straggling. The present concern of our work is
to derive a formula describing the lateral distribution of ions implanted into crystalline
targets, with the aid of a Monte-Carlo simulation in the case of light ions implanted
into (100) GaAs and (100)Si. We found a simple function expressing the lateral
straggling as the function of depth. It has five parameters which depend on the incident
angle and look to converge as the incident angle approaches to the so-called random

condition.
1. 3ab—aryDESH

FEMEERBRADEAL T 3SR 3 KIC (3 D) WAz T b, Lo LRERIEEICHIE R
RETH-72nlE, EIH0MEW) I DGHTHY, ft-o CHERINZ TR L ESHMICEN»E
iz, L L, FEERT A ZDBHMLDZRISHE ST, #Ahm (2D) 4o & K@
BRIV EE INS L9127, “tomography” & FEIZN 5 HFT DB E KM AT RIS L TH
BLOOH 29, 2D4AMICY, AGHA v ©— LIS PAT ekt Ao & TRl 2o Moy A o 2 RS
H20, WERMRIEIEL LTEAMEATHOA I VIREDHYETH Y, IR BT xR
LMD OBEBERTH S, WOMIIBBCh2DERMMGEEZL LN TWD,) EROSR
REDRRR 2% 2 T, itz BIE L TEBO T/ RRGEHEEDTH BT, koo
DFFNTIZIEE ICBFE

Br B TS AOMBEIZY S 2 v —y 3 Y EHV LB, FaPoft  EALE
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ZBEPLTHDE, bbby Iav—v 3 ry0RFES,

1) ®ZERD € 7V BIERO F 2 BET 25 R,

2) RIMDERBARLHMBERDOAEREL A THREZ TS 2 LA R,

3) EBRE LD LECOREELSRE, FLEoRAMICL T 5,

BAEOMBEIZEL T, C0)b2L3nEHEI/RIBEELHBE L2,
2ERHDEZHVEETH HDI3, target T ENT7 7 ADPHALE ST, b TIIALSA

I UIRERER B B IR LA SN2, Wb A F R ) v IBREHHEES| X2

ZENBENY), P TOAFA A L DI B ERBRIVCAND Z VRV LTH

5, BiZ, SRHDNBRIVEETHDLDIE, 32V — 3 TH5N 25 tomography D41

REDYER EDOEA TR (~0.1um) ZII20ICTFTEHLELLTH 5,

2. PELZ7 7 AYPEHRTD 2 DLOHDOREHRER

AGA F IR mAEF L DERTZAN T -2 Ko T ZANVXF —HURBREEH 2 5 &,
CHNIHERERTH D05, REOMRKIE~ReEFEEZHL L LT, X1 DHE (spindle) Ko
FEIRIC 3 RICHI M MO EL B0 4 A v E— LD AFHIANL, #EREOEGEH AT 5
fEFHA (tilt angle ) & [MEEfA (twist angle @) TIRET 5. tomography 7% Dt & ¢
5003, X1 DOhOMEMREOHENTTE T 7% b b vertical slab : (x,z) HHDEESHGTH 5.
EINBEESMIT “TYINVT—%ty b v Lontour map”& LT, ¥YIab—¥
3 v LHBTE 2,

y horizontal slab

vertical slab

AR,
<
(1012 b
; e
AR (z) n )
z=R,-AR, z=R,  z=R,+AR,

Fig.1

The cross-sections of a spindle representing the three dimensional distributions of implanted
ions into a matter, i.e., vertical and horizontal slabs.
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X 1 OMEWTIE  DIRE S A DA 2 TRBIICHER T 2012 b, FREOH A Z K SHiREE
(equi-concentration lines) TEb T4, BEICET 2HENERICHE-> 72 1 ADHIFRTRE
ELH, D2BYDFEND B, BAIMIZE W 21U, spindle D DRIEH) ZB#E % 7L
w3 %7, spindle 2D Z ED L0 ThH b, MIEEE (- 2RI DL, 2DOAHD Y
Z2FeT 4y 7 HBRERIND, DLAEBRN LY I 2V - —DREZEETEIAH
kT3
2, ROBICEH LBEDINIE T2 DAMOREEHZ KO L) & L7

Zo+6z +

AR (z0)? =22 ‘k& m& dx(x*+y%) C(x,y,2)
1(20)" = Szo+5‘z dzgiw dyS dx C(x,v,2)

Zo0

CHUTER 2=2 TEE §; DRATF TN TOFEAAL F > DG AADIE 5 X, $7% B microscopic
lateral range straggling AR.(z0) TH b, =T C(xy,z) DXIGIE (atoms/cm®) TH 5,
&_O)E.ARL(ZO)EP‘F 3, %12 Lorentz 69057 BN 7 7 AMEDHBAI, WM ERRT 56—
DFBE L TEALLLDT, HEITRIIHITNLHEP S, RO L) LRSEGFEEREL
72,

AR /1+a+ bz +cz?, Z=z—R,<0
ARL(Z’)Z( W1ta+bz +cz ’ Z=z—Rp >, @
AR Jexp (p+qz +7rz%), Z2=z—Rp>0
KD AR, 12, macroscopic lateral range straggling EPHENT, ZFR 77 TOMGZ,
—® horigontal slab : (x,y) HRICEH L7 L EDOFEHADHDIESL ETH N RKORTERS
T, M1oMHED¥EEZEZ 5, '
Rmax
S a’zg dyS dx (x*+v%)C(x,y,2)
ARLZZ 0

S:max dzg_w dyS; dx C(x,v,z) @

o uefEHEIE, CRETHIEREY I 2 V- I3 LoBRICHVWLNTERY,
LEHZIE ETOA F VIBEDSAD, Bl % hIc 2 DIEBS M E T 5 7% 61, ARLIFIRE A HK
ED22%I\CE TTHET BERZERT 5,

RE)D 6 DDEX5 A —% (ab, .13, HoBEHEEEGOHEGEL, TENLT 7 X target
HTHOAEA F > D%¥8E1%, Boltzmann FRERZHTHRDZE—X VM0 56, HET S, T
% bbz=028F 5% AR(z) & AR.(2) DEKitE, BLXU 1 DM 2%, <z, MOMHD
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oy, a2y, LW RAFAODE—X L N BREZRETH B,
3. BEP~NDS LY LAAHDOFEES

RN2)DBEHIT Y725 T Ryssel 137 €L 7 7 X target 288 %E L, B IZIERST 7 b bRk
Bk Ch L 2R LT Wb, ZORMENEHEL T, R(2)HHE R target ICHEHTE 3
PEGPEAWT B2, ROBEMERT 2LENDH b, FIUIIMRETADA F L IEAIZB W
TH, ARSI FRICHE) XETIRTENLT 7 R target ~DAHOHA L IHZFREDTEAS
MPEBRFERTELNE ) 2, THD, ISR NDAFHZELTILICL-T “5v 5
AS” DT EBRTEIUL, #SICEA LA I >~ D microscopic lateral range stragglig
ORSRAFIELL, MBRICBWT IZHHRCT 5 &) ITRDE DRI T LS5 TH B,

Fexl ,“77&Ax%”@ﬂmﬁ%%@io&x%v7T%NtoiT,

1) GRS MeReild 270 BL LT, PHRER,RLZFDILS XAR,, B LUK
MO EARL L o Tee 7 aeflids, A+ E—2DAEH (0, ¢) DfEICE->TES
BALT 200 IEUIIICZTH 7 v L AGTREE L7255,

2) 2D MZERT 572012, SETTDOAHENE (0, o) KNLTHSHEIE I Eb S
7, RN L 7R 20T, 2 DB ATBE DR TOA 4 » DENSFHEOIE S EAR.(2)
ZRIDBEBKELTYE ) AEINICRD D 0252 59, M2 T,

3) (0, @) DEALICKH LT E I BEDL LD, FRMNHEOBREL2HFHNL, chbnd
L, 2DOMDERILICHFICEEZLNIF2) £3) Thb,

4 . aligned incidence »*% random incidence ~MNi

EBREDT S ZMEEERMG L LTEF v 2 ) v 7RO 28T 572012, ©— 2D AE %
an il (2% U CHEFHA (tilt angle 6) 221 Tl F v & ) > 72 EBEL 720, [I#Ef (twist angle
@) ZMATHEHFT*AY) 720 T L2 LT, 7V FAAFHEMT LD L35, BERIIC

y R REOFERRICH L Te~23.5", =7~ 9" R DF xR ) v 7 %@ T25 4
LEARKLINT VD, L2 LINE—RDOBAIHET 2 D138 L v, EBIC RBS THT
LREmANDIEAICBNT T S LAH RO EIIMEETH D, CALAEDI LA LTH, &
FHNTIIIEE TR EIE RO T v RDEICHEEL D 2B, T2 FAEE~D A &
R CHEH a5 fa BRI T & 200K 5 &, BRmOKHLFE D,

range parameters (Rp, 4Rp, AR:;) X2 DA AiNEFMIE, ACOCTO%3 L L2 T
nayiab—yara— FTENT 2, Fi2, BOHEILEEDGERICIIRArEREEED 5HIF
L7z AML] K7 v v 2 v & A, BIERREETOA > DT 5 EFRIILRECIS, [LAE
BARNIBO ER A O K L 72" HRABEIRGFIE" 2 HE L 2 b D0 EHTH LY, 22
THRIAF L Z AN X — DR TIIIEMEHBRIETH D, 2R T 5 EFHIRHLILAE
DETNDBEDMETIIAARTH 512,

I 78'___
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FEIHMIZTIER T 2D THIUL, oD WEZ D HIUTHATIEFIRIT/N 3 WZ L3 Tasch
LY BAF B SHITEALLEAISENTBEYY, HE GaAs ICTANTHAE™, B%Z Si AR
PPHANCOWTH R DMER L7, L2 Lo KR 5L, AFA F L DREICIZS T & F 4R
PHbI, HF v R ) v 7OMERIIE G, EEBZ (100) Silce=18TAFT 5 & {310} o -
HF %) ¥ 7 h, fesrh, Maomdkic i ICEb N5y, IUIABIICE UK s 2 7o
GaAs TLRLTH b, P> TARIZeF0L § DIAADLEDOHELZKIKT ERETH 5%

F 113, <100> %2 AL LT twist f1e=23.5"IC[E L 723589, THIRFER,ME 1 D
B XARy, BLUMSYTRNIE S RAR D ODWFELHEER, > 32— a Y EERPED
—HDEA LIITIRT, DB INDOHEP T, 100keV H £ 7 > D GaAs<100>F v &) ¥ 7 D&
%4413 Lindhard @ string potential Z i\ 72X LT 6.=2.3WTH 505, =1L §=313%
NEIFET0LHIC, £/26=9 (0=7) FEBRNZLENSH, HIT 50 T L AGPHFFTE
2" AEICHLTLIERTLERE L7,

BIDPOLRD2ENEZ D, — IRy, ARpIZOWT | ODBEIMITON, Rl LARyIZ
BinT 3, T4 FrANESDHEZ 22 L2 BBTIUIAENTH S, 070282 THh
LRI —FEMIC D, b ) —DDRKIIAR, & AR, D OKIFEDT IS > E ) R 5T, 00°
022 TRLDARDEAII—BHETH b, CNHLDI b, “0>0:37 v T LDUE
FUTO=T~9 TV FLAPIRTERT L LEZZ) THbH,

RA) 4R &) R A)
Calc. #=0° 9865 1406 855
#=1° 8125 1473 1716
@=3° 7053 1493 2808
e=7" 7026 1523 2853
#=9° 7002 1536 2861
Expt. [ 13] 8100 1570 (6=7~8",p=18")

Table 1

(100) implantation: The dependence of the tilt angle (6 >0) on range parameters of 100keV
H ions into (100) GaAs with @ =1x10" cm™*and ¢ =23.5°, in comparison with experimental
condition of "random".
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4—2. 2D (#) %%

2 ® contour map (%, z#HICIFEE L GaAs ORWHE (X1 DM) WTHOHA F > DIEES
MmE7ay PLZIDTHS, EX(6=3°) E FX(6= 7)1, ZNLZFNK 3 D tomography
PHEL DL EDz=R, TOMBHTH 5, MHPOMATFiRIx=0Ly=0%/RL, ZDRKmH
E—2DHLIZY 25, =328 5L, BHREERRERDL DD, E—LnHbTRESS fi
BHEKRKTH DB FETE TR SAOIERED AT TE 5, CHORIEB%E Silc ALk
H5EVREETH 5,

y: lateral spread (um)

1016

y: lateral spread (um)
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Fig.2
The lateral distributions of H ions in the horizontal slab at z= R, see Fig.1, which correspond

to z=7053A for  =3°(up) and z=7026A for 6 =7° (down), respectlvcly The crossed points
indicate the center of the beam.
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4—3. 2D () 9

313, 100keV @ H £ # > % (100) GaAs 12 @ =1x10¥cm? T AF €72 & & D tomography
T, K1 vertical slab WOHA F v fi 27k L, B5 WA m B ICAIE L, $aiE T
EDKVERAIIAKDRE SN (GaAs [001]) 2RF, =3 (LX) & =7 (FX) wIho
WAL, AKX T 5D B tomography D28 — U SR 65, TDEERX
(DORZFET 2L, AR(2) 2ES 2z OB LTRBTERY, THUIIASA 6 ITERFLL
50OD/NT A —F —%FHoT Wb, AL * > & target DA ALY, T2 20X —KEHE
ZDOWTIIMEFTH 5,
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Fig.3
The tomography of 100keV H ions implanted into (100) GaAs with ¢ = 23.5°, and 6=3"(up)
and @ =7°(down), respectively. The arrow is the [001] direction.
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5. #&

#

R HICEA L72A F » OIERTHE T 2 XICIRE 9 (tomography) DRBIEHR %2 Ra7z,
ez 34 F = 2D A (tilt angle) %% 2 5 2 &1 & - T aligned incidence #* % random
incidence ~NEBATT 22 ER L, AFTAKEMDO A 572, 2 DS AOBEMERZEE BT 2
EITHI) L 728,

References

1) M.Takai et al.,, Nucl.Instr.Meth.B64, 277(1992).

2) L.Gong et al., Nucl.Instr.Meth.B74, 186(1993).

3) E.Rimini, “Adv.Mat.’93, IV, Laser and lon Beam Modification of Materials,”
(I.Yamada et al.eds.)41, Elsevier, Amsterdam, (1994).

4) J.Lorentz, R.J.Wierzbicki, and H.Ryssel, Nucl.Instr.Meth, B96, 168(1995).

5) J.Lorentz, W Kriiger, and A.Barthel, “Proc, of 6th, NASECODE”ed.by J.J.H.Miller,
513(1989).

6) S.Furukawa, H,Matsumura, Appl.Phys, Lett.22, 97(1977).

7) V.Reineri, V.Privitera, and S.U.Campisano, Red,Eff.Def.Sol.,130/131, 399(1994).

8) S.T.Nakagawa, L.Thomé, H.Saito, and C.Clerc, submitted to Nucl.Instr.Meth.
B(1996).

9) A.F.Tasch, S.-H.Yang, and S.J.Morris, Nucl.Instr. Meth B102, 173(1995).

10) Y.Yamamura, and W. Takeuchi, Nucl.Instr. Meth.B29, 461(1987).

11) S.T.Nakagawa, “Effect of Disorder and Defects in Ion-Implanted Semiconductors,

“Academic Press, Chapter 3, in press.

12) S.T.Nakagawa, Nucl.Instr.Meth.B96, 173(1995);
S.T.Nakagawa, L. Thomé, H.Saito, and C.Clerc, Nucl.Instr.Meth.B, in press.

13) R.G.Willson, J.Appl.Phys.61, 2826(1987).

14) D.S.Gemmel, Rev.Mod.Phys.46, No.1(1974).

15) S.T.Nakagawa, Proc.of Electro-Chemical Soc., 59-64(1996).



R LERRR AT o & — B e 17 %, 83~85(1996)

> —#%F threshold X2f% TDNA ~v ¥ —f% THHEAEH

RS HEER w I A

A—KiT, S— T AMAEERICBWT, S—#F threshold L% THFI N DIES DHEL L % B
BELIRIE DR R S ONLE B 72 R 5 (3 threshold ICIE { B2 R ICK S B2 5 2
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T 2 ERBINDPHER L TE 272D TH b, DL LBEDEWE D 63T 20 D
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2. "M RAVY—BEFHEEFRE €D TV

FRTFBLIOPETFIEIZ =70 oBRINTWEY, 205 BEEN/NE % HNDIT up,
down, strange @ 3FEHED 7 + — 7 2 HAKRB L T 2585k 2= ) —# SU(3) DEEHERILIC &
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YHEEHALT S 122 b 5) 12 NijmegenB L O Julich? 7V —7"DbDH b 5, X1 I1ZbH»
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X922 oOMAEMEMIZL S A N elastic total cross section (213, S N threshold #
HECcusp 5LELDDH b, TD—FED cross section M enhancement (3, 57712 & 5 5hR
YEZTEV, S512, COBNNLOBRENHRS PRSI LI, A <0y K THEM
FHOFRIEE L N[ —HEFHEIRFE (quasi-boundstate) DEFELEDFHENE (72 & 21X A NN,
S NN #EAROEFMIRE) ICKELHELEL 5, 5T, 2D cusp DREK L 7% > T 5L
FLRIEORFR G OME (EFREOERPEH CHOME) 2F~N7,

3. BEAEFNLICL B fitting

EHRZEECOMEIERZ Vy(p,0) £ ¥ % L BELIRIE£,( 5, )ITKD L 5 Zeftisy FRR T
N5,

1 5.5) =Vl B.5)+ )\ [dd VB, botu(d,5)
k F
Zﬂk

ZZTC, 4, j, RITA-N 7203 3-N KEz2RT, &C, +@%ﬁﬁ_,hﬁﬁ%&tif«
TZORGEIRIED = AN X — E, $7213EE&E Qk(Eh: ZOWTDEEFH CTORFR A
g b, TDLVKR—bTIE, Nijmegen 3 kU Jiilich *Eﬁﬁfﬁ’a? W4 2 E R IO W T O
MBI Ty I 2 b — b LBRROFHREDMELRL T, ZOERICOWTERT 5. HA
B V IZOWTORIBIEITRD & ) B BO LD ERAT,

V(p,0)=9(p)Ag(p")

g(p)= [gg:g;] , 9(p)= [0191(17') ngz(l)')}

C DA, BELIRIEIZRE Y i B2 AT BB T T

t(E)=g(p)r(E)g(t)
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. Ei— 2/11 2 2#2
E% b,
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DL, FUROHIHAAE NI, FREE S BTRIED D 2. (BOHA, AN
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b, SO EHHAFBIALIAREE N T V5, AR TIE, BRT 07 J L0 60570
IS5 LEWMNTED P AV = DIEREIT R\, AEIREFIMLIZOWTRE L Tw b, AX
TlE, 7y AV —ZEROIUR & Z DERBERDOERE, T2, TOMBRIZOWTIENS,

1. ELCHIC

7= 25—V a vy 53RN 3 Ea—2 Paragon % E BN GILIC - TET
WA, BHT e S 3 v 2R EH AR DR B SRR EA L EREEL L NOTH D,
iz, TNy ZIZLERT 07T LITHR TR 5728, EHIREFTFEAIZ S L ORB
KTH b,

ARWFETIE, WHNHEEZ KR TL2I0L LTERT 07T L0 6 BEINICES 70T L%
WMHTBEFS Vv RV—2 2ERT 22 L 2RA D, BRX7 077 .1 FORTRAN E#E Tk
L, ¥%l2 > 2—2 Paragon FCEITTESL L HITT 5,

2. X375 AL

W e LT Wb HH 3 ¥ a—2 Paragon [2] (358 A B RIOEF 2> E2—FTH 5,
LA T ) R AT Ty T — AN AR ) BEES T b7, HF 2T Y BIZHAT,
AENVAT 2R ZHPEFLIZLL L 3D, 204, o7 oty oxe) 2575 L &I
LEEOBAVEL %), TR T v RS B, LUFICHEA T Y BEFI 2L Ea
— 2B T 0rT I v IORBRICOWTHRS, [1]

o7 — 5 DAEIRE &R LT B BTN D 5,

07Tty HHTHT— 2 iBIE 2 WRINHR L T B REHDH B,

O A E Y RIZIANRT, Oty FHEBENHD 2 Z M HE L, F—F OHEIREC
L7 BEF —S—y FHRE W 2®, 7— 2 D4 EIEE LD RE IR
ERET B,

® |3 DFHILE L —FH % D DIZHEETH B,
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3. FSAL—YERRDIRK

ER T2 7 2Av =213, T—5EIL, RIFFOT—F I L THINEITTE ST 1S
ZLEMNTEI0TH B, BURTIE, HEMNLT AN 7T v 7ok, 07 0r7 0%l
hT&2, UTF, BRTITAZ5 b7 v AL =3 DRIICOWTHEN D,

1. FESUIEMT

FORTRAN EECEINIERT 077652 AN L, RESX, AHNX, DO X, #
HROEA 1258 LIRIT T 5,
2. WHIALEAT A ) L
BESURSTRER & D, BHME7 v 7 A& L Tn <, EIRUTOREITS5 L5,
® BUEH E X DILH
HE INLESN 6, SEEROKE R, B7 0ty RO T — 2 DiFRE
ThoTwd, &7 0ty FHZIFFEOIT—2I3EHEIE (T ey 74E]), 2:XT
T I HmoATESIE 5,
® A X o
A HE7 ety % 0TItk ) L5 I2L, 20RODBIERBL L2 EAT S, WRITE
XTlE, 7ty 027 oty 2 LRI OT - 2R 3R D,
® DO )\ — 7L
FIZDO XDX¥F A —=F 2L 5582477 9 DO NV—T WA DAEDH &b
L3548, AWM XD E N —THA T %) £ 18T 5, e, V—7"NHEH
RDADEEL, RERTOLREEZAT N, V=T RE W, E ) e AEDLD D,
® (K LE AT O JLBE
DO WV —7"WDOEHERITH L TIT7% 95 o BURTIE, DO NV —7" WD 5 EIES DT H
DO ZEDAD» LRI NEHAITH L TOAMKEDS LW E LTWw5,

4. R

K170 r53462 b5 Av—21CANL, K20 L) LEBEER2E,

fER L7zt 7 v AV —% Dl & L TERICZ 0REHRGER % Paragon £ THEIT L7z, kIS
FCHE R L DO X ¥5 £ — % #36000,7200012 255 L 72354 477\, 26 D FEATHR 2 5
W LR LR EZ RS, 2DHA, WRITE XU L 2 EEH I 2HIZED T VLD L
Lice COFEMTKEMZRL, #FEMEEERT 7T 72X 3ITRT, 72, WRITE X728
A ZRV2GE GHEOA) KOWTHLRNTAL, COGADRHEER 2, HEN RN
777 %M 41TRT,
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INTEGER A(18000),B(18000),C(18000)

C
DO 100 I=1,18000
A(D=1
B(I)=I
100 CONTINUE
C

DO 200 I=1,18000
C(I)=A(I)*B(I)
200 CONTINUE
c
WRITE(6,3000)
3000 FORMAT(///? ?,> #%* Ci = Ai * Bi *xx’)
DO 300 I=1,18000
WRITE(6,%)I,C(I)

300 CONTINUE include °’fnx.h’
STOP integer nodes,iam

END integer lstart,lend,lwidth
o INTEGER A(18000),B(18000),C(18000)
M1 Ah7arJa c

iam=mynode ()
nodes=numnodes ()
1lwidth=18000/nodes
lstart=iam*lwidth+1
lend=1start+lwidth-1
DO 100 I=lstart,lend
A(D)=1
B(I)=I
100 CONTINUE

DO 200 I=lstart,lend
C(I)=A(I)*B(I)
200 CONTINUE

if(iam.eq.0) then
WRITE(6,3000)
endif
3000 FORMAT(///’ °,? *kk*k Ci = Al * Bi **x%’)
if(iam.eq.0) then
do 10000 i=1,nodes-1
call crecv( 1, lwidth, 4 )
call crecv( 2, lstart, 4 )
call crecv( 3, C(lstart), lwidth#*4 )
10000 continue
else
call csend( 1, lwidth, 4, 0, 0 )
call csend( 2, lstart, 4, 0, 0 )
call csend( 3, C(lstart), lwidth*4, 0, 0 )
endif ‘
if (iam.eq.0) then
DO 300 I=1,18000
WRITE(6,*)I,C(I)
300 CONTINUE
endif
STOP
END

B2 AN7Tars okt i
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1D FETHER WAL [ms]
7'mty ¥ 18000 36000 72000

14 15.22 30.38 60.61
2% 8.75 17.21 34.03
3% 6.66 12.83 25.17
45 5.73 10.95 21.29
5% 5.22  9.80 18.75
6% 4.90 9.17 17.25

#92 EHEOADOEER WAL [ms]
7ty 18000 36000 72000

15 15.22 30.38 60.61
28 7.64 15.21 34.43
3a 5.09 10.16 20.29
495 3.80 7.62 15.24
5% 3.02 6.14 12.24
65 2.48 5.12 10.23
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GO & D EEMERELIE DAL TS, 2D b, EEICH L TTHE S
H347 LT % %%, WRITE XD 72D DEEAR A7 0t v doBine & Iz, 2057
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Dty H 0DATRETELIITLTWERDIZ, CHOmMEELELLTWEY, 7ur/7A
LTI ORI KR E S BET L0, ARSI EIIELANT v 7405 WRITE XD
JFR F i R MR L Ze T UE 7 & 7\,
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E 1 A | .. prrseores 36000
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75 ATIRES R EE S CHEBIERL TV 20T, SEREBNRICT I ES
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FAREEA Y LT LN LSl EhH b, ZoMic bAEHE L LR -7 IF X Lokt
B, 7 0—F L IRT R OWTHIET 5o

6. £LTU

MEE W T Y — Y DHRIEH, BRT 0T adr b HEICES T 0 F L8 MNT T
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22k cHESEEEL, F— & HEEEORE, BEOFEMICOWTORELT
WS ZEEFZ T D,
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