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180°4 A »BXELIC & 5 Cu(110) K O it

BER A &

BE
Cu(110) %o [110], [112] 5k vr [001] FHiiz1.5keV He f +> % Af & 472354
7180° HeHh R F#%EL (NICISS) 3 & % 3 Ji-F#ELE 7L (three-atom scattering model ;
THASM) #HWT, EBRHFR L BB L7,

1. #E

keVHEBNEL 2L X —1 F > #EL (low energy ion scattering ; LEIS) D455kt TH 3,
B, 8ELA 6 21801 v M § B EMEZEA 4 > BELGE: (impact collision ion scattering
spectroscopy ; ICISS) [1,2] 215 &, AHADHMRAIBRESL, L v F—a—> Dk
XX EPERBMNICTET 2 Z LHWERICE 5. TR, MEREBERITO 1 DL L T180°
ICISS#FIH T 5 HE:4% 5[3-7], 180" ICISSZ 3 &, HEEREHE 1 BETFIILRD
B 7oy X MBI HEINTICE2, 3, ABOBETEITERLIEDTRTH L[5
7] 8- C, RKE TFTOBEE T OILE % EMEICYET 55126, =180"Tdh 3 REEKELI BT
H&NTH Y ,Niehus7 )W—7"180° NICISS [3, 4] LEFEZHNHCAICISS [5-7] Ik - T&
HEF I ITHIL T B,

Spitzl% [8] 13X 1 iT/R& LT 5Cu(110) HHEmE O [110], [112] B L r [001] K
I21.5keV He™f & > % AFF SR 1-8554, Kb Sl - 2 AFA a2 5180° Hedp IR T
Bl (neutral impact collision ion scattering spectroscopy ; NICISS) 5&fE 2 8 #l L 72, %
NEDRERERDR 25X 4 FTIeRENTWB[8], HL, EBRIZIBOK TIThNLTW5,
[110] HFEAHOK212BWT, 3DE—IHRELTBY), TNLDOE—7 R ZNEFIE
BEEYICHP N TV 2 Heb FOBUEZ DO 7 4 — 7 > > TRHRICHEKT 5, ¥, ©— 7 DElT
FHGEICHIE L, BTFOBTEIHeKTF057 4 — 7> > 7 2354, MBEEBORTRE LMEH
DEFRBOEEIC L O 2ET, $72, M3 TRENTWS [112] FAAFH TR 74—
PUTHRICE) 30— B BEE N TWE, 25IT, K4 [001] HEAFICEBW
T, ADDE—I0B 73— W ITHMRICE->TEL TS, & Z2AHT,FCCHETH 5Cu
(110) EIREREERML T s Z L CmbNTWB[9], fE> T, 21 b D180° NICISSH4EE
DPERER L YCu(110)EIZ BT 575 —H > > VRMEOHKR LT 5512, F2REE
MEEBICERT 5512 3EFEELE T L (three-atom scattering model ; THASM) #
v THEEL 72,



2,

3 .

4.

IEFEE € FIVL(THASM)
BEAZEEIC BT 2180 % HHEREIZK 5 TRENTW L THASM%Z W (FHETE 3,
THASM® 2 3Tk~ & N Tw 5[10,11], 22 TR, LB AZEET 2.
THASM TIZ A A >3 SEDET L MEMERT 5, B, EFARARHA T 23 %
AETHELL, BEFCIIKABELZEL S, 20K, S LICHFBRETETA & Bld AGHAL
FENZAETEET 5, H£1FBHOHFRICBWT, BHFOEHLKRIZI AT OEHLR LB 5
HTRET D, ZOABEHNERETFAOASFEER E~OHEZ L) L EHEAZTRICH S, 2
D BEIZFOMOERICH L THIBHEIN TS, 2, W FOEEMBEIIEREIASR T
r3MOBEFEECFERATEE 2 & L TR FEb T,

Z 2T, R ENRFOMREE & 02 EH L 2 5 %, Cu(110) K|
» [110], [112] B L [001] HEicl.5keV Het A 4> % ASt & w7284  Hekbi T 5
DESICEFA L CORMZ@EBT 5412107 sec A —F— DR 25, —F, BEKIZE
2 B FoOBIREERITI0 2 sec & —F—ThH b, HE-> T, AGRTOAGERE L Hi5HBE
LT, RFAXrBIRIMIBEL2ZEZ L WERETAHZ LIZIELRTH 5,

F72, AEPRIT & L C1.5keV TiEMAS 2Het 4 + > % 2 ICISSIZ BELBRRIC BV T,
Het 4 * > Dh i ) S b 2 BB 555, HHERIZI - ZHOTHASM TIZER I NT
Wi, il 5, 180°Hed MR FRELEEZFHE L TV 285 TH 5,

ER

A A alz T 5180° He NICISSHEEN Y — 7B anlIEFRRT > v e L THW
7zMoliere 7 > ¥ % VDOFirsovilRCERICH T2 25— ) > 777 75— CAIZKE (K
F¥5[10,11], 1.5keV Het—=>Cunh,CA=0.65% F\ 72 THASM D EFRERD anldE
Bk R D an & HEHIZ—8T 5 2 £ 5HIBH L 72, THASMIC & %5180°He NICISS5&EE DEHE
FERPE AT H L T, 6268 FTTREINT WS, HL, WEFNATHASMTIZ
REBEHIFEFITH 2 L L TH) BN TS, £ — 7 DHEKIISpitz1% [8] DT
NDEFKE—FKT L, L Lhh b, FE—7EENINEMRICEL THEMKR & EBRERH
ETERPLELTLL—HK LV, 2DZ LIZTHASM Tl EELEE % fiidk{bic L T 2 kTHy
CED o T B &I, B FORFEOIBOCHKEANDHFE X IEMICFHE L TWZnwZ &i
k5, —F, BELEREE 3 RITHICI ) k2 258K T2 v—2 3> 2— F2HWTI80°
He NICISSH#E# K2 Z L I3HETH 5, Mkt b, Hek Cuk DEZERMEIC BT 5180°
HEWTEREIZIER IS WEIC, MEMZRELI K E < %) 180° NICISSHEEE # & #1912 7F
TN LTk 2,

E R )]
1.5keV He* 4 + > #Cu(110)E» [110], [112] B EL* [001] K AR & w254,



Spitzl&iz & - CTHlE 2 1172180 He NICISS# % THASM % > TEHilEi L 72, £ DFER,
7 x =Y TRIRIT & &Y — 7 DHRIISpitzIFENEITRER OBR & —FK L 72,
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W DD EFIRIESE  BS L7288 0B RELRHE
—Z R R BB DR/ MED Search—

A (=D LI I )
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BFN¥RICBIT S ‘4B BELOMEIZ, BTHFOEREBCLEIELERITLNS &
SIEARLN TS, L2 L, FNRE—DETRENAHES L 7234 (Single Chan-
nel (8) Th - T, EHOBFRENES L 7284 (Many Channel B, 7213, JHR
RO BHEOMEERAZAWR2EEA) OEBIZOWTESHF VMEN T T,

LI ADEE, BROBETRE (Fx 2L Es) »BEL ) 5RDOEEL, KBV,
FEM: F % & )L threshold JEE D BELKTEI & 12 853 7c Peak B & U Cusp 2RV THR
AN, WAL AWETREE AL L TLwhREE LA TWEY, K +He—n +(%
DAt), gt K+K GEAMVAYY 71— 700k bRTFEE LG LIZL
EROLNDZ ELHIRBTH 57,

HEIT, WHBLERESVWEZ LU, 2ok ) BREBIE, BEWREZ = A LX—DER
T R L2k EOBHEEIC L > THBIL ) 2 EH2 T, BZHL, $F xR0
BEMECEALCRARTH 5 L BbNE, 40, AL L) % CuspPRENDE P +a—d +
SHe G2 X L TF v A NFEAEEZ AW 2 RA Tz, BEN L HIZ, TANVX—DER
FE FCEBRES NEEURBEOR (7)) — > BEO5BOERIC L 5) % search L TAH7Z,
ZFDRERIZOWTHET 5,

2. SBFvALABEEBEERIC L 3EEIRE

%F % ANEEIZ BT, BEURIEZ = &2 L X —OBEEPE L TRERWR§wERLZ
#2 5, BKIIZIE, P t+a—d+Hen 2 F A NREZBEL T

V=|g>A<yg| (1)
DSEERIAREER % &£ 5, 7277, form factors|g>, <gli3~=7 hv

C] | g1>
lg>= R <g[=[C1<gll C2<gzl:| (2)

C, | G2 >

THd, $t->T, HEERVIZ2 X 204755, 22T, Fx A2 N11ED +a, FrFIL
213d +°He IcEIY BT 3, ZOMAEHIC L ZEEURIEIZRD L HIckI NS,

_9__.



3.

t(e)=|g>1(e)<gl, 3)
-1
2’(@)=[/1_1“ Ch<gi| GP| 1> —C%< g | GP | 92>} (4)
ZZT, GNEF AN DHAEERZEZ W) —BEHTHY, TORDIZ A NLF—

e DK TH 5,
SC, BB r(e) %k e DRKRPFELETHZ 5, 5T R )NX— e, T Schrodinger 552

AV EARE RERE) 2308, 1(e)DaB=0Th%, T4bb, r(e)lzzn

IANX—TpolerZc b, r(e)Dpoleld, RERBICHIGT 750 TH L, e WHROE
BIRor 2L E, whW3 “RHEMERAE", “KIBRE" 7 & DIEWHE L pole 12 B XIET
%5, T b6 DIEYER L pole BB TTHEZCREE, 72 & 2 T ANX —HERFENOEEHDIED
i owiz b &, BEMEEZLZ COBREICHEL B LT,

BELIRIE DD Search & ¢t DiER

2T, RDOMHEAVER D parameter (3 P + o BHEEBELZER T L) ICREL 2 02
59, MUEBEOMEEOBEF R 1IRLTW3, P +a— d +*HeMthreshold 23.02 MeV

o (Ep) (mb)
60

40—

20—

E, (MeV)

1. P+ aBMEEELD D3/2 SN &I & 2 MiERE, #Ehis, PHFoASHZEL
X¥— (EBRZER). EHIT, Miyagawa et al.¥ DFHEIEAIC & 2 WiEHE (Z HHH
HERIZESRZI12ITHEBT L), KHIZ, P +a—d+°He o threshold 23.02
MeV 2/ RLTEY, RnkHiz, 12IFZHZFNLFX—IZ Cusp PR 5N 5,



(BLFRTI8.AMeV) D E b TRIEICSV Cusp R LS, ZOMAEMEHICH L TR
D DT RNFRE search L7z, & Z zﬂa‘;, I<montwarriliczrrx—elde :%
TEBINERFH LOEGE)D (e=éb—#) LT 2MEiTH 5720, POBERFELTT
REZRIIIDE, L2L, §DOBE2 T+ ANVHETF AN T EF RN 2 ETR
threshold ¥ T\ 5 (D% Y, 7V —>B G,2?Dbranch point TN T\ 3), ZND7z
B, BF X ANDEBNE D, DP,30.,#0,TH), TNTIE, £H) IRBLIE N, 20l
NEEIL, £F v A NVEKELREDB D LAWETH 2055 T 5 R/MIT % O TRRYICW
5%, (P, D) DMIIHLTINLICES L) b EEEDERTFEEIC t2H¥T 5,
Z L T2 0HEFEFE LT i DFEH%ksearch§ 5,

Searchic i3, KERA¥EAEGEK LS I—F74 77 ) —12H b, IMEZRIERD 2 —F
SIMPLX # w72, Z#iZ, Simplex#9% 3 & Lf%#ﬂfcﬁd%ﬁﬂ) search program T
» 5%, Search kR »,=0.83+0.017, »,=—0.08—0.227/fm™, =RxLX—IcLTe=
17.740.6 i MeVOAIBIZ pole DdH b Z L b -7z, 21U D +a— d +*HeMDthreshold

e =18.4MeVic BT, £ 72, JEWELEBR pole TH B, = O pole I Mt § 5 1K 1g
13, FIBIRAE L &5 v ) BARRIC H B DHh BEBREEV, %72, ThresholditfEMpole & MiEED L
CIBEENMEZ & 0— I L BRI b2 IR ICERTH ), BEHEFEROES, B
WHWBLEZ TR L T 5,

SE

1) See, for example, Particle Production Near Threshodled. H. Nann and E. ]J.
Stephenson (American Institute of Physics, New York, 1991)

2) R. S. Hayano Nucl. Phys. A508 (1990), 99c ;
F. Cannata. J. P. Dedonder and L. Lesniak. Phys. Lett. B207 (1988), 115.

3) G. R. Plattner. A. D. Bacher and H. E. Conzett. Phys. Rev. C5(1972), 1158.

4) K. Miyagawa. Y. koike. T. Ueda. T. Sawada and S. Takaga. Prog. Theor.
Phys. 74 (1985), 1264.

5 R. G. Newton. Scattering Theory of waves and Particles
(Springer-Verlag. New York. 1982), P530.

6) J. a. Nelder and R. Meads. Computer J. 7 (1965), 308.
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GAUSSIAN9OD A4 » X b —)v L i 87 AT ik

E ERE A ow® B i WBO #EE

1. ¥

GAUSSIAN90IZ, EFb¥FtEA 72 77 4L L THEWEHE% 5 1T T 5GAUSSIAN &~
)= XDEHFN—D 3> Thb, K707 7 L086EIE, UToORRT L)L, ZhET
ICHARCHEREISEILEN, Wit 7o a 2 EBEME3NTWEZ EThH b,

s® over 88
i
ol
increase
Range
- 4 L
P *
b T
[ : : H :
SngloPl. Grodient Energy  Gradien!  Energy  Grodient SCF Qcl
Direc! SCF MP2 in-Core MP2 Frequency Energy

o)

Comparing Major Ab Initio Quantum Chemisiry Programs

Methods and Features Gaussian 90 CADPAC  Spartan® Gamess

SCF Energies:

Conventional Method yes yes yes yes

Direct Method yes no' no no

In-Core Method yes no yes no
SCF Gradients and 2™ Derivatives:

Conventional Method yes MO basis only no MO basis only

Direct Method yes no no no

In-Core Method yes no no no
QCSCF (Conventional and Direct) yes no no no
ROHF yes yes no yes
GVB yes no no yes
CASSCF yes no yes
MP2 Energies:

Conventional Method yes yes no RHF only

Direct and Semi-Direct Methods yes no no no

In-Core Method yes no yes no
MP2 Gradients:

Conventional Method yes yes no RHF only

Direct and Semi-Direct Methods yes no no no

In-Core Method yes no no no
MP2 2" Derivatives:

Closed Shell numeric only yes no numeric only

Open Shell numericonly numeric only no no
MP3 Energics yes yes no no
MP4 Energies yes no no no
Cl (Ground State) yes no no yes
QCl Energies and Gradients yes no no no
General Excited States:

Encrgies—Conventional Method yes no no yes

Energies—Direct Method yes no no no

Gradients yes no no
Semi-Empirical Methods yes no
Multipole Moments hexadecapole hexadecapole dipole octapole
Polarizabilities & Hyperpolar. yes yes no no
IR Intensities yes yes no yes
Raman Intensities yes yes no no
Reaction Path Following (IRC) 2™ order no no 1" order
Mode-Walking to Transition States yes no no no
Automatic Database Archiving yes no no no
Built-in Restartability yes no no no
Interfaces to Other Programs 11 0 0 0
"This feature will be in CADPAC version 5.0, scheduled for release in the 3" quarter of 1990.
"There is currently no released version of Spartan; its exact features are still very uncertain.




MIRET, ZDTRT T30 5=V 08K - BALRZDT, ZDA4 2 — )L L7
BYEREICODWTHET 5,

2, AR b—=NFEE

AZFACOM-M380~D A > A F — LS DN TN B,
1) ALY —RT—725UTDJCLZHE-T7 0 ST L7 74 VEkFAAL,

The first data set on the distribution tape should be read by submitting a batch job containing JCL simi-
lar to the following:

//USERIDA JOB ACCOUNT, USERID, CLASS=A, MSGCLASS=X, NOTIFY=USERID

//*
//READ1 EXEC PGM=JSDGENER
//SYSIN DD  DUMMY

//SYSPRINT DD  SYSOUT=*
//SYSUT1 DD  DISP=(OLD,KEEP) , UNIT=TAPE, VOL=SER=G90,

// DCB=(DEN=4, OPTCD=Q, LRECL=80, BLKSIZE=8000, RECFM=FB) ,

// LABEL~= (1, NL)

//SYSUT2 DD  DSN=USERID.G90.FILEl, DISP=(NEW, CATLG) , UNIT=SYSDA,

// DCB= (RECFM=FB, LRECL=80, BLKSIZE=3120) , SPACE= (3120, (100,20))
//

SIS ED, F—Fty FHI2G90, FILE1 4% ¥ n 7S,
2)G90. FILE1ORMAEI—F, REF > —BLUY 377 F2REEL, AEOT
4R 7 2=y B ANT B, $72, TFFI“VP, NOVS, NOVMSG” #F~C, “OPT
(B LEET 5.
LLEDIBTED®, %472 £ G0, CNTLAMERS N5,
3)G90. CNTLH D # > SCREATEZM-UH L TETT 2, 2N, UTHT—%+
b AERE LB,
G9. ASM
G%. CNTL
G90. EXE
G9. FORTT77
G9. MACLIB
G9. OBJ
G9. OUTPUT
G9%. TEST
G9. UTLIB
ZORFETA VA= NWCUELT—F Yy POBRBIVPREIN, T4 AT AR—Z



150M/ 34 F 2SLETH B,
ZIbHENL) »512) DBIEICBWT, A7 F7LnY—Xa—Fig, TT7—
NDELBLIENDH D, 202D, 3T, 27— L TRBINDE 70T T L4T7KN“S”
~— 7 %2HEET L, KIZ, 70T T7LNDARXY P XEESTAITED “C” 1274
— 7 P TCRFBINLTVWINLFEDPEZTIN TSRS, N6 ETRNTRLFICERT
5,

4)G90. CNTLH ) # > SMAKEREAD# IOV LEATT 5, 2 D%, G90. EXEric
A NZREADDER I NG, 27T T 4iF, BDT—F 2HAT—7h bHAi
A TR T I L8t D,

5) G90. CNTLHOMAKEPREP # > )% LETT 2, ik, BRT—7
DT —F DR T 0 77 A EZEKT 5.

6) BAT—7TDLNR)DT—F £y F 2FHAALLZH, GI0. CNTLHAREADTAP
1B L UREADTAP 2 2 > "% IO L ENENETT b, ZOFE, UTOET—
Ty MT AV HFERE N B, |

G9. ASM (1212 4 22N
G9. FORT77 I283 4 /N

G9. MACLIB 123 AN
G9%. OUTPUT 12154 4 X

G9. TEST (21554 > X

7)G90. CNT LHNDASSEMBLE # > %I LEATT 5, ETHRIZ, G90. UTLIB
NHOB—FEZ2—NVICA T EN5,

8) G90. FORT77HMDSITEDEFS X > s 7 5 —+ 7> 7 7 4 V&2 AFEFACOMIZ # 4
T5EIOEET 5,

9) G90. cntTHADFORTUTIL # > <ZMU0H LETT 5,

10) G90. CNTLHDFORTMD ¥ > <200 LETT 5, #HRE LT, G9. UTLIB
WIZ120 X > 352 F T &5,

11) G90. CNTLHDFORTLINKS # > "2 0N L EATT 5, 24Uz & ) GAUSSIAN9O
DY) rHrarfndN, G0, OBJIc&) > 747V 7 ba—FHX T &
na,

12) G90. CNTLHDFORTSERV £ > _EZMFUH LFETT 5, ZOFEE, G90. OBJI270
R SHHEHR SN B,

ZZT, A7 7T L b—MWEBRT A VBENS L, L€ L, ZOT VT T A,
AREAEFE (V—rav) LT, 8MAA M 2HERTE S Z & EHIFRICL TEDS
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Fig.l X-ray diffraction pattern of tert-butanol on graphite. The features around 26=
26° come from the imperfect subtraction of the graphite (002) reflection. The solid line

represents a fit due to the structure model as described in the text.
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Fig.2 Probable structure of the bimolecular first layer in tert-butano

top view and (b) side view.
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Table I. Fractional coordinates of molecules in the 2D unit cell

and their z-components

Atom X y z(nm)
C(10) 0.4785 0.2654, -0.2215
0(1)  0.4405 0.2537 -0.0767
C(12) 0.2704 0.2899 -0.2806
C(13) 0.5731 0.1933  -0.2807
C(14) 0.6569 0.3322 -0.2259
C(20) 1.1637 0.3546 0.1734
0(2) 1.1166 0.2926 0.0823
C(R2) 0.9612 0.3746 0.2435
C(23) 1.2774 0.4197 0.0906
C(24) 1.3301 0.3224 0.2807
C(30) 0.7815 0.1263 0.1226
0(3) 0.7647 0.2005 0.0603
C(32) 0.5742 0.0785 0.0821
C(33) 0.9865 0.0959 0.0684
C(34) 0.808, 0.1393 0.2768
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The stopping power and the effective charge
of a singly charged helium ion

Toshiaki KANEKO
Department of Applied Physics, Okayama University of Science
1-1 Ridaicho, Okayama 700, Japan

ABSTRACT

The energy loss and the effective charge of a He* ion were studied for target atoms
ranging from helium to uranium on the basis of the wave-packet theory. In these
quantities, the oscillatory structures are found to be enhanced at low velocities. In
addition, the oscillatory phase in the stopping power is opposite to that in the efective
charge. With increasing velocity, these strong target dependences tend to vanish and

seem to become independent of the velocity.
I. Introduction

The energy loss experienced by swift ions in matter is one of fundamental processes
in ion-beam material interaction. Regarding the mean energy loss of a point cahrge
penetrating through matter, intensive research yielded a lot of experimental data (1)
and a number of theories (2-9), which provided a general description of the
energy-loss rate per unit path, i.e., the stopping power. Lately, with the progress of
high energy-resolution technique, new information about the energy loss of ions with
bound electrons has been obtained. A recent example is a direct measurement of the
electronic stopping power of a thin carbon foil (2-100x g/cm? for 32 MeV *He* ions
(10). In this experiment, the charge state of a *He"* ion in carbon is considered to
be frozen and free from charge exchange processes. This experiment seems to stress
the necessity of the stopping power data for *He" ions at other velocities as well as
of theoretical prediction. Actually, analytical expressions for the stopping of
hydrogenlike and heliumlike projectiles at high velocities (11) and at low velocities
(12) have been presented.

In this paper we present the electronic stopping power of various atoms (2=7Z,<92)
and the effective charge for a He' ion (0.2vo=v=20v,) as calculated on the basis of
the wave-packet theory. The wave-packet theory (13) was developed for the

investigation of the energy loss of charged particles colliding with atomic electrons.



These electrons are regarded as a packet of an interacting electron gas with a
gaussian momentum distribution. The elecrtonic stopping cross section for a proton,
calculated shell by shell from this model, yields good agreement with the data with
respect to the energy and target dependence. Quite recently, this model was applied
to the impact-parameter-dependent energy loss of low-energy light ions in surface
scattering (14).

Throughout this paper, m, e, ao, Vo, and 7 denote the electron rest mass, the
elementary charge, the Bohr radius, the Bohr velocity, and the Planck constant

divided by 2r, respectively.
I1. A BRIEF DESCRIPTION OF THE THEORY.

The wave-packet theory regards the atomic electron system as an interacting
elecrton gas by representing it in the momentum space. The excitation of this
system is characterized by momentum transfer %k and energy transfer Zw. In terms
of the occupation probability [u (q) |* of an elementary plane wave 7q, the dielectric

response function e(k, w) is determined by

14 4re’ s |u(gtk) P—u(q)p
ek )= e — (B —Eo)+i7 D

where Eq=(%¢)?/2m.This formula is valid for any form of the function |u(q)>. If a
gaussian distribution exp (—q?/q? is adopted for |[u(q)P, e(k, w) is expressed in the
following analytical form in terms of z and u:
e(z, u)=1+(x%/2%)[fi(z, u)+ifsz, v)],
fi(z, W)=(7)"*/(42)[G(u+2)—G(u—2)],
f2(z,u) =7/ (8z)[exp{—(u—2)*} —exp{—(u+2)*}], (4)

—_ o~
w N
= <

where the reduced variables z and u are defined by z=k/2q and u=muw/(%kq). In
addition, x*=mvo/(7%q) where q is the characteristic wavenumber of the system.
The function G(y) is given by G(y)=y exp(—y)®(1/2,3/2,y?) with the use of a
degenerate hypergeometric function ®(1/2,3/2,y%) (15). This new dielectric function

fulfills the sum rules : /0‘ wdwwlm{s(k, w)} = nwp?/2, and 1 cc,dwa)Im{.fs‘l(k, w)}=—nmws’/

2, where wp=(4mpe*/m)"? and p denote the collective excitation frequency and the

characteristic electron density of the system, respectively.



Assuming a straight-line path, the stopping power S for a partially stripped ion

moving at velocity v is given by the following formulae:

S=4re*/(mv?) Na 2, N, L, (5)

Le=~—8/(7r3’2x42)/0‘wdz z/o.wvdu ulZi— 0(2a.2)|? Im{e(z, u)}, (6)

with v,=%q.,/m. The subscript ¢ specifies the different electronic shells. N, and Na
denote the number of electrons occupying the shell ¢, and the number density of
target atoms, respectively.

The form factor p(2§.z), which is calculated from the Fourier transform of the bound
electron density, is incorporated in order to take the ion size into consideration. In

Z using the is type hydrogenic

the case of a He* ion, we have o(q)=[1+(qac/4)*]"
wavefunction.

In order to describe the stopping power for a partially stripped ion relative to that
for a proton, it is convenient to introduce the concept of the effective charge. The

effective charge Zeir of a He* ion is defined by
Zets= [SHe/SH]I/Z- (7)

A general feature of the effective charge is the following: at low ion-velocities the
screening effect of bound electrons in the projectile is rather strong so that the target
electroﬁs are scattered by the effective ion-charge which is smaller than the nuclear
charge. As the velocity increases, the effective charge also becomes large, because

the ions are subjected to a hard collision with the target electrons.
[lI. Calculated results and discussion

Figures 1 and 2 show the values of the characteristic momentum Q given by [{fur(q
:(‘))}‘2/3/75]”2 in atomic units for the one electron of various electronic shells of atoms
with atomic numbers 2=<7Z,<92. Here fur(q=0) denotes the one-electron momentum
distribution function at the origin, which is calculated from Hartree-Fock wave
functions (16,17). As a general feature one can see that Q increases with increasing
binding energy. The characteristic value q is given by N'°Q for a shell (n,1) which
is classified by the principal quantum number n and the angular momentum quantum
number Z. N denotes the number of electrons occupying the shell (n,1).

The target dependence of the stopping power for a He" ion is shown in figures 3

and 4. They display an oscillatory behavior. At low velocity(v=0.2vo), this tendency
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is particularly enhanced. For closed-shell configurations, i. e. helium, neon, argon,
krypton, xenon, and radon, the stopping power exhibits a local minimum: An
extraordinary case is platinum (Z,=78). Here calculation was carried out for the
electronic configulation 1s?2s?2p®3s®3p®3d*°4s®4p®4d*°4f**5s?5p®5d"’, where 6s electrons are
missing. In atoms which have the 6s electrons, the 6s electron is bound very loosely
so that this elecrton contributes most to the stopping power. However, this is not the
case for platinum.

Figures 5 and 6 show the effective charge of a He* ion in collisions with atoms (2
=7.=92) for the velocities of v=0.2, 2, 4,and 10v,. Similarly to the behavior of S in
figures 3 and 4, the oscillatory dependence of Zes on Z is enhanced for v=0.2v,. With
increasing velocities, the amplitude of the Z, oscillation is damped and the Zes is
almost independent of Z,. Here we should note that the oscillatory phase is completely
opposite to that of S. The Z.x value takes a maximum for rare gas atoms. This
may be explained in the following way. In rare gas atoms, the outermost electrons
are bound tightly so that the orbital velocities are higher than those in alkali atoms.
Then the outermost electrons in rare-gas atoms can approach the nucleus of the ion
more closely than those in alkali atoms, which results in higher Zex for rare-gas
atoms. This is just the bindidng effect because the velocities of the target electrons
play a role. Another aspect of Zex may be called the scattering effect. One finds
that Zes is always greater than unity. The stopping power S is contributed from two
kinds of scattering. One is the distant collision where a small momentum is
transferred, and the other is the close collision where a large momentum is
transferred. In the latter case, the scattered electrons feels the electric charge of the
ion larger than the net charge of the ion. Therefore, the close collision contribution
makes the value of Z.y larger than unity. »

Finally, figure 7 shows the velocity dependence of the effective charge of a He * ion
in collision with boron, carbon and nitrogen. In the case of carbon, a recent data
obtained by Ogawa ét al. (10) (triangle) and the results by Kaneko (11) (broken line)
are plotted. At high velocities, an analytical expression for the effective charge of a
He" ion is (11)

Zetsr=[{In(2mv?/I)+31n(v/2vo)+13/12} /In(2mv?/1)]"?, (8)

where I denotes the mean excitation energy of the target material. At low velocities,
the effective charge is almost constant. This feature is also displayed by the

calculation on the basis of the local-electron-density model (9].



In summary, we have estimated the electronic stopping power of various atoms (2
<7,<92) for He* ions with velocities v (0.2vo=v=20vo) in the frame of the
wavepacket treatment. An oscillatory Z.-dependence was produced in both the
stopping power and the effective charge, but the phases of these oscillations are
opposite. This is due to the binding effect. The oscillations are enhanced at low

velocities. The calculated effective charge is in good agreement with the data.
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FIGURE CAPTIONS

Figs. 1 and 2 :



Dependence of the characteristic momentum Q on the atomic number Z, as
determined from the double zeta wave functions (16, 17). The Q value for Li has
been calculated using Roothan-Hartree-Fock wave functions because the double zeta

functions for Li given in (16) are incorrect.

Figs. 3 and 4 :
Z,-dependence of the stopping cross sections as calculated by the wave-packet

theory for He* ions of the velocities of v=0.2vo, 2vo, and 4vo.

Figs. b5:
Velocity dependence of the effective charge Z.:: of a He* ions in collisions with B,
C, and N targets. The broken line indicates the result of eq. (8) for carbon, where
[=77.3eV=2.842(a.u.). The solid triangle indicates the experimental data for
carbon (10) at v=20.7vo.

Figs. 6 and 7 :
Calculated effective charge Zeir of He' ions vs the target atomic number Z, 2=
Z:<92) for v=0.2, 2, 4, and 10vo.

3 : E 15 -------------------
s [ s e |
8 1S ------------ g [ -
....... ssppaesasaassssdd
105 nnn"'f 10 :,mxm?mm:m"m 2s :
- " - F wess¥V]
E 2.‘?'."’2‘5‘"“ 5 :3S,3p,§.q....-..,..;...-uu—-ll! ¥ :
..." o et '":
o | ,w’ 3s xsm!,n" o | 4s ﬁgt.,.gmgggzeﬁfﬁﬂlllms
R S O
i S L] 27 IRt
oo LS o0t ] E T ittt et Ol e
I gprhd S R
ettt e T eeeteeee s B T e 68
23 [ QR ed
> 6s 5
OJE (03] S
0 & 20 5 40 50 - .
2 Z,
FIGURE 1 FIGURE 2



S (eVemZ/10'3atoms)

®
L He'
120 o
L o
o
100f o°
He' 0 ocbooo o -
o 0° 0%0 ° ‘4
5 - | o A "
+ v=0.2 Vo Y oow g ooo%o ‘;“A "
80F o v=2V, o o g 80 s w40
A v=4y, o %o o) . “At o
I ° ) o A ] — A A
mo‘ ‘w 9
& 0 M S
601 o 0 © “‘ 1 E 60|
0%00 :29 o %)
B s ] A
° ‘AA W ;;
o A‘ o .
40t A ] 40F
@® o ‘A‘ + -,
| OOOZAAA . | ‘z” . +
o “5 + - "“ﬂ*‘”“ .
20f OAAA -, 0‘ *0 E 20f ’u" .
..d‘ + “ l” +”‘ +, . * * "”“Q N | * "
A”’ L *s .
O hd “N; L 1 1 L L L
0O 10 20 30 40 50 50 60 70_ 80 90
Z, 22
FIGURE 3 FIGURE 4
2t B '
5 x C )
L . N |
- --——-theory |
= 15f TR
(V] | }Ogowa ,” ‘."l’.o.-{
N ]
i . CREE R ~...:;!ggﬁ 7
Tt ]

1
V(VO)

FIGURE 5

10



=]

Zetf

O,
- 00,
:0 o

1.5f° ot

a o, e e

1.0

A Mo
° Bty & o
5 ax
2000 . o« ® .
X ] o® .
N 0 ° oxe® ®
. ., '.. ee® ouox o
L] L] x
0e® x n
B » . x
x * o x-
| x "I x* x
x " x

° % 0,00%o0]
o 0000040 ©°

Syyyio |

FIGURE 6

He' | | | |
x V= O.ZVo

i * V= 2 V%

A V= 4‘%

o v=10V,

Zetf

- aﬁw%mw“&waw“%%mp
0Op 00000

Qﬂﬂﬁﬂgﬁﬁﬁmmﬁfqguﬁq&p

[
“.“........ ....

T

-

5

.‘.....0..

X
XXXX X X
X
xXXX XX XK XX XXX XXX

X X

1.0

FIGURE 7



R L BERR AR B+ > & —IF R B &5 135, 33~34 (1992)

& B BH 1L BE D FH

JCHYEYRE ) % F

I EAIN A 4 > OREDOFHTIZ, = ANX—DARNERHT, TFEAICEET
H0, BEACDLEKREV, REZHED D 2KERN—D L LTn, EFHHILENO—EF
R WEHli A K> 5 L BB A Z ZICHE S,

MEEEKPORFERYBI L Iav—a> 7l 7L L TR fFbNLTWS
MALROWE 22— Fizd, ZOEFHIMHIERBICOWTIZ“EBRREIC 74 v T4 ¥ T/3T7 X F
— DL B” Yo lRTFEEDH L, WL BLBRIINLTL 74 v T A IXNTAI—D
REy, —RHTETOHIEROMEIX, §HNL 12— 3> 7077 LDRENLET
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Fliz, WA vX—, U, BIUEMERE Z, CRIZT SEKBHEEEROFSOE
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BEIEL DI ONERTEL X 5,
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Barker, J. A, R. A. Fisher and R. O. Watts, Molecular Physics, 21, 657-673 (1971)

Table 1 Effects of three-body interactions on internal energies and compressibility factors of Argon at
120K.

[3(?321;%] U/NkT Uy/NcT z Zs
0.0346 20.380 0.004 0.804 0.004
0.6688 -4.760 0.210 0.037 0.490

U,, Z, = the values of tree-body terms

Table 2 Comparison of experimental and computer simulated saturated properties of Argon at 120K.

Saturated Vapor Density [mol/1]

Exp.D + 3BD?) 2BD3)
1.5077 1.5157 1.5280
0.53%%) 1.35%
Saturated Liquid Density [mol/cm?3]
0.02903 0.02926 0.03208
0.79% 10.51%
Heat of Vaporization [J/mol]
5050.6 5143.6 5809.6
1.84% 15.03%

1) Experimental data, 2) with 3-body interaction, 3) without 3-body interaction, 4) % deviation
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Fig. A. ORTEP diagram of [{(ns-C4H7)2Rh}2(V4O12)]2' with the
atom-numbering scheme



Table I. Crystallographic Data for [(n-
C4Ho)aN]2[{(n3-C4H7)2Rh}2 (V4012))-CH2CL

formula C49H102Cl2N2012Rh V4
MW, 1391.84
crystal system monoclinic
space group P2)/a

a/A 17.151(2)

A 14.804(1)

/A 15.150(2)

pr 110.79(1)

V/A3 3596.2(6)

yA 2
Dcalc/gem-3 1.637

1 (MoKar)/cm-! 10.4

scan range 26max = 60°

No. of reflections 5015(Fol > 6.0a(IFol))
R/Rw* 0.074/0.113

*R = (Z|(Fo-Fc))/(ZFo); Rw = [(Ew(Fo-Fc)2)/(Tw(Fo)] /2,
w1 = [(6(F0)2+(0.040F 0)2)

Table II . Selected Interatomic Distance (A) in [n-BuN]z[{(n3'
C4H7)2Rh}2(V4012))-CH2Cl2

Rh - OQ) 2.198(5) V@) - 03)  1.802(5)
Rh - O(5) 2.150(5) V@) - 0(3)  1.820(5
Rh - CQ1) 2.198(15) V() - O@)  1.804(6)
Rh - C(2) 2.100(13) V@2) - 0@y  1.791(5
Rh - CQ3) 2.086(9)
Rh - C(4) 2.068(10) cq) - C2  1384(18)
Rh - C(5) 2.144(12) C@) - C3)  1368(22)
Rh - C(6) 2.226(12) C@) - C(5) 137907
C(s) - C(6)  1428(15)
V() - oQ) 1.670(5)
V(@) - 0(5) 1.652(5) C@) - C(7)  1.691(24)

C(5) - C@8)  1575(14)
vQ) - 0@ 1.628(6)
V() - 0(6) 1.612(7)
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Ttk L DABKERYRL, KRUNDEEFOMEZREL 2. BEOREELIZ, IHOR
BicbBWwT7ay ZEMEMHEIC L VAT, £@THOERERFICEAFHERERTFEZA . &
KERETIZ 7 V= b ) v 7 AR/ BT TATW IR IE 2 4T - 72,

777 aix7 ey 7NN ZHEEICIT UNICS & AT 49, 7)v b ) v 7 A/ 3
#=8 LRI IEIC 12 CRYSTAN & 27 49, X SEEREICIZ ORTEP® AL
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ENTEFRRIC BT, BENDOE) 7T oBL US> 72T VIIMEIIICT 4 24— —L
TWBZEFRWIEEINTZ, £-oT, RV 7T vDREFEERTF 2D 72X T DFEF
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1. BEFNT-9

formula | WMozNiSs02sCzsHe:
fw 1553.73

crystal system Triclinic

space group P:

a, A 17.836(7)

b, A 19.599(0)

c,A 8.924(5)

a, ° 102.77(5)

B, ° 103.49(4)

vy, ° 63.67(3)

V, A® 2693.8(24)

zZ, 2

T,C 12

A (Mo Ka, A) 0.71073%

dobs, g/cm® 1.91

deatca, g/cm’ 1.916

cryst size, mm 0.30Xx0.30x0.22
abs coeff (g, cm™) 6.89

data coll instrument Rigaku AFC-6A
scan method w(26<30°), w—26(26>30°)
scan speed, deg/min 2

scan range, deg 1.03+0.5tané
bkgd measurement, s 5

data collected +h, *k, +1(260<50°)
total no. of reflections 9502

no. of unique data 6892°

no. of variables 627

R (Fo)¢ % 5.32

Rw (Fo)¢, % 8.25

trans factors (max, min) 1.000, 0.727

a Graphite-monochromated.

b |Fo|=60 |Fo|.

¢ R=2|Fol—[Fc|/Z|Fol.

d Rw=[Zw(|Fo|—|Fc|)?/ZwlFol]".
w=1/[6*(|Fol|) +g|Fol?]; g=0.0068.



[ Mo WNiS, (H20) 10]** (M=Mo and/or W)

1. Mo.WNi ® ORTEP

BRITEBE % Cov DXHRZE L > TH Y, FBEOKEZERT 2 &, = v 7 VEFIZ 3EN
BREEF & 1EOBRREFICHRY) B 2 ENEAREEZ L T 5,



7 JF PRI T E K 2 12 RT . B 726512 [MosNiSs (H,0) 10] (CHsCeHLSOs) o-
7TH.O (MosNi) Bl 7 L T 5., Mo;WNi 35 & Uf MooNi i3 A Th ), TiE 0%
2R TFRIBERECIE & A CERORIIRL L,

®2. THEFRMERE (A)
M—M M—Ni M—us-S M—u-S Ni—S M—0 Ni—O
Mo WNi 2.744[16] 2.636[ 4] 2.349(3]1 2.332[5] 2.208[8] 2.193[13] 1.965(11)
M 2.755[10] 2.640[ 9] 2.349[3] 2.333[8] 2.205[4] 2.202[10] 1.964(11)
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