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Abstract

R;ユSO(T -
t･1 neWILt･ (可eveloped wとf. Pa(･kpt theol･y! T如p～tt･-1i'･11

(?ltりtl'')11i'･･ ヽ1op!)=憎 くl-'OSS SC(､1'IOnS foil PI101･ons i'l 【_.Ollisi(川ヾ

､4･ith ･･1ToHJ･b W=l- l･lt()仙i(I n"∩.I)pt7 Z= r･･mging ft･oln 2(fTt,～ 1o 54(X(,)

al't' (ILL-ll<'=1alf-A stlel】 by sllell.
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The eleLltrOnic stoppl噌 POWeJI Of maftp(} fol' (･,==どト､ti.･ JC･nゝ

has attracted ollr atteIJtion tllPOreTi--.･illy【ト111 ;iト tt･ぐ1l .'I:i

experimentally because it is one of ll川 ht･lS'H･ 1)I･･t)lllpnn in l†け

studies of botIl tlle Plasma-wall intpra(ttion ill .t3 r…il川Il(･t)･､!oI-

and ttle atomic collision ptlenてOmena ●in solids. So r[lr. 1●11(～†lleO-

retical estinlateS have been performed or th(1 StOPPlngh roy I)ol'll

a free electron gas【1-4】 and atomicL elpctpo‖.t; b;IS戸(】 piTlほl- ()n

Bol'n aPPrOXimationr5,6】 or on the momentum eてLlhangp bt31t＼叩ell

electron clotlds or a proje(?tile and of a largpt atonl【71. †n
'1d(7ト

一ion, tlle density functional (､ahlltlとItiollS r81, the bil柑ry-

encounter theory【9] willl tlle aid of Bethe stopl)ing I(JO(I(ll. .･･ln(ll
lll,_,

calculations on the basis of tlle lo--al elpetl-On d▲enヾity mり(1ド1ヾ

(LEDM-A)【10,Il一 were also presented. Re(-enTly, ヾo(no (､rrりl'l h･･1S

been made †o estimate sbpllwisp p.･1Ptial sl'()i)Pings on †l岬I)･･thiヽ or

binary-encotlnter mOdplr12]. Quite rp(-pnlly, 1TIP W･･1VP IJtl(-L(.T

theory of the stopping of weak一y
hoIHld pュe(ナtrnnt;(tVRF●s) Ih,t･1S =('Wlさ

presented[131. The main ttlruST of tTIP l榊VP Pa(.1kt▲1 lllPOL.'さ' it= 1llP

use of momentum space representation to des()ribp houll(l (今1ハfl†㍗111ヾ､

where the loca.1i乞ed nature is llPl(】 il一 the ln川11CnT=nl di一丁l･'tl)HIion

'function. Then the system ぐan be 叩g∂P(le(1 ･･= ･･･川iJlt(,r･･･1(-1inFr,'

e,1ectron gas. Hereby, ollP Pan Study the diplpctlli(I r('ゝpon･Tif･ ･･HI(1

discuss many-body effect, wTlich have evel' I)eon
neiTllぐr' (?(川ヽi(1(-p(､`l

nor evaluated in tlle existing tlle()reTiptll叩l)T'0.･1(I一l('S To tlle ､1りIJ-

ping of bound electrons. This tTIPOr.V Tl.･1ヽI)epn sll(州n l') htl llu､rl11

for the evalua†ion of the par†ia】 elp(!tl'Onir･ .;1りPl)i11g･< ,)r I.･Jlnll'l､

and solid畠 sllell shell on th(チ indepen(lcい†ぅhpll川0小l･ Tlけ

aim of tt】is report is to pl'e.qPnl seric･s or f･･lト1(･q ∫-r lllPO!'Pt盲(l･･11

values of tlle Partial as well '1q tOt･･1t ('Ierl17-OnミrL ヽl(叩f)川g f､;'0㌧S
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帥r!†ioIIS roy PrOlollS in eLOllisi()ns wi†h ne-1tral target atoms.

円pt.o･.Irfflr､ m, e, VG. aO,
{1nd屯

denote the e一ectron l･eSt mass, the

elp=entaf'y ぐhF11-gP, the Bollr Velocity, the Botlr radius and the

Pl･qn【､k (10nSt8nl■ (livided by I)_7[
, rC>SpeCtively.

Tn general, tlle atOmiぐ 弓t.ltや is degenerate wilh 'respect to

n椅gne†i(- quantutll number withotlt external magneti(. Tield. The wave

runc†ion of an atomic electron is represented by a linear combi-

nation or p】a･ne wE3VPS in tlle momentum Space. In this page the

absolllte SqllarP Of expansion coeffipients is closely related to

the o(-r-upation prohability of momenta. Then, wp can introduce the

momentllm-OPPuPation probab=ity w(冒)
for

momentum絹into the

system of tⅠ1P Wave packet, which is c一assified by the princIPal

and angula･r momenttlm quantum numbers, i.e., (n,I). According to

the I)as呈(1 Prinpiple of the statistica一 physics【14】, a gaussian

dis†ribution :

w(冒)=pxp(-q2/申)
is assumed from a simple discus-

sion【15]. Here rlq denotes ttle CharaLlteristic momentum for a

she一l(n,11･ When a stlell(n,l) contains N electrons per atom and

!Vr()〉1) atoms are assllmed to be confined in a normalization volume

V, olle rind ttl∂t ttle rOllowing relation holds:

2 V/(27T )5 3q
w(冒) =NyNr , (1)

by eonnee†ing †わe volume oeeupied in the phase space with the

plpぐtI'On nurnbeT- COn†ained. Then q is determined by q =(方)1′2×

(4叩A M/V)1'5 oT' q
= Nl′3 qい Where ql =(4M/V)1/3 denoting t!1e Value of

-■
●

q ln the case oT N=?. Ⅰ† is required that the morTIentum-OCCuPation

-◆

pl10babiliTy, wl(q)(ror Ⅳ-11= exp(-q2/q12l, sllOuld be proportional

lo tllP nOn'fC,nIIIm distl'=)ution or one electron in the shell (n,I).
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Fortunately, the Hartree-Fock(nF) momentllm distl-ibution rJlnt-1i(川

【16,17】, f肝(す),obtained frol-I tl-e normali7.ed w…rul､t-lion ¢r.,(7'

throu紳fHF(q?,-(2n )-3

･Jd5rexp(i抑¢11F√?川,
- be w- ･･.-,-

proximated by a
oo'aussian

form.･

fHF(冒)
- ( 7tQ2 )-3,2exp( -q:/ Q2 ) (2)

If the parameter Q is deterlllined from fHr(0) value 汚u(1h ･･1S Q :

【tfHF(0)i-2/3/方】1′2, tllis Q is equivalent to ql. Tlle W.I-)Ve Packet

system is treated as an interacting elecl●ron gas wiTll the

gaussiall momentum Oeeupation probability.

According to the wave packet theory[13,15】, tlle RPA (RE)nd()m

Phase Approximation)[18,19] dielectric ftlnCtion of the elech'oni(.

shell considered can be expressed by the redll(,ed vat7iables F.=k/2q

■■j

and u=m血)/kflq instead of usual v81riables k and 伽 8S follows:

e (z,u) = 1 +
x2 / z2 [ fl(Z,u) + i f2(Z,u) 】 ,

fl(a,u) = (7T )1′2 /(4z) 【 G(u十Z)
-

G(u-z) 】 ,

(31

a Efu

f2(a,u) =

7[ /(8z) r expf -(u-z12 i -

expi -(lln/,)=
1 】 . (51

G(y) =

y exp( -y2 ) @ (1/2, 3/2, y2) , (6)

in the framework of the linear respollSe thpopy. rn =1P above

equations, x2
=

mvo/(打hq) and ¢ (.1/2, 3/2, y2) dpnofps ･･1 (1(･'g()[1P-

rate hypergeornetric function[201. Note l'hat ouI' diplectlli(I rl川【l-

E:

tion 8 (k,a) ) satisfies tlle Sum l'ules:
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0〇

一l

(l',) (,7 Tm)'e (k,(,) 1i=7( (A)｡2/2 ,

0

【重く

-I
d(,_)(i) †nl[e -1(k,α)?

-:

-7T 0)｡2/2 ,

0

(7)

(8)

in whi(.ll (i)r.-(47( P e=/m)1′2 denotes the plasma frequency fわr a

shell (10nSidpre(I and p =NW/V･ According to the dielectric func一

一ion neThod, ttlP Stopping Power S of Thp one-shell for an ion
●

1+

wiTll (-hapge rZJle moving F)t VelocLity v on a straight-line trajecL-

tory is pal(ナulated as

Lq
= 41T (7･le212/mv2･p

･L )

IJ = 8/(7[5'2x2)

(9)

v/3
du ll Tm‡e -I(z,uト1‡, (10)

0

where -v=11有/m.

Firヾ†, wp mention general features derived from our dielectric

run(ltion. Tt is remarked that in the momentum space there ism-t

any etlal't･1(1tPristic surface like the Fermi surfa(_-e(see Figure 1).

TllPrPfore the collective excitation has a finite life time except

roI. tha† in the region of small z and large u in z-tl Space.

Figure 2 shows comparison between the real and ima.ginary parts of

ollr dielectric function and of Lindhard-s. In our case, the col-

1eLltive exci†ation has the dispersion re一ation in the region of

こ=

kくく(1 :

(tJ= ニ(o｡2 + くv2〉k2 十(6k2/2m)2 ,

with くv=〉=3v2/2.
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At low velocities, the stopping Power S is of the Form

4Z12 mvo2 v

S～｢罰｢--
ao vo

3
z exp(-z2)

【z2･字2
x2

exp(-z2,◎(圭,≡.z2,,2
(121

which is proportional to the ion ve-1ocity v. On tlle OtllPr llan(i,

at hi帥 veloeities tlle StOPplng ntlIⅥber L has the Following Form

or Bethe-Bloeb type ;

L-ln(2mv2/fi伽｡) - くv2〉/v2 - (1/2)くv2〉2/v4 +.‥
, (13)

where fib)p COrreSPOnds to the me,an excitation energy. 1t is worlll

while comparing the electronic stopping powers cat(-ulatpd llくing

tlle Present dielectric function e (z,u) with tho.qe hv r,indll∂r(ド
■l

Winther (LW) theory at the same elpetron densities. Wp fOIJnd Thf)I

the steep increases around the stopping maximum predicted I)y TJW

theory are suppressed and the peak of the stopping ()urves qllirt･q

a bit to the higher energy side.

Figure 3 shows partial and total stopping cros勺 SeCtion or

At for a proton at energi'es ranging from 1 lくeV/amu to ]04 kpV′/

･amu. The states are classified indeppndpn†1,y by sets of pri!1-

c.ipal and angular-momentum quantum numbers. The t-･1lcllla†ed Tol't･I】

stopping cross section agrees well with †hp data r21-I).8l over TllP

specific energy range considered. At lower velocities, 1†川 C(lト

cu･1ated total stopplng Curve deviates from tllP d･qTa. 111 gPnPrLll.

the stopping data for low-energy protons tend to (I(-vi･･-1†p rl-Orn

each other, whether they are obtained for qolid ol- gHヽPOut; †-f.1T'-

gets. rrhereforp, ftlrther dat.1. COmPjlatioll i.i lle(lPtSヽりIJy ILO (1'IS･'=ヾq

a qtlantitative agreement witll Tbp daI･q,. †1 shoIIl(1 bp a州p'1 111･･り

-6-



†11(- ＼柑… Pt･1f-kpt =1POIIy (-iHl
t･Ilヽt) pl'edi(､1 fllP 7･こ(Ttll･g(:ht Ll†omit'

n川(-hpl-1 oゝ(lill･.)finns of TllP PIp(､tt-oni(- ゝlopplng --l●0弓S Se(-Ii(川S

For pllnTonsr151. A1 71igll Pnergips, tllP ヾ1opping plllIVeS Obtained

h､r llliL; Thpnry こIrP not.弓O dirrel-enl rl'onl tllOSe by th(, atolllic ･9ndL

弓01iバ ー,f:nM-s rlll. At I()w enel瑠ip弓, On tlle Ol■tlPI. b.qn(1, tlli.i

ThI,0†'.V ilrOVidpq FI VPlor'ity-【ll'OPOt'TionaliTy, whit(⊃ thp atomic LfミDM

witll t!lP H→P Or T,W 仙poT'y PI'Pdipts †11e llnrea4SOnablp energy dpppn-

dpncps【10,Ill.

Tn (?onぐ11)tSion, llllP WaVC､ Pa(-kpT †rpt)†ment wE7S newly presented

For s†lldvillg.TtlP diplp(●tritl rPqPOnSe Of ∂n ensemble of bo71nd
▲′

plp(･Il'Onq hy llSing ††1P n'IOmenttlm Spare PPPl'P弓enta†ion.円erp a new

I-yl)e Or ナ†1P RPA diplec†pic rllnCtion wtlS Obtained, and il was

叩Plipd t10 Pト1i11ltqte tlle ele(.tronifl StOPPlngS On †ho independent

sllel】 n10del. Tn the framework or linear response, the fot'malism

plleSented coIIld bp straiがItforwardly extended to the (_･valuation

()r ele(_1trOnic stoppings and stpagglings for hpaviel- ions.

TllP al!thor would like †o thank Wr. 冗. 1washinaka, K. Makino,

Y. N∂gat∂, and H. Y･qmada fol- PreParing tables or data, and Mr. Y.

Tmanaka, 帆. Tokulliro, S. Wa†anabe for makir噌†he Tables.日e ex-

presses sinpere tllank占 tO Dl7. H. Tawara of TPP, Ⅳagoya University

rot- usprul rlOnlmPn†s` This work was suppop†ed in part by the Spe-

(?ia] Project Respap(!h on ton Beam Tnteractions with Solids from

ⅥinistIIy Of Fducation, Sr-fence, and r.ulttllle, Japan.
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FIGURE CAPTtOⅣS

Figure 1.･

The momentum distribution use'd in comparison wifll th(,

Fermi-Dirac distribution functioll rOtI Ps=1, whel'e q
= 1.745

and q.
= 1.919 in atomic units. 8 (xl is †TIP Slpp rtln(_ttion.

Figure 2:

Real and imaginary parts, fl(z,u) arld f=(r^,lt), Or TllP

present dielectric rtlnPfion wit!l PeSPPOT
to u at z=0.rl.

For compt]rison, The (ナOrreSpOnding p5,rtS, f-1L(7,u)
and

f2L(z,u), of Lindhard dielpcll'ic rull(ltion[4](.?･-k/2kf i川(1 1I=

a) /kv, in this cLaSe) are drawn in the s.･･1mP POOP(1in51†p Ll･yく-

tem.

●Figure 3:

Calculated tota一 and partial stopping (-ro.qq sp･･Tion勺 Or
.斗r

ror protons together- Wifh tllP rPSu】ts or tlle killPTi(-

theory: Ⅹ-【121, and witll The daI･1:
･ニー一つ11. A-【2ワ】, ◎-

【23], △-r24】, ▼-【25】, 丁-ど?fH, ローr27'1,
〈

-rワR7.
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′→ Uつく凸LL?の⊂⊃LOLDr11eYつ⊂⊃COのN`つO,CQLDg)O3O)r→lr)CCO⊃ーLr)CqCO⊂⊃u⊃N
-■ mCT)CY7▼--IN卜亡つ○つCQO〇LDLn U･,LOのG)吋trつ▼→NNIJつQI LLつ⊂⊃卜r一⊂⊃勺lのくロヽー u⊃ ● ●

● ● ● ● 一

●NQ⊂⊃NtLつOl勺一亡⊃u⊃ぐつ⊂⊃Q･寸⊂⊃CQ卜In･寸eY?Cq r11ー■
A

･u⊃u⊃○〇eylO⊃LJ)NO . . . I ｡ ｡ . ●
.

.
■ . ■ . . . l . .

. . .
亡つ 卜-NNCq--■--→g)co一(一IL,･寸･寸吋CvつぐつEv?Cq▼一-く⊃eく>く⊃⊂⊃ご⊂>⊂⊃

⊂> 01 -｣ r一-1 CQ ∝) --｣ N Nぐ､l.･寸｡ EY? I-ll r一l√〉
LD⊂⊃M m O1∞u⊃m ･寸■N⊂r70⊃O1く.0ー⊂⊃
tJIC1亡つ…くつ トトー亡⊃ (0亡つ=)E1- 1/) rrぐつ亡つ

● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ●

トu⊃u⊃Lnl/)ぐつN…
I･･■▼-■'-1⊂⊃く⊃ O ⊂⊃ ⊂⊃

uつ吋CT) ∞ yl -r 0)く上⊃くエIL() ⊂> ⊂⊃ tJ⊃ I.1亡つu⊃
L∫つO) -･｣ N N N CYつmトー⊂⊃ ヽ廿LL?くヽ1 ⊂⊃ CYつ⊂⊃
～ CY) LJ') u⊃ トOl)卜-ぐつト-ぐつOl lrつ(ヽl ⊂⊃ ○つ亡.-

● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ●

M OつぐつぐつぐつM CV3亡つNぐヽl -1ー■ -リー一⊂⊃C⊃

N トヤ吋LJ?く⊃p-JO⊃卜ぐつN Cq'-｣Uつu⊃

Cq吋Ln▼r▼-■LD Cq OICqの⊂⊃卜CQ -u⊃
N Cq Cq N⊂⊃u⊃一つ⊂】CT)トく.D l寸･ぐつぐつCq

● ● ● l ● ● ●
●

●
● ● l ● ● ●
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H. Tawara (1977) [Published in Atomic Data and Nuclear Data Tables 22,

491 (1978)】

"Ionization and Excitation of Ions by Electron Impact
-Review of Empirical

Formulae-"

T. Kato (1977)

"Grotrian Diagrams or Highly lonized lroll FeV口Ⅰ-FeXXVⅠ=
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りCharge Changing Cross Sections for Heavy-Particle Collisiops in the Energy
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M. Hayasbi (1981)
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lons and Hydrogen Molecules"

Y. Kaneko, Y. Itikawa, T. Iwai, T. Kato, Y. Nakai, K. Okuno and H. Tawara

(Ⅰ981)

"surface Data for Fusion Devices - Proceedings of the U.SJapan Work-

shop
on Surface Data Review Dec. 14-18, 1981"

Ed. by N. Itoh and E.W. Thomas (1982)

=Desorption and Related Phenomena Relevant to Fusion Devices=

Ed. byA. Koma(1982)

"Dielectronic Recombination of Hydrogenic Ions"

T. Ftl)'imoto, T. Kato and Y. Nakamura (1982)

=Bibliograpby OII Electron Collisions with Atomic Positive ions: 1978

¶1rOugh 1982 (Supplement to IPPJ-AM-7)"

Y. Itikawa (1982) 【Publi血ed in Atomic Data and Nuclear Data Tables 3l,

215 (1984)I

HBibliography on Ionization and Charge Transfer Processes in Ion-Ion

Collision"

班. Tawara (1983)

=Angular Dependence of Sputtering Yields of Monatomic Solids''

Y. Yamamura, Y. 1tikawa and N. Itoh (1983)

=Recommended Data on Excitation of Carbon and Oxygen Ions by Electron

CollisionsM

Y. Itikawa, S. Hara, T. Kato, S. Nakazaki, M.S. Pindzola and D.H･ Crandall

(1983) [Published in Atomic Data and Nuclear Data Tables 33, 149 (1985)I

‖Electron Capture and Loss Cross Sections for Col)isions Between Heavy

Ions and Hydrogen Molecules (Up-dated version of IPPJ-AM-20)

H. Tawara, T. K?to and Y. Nakai (1983). [Published in Atomic Data and

NtlClear Data Tables 32, 235 (1985)I
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IPPJIAM-32 uEnergy Dependence of the Yields of Ion-Induced Sputtering of Monatomic
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N･ Matsunami, Y･ Yamamural Y･ Itikawa, N･ ltoh, YI Kazumata, S. Miyagawa,

K･ Morita, R. Shimizuand H. Tawara (1983) [Published in Atomic Data and

Nuclear Data Tables31, 1 (1984)】

IPPJ-AM-33 "Proceedings on Symposium on Atomic Collision Data for Diagnostics and

Modelling orFusion Plasmas, Åug. 29 - 30, 1983=

Ed. by H. Tawara (1983)

IPPJ-AM-34 "Dependence of the Backscattering Coefficients of Light Ions upon Angle of
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T･ Tabata, R･ Ito, Y･ ltikawa, N. 1toh, K. Mol･ita and H. Tawara (1984)

IPPJ-AM-35 uProceedings of Workshop on Synergistic Effects in Surface Phenomena

Related to Plasma-Wall Interactions, May 21 - 23, 1984"

Ed･ by N･ Itob, K. Kamada and H. Tawara (1984) 【Publislledin Radiation

Effects 89, 1 (1985)i

IPPJ-AM-36 =Equilibrium Charge State Distributions or Ions (Zl ≧4) after Passage

through Foils - Compilation of Data after 1972=

K･ Shima, T･ Mikumo and H. Tawara (1985) [Published in Atomic Data and

Nuclear Data Tables 34, 357 (1986)]

IPPJ-AM-37 "Ionization Cross Sections of Atoms and Ions by Electron Impact"

H. Tawara, T. Kato and M. Ohnishi (1985) [Published in Atomic Data and

Nuclear Data Tables 36, 167 (1987)】

IPPJ-AM-38 =Rate Coefficients for the Electron-Impact Excitations of C-like lonsM

Y. Itikawa (1985)

IPPJ-AM-39 =Proceedings of the Japan-U･S･ Workshop on lmpurity and Particle Control,

Theory and Mode壬ing, Mar. 12 - 16, 1984=

Ed. by T. Kawamura (1985)

王PPJ-AM-40 "Low-Energy Sputterings with the Monte Carlo Program ACAT=

Y. Yamamura and Y. Mizuno (1985)
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