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Abstract

Multiple scattering treated in this study means a sequence of binary
collisions of an energetic neutral or ionic projectile with different target
atoms, whose distribution is random and homogeneous, in a matter. The
verification of the multiple scattering theory through comparison with
experimental results are performed by angular distribution of projectiles
after passing through a target matter.

We decide first how to represent scattering potential; and then, we
derive the formulae of cross section for the single scattering collision; then,
we obtain a multiple-scattering function in an acceptable multiple scattering
treatment. In the recent treatment of this problem, the scattering potentials
are obtained quantum mechanically after construction of quantum
mechanics, while the scattered orbit of an incident particle is dictated by
classical methods.

Studies of small angle multiple scattering were performed as early as
the 1920s by Bothe [1] and Wentzel [2]. In the following decades, many
theoretical and experimental investigations of multiple scattering were
undertaken; on the theoretical treatment up to 1962, a detailed review
article by Scott [3] is available. Recent developments in the multiple
scattering theory have been reviewed by Sigmund in 2004 and 2014 [4]. In a
large number of theoretical works in this field, the work which is most useful
and often referred to may be the Sigmund—Winterbon (SW) model [5].

For convenience, the SW theory and other important theoretical
investigations related to the present study are outlined beforehand. The SW
theory has used the differential scattering cross section constructed by
Lindhard et al. [6]. Hence the Lindhard’s theory is described in detail here.
Lindhard’s cross section formulae was deduced by means of an impulse
approximation. In this approximation, scattering collision is assumed to
occur in a quite short time, and the influence of potential due to other
neighboring atoms can be neglected. The importance of Lindhard’s result lies
in that the cross sections obtained under the small angle approximation

agrees with that obtained in the absence of the small angle treatment. This



agreement is confirmed using a power law potential as the scattering
potential in the Lindhard’s theory. This has led us to conclude that such
limitation as small angle is relatively weak in the SW model.

Subjects which will be reported in the present paper are three, that is,
determination of a new screening length, incorporation of nuclear and
electronic energy loss effects into the SW model, and switching model that
incorporates the nuclear and electronic energy loss effects in one model.

Coulomb interaction between an incident nucleus and a target one is
actually screened by bound electrons. This screening effect has been taken in
recent improved theoretical studies into account by a parameter called
screening length. Determination of a suitable screening length is especially
important in surface physics research [7]. Up to the present, theoretical
reproduction of experimental results using a single screening length has not
yet been accomplished. The subject to be reported first is determination of a
new screening length that includes charge state effect of projectile based on
the Thomas—Fermi—Moliere potential. This is realized in accordance with
the derivation of the Kaneko’s screening length between two isolated neutral
atoms [8]. Using the new screening length formulae, screening length values
have been evaluated for several Lit—atom combinations. The results are in
general agreement with experimental ones for relatively heavy targets. Also,
numerical calculations of the angular distribution using the new screening
lengths have been performed for some combinations of ionic projectile and
target atom. The results have shown that substantial agreement is obtained
on combinations of a light projectile and a heavy target atom.

The second subject to be reported is incorporation of the nuclear energy
loss effect into the SW model and its verification by numerical calculations.
Valdes and Arista (VA) have made a pioneering work where energy loss
effect was incorporated in the SW treatment [9]. In the VA model, however,
only electronic energy loss was treated, and the energy loss effect and the
target thickness were treated independently. In the present model, both of
the nuclear energy loss and the electronic one are considered, and the energy
loss is represented as a function of target thickness. The Kaneko model [10]

1s employed for describing the electronic energy loss effect and the Lindhard



method [6] for describing the nuclear one. The electronic energy loss is
obtained exactly as a function of target thickness. The nuclear energy loss is
obtained as a function of the target thickness in a rough approximation that
the difference between the incident energy and the outgoing one is assumed
to be quite small. From numerical results obtained for low incident particle
energy of 27 keV using this model, it was found that the energy loss effect
caused by nuclear stopping cannot be neglected in the low projectile energy
regime because the nuclear stopping is almost the same as electronic
stopping. It can thus be concluded that the present approach has an
improvement over the VA model.

Finally, we constructed a switching model that includes the nuclear and
electronic energy loss effects in one formula. While the model is based on a
very rough approximation, its solution can be obtained exactly. One
weakness of the present model is the separation of the nuclear and electronic
regimes. The regime where nuclear effects dominate corresponds to very thin
target thicknesses. The present switching model would have a problem on
the numerical calculation when foil thickness is very thin. However, from a
theoretical point of view, a model that can be solved exactly would be

beneficial.
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FTl1E S
1. 1. /IMAZERGEER EZOIGH

ARWFFEIZ 1T D L EiEL (multiple scattering) & 1%, EH =R LF¥—%2H o
7ok (FPERL - E 7213 A A ) DB ~AS L, ZOWERNIZT & L
AT DI L R x & ARE R AR K L e N OHEATIT<BEES 5, v
— A T A NVHEAERIX Z O EHELO AN 72 TR I X ORI IR O
XEGTHY, 1920 FARNLHEINTE o, IWHNICIEA AU EA, 438
SLaflio - ERFEOM T2 E LR L CRERECTH D, TEF. W5
B & EIRAEELS . F S O FIZIE nuclear microscopy % 7= Al R O 4 i 4
#EHEn (1, 2] 0 BAMBECIEMEMIAZ: E OB g2 L. HDHWITE
Bif#Ra e AR R H D [3, 4],

2 EHCELERRR OAFZEI3. 1920 AT H D Bothe DAFZE [5] 3 LU Wentzel
OHFZE [6] FTENDIEL, LR, BUEIZED £ T < OHGRIIMIEDR
FEERAOAZE & TN TE 7=, P OBGEIIBFIEICES L CiX, Scott DENT-
Wi (1963) B35 [7] , TNHLOHEGHTIE, £ L TEOROIERTEH, #
ELART 2 v v MR T bdv, ASPRL 7 ORERJE 712 X D EELIE
HTHAYICEY o TW D,

Z OFEOHEGRIOMIEDZ YL, o8 OBEGIBFZE & R, FEBrE
R zim L TiThivbd, RIS O%A, £ E OFFMe ikl TA
SRS 2@ LTz & & OBGELA AT BT TAIHEAD =1 L F—HKD
BELARAE] 2l U TiThbh TE e, BIAIXiELASMOSEE. (RESNT
FHEAEHART v 2 W LEELOWO W fE AR L. 2 &> TRELA Y
MAEFRET DLV I WMNITTR D, Z DA - 7o AT 1970 AU E TITHE
MEINTZEZESoTENWTHA Y, BUEIXERERZICO AN LA RBEL
THEMIZH D, TOLAEDKRA Y NIMAMERRT v v E £ 5 RT D,
AFHEDOZ XX —HKIWREEZ &S HAEAND ), EleoTWND, B THTL
5 X 91T, HiE CILERR RIS, EiER e E oS, FEE TIEE T
HF—HE B —HK BIERER EOBEN A>T %,

ZEBELOWFZEIT Scott D Review LA H 5| S /TN T THIEIZE -
TWb, BT E—MEE (MeV BLO 1 MeV (210 keV fHIK) Ti, ZHK
SLRSRE D ff 245 5 72 80 D FEARN 72 HRRASC HIEIL, Scott OFRFLAS IR S 7 E
RTHENLENTZEE-oThW, BEORAY OB I DERGIENZ R I, E



12

IMEBELTEAEH S TS, LavL, keV DR R/ X —ElE LA
HEe—LNEA A OGAEITH L TUEER EHEGRO BT+ T, 20%
DWFFEITFE STV D,

Scott D#RFL LA D GHIUAFZE X, Lindhard et al. (1968) [ 8 ] 7% Thomas-Fermi
RO BIE A L, e #, #UE = %L X — (reduced enrgy). BRELEAEZR &
DOEEZEA L THEWZHELOWAWa R OXNEARIZR > TnDH EFE-TE
W QED21ZM) . ZOWMSEIERMEORD D EELA A O XA E N D)
Meyer (1971) [ 9] X" Sigmund-Winterbon (1974) [1 0] (LI#E SW & &E
79) TH D, Meyer (FHFEHELA (reduced scattering angle) 35 K UM RAE R
(reduced target thickness) Z EF L CHELO A OXEZE X WA WA ASHA
— IR DA G ORI K T L5 R RE 1 2D T 7ORTHIETE S &
N LTz, 7272 L, BELMRRICE T 2 =R VX —HRITBE I TR,
Sigmund & Winterbon (1974) 1% Meyer OFFRICHIT 5 —BIEIIRITHEZ A%
EEL, DMABELTLICEAE LA oMo e 8z 22 §iz) &0
AL SW OZEBELE IR E L T2 < fibihv T b, 7272 L, Meyer D
ERIRRIC R X —HKITEEB SN TV, B0 2 >OME Y& L BT
=L — K Z2EE LB %2 B L2k Meyeretal. (1977) [1 1] ¥
LM Valdes-Avista (1994) [1 2] TH D (LI VA L587) . THUZ K> TAN
R &R OMAETITEKAE L2 WS EBELRIEO — 2152 Z & A AHEIC 72 -
7= -5HiZHR)  AWFIE & BEERASEWAFIED 1 DI Marvick & Sigmund O P
WIRFZE 85 [1 3] . M HIEMNEORHEH TOE—LDEN Y OXEEX
S DITHARBR D D OR A BE N THEZR 2 AN E—IER O/ AE D O g 2 7]
REIZ L7z (-3 Hi) o BUAD D ITER & G TE 2B E TILRWA, AT
BB —ARWENSAF LI & R RENS BVOBWEET, £ b
WDIRDN ) THAT 2032 THlT 5 & EITRITNED, FEOMIEDO L Ea—L&
LTI, Sigmund iIZXE2H0RHY, KESEIZ% [14],

KAFFEIL B3 O DA BRERRENT WD, AN, A A DEMAEEZE LT
WREEECET 2 MEZ1TSO G-181) . MEOHEEZFNTRANI<Z L&D 1
DI, AREZA F L ERBLLOOG, HEmOTICEME b OAF L THdHZ
ENERIC A TNRNWZ & Th D, REMEICBWTIE, Al 22 i E K
1RO ZEDFRICEETHD [15] o £724F TOHZETIE 1 DOMEEE
TEBREZHHATL Z LITEETE VR, AIFZETIE, MHERETLNLH
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% 1 DOWERGER A BT L, ZOEFEER T, W OO FEREHIT L Z
TP LTz, B _oifgt e LT, ZEBELEGR~ OB L E =RV
F—HILOBEAZIBRRD (3-28i) . Ziux, FEBEMHFTEE L TIE VA Blgan b
5 [12], LL2ns, VAET VT, BHNBLIERED A Z Y o T
5o Flo, mX X R EIRE L LMY o> TV D, AFETIL, #
FIFHIERE S BB L. o3 VX —HK LIEMIEE & 2 BE-S T 72, H =0
72 LT, 1 O TEM= VX —BELLEEFH= LT —HELEZ G
Switching 7 V&R LT,

5 2 B TIIAMIIE RS B A & < W < OO BB ZE O ZE 23R~ 5, 5 3
B A RO RMZ L Cl~_7NEETIT 9, 2 OB OEEF RS
ROFEFROAMOHGR & DR AT 4 TR, HRICAIEOE LD EHF S &
TIT 92,
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2w, PERATY R

2B TR, AFE L BRI 2 EDOFR O EEZHHAT L, W< HOh0H
B U CiE, MR CEEOFEMZ R T, 2B, AR SUIFHITH D N 72V R
D MKSHANLRZFH L TV 5,

2. 2. HiTik~%, Sigmund—WinterbonEEiRi1L, 2. 3. Hi (Marwick-Sigmund
EF/L) . 2. 4. fi (Combined®F /1) . 2. 5. &i (Valdes-Arista#iis) T
DRY) 72 HEBFR TH 5D,

F72. 2. 1. i Tk~ % Lindhard & O B BGEL Oy BCELWT I FEIE, Sigmund—
Winterbon# 7. Marwick—Sigmund-E 7 /L, CombinedE7 /L, Valdes—Arista#i T
MnbHiTns, ZOLindhard & OOy HELBARIZE L T, WNEREORT
Y x N HWCTEHMIET 5 & FIREORE RGOS, ZOFICEL TL,
#k6. 1. SHiBXO4mETHRT D,

2. 1. Lindhard & O 5MEEEL O B4y BT o A

Lindhard (1 9 6 8) HIEA 7V RTElA VT, IREZE Oy BELIEr
o do 8L, & OICENHLENEEOMERZ SN [1] . 20 (KE
ZEOWHELMIERE do X, ZO%R THE2 T 2/ M2 ERELHR THOW O
T %, Lindhard > ORI, B MR TH D, T 720 B2 AR,
BELRT v v L & L CRF1RICEB T 5 Thomas-Fermi (TF) AT v ¥ v /L%
H T b,

FT. y2 P CORFOBELEE 25 (K1BH) . BLRTORELAZS
2 Do NIRLFDHELR T v ¥ VOB EZZ T o0 BN b, il
IR THEATWD LT 5, 2T, WZRE p 1L, o REWVWET LD, 20D
LD 7GEMFETIEHA AV AERREHATE 5, ZHUL, ZHTFREENET D
EZUBEEIZB W T, AFR 7O XX =R+ E WS, MAEMEH DR
BIIEFICH DO T, ASPKLF & Il 2 ORERHE R & 251 B72 0 FEAAER L.
Z O L X I OEHNRL O AEEROEEEZZ T R nE VI AL TH D, =
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DIPD T T, ZBRF% & DOERZE, il % DR+ & OMAAEMIC & 5FiEmFE
DERGDOLE L L TRETE %,

ANFEE T v, REREIT v &5, BELAIT/IISWNWE LT <, AR
K-8, BELRT oy VOB A% T T, ymoE#HE255, 295 LT/h
XA THELEND LT 5, TERT oYy Va2 V) &35, B8 r 1X
PRI L ART v VOFRLE DORIOBEECTH S, ZORFOEELA 0 (ELR)
ILz=vt IZIEE LT,

[- Iy +22) e
dy

9=_ao

fV((y +z)")dz  (2-1-1)

ON

uv, .u

THEED, FRIBWTriZ, 2R L TCWb, RT ooy b V) &, EiRE
BalX, LTO#Y ThH D,

V(r)= ZIZTzeu(g) (2-1-2)

0.88534,

_ (2-1-3)
(212/3 + Z22/3)1/2
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[ee)

J
yHRDEEE j"07—yV((,V2 +2°)!?)dl
0 = - ==
zHRDESHE uv,

B 1: A AV REROBEER, ZORTER, BFiXy-—z FHEEBLTWS, &
BB uve. BELEEITIp, RF VY AHOLNORFECOEMSL r. HMAOBIELA
¥oLLTWVA,

ST, WAVWADIERMER SN TWS, F/2. q, 13, R—T P&, e T, EX
FE, Z1, Ze 13 TNENASRL T8 L OENFE T OR &S THDH, 22T,
r Lyl OMOAELE ¢ LEL, 2. z=ytan(p). r = y/cos(p) DR
NI, BLOL yep EWIEEEAWS &L X (2-1°1) 1 FESEEHO
EHEIER) .

2727 | o0 1
T

uv, op oV \a
=b{_i flu(z)dz}
v (2-1-4)
ZZT,

z = ptan(g) (15



ANONEN

L__ag
cos” () (2-1-6)

dz =

LD, FiT,

(p2 + Z2 )1/2

- [p2 (1 + tanz((p))]l/2

r

_p
COS((p) (2_ 1_7)

Thd, LT,

u((p2+zz)1/2)=u(£ 1 )
a a cos(p) (2-1-8)

b, FETEPHIZ, Oszso b 0sp=sa/2 b LITKREDITH L.

a e 1 (p2+Z2)1/2
0=0b __f 2, 22 Lt( dz
apty (p"+27) a

1 2 1 1/2(p*+22)"*2
N2 pz U 27172 u' P +z) P dz
2(p"+2°) (p™+27) a

=b”f{PCOS3g((p)u(£ ! )—Bcoszz(qp)u'(g : )} f do
)2 acos(p))] a p a cos(g) )| cos™ (@)

12
= { COS((P)d(P{”( 4 COS(@) acos(¢) ! (GCOS(@ )}

(2-1-9)

18
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&(£)=yimw0dwﬁé( b )— P u( P )} (2-1-10)

acos(p)) acos(p) \acos(gp)

Epsh, BT, BGELA 0 ETEZRERE p EOBFRERL TS, ZTIZ T, b X
Rutherford BELIC 351 T B e i #21EEECTH 5,

Lindhard 5 1%, 20 (2-1-9) D%, 0 —2sin(0/2) LW ) EXHZ 21757,
A VAN L o> TROT/MABELOREZ . RABELZ T L 9 ICE S
222 L5, T LTUHREFORT Vv v /L% AT 385 BELIKT i do
M L7z, 580 0% 2sin(0 2)bRILERXEERX D Z &0 bhrolc, 2D
TN, ENOBEXWZ. 00— 2sin(0/2) ZIToTHRWVWHEBTH D, Hixf
DRT v V& HOTEFL, 8 (6. 1. ) IZFikd 5,

Iz, P =esin@/2)BLXPRe=al/b EWHEEZHND EX (2-19) 13,

a

2esin(0/2) = ﬁgL (2)
p

(2-1-11)
EEIFC, EXoinix
2t1/2=ﬁg (2)

p\a (2-1-12)
EEITDH, TITHREOREDIZX=pla tiEl, THE&.
X 1
g.(x) 21" (2-1-13)
EETTC, EHITWMHTDE.
( X )dX=—lt_3/2dt
8.(X) 4 (2-1-14)

L, TLT,
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Xd =L2pdp
a (2-1-15)

ZHWD & I ELWTERE do = 2apdp 1.

do =2apdp
=2ma’XdX

_ll,—3/2dt

)
8L (2-1-16)

=2ra’X

Hof&r)IZ Lindhard & 1%, IR OB BELWT AR 2 1572,
d d , dt 12 2-1-1
o =2npdp = ma WfL(t ) (2-1-17)

2T,
fL(t1/2)=X 1
d

d( X
dX\ g, (X)
_x_ &X)
dg
(gL(X)—XL)

dXx (2-1-18)
To 5, Lindhard 512 X > TEA I VZBIEL £, (7)) ITHGELEREL & 'Ri3A .

"= esin(0/2)] 1 X DEELRE DL Z R LT\ D, Z OB f, (1) DEE D,
oo [1] RS TND,

ZiZ, Lindhard 512 X - TR® b - ERIBIEWT EFEIZ DWW TR RS, £
LR COMMEELC XD =3 X —k O RT,
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7ﬂ=7*sﬁf(§j (2-1-19)

4m.m
Tm = (rn-'-—lmz)zE (2-1-20)
1 2

E=%m¢ (2-1-21)
ThHz2Zb6NA [2] , £ L TCHIEWmRMAIZLLTO X S IZENNS,
S=dea=7;fmﬁ(g}kr (2-1-22)

NEFRL D & dE AT A R, BN S 720 OEEA %% n L35,
ZL T, TROBRITOMEEFRT D,

p = Rnuclnmz 4ﬂa2 L2 (2_ 1 _23)
(m, +m,)
FEEOMEE HWT, RO IEErmfgE 2 ko X 9 1icEk T,
s(e) = NS £ Ruet
E p
=nﬂmfﬁn%6/2ﬁkriﬁﬁi
E p
€ 1/2 2
= n—4mlm2 . lzfdt tna’ Ji (2/2 )sRm, (m, +m,) > (2-1-24)
(m] + m2) & 0 21’\ Rnuclan 4'7[a ml

L 2
£% 2

=lj"dt1/2 fL(l,l/z)
& 0
23, Lindhard 512 X > CTEA I N7 R ST OB RTEE TH D,
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2. 2. Sigmund¥ X U'Winterbon D% B HELEEGRIZ L 2 B — LA DA EEJRA Y

AEH 2. 1. TLindhard b 238 W72 D1E 1 RIOBELEZZICH T 5 TH - 72,
Sigmund}3 X O'Winterbon (SW) (1 9 7 4) 1%, /NI Z W T EEELEE
MEMBE LT [3] . SWHER THEDLN TV AIEIX, LTO@EY Th b,

O FEHIANDIREFESNL, T XL THETHL LT D
@ BERNIZH DIRTF DIRFEEE DERDOBZE D
@ “INERERES D

@ —[EIfEZE TORELAIT NS

® FArAIZxr LTI PR BeEL

® AR DO F—H KA E\EHS 2

@ ANFRLFIIHETHD &2,

i % BB

E— LAEAS>TREAERD.
AT
HTE—L

3t 3 jat B

B 2: /MNELZEHILOMER, FITRv—23DELZERL TAESMER DO,
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WIZ, SWO/NE L BEFELO B R OEHIZHOW TR RS, #iik ez T,
Fhae7—) Bl T 52 LIk CTHmRNE2EHT 2R TEDH, 22T,
X 3 DX I AGRL - OYOHELT H %A, x #FmIcE 5, £ LT, x #
%LU CHEERRY Mva ThEF-OBELSNT-AEE T,

AGTAME x

o A BT Bk

—

—>
©-

o

y T OBE S AE
FERIRL

K 8: INAZEBEOBENR, ¢1. 2. o3 XFTNETN1EOEHRIZE ZHELA.
el X2BIATHD, X<V A—-bPENTZAFRFIX, xBHICHR - THI LTS,

L R R A TR I OWTE XD, WENTOR O EZx . xF
THEATLE L EOWEAZ G ET5, WE, TORTDBWENE SxEATZ LT 5,
ZOEIBRGE, MOZOOBIRNEZ bD, Eiud, HMHEBELZ =T T,
K- OHEN & 22 Ha~ED 58S, B BiElz= i FIcE -3 <icite
BEThd, DRI, MENx+6x. AENA DR DB f(x+6x, a) %
R OEE TR TRELND,
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f(x+5x,&)=Naxfdo(a”/ea*)f(x,a”’) +[1-N5xfdo(a*—>a*')]f(x,a*) (9-9-1)

ZIZT. NIt ENRFOBBETHD, 5T, FAAITK LTI #iaik
HTHDHEWIREEZH NS, B, d'=d+¢ ThHDH, LT, 6x—0DHEE
A ETIROANBDEGELND,

df(x, a) i) — G+
oy N[ doW) [ 1 @ - f a+g)] (2-2:2)

ZZC, |pl-la-@|Th B, EREML i, T— U TERETD, 2KIED
7— Y TERERD L ICERT D,

S L
fx, a)=— | dk f(x, k)e'
271;{; (2-2-3)

7 z L ¢ . ~\ —iked
f, k)=—|daf(x, a)e
o (2-2-4)

R MVEIZ, BESXZ MradD 77— TS Th5H, £ LT, Fitor—J =
BHAEAT D &

IFGe B _
T =N o k) fdot@) 1= ] (9-9-5)

L, BB L

f(x, k)=Cexp[- N A(k) x] (2-2-6)

A= [do(g)( 1-expl ik-¢1) (2-2-7)

L%, LT, MIISEM o0 =s@EHWD & R CIZLLTO X S IZkE
Do
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C=7(0,k)
L
27 (2-2-8)
ZIZT, TU IR0 MLk LEEMORY RLg & OROA E A

EHELSED, A (2-2:7) ITBWTHNMA x IZOWTHEDT D, dQ' Z VAR
ﬁkb O(p) % ¢ FMDOWHWmEiE L 45, £ LT, BELA/NIWEW DT
L&Y do(p) = O(@)dR' = 2x O(P)pdp 3KV LD, FT-do(@) IXHFAAITITEK D

RN D T,

A0 = [09) pip 2 1—% [ expl ik cos()]

©

@ [1-J, k)
- [ o 2l (2-9-9)

0

kﬁéo::T A (2-2-6) =X (2-2-3) (TfRAT5H, £L T, KX (2-2-10)
IZBWTHAMA y 2T D802 (2-2-7) ERERICEHRE TS, 56 &,

P -NA(k)xeiE-a

—NA(k)x zkacos()()

<m 0

=— [dkk e (ko)
2”4’ (2-2-10)
7D, @RISR dQ I HGEL S DR T

_ﬂL&MQ=59 dkk M9 I (kar)
27T 0
0 (2-2-11)

E2%, Jold, FHIFEORDRy BLBEETHD, £/, EXERD K5I

IZEFEL T ENTE D,
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f(x,6)dQ=ada f,(t,d) (2-2-12)
1 (@,a&) =fdzzexp[—rA(z)]J0 (za)
0 (2-2-13)

T,

n g fL (¢7) z
AR)= | dp —=—=| 1-J,(z¢)

{ ¢ [ ] (2-2-14)
ITEER ST OERTHE CH D, £ LT,
" e Eya$/(2Z,Z,e*) (2-2-15)
T =ma’Nx (2-2-16)
d = E,aa/(2Z,Z,¢%) (2-2-17)
z=k27,Z,¢* [(E,a) (2-2-18)

Thb, ¢ ITERERICKT 5 EEZOME SN HELA, 1 TBRF S
S, a1 E S A. f(x,ad) D7 — ) TS DOEE A HBELT-H 0
Nz, ELTEJNIARR FOARZRLF—ThH D,

L (2-2-13) X, Meyer (2L > THMVAIZRDOENTWD [fI8k6. 2. &
F], Meyer OEH HIETIL, fi(r,a)+ f(T,a) EV D 5912 2D THLEKL
BN E I N TWD, 7272 L Meyer DEH FiET, AR INT-ZRLF—e
HERAR L Be® b L5 ehh (B X —) ILORFTH D, Lin-T,
AWML CTIE SW O FIETENNT f(1,0) DA Tim D 5,
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2. 3. Marwickd® X USigmund D2 EHELHFRIC L 5 B — L DRIRNR Y

Marwick33 & O'Sigmund (MS) (%, RO/ A% B HGELE R 206 H L <. AR
WE BB D E— LD 7 4 A Vi COMURH Y (lateral spread) [ZFHT 5ET /L
ERELT [4] , M4 IZE—L2ORIAN Y OBEEKT, pld 7 A Vil (B2
BB TOE—ADERD 2EKL TV 5, o THESEEZO & —
LDEZRL TN D,

v

[\
X

\ 4

x ( foil thickness)

12

p=0"+2")

B 4: E—ADKERY OBAR, E&x OBEEBZEDO T+ A LVETDOE—LD
BIEDNY pERLTVS,

MSE TV OBGRAOE L, SWER & FRIC, ik SRl binE 5. i
FOE % 6 xiEATE & & ONATEEE Fg(x+0x,p,0) LB, plE, HiTE
— ADRE RTINS TR E2 R TR "V ThH D, £7-. MSHG CRIfRE 72 -
TVDIEE, SWHERH LML Th o, O, MkhfRRE, UTokoicH
%



=1 =/

Fyys(x +0x,0,8) = Nox [ do(G' — G)F,s(x, 0, @)

(2-3-1)
+(1=Néx [[do(d — @))F,5(x, p,@)
T,
a'=a+¢ (2-3-2)
p'=p-xp (2-3-3)
4= la-a (2-3-4)

28

LT, IRLOEEHZAT, ¢ 1 EIEZRIC L AEBEA . xg X 1 B OHEL

LD E—LDHEIRNY THDH, SHIZ, UTOERZHWD,

p, = p-xd (2-3-5)
Fy (X, P, + X0, G) = f5 (X, Py, CF) (2-3-6)
F (X, 0, + X0+ X),G + §) = f1ys (X, p, + X, + ) (2-3-7)

5L, SWHGR & RO F otk K2-3-Did, ROLIITET S,

YLD _ N [ G5 (6)] o560y s)  fs (3, - 5G4 )]
0x "o”
(2-3-8)

T ARITED 7 — ) 2B EIRD X HIZEERT 5,

o~ 1 o~ L

Py =—— [dg [d . G.ic) el
Jus (X, pr.) (2;1)2 f qf K fiys(x,q,K)e 050
1 I

2m)’ (2-3-10)

]?MS(X,’Z,ZI) = (

GRIVKIT. TNENAEaBIOMIENY p 07—V ZnTH D,

(2-3-8) 1%, KDL HITET D,
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_%f us(0R.8) = Niys (o %) [ dor9) - [ dor(@)e ™) (2-3-11)

LROTRAEME £ LTIIEIE, [50.5.8)=0(0)8(@) . & VT Fieo
:Et%‘_)?gf%)o

- o —Nj‘dx’u(cjﬂ?x')
st(x’K’Q)=?€ 0
%) (2-3-12)

o(G+Kx)= [ do(¢)(1 _ ei@w-x@)

(2-3-13)
P Ty fius(, @) ITRD K D IET B,
o 1 R P —Nde'o(éH?x’)
fMS(x’pl’a)= (27.[)4 qudee ¢ (2-3-14)
2T, AE o THESEIT,
~ o 1 1 ~ ~ . o Re(Pr) —dex’u(cjﬂ?x')
fdaFMS(x,p,O!)=@T)szdaqufdl(e e e °
1 1 _ _ . ie(Gosi) iED —N:{dx'o‘(éﬂzx')
=(2ﬂ)2mfdaqufdl(e e e
(2-3-15)
IHIZY =x-xEEL,

1 . —N]dx'a(;ax')
fdaﬂ“ujna=(mn2fdﬁ%we 0 (2-3-16)
Iz, A (2-3-16) FORAE 0 DEARRI 2N A2 7RT,
o(kx') = [do(@)[1-T,(kpx)]

0 (2-3-17)

2T, ROEREWAEIT O,
ex' =k (2-3-18)
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oy (2-3-19)
X

T2 &, B, ROXEHD,

k
“Nel [avow)

G5 (x.P)d*p = gd(g) [kak, (k g)e ko (2-3-20)
0

SbiZ, WOBREIN-BEERT D,

Ea
27.7,¢°

p=mna’N (2-3-21)

Z LT, mBiHD, (2-2-15), (2-2-16), (2-2-18)ZHW\ 5, 45 &,
ok — wa*A(Z) (2-3-22)

EETDH, A, Q2-1HLEILTHD, EitoBEINT-EL4HH &,

—r%jdz'A(z')

GMS(xaﬁ)dzp_)g(Toﬁ)=Bd(ﬁ)fzdzjo (Zg)e o (2_3_23)
T T 0 T

5, 22T, tiF (2-2-16) LRICTH S, EX3, Marwick 3 & TOF Sigmund
WX o TH LA, EFEE%ED T 4+ A Vi TOE—LDORYRN Y OBERIT
H5,
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2. 4. Sigmund 5D E— ADOA LNV I L ORYIAD Y IZEH9° 5 CombinedE 7
V%

Sigmund 5%, LK [5] IZBWT, E—LDMEIRNY ERURNY & &2 5T
1 OOFXZEH L, 2, CombinedET /L& FEEIL TV 5, CombinedE
TAOEML, X (2-3-7) LViEED,

e OB N [ 4 (§)] Fr (5., + X6060) - oy (., + = 33+ §)
dx (2-4-1)

wiz, X (2-3-9) BLO (2-3-10) &L AU 77—V 2 EHrERT H, 2T,
ISR, f,.(0,0,,0)=0(p)d(a) . IO, RAUTEET 5,

Feo (%, Py + X9,G0) = fr,, (3, Py, @) (2-4-2)
P, =p-xa (2.4.3)
‘a— %) CE N

o —dex’UO(E—.x’E)
Fe,,(x,p,a Kol Rup-xarkeal , (2-4-4)

EReD. £z, UTOXOICEERZT D,

F,., (x.p.@)d’ad’p = G(x,p.d)d*ad’ B (2-4-5)
(RN
Re(p-xa)—(k-K)*p (2-4-6)
XK=tk -k (2-4-7)
T LR %D,

~Nx j dtoo((l—t)E+tE’)

0 (2-4-8)

G(x,B,a)=

(2)



RKIZ, ORDE—RA L Mo RD D,

~ 1 s .
d2 G X, ’a = deelk'ae—NxGO(k)
[d*BG(x.B.a) Gy f
= F(x,a)
, R 1 , o -Nxfdzao(tk')
d aG(x,B,a)= d’k'e" e
JdaGupo=- |
=G(x.f)

WIZ, 0, (k) DSOS ERTRED LAUET D, 2FEY,

o, (E)=C kK

const

ET D, THE. ROBRERD,

V,0,(8) = 2, -0,(6)

Z LT, ROBEBEERT D,
g(k,k') = [ dio, (1= 0k + k')

S HIT,

gk, k') = g(k',k)

95, ¥k

(2-4-9)

(2-4-10)

(2-4-11)

(2-4-12)

(2-4-13)

(2-4-14)

32
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g(k,0)=C

const

1
k" [ di(1- 1)
0

1
2m, +1 (2-4-15)

= C kZmC

const

1
= o,(k
2m +1 oK)

&

WRIZ, gk, k)Y BRIETH D EARET D,
g(k k') = Alo, (aclg + bcl?) +0, (bCE + aCE’)] (2-4-16)

Sigmund 5 1%, A=12& LCa, BE Wb, ZROTND, EXTE =k DBEEEZ
50 ‘a—\é k\

g(k.k)=2A0,([a, +Db,]k)
_o,(k) (2-4-17)

2585, k=0DHEEZ 5,

g(0,k") = A[o(a.k')+0,(b.k)]

| ~ (2-4-18)
= f dto, (k')
0
S HIT,
k =C k2m
OO( ) const , . (2_4_19)
=2AC,, (a +b )" k™"
XD
2A(a,+b)" =1 (2-4-20)
155, iz, X (2-4-18) 1%,
Aloy(a k) +0,(b k)= A[C(ak'y" +C(bK)"] (9-4-21)

R A/IN- 3



1 1
[ dio, @i’y = [ diC@i'y"
0 0

= CE’medttzm

= CI;IZWZ 1
2m+1

55, LT=no T,

1

A(@" +b" )=
2m, +1

EXREDH, T2 T, WOBEAKRKEZEANT B,

ak+bk =k,
bk+ak =k,
XD,
o (@ Y1 b
et
1 ~ ~
- ak -b
(a,+b )a, -b )( ‘ 2)
- a 1~ b -
e
! (4.8, - K
(a +b.)a,-b,)

KIZ, 2IROMPEETET 52 L TRADTLND,

1

dkdk' = (¢dﬁ-@m@ﬂ%m@-Qdé)

(a,+b,)(a,-b)
_ dkdk,
(a,-b,)

(2-4-22)

(2-4-23)

(2-4-24)

(2-4-25)

(2-4-26)

(2-4-27)

34
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TORITk BLOK 2N L THEBT 5 & |

G(.x, ﬁ, a) Hoy(ky)]
(2-4-28)
155, I EXRO—HA2EHT D,
S S N 0 2 A ) ziwc@—bcl?n-ﬁ
oK) IR _ o (actb ) ac=b) e (@b )a~ (2-4-29)

BEEBOBEDE ZADLRY ML TEHAETL, ZDLE, atb=1I1T1EET
%,

1 ~ .

' ~bk, k,~bk)®

l(ac+bc)(a )[( )*@- P+ (ak,-bk) ﬁ] 0430
1 N

=%%_hﬂh%%a—m+@°W—Qaﬂ

X (2-4-28) Ik X HlcEREND,

G(x,/a’,a) = )

" (a-by @n)

1 X ad- B x f-ba
(a b)* f(2 a,-b, )f(Z -b )

i Bbal
~ ik [a(.-bc = 90k)
e

(2-4-31)

F 72, Sigmund 5 (ZFMEFHAEOFER, a =4/5, b=1/5, m=05L > EEE=,
Z LT, wAEAYIZSigmund & 1

Guam~—f(§

X 55 x 5. 14
e sz 3e5 A2

2T, ek, N (2-4-32) ITBWTIBEBGOEH DAL, Sigmund & D3
LFIZHE T, 2L T, K (2-4-32) OFUOBEL fIISWEEROR (2-2-11) @



Bk f(r,a) ERICTH D, SHIT,
NoT, & (2-4-32) 2D LI HIT

36

= (2-2-16) &= (2-2-17) LoFEFTICLE
ELZLENTE D,

Gr.a /5)~—f(3 o ——/3) (3 Ed—lﬁ) (2-4-33)
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2. 5. Valdes} & QAristadd = r /)L X —H K% Z 8 L 7= 2% BH LI

Valdes & Arista (VA) 1%, SWERICE A= R L —HLEZEATDHZ LIT
BREHLT- [6] o 7277 LVAREGRIT= L X —4H5k L EE 2T IZE Y - T

%, £1-. B gL XF—HEAZEHRL WD

VAT, PRIEREZ & ETHOE L T, SWEHERIZ= L F—HR L HEA LT,
ZOHTIE, EOHEZHOWTHHAT D, VAIZHIERES,, 2RO THEA L,

SVA (ﬁVA) = deA = _Aﬂ\r/lA (2-5-1)
Boy(7) = Z‘IZE;; (2-5-2)

ZIZT, MR, BWIBEIN =R —Th D, T LT, 7=k/B,T)
72D,

1 k
dt' A A=
f ’ (Z ) f ﬁVA VA (ﬁVA (ﬁVA )

0

A 1 k| P 1 k
==)dpy, — A — Ay, — A —
[ a5 (/3)+f P (/3)

kln{}d A,(fln fd ’2’1 }

k n { Gy (z) + VA(ZO)} (2-5-3)

Z Z T, GvalZ

GVA ()= f dz i/(i;) (2'5'4)

Thd, BB, z0=k/Byvs~ 2=k/Bi» THD. BovalFAF =X —ITxFIS
L. BwalTHE =X — 2 LTW5, &5



1

—=(-nT——— (2-5-5)

A ova — Miva

L Bh, LTeno T,

TAQ) = 7A@ o) = el Gl Gu (2:5-6)
_‘l/te

fi(r’&)%fml(r’&) (2'5'7)

38

EET Do 8B, =Ba/Bova~ 2=20~ /1, =2Boa/Bua =K/ By~ THD. A
(2-5-6) IZBWT, n=1/2,F 5L, BFHIZRALF—HEREBET LI LI
2%, b (251 IZB W Tn=1/2 DA, BHIEEEN AFHRI 03 E
IZHBILTWENSTH D, VAIRMHAERRT v e LTZBLART oy
V7] ZBHALTWS, FHx3BOE 4 =28V TT-F-Moliere (TFM) R

X [8] mHWTEIERE 1T o7,
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2. 6. KanekoD[EHE A F 12kt T A E T L X —H L

AEHITHRIT T HKanekoD B [ 9] 1%, Brandt-Kitagwa [1 0] E7 /VOHE
TdH 5, Brandtd L OKitagwald, AFHRIF2MEIEHORFIZIT, ASPRL 23348 L
TWAHEFICEDEREPMETH D Z L ZBmIICHI L, 51T
Kanekold, ASPRFDMERIN TIREE I L2k T 2 2 L 2B E LT,
PIFClE, Kaneko® T /VOMEZSOWTHAT 2, EHOFEMIIfTEk6. 4.
BXO6. 5. &R,

Kanekold. ASFRI FMEFIN T T Dk R 2. Yukawa® AR T o v v L%
HOWTHEZ L, bbbV BLOV, 2ZN LB HAEERRT
VY NBIOBEB-BEHAEERART vy T 5L

2
V, ()= =2 gt

r (2-6-1)

2
V.(r)=Set
r (2-6-2)

Z 2T, kylE., Thomas-FermijltZiCTH Y, LLTDO I I ITER I LTV 5D,

172
kyy =(4kf) =1.564/(r"a,) (2-6-3)
ma,

kel $Fermiffidi, rd3B ORI ZEKTUE L L2 DOPERETH D, T LT, ald
R=THETH L, 1DOAFBNSADE T ZHFEL TV D L& Yukawa iR T
YU IV,

Vy(r) == e (2-6-4)
r

CEL, BRIV RDIEFEEIL,

oy (r)= N Ae_r/A

2-6-5
47AN° r ( )
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ZIZT, AFVARNRTGRA—H—ThHs, RIZ, JJEMERNICH D & & 25
25, TLT, ZOHRFIZELS>THEBEINTWAET DO F—F LR LX—%
EZ 5,

E =E +E_+ukE, (2-6-6)

EJIEH = VX — EJJIE T EEAOMAEET V¥ — E 3. EFET
FHHEEHZANLX—=THDH, £, pldER/ T A—F—Thb b,

3n° 1503
B = om 7 Jlo, ) dr (2-6-7)
E, = [V,(")p,F)d’r (2-6-8)
E, = f V..(F 7)o, (F)p, (F)d rd’r’ (2-6-9)

I, WL ODDFEDE%, WOV A ART A —=H—%155,

A=A, /(1 - %k;FAg) (2-6-10)
0.560q
AO = Z—]/:"O (2-6-1 1)
1

Z Z T, A, i, Brandt&Kitagawall Lo TR LY A AT A —2—Th

Wiz, KanekolZ L > THE LN VX —HEOX L EH T 5, AFRI -3,
Wy, CHEANEZ T & X2, WK 65T HHIEERIX. RO LS ITFEIT D,

| dE _4me’

Y 2
n,, dc my;

free

5, = L, (2-6-12)

-2 “dk -
{ 7\Z,-,oy(k)‘ { dowTm[1/ e(k,w)-1] (2-6-13)

k 2
ﬂ:a)p
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ZIT, ng JIHHETOREETHD, £/, ¢, LindhardiZ &> TRD 5
NEFERETHS [11], TLTo, 377 AR THY, KOL DI
EFEIND,

_ 2 12
w,=4nan,, e /I'm,) (2-6-14)

E 51T, AFPRIF-OTIRE A o, () 1%, p,(F)D 77—V I VELND,

Zl
1+ (Ak) (2-6-15)

py (k)= p, (k) =

PRAEREZS . ASPRIF DML v (T BT D a5 T X (2-6-12) 1E, IRD K
INCET D,

2
2

AE
| = 7 £ X?(vk/vaKkl
@y (2-6-16)
3 2 2 22
K, = [dz2'|Z, - p,k2)| 1+ %)
(2-6-17)
2 = VB
TVp (2-6-18)
Z LT, IR OIEREDO X Z 155,
dE
S (E)=%
«(E) dx
=167aN (kpa,)(v, /v, )le/3meA4 (myvya;
x{1=4x*+ x'[6In(1+ 7V, /v,)
—2v, [(wv, +v )1}, (2-6.19)
_ _ /3 -1
A=0.56/1-0511Z7r]") (2-6-20)

\ :VG‘\ Mree&i 1 Jﬁ%j?)f: @ O)'fi%%%wéﬁ"c&) %)o
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2. 7. &0
%2 ETIE, AFETHWTW S BEGER ORI 21T > 72,

2. 2. HiCib~7=, Sigmund-Winterbon®iwi%, 2. 3. #i (Marwick-Sigmund
EF/L) . 2. 4. fi (Combined®F /1) . 2. 5. &i (Valdes-Arista#ii5) T
DRY) 72 BTG TH 5D,
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3 ETIATIE CIRET 5 3 SOMi &k~ T7 <,

BONS, A A —HE R OMERE R & 8 T 5,
WIZVABGRIZKT L TUL R D 3 OB R Z 1R 5,

(1) BrM=RLX—HHK LN OIRE & & B0

(2) VAET LV CTEMA SN W= 2L F—HEDEE

(3) BIMBLOEHZRLX —HIKOE—LADAEIENY | B — LDORA
M B L CombinedE 7 /L~ H

BT, SRWVIEEUZESWTIEW S 23, B KO 3 L ¥ —H KO
FHE21OORITETET /L (Switching®T /L) HHRET 5,

3. 1. A A& r—PHETHERT v /L L0 BNk E R

AKEiC. Thomas-Fermi-Moliere (TFM) BIDKRT v v &E HWT, A A4 —H
PR 7RISk 28 LWV E S AR E L7z [1] . MEOHI LRI A >~
NNV AEREFERT 20T, K5iZhsb Lo, 2200FFMOr7 —a 1A
ERORZEEE TS, T2 TiE. TEMART >3 v )L b iE ) 7= Kaneko D AT
JR ot 2R ES (2] EOBRR O HETEL, 55N EfiEET
PR R O E 2 S 1R D SN 2905 5, L, KanekoD I 112
KT L MRGER DY (k6. 3. M) | RAF X — RRTFOMERUES & 1T A
HZ e, BELOU HrLWEGRREBORXOFITH T 2W Fx,a2hkdd L&D
RTA=HN, Z,. Z,BION, (AFRFDOEFED 3D DZ L ThD,
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M 5: 2 RFEDOI—u MHEEAOHLEZZERT D, BF-BTF. BTF-B8F. EF-
BFHREMEART Uy VOB EZEET D,

A Fr—FHEREFH O 7 —a M EERRT v L,
622122_1‘ eZZZpl(rl)
|7 |

_f ez, pz(rz)d;;z_f e pl(r ) P, (ry)

|72

V(r)=

dr,
(3-1-1)

dr, dr,

EREDLH, B1HEIT, B-EFHAEERRT Y, 5 2HH, F 3L,
F B A MHAEERRT v, FAWEIL, BF-EFHEERART > %L T
bbb, A (3-1-1) 1%, EREICHETTHZENTED, LT,

0,(r) = iVe EO‘ exp( /i”l) (3-1-2a)
palr) =2 Yo, b exp( ﬁ—r) (3-1-2b)
2 i=1 a2

BFEETHSH, NS5O TITZ, TEMAT Y LZHALTEY . a:
=0.35. a2=0.55. a3=0.10. B:1=0.3. B2=1.2., B3=6.0. THD [F2#%E
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Ref. 7], £ LT, a’1. alf. TNEERGEH TH Y . BRI R LT

I3 TR~ %,

BOINZ (3-1-1) OFUF 2 EFHT 5,

ﬁrl

e’Z,p,(r) e’Z,N,
S E fd Jryer
_Br

__EZ,N, E fff rr’dr, sianHdlpe i

7’ +r* =2rrcos6]"r,

b, ERo, BOOESOREERY H L TCEE AR
Iz,

172

X, =[r +r° =2rrcos6]

THLEUTOIIIHETE D,

(3-1-3)

S =

1T 96

ESE AN

RO &
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_Pin L

r[rl2 +r - 2r,r cos 49]”2r1 r

[24r2 =251
B
27 -
=—fdrle ! (r1 +r—|r—r1|)
-
ﬁirl [¢d] ﬁirl
27|, ~u “a
=— 2fdr1r1e “ +2rfdr1e “
r 0 R
! _ﬁ ! 2 _ﬁ ! 2 ! _ﬁ
_Am —(ﬂ) e “ +(ﬁ) s dpe @
r B; B; B; B; (3-1-4)
2 Bir 2
! Lt !
_4n(_ ﬁ) e +(ﬂ)
r B; B,

72U, REZr—-nDNT 7 AN~ AFT AN UL DIETHS, Lcni-> T, 1
(3-1-3) 13,

, 2 Br , 2
_f e’ Z,p,(r) P e’Z,N, E o,f An _(ﬂ) e @ +(ﬂ)
i

= 12
7] 4 “ a’ r

2 Bir
e'N,Z “a
=—#Eal(_e a +1
r

;—/

i

(3-1-5)

ExkFES, X (8-1-1) OF IHIIFEREICEETX T,

_Br

e’Z.p,(r,) . e’Z.7 a,
EAN e R X

i

255, wic, X (3-11) OFEA4HEEHET S,



ffdrld pl(rl)pz(rz)

|r2_’b|
S (3-1-6)
NZ & & aa BB o P
=¢’ 1222#1}'6{7(1’7—
2 172 2 1 5T —
(4][) =t a a, |7”2_r1—r|r17‘2

FIFE LRI, B ORZFHET D, £, R=r-F EHBNT,

ERAE

_@ b

4 g @

ffdrl d}’2 m
n bn
=fff fff r3r12dri Sin@ld@ldwlr;drg Sinﬁzdﬁzdwze a e ©

2,20 0 172
’%’Erz[r3+r1— 1T, COS 2]

(3-1-7)
ZIZT, R E LREERIC,
X, =155 +1? =2, c056,]" (3-1-8)
B, THL,
B _Bn
fff fff r3r]2dr] Sineldeldwlrzzdrz Sil’l@zd@szJze aj e
nnr, [V§ "‘1’12—27'3r1 cosf ]1/2
_ﬁir] ﬁ;rz
‘ al a r1+r1+2r3rl 12
- fff ff drdiyr,dr, sin6,d0,dy,e “ e | f : dX,
’3 [r§+r]2_2,.3rl 2
_fff f dy,r,dr, sin6,d0 d% fdr a.? o]
1 s+ ]
Bj in
| | e (3-1-9)
cof ] gy [ Aveisobave ©,_
i n

BEL. XLICEEAEDS L.

48
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/3,’2

o s dprdr, sin0,d6,dy.e { _eﬁ)

i

. Bir Bir,  Bilr+ri-2rrcos6,]"?
! J J L2 2 2
rr.dr, sinf,dé -
(/;)(211)1‘[‘ 2 222 = | € "-e e !

rlry +r° =2r,rcos6,]

;/

&

_ﬁj"z _ﬁjrz _ﬁer _ﬁfrz

1\? 2 _Bin ’ a a, a a,
=2 ﬂ) @rp| 2| | [1oe @ |4 La]e " —e = e " —e
B r\B; rB| BB BB

a 4 a a, (3-1-10)
5, LiznoT, X (3-1-6) 1. LT L TkFE >,
€2ffdﬁd?'2 p1(f1)pi(rz)
7 7|
2
TT &< Bir (fj) _Bn Bjn
e2‘222aiajle“2 e e @
o )2
- @) % (3-1-11)

Bir Bir
Ve Z,Z,e lezezi | "o NZe 727, E , "o 22,
r roAa r U= r
1 2 7 2
]\/VIZZe2 NIZZeZS i aiaj e ﬂal (ﬁj) e [iz (/31)
2 2 ’
r r =l j=1 ﬁi _ & a2 al
a a,

(3-1-12)
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ZLTC. ~rma—Y ‘/J%Ffﬁex=1+x+%x2+---%ﬁﬁu\fbfzit%?%o

Vi~ 22 A i BRI +NZZ§§ ;fﬁﬁa

=1 2 Jj=1 i= l
(3-1-13)

—F . 2O TEM RN ooy ould, kO L2152 6N15,

3 Bir
ym@%-lzzae% (3-1-14)

ZFLT., FRb~rnm—U  RBEEZToT-%. RAEES,

N (3-1-15)

K

27,

Vieu (r)=

ZIT a TEREBTH D, FxlE, X (3-1-13) & (3-1-15) &x2FLW
ERET D, Lo 7T, X B-1-12) o~Z7a—V VEHIFE 3-1-13) B&
O (3-1-15) 2T 570D FETHY , WEHEATIX, 7 —r A
TERT % 2R FROEEBEN TN E ZAZ R TS Z Ll b, 75 &, WHiE

Wag,1F. ROIHIZEES,

1 =& 1 o elzz aiajﬁi/))j
1365 Z Ba; + Ba,

ay., Z, a a2

Nal 1 Ny Xy (3-1-16)

! !
Z a a, Z a+a,

X (3-1-16) OF 3TED Moliere RT > ¥ ILD/RNT A —XF (aBLORB) #F

EDTx,, LENW, TLTEXERD LS IZERT,

4 Zala,(a, +a;)
K-in - 12 12
N.a;+Za” +aja,(N,, +Z, = N, x,.,,) (3-1-17)
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Z 2T, N, =Z,DOFFIZIZ,

aa,(a +a,)

a’ +a; +(2-x,,)ala, (3-1-18)

Ag_in =

Lo T, ABC RO E —EF 53], £ LT, BiEFEORRL &
OV - fH] O Kaneko D IR EEL & —E S D 72012, x,, =0.688 A £}
M3%, LT, aldiKanekolZ L > TRDOLNTEY, ZOERANIL,

,  0.6269N’"

a = 3-1-19
' Z-N,I7 ( :
Thd, £,
0.88534,
CTTE
2 (3-1-20)

T D,
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3. 2. EMORRE L BT LT —HKDORMMR

2T, BRI L ORRE RS, RS, VAR
IZRWTIE, BEIBE & = F—HR E PHSLITFHDON TN DENETH D,
ZD2DIEFARRKBEFRADIT oD RETH D, ERE, BIHI= X —HKOMHT
PEERNH Y, ZNZHWTRE L = VX —HEL L ZHESIT L2 LN TE
a3

PSR OHF ST, 2. 6. HilZdH HKanekoD E A= 2L X —H L DX (2-6-19)
Thod [4] ., X (276719 L0, FIENLRFIEICL > TAHZ R LF— L&
Hrxnr¥—~Lothu 2155, ULNCEHOMEL RS, HWEIZHHT 54
N DA OEE HFREAIIREE A LT D L,

dv_

—=-A R
I K (3-2-1)

EETDH, ZITHHIEMHELE LT, t=0DFFx=0, v=v,&T5¢&

x=_AK +E; (3-2-2)
v=vye M =y, = Ax (3-2-3)
%vz = %(VO - )LKx)Z (3-2-4)
E(x)=-mv A x+ %m)tf(x2 +E, (3-2-5)
B0 =~y o T S P R B 629

EfE%D, LIziio T, BRouicE SNz, =) AF =T TFDO L 91Tk E
Do

B, (7) 1 2.2

=-IK.T+—LKt" +1
Beo 2 (3-2-7)
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myg
I =—2—
Eyra:N (3-2-8)
] = m
" Ey(alNY (3-2-9)
Ky =16xN(kpa))(1/v,)Z N, A*(vya;
x{l-4x+x'[6In(1+ 7V, /v,)
=2mv, [(wv, +v)l},
(3-2-10)

Z 2T, Kk lE R (2-6-18) AAGEEY B OEEm THoTETH D, B,
EB L FIHOEREFLTHY . TNENAF =L — L0V
X =2 R LR R VX —ETH D, B L ELIZEEN TV DHa i,
WREEE TH D, FHAETO, TRV X—HREEE LT/ MLEBKILTIE, #
B 7 = ma’ Nx Z O Cilgim LTV 5, DF 0 | lRUEBITIKST L2V ikim
LTWb, 5T, TZ TalEDEREE ThHLHIE, FFET DLEITR,
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3. 3. RO &R T 3L X —H K O Bk

VAHFG TEMEA SN W= VX —HREZET D, ks, ki)
BRI A EET 5 & &, RFOMENELS to T L, BT L —H%K
I BN RV —ROGTNESIZ 506 THS (3. 4. fHioKe%
) . ZOXIRBENDRD L, SWHERICE I XL X —HKEZ VALY
DTEANLT)N, FEELEORMBE DD L VWZ D, Fxld, VARGERZ T2,
PlEHWTEN = VX — BRI D= F—thy, ZRDiz, 2T, &
FHI-EE & L C. Lindhard &> OZRIFHLIEREE GG (5] Z#8RHT 5,

Lindhard & 23R ® 7~ . RO REAE (2-1-24) (X, RO X HI2EM
b,

18 1/2 1/2
s(£)=;{dt/fL(t/ )

(3-3-1)
=72, X (2-1:9) O EDOFHIALDY
' = 8811’1(9 / 2) (3-3-2)
. a, a Em,
b ZZ,e(m +m,)
(3-3-3)

ZZT o mEmlE, EREN, ASHRI . BIOENRLFOEETHD, £ L
T, filk, X (2-1-18) LEUCEAEKTH D, B INIfE M D RETHE (T2
bbb, K& e) il HoI/hEn, > T, LTFOFHEO L 91z, & (3-3-1)
EEHELTHRADTEAD,

X UDIT, ATIBy, MEINTWAEED, =o— b OERNFEANG 3T
%o BITHEITIKFT D128 TH D,

d )
—(my,)=-B(v,)v,
ar™") (3-3-4)
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ZIT viFASRL T OREETH D, X (3-3-4) BROFIZEL,
dmy, _ dmy, @=va’m,vI =i(lmlvf) (3-3-5)
dt dx dt dt dx\2
2 !
dd,(ml A (2x )) =-B(v)v/ (x)
* (3-3-6)

Z LT, Fxld, ROEOI1TBERET-, FTTHIERESZRD X 5 12EL,
S=NT, [sin*(0)do

1 &
=Mg?ﬂffm”ﬂ@%
0

4mm, Z1zze (m1 + m2 12 12
= Nx dt t
(m, +m,)’ akb m; f A
1 m, (Z.Z,e* ’ 1 9
=Nrxa’ —mvi4—_L| 2122 = (a"f (1"
rd 2 my m, a ) Ez‘{ L)
= Bv?
(3-3-7)
ZAT, FREBIZTDO L HITET 5,
1 m? (22
€ 2 12
B(v )_——1 12 dr'" £, (t"*)
2 m, X( a, E(v )f i
(3-3-8)

ERERD DI 72 o T ROERIE WA AFTRLF- O =RV F — E(v,) 1X,
WEEDRH L LTI oz,

& &
fdtl/sz (tuz) ~ fdtl/sz (tl/Z) ~ CONst
0 0

(3-3-9)
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ZIT, I AR, e ITHF TR —ITHIE LTS, RERe
CRLTE (FRbBRERM) S (1) NS, g Le ERHTY

RRTTR (3:6) OXHIT, MOMNE EERATILNTE S, KiY
TR E R COT IRy 1. KO L 5B 5,

T) E
‘un = ﬁnl( )= n
/J)nO EO
7.0 2 12
={1_81—ﬂ 1£2€ fdtmf(tm)}
m,\ a.E, 0
(3-3-10)

Z 2T, Bl WHEBELOA TR X =2 Ro T BOBR T XL X —Th 5,
F7-. BURHIE LT, e=10, 208X 0300 & =, X (3-3-9) 1. 1.28. 1.628

LT1.82TH D,
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3. 4. MAZEBELERICB TS, E—2OMEILND . FIANDBLWY
CombinndEF /L ~0D, T x/LFXF—HEHLDE A

FFE, E—L2OMEILN VKL TR VX —LEZEAT S5, HIAIE
VA (2. 5. §izlB) THLNLTWA, £ (2-5-6) & (2-5-4) 2BV
Tn=IREEL &, ENLE.,

lZI/Z Gy, (Z/:ue) -G, (2)

A (z,z/u,) = 1
e e /2
1 [Te (3-4-1)

A !
Gu(= [ 2 23
(3-4-2)

Eh, bR IT, B X LF—a ZOMBEEZED ANDT-DIfFEiD
N5, 2B, n=12L LTWBDIL, BHIEREDNEE B4+ 2 E 28 5 225 T
5o WIT, B R VX—HEE VARG Z JCIZEANT 5,

A, (z.z/m,) = Lz){l’nl (z/u,)-L, (Z)}

-, (3-4-3)
Z A "
Lnl(z)=fdzu (i )
0 ¢ (3-4-4)

PLEM, /ML EEELOAE A (SWEER) IC= VX —HROMR L2 E AT
HAThH B,

723, CombinedE7 /MZEBWTH LR ERICANHWSND, 727 b,
Combined<E 7 /L DKL 7D/ AR BEIL, SWEGG DDA LR CZ0 6 TH D,

RIZ, E—LDORBENVIZ=R VX —HBERONREZEANTLH, ETILEFH
TR F—HRICEALTITY, X 342) BT, ROEBEEHZ 2179
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z 1 z'
GVA (Z) g Glateral (Z) = de‘ 5/2 de”A(Z”)
0 0

< (3-4-5)
Z LTS, BT IR — L EAT S, Zhid. & (34-3) CBVT,
WDBE WL EITH Z & TREIND,

Ly (2)= Ly (2) = [’ [dz"A(2")
o % % (3-4-6)

VLT, AEEIRNY  BUR2Y . CombinedE7 /WZxf LT, B LU
TRVF—HIRNRZ Y AN Z L1272 % (6],
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3. 5. Switching €7 /L

e o BZ, AIENCTIEN A ICERD St T2 B FRIBRLIE BE & BRI BE
1OOATERTILETHD, AEHITIE, Fx MRS L 7=Switching® 7 /VIZ B
LCaBIZTTY [6] o £7. K6ICAOIND XL D1, AR D & 2 1 FE
TITE LN ES TH D, £ LT, BOMEK CIX. il MEST
BH%, 22OMILRENF L HNEFL L TWAHEEZEBHETIE. kO LS I2H
MBI E LR CE 5, Thbb, HLE0 CTITEFHIHILEEDOAZBE L |
BOE 7y CIIBIBRILRED A EZBET H LV H 2 & Th D,

60
50
5
; 40
KA
)
o
3 30 | .
g- ----- electronic stopping
go —nuclear stopping
Y
o 20
o
«n

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Projectile velocity [vg]

X 6: ZRFHILEEEL BEFHHLEED T 7, ARKMFOERENLBHEVREASDE
TS5 7L TW3,

EROEBZTTIHE> T, BELDMEEE TD X 912EF<,
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f.(x,a)=f (x,a . x,0a,)
=fn(xnv& )f( ) (3-5-1)

EXT, flE. BERRIEREOAO =X VX - EET, £ L TLAIE. ETHIR
IEREOHD = F X —HREGTe, S5, UTFTOENBEEDEREZT 5,

X, =x,+x,=(a,+b)x, (3-5-2)
a,+b =1 (3-5-3)
X, =a4X, (3-5-4)
x,=bx, (3-5-5)

BEHIBEIL, 2208720 b TnD, Thid, EFRIHIEENAES TH S
#orx, & IBHIEREDNMESS TH D5 0x, & TH 2, [ARRICA R S bIERT D,

ox, =(a, +b,)ox,
=0x, +0x, (3:56)

Z L C, Switching 7 /VIZH T HlE HEAIL,  (2-2-1) ORI L ST
ODJ: 9 a\_iﬂ %)o
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f..(x, +0x,,Q)

=f(x,+0x,,a)f (x, +5x,,a,)

=f.(x, +adx,,a)f,(x,+bdx,,a,)

= a,0x,N [ do(d, — a,)f,(x,.@,) xbox,N [ do(@, — a,)f.(x,.q,)
+(1-adxN [ do(G, —a)) f,(x,.G,)xbox,N [ do(d, —a,)f.(x,.d.)
+a0x,N [do(@, —a,)f,(x,.@)x(1-boxN [ do(@, — &) f.(x,.a,)
+(1-a0xN [do(G, = a,))f,(x,.G,)x(1-b,xN [ do(a, =) f.(x,.,)

(3-5-7)

22T, X (357 O1FEREOEDICOVTIHHZITY, EPFHEIHEIL, &
=R X —HEREENZ XV —HE L DM G2 EATWD, RIZ, F22HIL,
BT RV —HBEROLEET, FH3HEIL, BEHZFLX—HELOREE T,
FAEIZ, EHLODZ X AF—HEALEET, DFVHERELEHT H I L 2R
LTW5%, Switching®7 /L TlL, BV —HEEENTZ R LF—HE
DM HIL, FRFIZITE Z 570, 8- T, X (3-5-7) X, RO X HITHET 5,

_ af;z(xn’&n)-f;(xe’&e)
ox

= [,(x,@)INb [ do(9)] fu(x,. @) - fu(x,. 6, +6,)]
+£,(x,,G,)Na [ do($,)] ,(x,,G,) - £,(x,.G,+§,)]

(3-5-8)

ZoERE, K (3-5-7) IZBWT, 2RO EGx,) ZHT 52 L THED
n5, ZZT,

|

a =a +¢ (3-5-9)

|

=/

a

I
Rl
+

(3-5-10)

e e

Q
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do(¢ )=do(a, —a )=do(a,—=a) (3-5-11)
do(¢,)=do(a, —a,)=do(a, —a,) (3-5-12)
WIZ, ARTTD 7 — ) 2B WA EFRT D,

f (x,,,& ). (x,,a,)

(zﬂ) fdkfd;Z DL (x, ) f. (x,.K) (3-5-13)

ﬁ(xn,laf (x,,K)

erd K ELT T AERCATAES ooy
Z LT, PGt LT, koOMkEH %%,
£,0.6,)1,(0.6,) = 8(d,)5(@,) (5515)

ZOPEMHIT AT EENTHL LIRS, £T. da )T, E—A
DEENZRAT D E X2, B<aUA—hanT0HENIHIZEERLTWVD
L7ehRoT, 8@)id, ELWEBx 6D, —FH., f0,a,)F. AR A28
FHIZRVFX —HREZIT N OHELS LT, ZRRILRENER ol b &
DB TR ITF IR B, 6T, §a,) &V WIS TRV TH A
Do LU B, Fox OFEZE LTzSwitchingE7 /L CiX, 220#ELfAa, & a &
MNZAIZI D o> T D, LiedioT, & (3-5-15) OISR TRWENWR D,

X (3-6-8) 27—V &L, FIHRMEDO T THELS &

fL(.a)f.(T,.a,)

—de Z, e —T,A,(2,,2,/ 1, )J (Zn n)fdzezee—TeA(Ze,Ze/He)Jo(Zede)
(3-5-16)
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AEBND, 2T T, E T EENER, x, £ ISHEL TS, LERo T,
Tk 4 1%, Switching®F /L& VT, BHFLIEEE & & TR EE DO & & el
DOMFRALRETE T,

3. 6. £&B

Fexld, A A PR REOERERZRD D Z LI LTz, VARGRD
WREAEITV, F72, RWITEUCE SV TRV A, BT r X —HK L
2 —HRKOM F 21 >ORUTE T T NV EIRE LT-, Z I SwitchingE
TILTHD,

3. 7. BB
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[5] J. Lindhard, V. Nielsen, M. Scharff, K. Dan. Vidensk. Selsk. Mat. Fys. Medd. 36
(10) (1968).

[6] S. Ikegami, Nucl. Instr. Meth. B 316 (2013) 222.
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FAE RRBLIOBR

F 4T, WHCEBUZE L TIIANIE TR b L - BRRE R OfG R & 2R T —
ZLOWEETT ), £lo, =T RGeS HEELH I, AL 1LEE
B L OEFRIPHIERE & 2 el L TRET3 2,

4. 1. Lindhard®® f, (") IZBAL T

2. 1. fiioLindhard 5 OBEGHIZ LAUE, HINAEELR T v v L DN
BELBIE f, (") il L CTHEELA DMK EN D, 16> T, WAWALRBELR
TUVX MK LTCHAE L L) O ERIKRT A Z EICHLERDBH S, 4.
1. #iTiE, TEMAT v VT L) ZFE L, ORT v LV TEHEL
b LT, HEAT2. 1. §irbiERT 52U TOLIICEEIND

L) =X 8.X) (4-1-1)
[o0-x

&(X)—Xd&)

2 8. (X) (4-1-2)
2X

cos(@

g,(X)= Tf de cos(qp){z a.exp[-B.X / cos(p) ]+ E ai/);’X) exp[-BX/ cos((p)]}
(4-1-3)
X=pla (4-1-4)

22T, K (41-3) OTFMAT o ¥ Va2 KT NTA—F—a ., BiE. 3. 1.
IR L7=L 912, @1=0.10. @2=0.55. «@3=0.35. £:=6.0. F2=1.20
BELUYBF3=0.30TH 5,

HGELBIEL £, (") 1E. WAWADIFREIC L > CRlis T 5, 2 2T,
Fox ORDT-EE . MOBFFEE HIZ L D E 2T 5, T 5D,
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Lindhard® [ 1], Meyer [ 2]. Sigmund—Winterbon [ 3], Mueller [ 4 ]
DETH 5, Lindhardbid, AF ¥ — RBRTFOEEZH TS, [FERIZ,
Meyert, 2 % & — RIRTFOE % TTICFHHEZ L TWD, E-TrZ 77016 h
FCHELA X 912, Lindhard 53 X O'Meyer O #E FAZ 213V, Sigmund—
Winterbonid, A% ¥ — FRTFOMEEZHES 57 4 v 7 4 7 OX& -~ T
W%, Muellerid, TEMZ BB T 57 4 v 7T 4 7 OXEHNTWD, Fxld,
TEMAT > ¥ vz TnD, ThoDkikz, K727 [6],

0.45 , U Lindhard
|
0.4 / dﬂ\% Meyer
0.35 /V \ O Sigmund Winterbon
S~ 0.3 g!-'- Xﬂ X Mueller
a 0.25 A \ —
— present
+ /
0.2 -
\j 0.15 of .
0 l rhl 1L % _‘7
. @
0.05 —
O L B
0 =e— - Si-an~
1.0E-05 1.0E-03 1.0E-01 1.0E+01 1.0E+03
t1/2

B 7: BELEEK ") D75 7, OF Lindhard, A Meyer., O2% Sigmund,
* 2% Mueller, ~-BARMEICLBETH D,

X 7 Ti%, B#EOE—27 O[T, B HFHEOMMTIERE Ui FIZFE -
TWb, LrL, E=270EMAIT, R—H1BR 6D, ZORKIX, TFM &~ 7
VUXNERRZ TR TEF RT v /VDZETH D, TFM O JF BRI
BH 2570, MELAD/NSIp L ZATORENRTFH > TWNDHDTHD,
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4. 2. Thomas-Fermi-Moliere/~7 > 3 % /L & Lindhard D ©%% & 2 A\ 7=
GO, AL EEELEG & EB L DL

AETIE, TEMAT ¥ v b Ea, (LindhardDIERTESR) & OAEHE TR
DHIZSW (KX (2-2-13) ) O/INMEZEBELOBE GG & FEBRE L I 5, 7238,
AR AR IE TR D A H LTV 5, K8—X 1 2128V T AER+D
MBI BAEFT R OFRERITITZE L 2\, RER 5 a [THMEO2JR 12T 2 ik
EBTENGTH S,

F£9*. Schaffleri® [6, 7] B FANUC AR L7z L &0/ ML EHELOFERE
1To70, K 8i%, H-NiRIZxf L CHAE L 7= BELA 2347 D Schaffler D 3285k & D bk
WA RT, HamiiRT, ERT —ZIEWVEZRLTWS, DT,
ANFRL-DFEFIN TOFEE =X L F—ZFHNH Z LT, LW R85,

. 1.2 s ey ‘

i 1o & —m% | P~ NI

N ST E = 50keV
= 08 - d =20ug/cm?
é - \\QO Schaffler

= -

g 06 5

I 04 | OUO

g C \Om

2 02 1 ™NCoo

0.0 1 1 1 1 1 1 1
0 5 10 15

Scattering angle (degree)

B 8 BFENICANSELLESOAEST., BREL EZEREIES, BL—%K*%
%L——Cb\éo
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WRIZ, 1% 9 1L, Hogberg DArMNCIZ AR L7 L ZDFEBRME DK THS [ 6,
8] ., ZHHbH, LIFEDOKEFEMEIC, HEREhIRITFERT — 2 2R HELT
W5,

1.2 r
s S |
GN) 1.0 . - Ar —C
= 08 - E = 54keV
g ToF Q\Q d=2.5ug/cm?
8 0.6 \ Hogberg
~ E QQ\
2 04
8 0.2 E VK{QO
) 2 f )
E 0.0 S L \f#foaﬁlT@H
0 5 10 15 20

Scattering angle (degree)

B 9:Ar Z CICARSHLLETDOAELM, BRERIERT —F2RIBHATET
11\60

B 1 01X, Spahn¥MTo7-FEBRE DRI TH S [6, 9] . AFKFIINe TH
D, EAITAITH D, ZOEBRICBOTYH, PRI ERT — ¥ 2 B < HH
LTW5,
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1.2 |

O %8
1.0 = Ne — Al
E=7.2MeV
0.8 d=12pg/cm?
%%x Spahn

0.4 %
. @@%@-ﬁ_

0.0 S
0.0 0.2 0.4 0.6
Scattering angle (degree)

Intensity (normalized)

K 10:Ne % AlICAHN B EOAEST, EBRT X LHERBELARV—K%

11&EX1 22, Schwabe [1 0] HDERT —X L BHRE L & KT 5,
AFRLTF1X, 4 DDOEBRIZBWTTRTLITH D, LitCe DA AbEIx, B
& EROMITRWVW—EZ R LTS, Ll b, LikAl Si, Cok DA
HhETIE, HERREITERT — %% 9 < HIHTE TR,
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1.00

S 0.75
N
=
T4 L
g A, Li=C
£ 050 N
\
2 .
$0.25 S<
= oo
= ~S~
\ ~~.0~"’--
0 ==Ll
0.00 = '

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Reduced scattering angle

B 11: SW B L ERESK a, L OMABE P THERBELZHB VS, Li'—=Al (O
ERIEB LI OES  BE) CHRIVERESERT ¥ 2HFHE T TV ARV, Li'r—=C
(O : ZBRER L UMK : BifE) OMAEDLE T, ERMEIIERMELZRFE
TETWVDE, ARTZIAF—ILELLDOERRZRTHLRE LT, 14, 20, 28, 35, 43,
BELXUV50 keV TH 5,
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1.00

0.75

0.50

Intensity (normalized)

0.25

0.00 '
0.0 0.2 0.4 0.6 0.8 1.0

Reduced scattering angle

B 12: Li' —=Si (O : ZRER L OHER : #wfE) BLOCL"—=Co (O : EBRHE
BLOER : BRfl) OSEHILOERT — & LHEBMEOLEK, BRMEIX SW EiH
La tOMBEDETHELTVS, PLo0ERERTLEBEIERT — ¥+ H
BTETWiay, ANZXAF - ELL0BEERTHR LT, 28, 35, 43, B &
W50 keV TH 5,

7233, Schwabe 5 DFEERIL, HE I NT-AEZHWNTWS, LR -> T, ASHL
FDOTRNLFX— L HELA L OMBEDETAr— L EN5, P22, AF—=x
AX—ITNANATHALIN, 271 OOHMBOATERGLHERLETZ LN
HETH D,

H.H. AndersenH 1%, ZOAR—FH%, RO L O IfEmOT7= [1 1], Fhi,
RS FLG OIE 272 L TRz, EWn o fimTd b, LoLan
5. REOWIE T, ERGEEIL, ERICE S TOANWADIEL & 5 2 & DA
b T [12], Lo T, JEEIIEAEROKREBICH Y LD DT
72, HIEREREENANONTWRNWERLD LY TH D,



4. 3. EWEK a,_, DAFHERERZDFI KOV TEAE L7 BELA 548 D5
BR & o brifg

AEITIE3. 1. SiCEWA A -FEFEF RIS T D EfER ), -
RO EEIT > Cilin T Do AN 1 3 1XEREE a,_, 2> T, Ar-
AR EAr ' TCALRICH L CEHFE LI HELA DM Z R L7 b O Th 5, Bkt
U 7= HORLAR S 2 5 S U=kl okt LT m > b Lz, AR R /L ¥ —[3500
keVTH D, PUITIAIRL A DRELRNBIL-E D LB TV D,

1.2
+

~ Art? — Al
3
51.0
~
> 0.8 AN
» LY =—q=0 (Present)
e \
‘8 0 6 \
& ==q=+17 (Present)
o
(]
N
= 04
£
)
p4

0.2

0.0 —==

0.00 0.50 1.00 1.50 2.00

Reduced Scattering angle

B 13: /NAZEBILICRTLIMEIROAEDOLLE, KA THWZ g, EANT

W5, ERRIL Ner=Z1. R 1L Ne1=1 TOEBH A TH D2 AF TRV F—13 500 keV
Th b,

WU, ARHFGE TN E S a,,_,, CELEBGELEIE f(r,a) ZFHE L, hodt
BBIOEREEKE L, M14-K1 9I3Fn b0z Rd, M1 41RL
72 Li*—ALR Tl P - Hs i 1 [ O Kaneko-Tkegami D i & $ a, (Fi3%  Ref.[ 3 1)
(F. A A PR OERERK a,_,, &V IR 2 5 27275, 21303
EAEEN, ZOEZIVELIHITLE, a, ICEEND g NAL L H—
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R72TROMERMER L 1X R D206 ThH D, AKida, LV b ap, DITBIRNAE
A EE 2RI R B, L Laenb, ERRoOBHEIZEY a, DI
ENAi % 52T D, DF AR CTRO B EL a,_, OREDRITHEV
72V EF R D,

Li"— Al —

¢ Experiment

[N
N

—Present

& - - Kaneko Ref.[56]
O

o -
fe’s) o
%
»
=

&2
fo)}
g

©
~
/7

Normalized intensity j} (t,0)

=
N

o
o

0 0.2 0.4 0.6 038 1
Reduced scattering angle ¢

M 14 : ZERT—FEXM 11 LEALCTH D, R#RIE an. ERITa,, . BRiTa, A
WTEHESIRTWS,

W ER a,_, 7> 7= 2 BERELBEL £ (r,a) 13 aq, (LindhardDERTEE) %
ST DLV B Schwabe 5 DFEFR [ 1] IZIHVWVEEZ G X TWD, LrLRnb,
BI1SIZR LTELi'-CR DG E a,_, 1TFRT —F 2 FH TE TRV, RIZ, Lif
ECoDMAE LR EHTHD, ZiUuE, Fxr ORE LTERER a,_, 1.
Lindhard DiERTEE L D & RUWMEZ 5 2 T\ 5, £z, LitE Siof A A HHEITxt
LTHREBEDZ ENNZ D,

WIZ. Andersen®FEERT—Z L #4255 [11] (18, 19) ., Andersen
SDOERT —H ., SWET /L & LindhardDWEficES & OfAE T T, Higd



73

BOW—HZR LTS, LEh->T, Fx ORERE LIERUERIT, ES 7m0 e

WA 5, B X1 8,

1.2

0.4

Normalized Intensity f, (7, &)

0.2

0.0

1 9%, AR 3TZ TR EZ1T> T\ 5,

Li" —=C

¢ Experiment

0.0

0.5 1.0 1.5 2.0
Reduced scattering angle ¢

B 15: EBRT —ZIIRK 11 LRCLTH D, RfRITan. EfRiTa,, , ZHAVTHESL

T3,
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-2 Li"—=Co-
)
L 1.0 ° Experiment N
“Z
=
B 08 T N T~ SwW —
C
2
'5 0.6 —Present  —
() L s
N °8 e
© NG e
£ 04 D
o %o o N T
pzd \
0.2 ~—
0'0 1 1 1 1 J
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Reduced scattering angle a

X 16: BT —F IR 12LRACTH D, RftiT e, ERIT a, ZAVTEHES N
—Cll\éo

-
N

Li"—Si

° Experiment

-
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o
o

o
~

Normalized intensity f,(T,ct)
o
(0 0]

o
N

O-O 1 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Reduced scattering angle a

B 17: ERT—Z B3R 12 L AL TH D, mftiX an, ERiTap, ZERAVTEHES L
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Normalized intensity f,(7,&)
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Sew
~.
~
~a.
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Reduced scattering angle ¢y

K 18 : AT XLV ¥—500 keV TH Y EE 31.4nm TOERT—FZThbd, Ak
X aL, ERTa , FACTHES LTV,



76

+

~ C" —Se
'3
~ 10.0 ===
L ¢ 0T
o > ae o i
NS <o Experiment
z Tl
(%]
[ =
2
=
e 10
N
©
£
o
2

0.1 ‘

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Reduced scattering angle ¢
B 19 : AR XAV X¥—500 keV TH Y EE 54.8nm TOERT—F Th b, A
X aL, Efita,, EAVTHESATVS

141 9RO & LT, AGHADEERIRF OB &Ik L CHxRY
ICEEOV R TIEERIGEVEEZ 525, 4. 4. EiC#EmalT 2 BAZETRD
7o a,  WZHEGH) A X7 R RT A= H —D/N S OEELICHIG LTV D, 2R
5. vra—Y UREMERAWT,, ZROENLTHD, L0 BEHICE~S
. 3. 1. #iT, & B-1-13) & B-1-15) LEFLWERELIEZLETH
Do AWFZETOMGMEE EREENBEV—FKZ R LEZOIEK14, M1 6BX
O 1 7TH5, ZHIE, KT 2L — (Bt keV) TOEBRTH S,
KRR AX—D7, BEWE L O AERFEMA ARV (2237 FX
?%—&—ﬁd%vm,Ltﬁof\%%%*@tﬁﬁill4\Il6%iU
1 7IZBWTRW—HZRLIZOTHA I,
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4. 4. ERERa,, & BN RIERER L Ok

AEFITIEE BN TWBIERGES L . KanekoDIERIER a, (55 3 & Ref.
[31&ZH) | BLOARMIETA A v - R RT3 L COEWCEHUER a, ,
(F 3-1-17) 22H) Lo EZ1TH, L<AbLIIEREEE LT, Bohray
[1 3] . Firsovay [1 4] | Lindharda, [ 1] . ZBLay,, [15] b D,

a, = %

5 ( 212/3 + 222/3 )é (4-4-1)
, __0.8853a,

F (le/z + Z;/Z )% (4-4-2)
, __0.8853a,

= 4-4-3

L (le/i 25/3)1/2 (4-4-3)

. 0.8853a,
= (4-4-4)
ZBL (Zlo.23 + Z§.23)

2 0 TiE, Lit (Z,=3) AGMKIZHT 5 EfiiE % 2 8 DR E 1 (Z,)
IZX L TORLTWD, KOFERIZIESchawave [1 0] S0 FEESHIZ LT,
ZZTC, EROEMEE LV DITERT —F E BB TE D X 5 1T 728k
EEDOZLThd, INSHND01E, ZO3VNSWE X E, AR C#Eq,
MWEBROER TR A B LRV, ZWKEL R DICONT, a,, NERICHE
WMEZEZ G Z AN HHENH ZETH D,
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-#-a(Bohr) -4 a(Firsof)
260 £ a(Llndhard) -®-a3(Present)
5 i -a(ZBL) —4-a(Kaneko)
S 220 < O a(experiment)
E !
£ 1.80
(@]
[
()
-
o 140
=
[
3
s 1.00
n
0.60 I I I I | | |
0 5 10 15 20 25 30 35
Z2

B 20: R<HONTZEBREREERT ¥ BLIUOARHATEHE DN ERER L OK
B, ag,F. Z1=3, Nea=2 TEHE LT3,

WIZ, R1LEZTICLIEBEEITS, ZORTIE, [16-53] OFERT—X
DEFAICEEDLNTWD, ZORE RN Wot %, Walker5 ThH 5 [ 1
2] . HTOBEN D> T-O THRE LT A 23T -7, O’Conners %, FirsovdD
s K 4-4-2) ) ZMiETH2RAE 5 %72 [54] , O’Conner& 5t L7251
ZHDHDIE, ZORITESHIERITH D, PCF 1%, KRBT K a,_,,
(X (3-1-17) ) KV KD 7=Firsov DR EI DM IESRETH L, Fx O IESR
$3. No. 1(He—Ti), 22(Na—Au), 26(K-Mo)35 & T27(Kr—Cu). 1255 LTl E Vil
H5ZTn5, A3 LOENE 2, HEEWGAEICRWVELZ 52 5
2 H 5,
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Fexit, HIZEICBW T~ n—U VERZ AW GEfiek sz ko=, oF
0. EHEERICKHE L TWAD, L LR G, /AMEBELE WS Z 2 iE, BELF
DINHEWE ZATOWETH D, Tk, ot ERE BT IH55083H50
2, E WD ONREERTIC 72 B, Z AU, Lindhard & O 5P HLEL O BELIKT EIFE A
IMETH, IENATH, REFEORT Uy AL EHOTHET 5 &, R UERKX
HZHENH ZEICERTLZDOTHA S, DFEV, SWHERIZE T D/
I, HEEIHIRR 2355V W 2 B,

#£1 MR RX—A F U HGELIZI T D Firsov OBk &4 Ol (EAR 5L

No. Ion Target  Energy (keV) Exp.C O’Connor’s C P Cg Ref.

1 He Ti 1.0 0.92 0.81 0.92 [16]

2 He Mg 1.0 0.66 0.76 0.90 [12,17]

3 He Al 3.0 0.70 0.77 0.91 [12, 18]

4 He Si 10.0 0.20 0.77 0.91 [12,19]

5 He Ni 1.0to5.0 0.57t00.70 0.85 0.92 [12,18,20]

6 He Cu 0.6t03.0 0.53t00.75 0.85 0.92 [12,21-25]

7 He Pd 20to4.0 0.70 0.91 0.92 [12]

8 He In 3.0 0.70 0.92 0.93 [12,26]

9 He Pt 20t04.0 0.72t00.74 1.00 0.94 [12,27]

10 He Au 20t04.0 0.75 1.00 0.93 [12]

11 Li Al 0.5 0.71 0.78 0.89 [12,28]

12 Li Si 5.0 0.60 0.79 0.90 [12,29]

13 Li Ni 0.5t05.0 0.60t00.70 0.86 0.91 [12, 28,29, 30]
14 Li Cu 5.0 0.60 0.86 0.91 [12,31]

15 Li Sn 0.5 0.84 0.94 0.92 [12,30]

16 Ne S 5.0 0.72 0.86 0.87 [12,32]

17 Ne Ni 0.5t06.0 0.58t00.72 0.92 0.89 [12, 32,20, 33-37]
18 Ne Cu 5.0t010.0 0.75t00.77 0.92 0.89 [12,23, 38, 39]
19 Ne Ag 29 0.80 0.99 0.90 [12, 40]

20 Ne Pt 2.0 0.85 1.08 0.90 [12,41]

21 Na Cu 1.5t05.0 0.70t0 0.77 0.93 0.88 [12,42,43]

22 Na Au 09to1.5 0.90t00.95 1.09 0.90 [12,43, 44]

23 Ar Mg 4.0 0.70 0.88 0.86 [12, 45]
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24

25

26

27

Mo

Cu

6.0

6.0to 10.0

0.5

10.0

0.70 0.97
0.65 0.97
0.85 1.03

0.75t0 0.88 1.05

0.87

0.87

0.88

0.86

[12, 37, 46]
[12, 47-50]
[12,51]

[12,39, 52, 53]

F 1IZBW T, TonlI AGPRI -, TargetiIFEFJF -, Energyld AG— F /1§ —,
O’Conner’s CiZFirsov D E X 2 i 1E 3 2 8. P CFlX a,_, & ¥ R 7-Firsov D3l

WOERN XTI DM IERETH D,
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4. 5. ZEEGELHIRICBIT2E AR LF—HEL L, BT X —H%k
& D g

AREICIEZEHELCBIT A2 AEILN Y (BUELASA) I X OBIAD D I3
5T RN —HEK E BT RV — R OB Z HHFE I L > TN
Do UTFITRTH2 120262 8FTH, b 2FEO - R/LF—HKDM
WCHDH, MOFIZ (a) ERLINTZHLOFAEILNY, (b)) ITHIENY D
FREERTH D, K2 9 L™ 3 0ZiHcombinedET VDO EMIEERT[55],

BT R VF—HRICEDAEENY OFHEIX 3. 4. 8D (3-4-1) (3-4-2)
(3-4-3) BLO (3-4-4) ITX > T, BULA Y OFFEITA (3-4-1) (3-4-3) (3-4-5)
BELO (3-4-6) 12X > TiTo72, 7=, combined 7 /| X B EHEILA (2-5-6)
(2-5-7) [Z&k»>TUTo72, TNHOETOFHEIL, AR T3 L OERJF 753
HIZRFE (C) DGEIZK L TIT> T\ 5,

X2 1EX2 20, EYOBREBE T35, AFT R /LF—1327keV TOHE R
Thd, ZIH2ODORNG, BTV X—HEREZEET 5 LN TEX 20
ARBDLZENbrd, ZOZEICBLT, VAORXHTIE, &<fihhbnT
W2, VAL, BERFRIERE 2 G 2 8 & 5l L Ty, L7ei- T, ik
DRELTENHIEEZBETHE V) Z LT, b 200K LXFFSL
a3

X2 3BLOXK2 4%, HERBE 22012 LT, AFTR/LF—%02MeVIZ
L7z EOERRETHD, o D0HEIIE, EFHHERICE 2 =RLF
—HREDEIIEREIC LA DDV B LNICKRELS 2D, K21 L2
2 DFER LT D L 2200 R NLF—HRDEDHHEL TND Z LRG0 D,

25, M26BLOX2 7, K2 8%, MEARIE T NZLH40% X080
THY, AT LX—33(202MeVTH D, T D DLHAITITE FHIBLIERE
IZE DR F—HIDEBEIRIERICE D2 0L 0 LM KEL, K
23¢X24DFRLEEEDED L TOHEINIONTENKREL D LN
Mo,

Kz, K2 9B LUK 3 0 DcombinedEF /W L HEFRICEI L THIBT 5,
BT A TR L F—1T02MeVTH Y . HEIFE 7 N FNFN20E40T
B D, Hemh I ST HGELA . AR I S BUAR D AR LTV, K
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29BLUM3 0IZHBWT, G(r,a,B) DIMENS 0 %DEEZ 71y FLTW5,
CombinedE 7 /T — 2D CTHEEMi(a) E RN (f)eRT I ENTE D,
X 2 9 DFAITIT, BHIRLIEEEIC X D =R VX — AR L KRE W2 &b
5o LML, 302725 L, BRI LD =k F— LR SR
HINZ 72> T 5D,

Flo, AR TIE, =¥ —thy, (X (3-3-7)) &y, (X (3-2-1))
. BEREEOREEE L TRV > T\, ZhuE, VARG Tz bh
Tz, UL, =3 b F—HELZFEEOREE LTIV Z L 1TH
RIpEZTHD, ¥R L, Bz VX —HALE N3 —HED,
TTICHEHRERH 200 TH D,
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B 21 : HEENZHEE =5, ARTZTXAX—1X27keV ThH 3B, Wi : SFHH
ERICEDPZ IV —BROLEZSOHEGBER, EH  BEOMEEREICL =R X
—HBERDOALEHFLERBR,
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X 22 : B SNT-EE ¢ =5, AT XL X —127keV Thbd, Wi EFHIMHE
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—HBERDOH e G HAR,
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F—HROL & &L ER MR,



87

(b)

-
N

-
o

----- electronic

‘‘‘‘‘‘‘‘ —nuclear

o o
(o)} oo

Normalized intensity (T, 0)
o
~

o
(N

0.0
0 20 40 60 80 100 120 140 160 180 200

Reduced lateral distributions p
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T=80 (b)
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T = 20, 50% intensity G(T,(, /3’)
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T = 40, 50% intensity G(T,&,/S’)
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4. 6. Switching® T /L DOF] S & K5

SwitchingE 7T /LD RWE Z AL, 1DORUTEIIFLIEREIZ X 5 = 3r L F—H %k
R BRI LD =XV F— BRI RDOZEH L ThDH, ZbH2D
DOFLIEREIC X D =R X —HRITA E THI X ICBRY Wb TE =, Ll
5. SwitchingET /WZ L - T, OELFEEDICWMVH D Z EBAHEIC R T,

ZOETNALOHSIX, FEHEEZTHZLETHDL, AR O RLF—)
H DB AIFHIERE BRI ChH D &35, T 5 &I IERE DM B EA(C
IRHENS, =X NF—=DIFE A LB FRHIEEICL > TR THEINETH
5o Flo, B=RAF—THLDOT, WELANKE S /AT EOHIRIZILE
BV, o, WEo72E LT, EFLIERENMES - Ch 2 MEkiX, FEFICHE
VWIREZED 9 Z 212725, ZILH A, Switching®E T VDR TH 5,

Eq. (3-4-6)
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K 81:3 (8-4-6) 757, BODEIZEENRDHDLZIAETIFAICERL, £
LThHdBrEZATREOHREERIIRS,



93

M3 1%&->THHEZTS, X (3-4-6) MFLAL —EMTHDH L RHE
WToH, BHILEEO =RV X —lh 2 FETE 5, 8 b, KX (3-4-6) M
AP TRV — L HF TR —IZH LTI EAE—ETH D LWV I IR D T
TR X = EROTNLTHD, T T, FHOZOIZHOX (3-4-6) %
Z e

& &
fdtl/zf(tl/z) ~ fdtl/zf(tl/z) ~ const
0 0

L7eRo> T, WHPBENLEWROH D D1%, ez EH LW aiEl /-
IIAFHERE & HEHEEDOENMF L A ERWVEED 2 > TH 5, BN EH/ L
TWADHEEIL, B FRIEENMER THIIE, BRATE 2, LEn-> T, k
ANBTHOMEEENT E A ERWVEE CHIEF R 2 T2 0NERH 5,



94

4. 7. £L&®

Lindhard® f, (t"*) 2\ AWADRFGEE D3R D 7l & bk L7, AW TR 72
£, I ORFIEE N RD AL E LTS, L LR D, AKX Z— R72TF
T v L XD HTEMDIE 9 D3RS TR &0 9 FER DG STz,

/N 2 B EGEL O SWEERR & Lindhard DIERTEE 2 AW T, ERT — 7 & BlEwiE
DA LTz, ZOHE, ERELZHBELITEZ 258 bbIUE, BB TE W
EbboT,

B LUV L B R OB E R & DO 21T o 72, B LW ER a,,, &
AT, 4 F TOEMER TITHRTERNoTLERT —F LORW—H%EE
HZ BRI LT,

BT RLF—HBEONE, BLOEMNZ LT —HEONR LR LT,
ZOREER, BTV X —HRLEBETERWEERH L Z L RbroT,

Switching®7 VORI H & R\ EIT-E D ERT T ENTET,
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5. 1. AWFFEDOE LD EA%OWE

AL TlE, ETLEBELBEORM L 2> TWNB N OO EERGH IO
WEAZ B, ZNEREICHFFEEOH LWVER & LT, MAICERT S 3 >OifE
(ZHOW T OGRS LT,

BN, ANFRLF & U CTHMERF 2R E L TWe SW EIERISR LT, ARz
+ & L“C%Tﬂkﬁé (fA2) BB LToA A - R RICRT 2R E L
DA% Thomas-Fermi-Moliere (TFM) RT7 o > ¥ JLIZ DN TE W, Z DO
DOEH L, Kaneko MNZHPER -] OMERES 2 TFM K7 > ¥ ¥ /L) b
L7eFEICHE T T, 15 DAV BEfiUE B O BUE G 2\ < D DR R FRIZ F
LT 7o R, RN ELS R DIEEERMIZE S 2 EnbhoTe, £z,

Z DO LW ER A > - ZERBELA DM Z . WL DDA F -7 ARITK
LTAiTo7z, Aret - Ar % (q 13MfliE0) (2xbd 28R 1%, B ORI MK
WXL AV, Ml E L D M TERNWI L AR L, £ 116
A F v — PR R OL ERELA DAL, BOAS A A 2 & iR R R
T OMERITH L THERLEDRW—EER LT,

iz, Valdes-Arista (VA) @%Eﬁﬁﬁﬁ?ﬁ%“@ﬁﬁéﬂ’(b\f:#lﬁ@ﬁﬂt’*b Z&
HIRNX IR EZBE Lz, £72. ZOVAHGR CIXE FLILREIZ L 5
T L — K ARRIESZIZHY o TW 23, AFSE TidKanekod
I )L X — KB & Lindhard & O = 3 VX —#H K H & &2 T
Wi 2 BEA T 2B A BB L7z, WL D0 OBMEFHFEFNIL, K= x /X —#
ELCIIEZERIBEIERE DY 3 B - PHLIE A @?ﬁ%’iﬂ:lﬁl D, BB L TELAT
RN L AR LT, —F, ST X —BEL TS E AR RE D ) R
BRI IERE DR K 0 BB 22 0 | AERIIEIE O N ;OﬂT%OD%ﬁ)jﬁ% <72
HZ lwERLTE,  HZIZ, Switching®E T /L eV D | BT RLF—HEL L
B3V X—Hk L Z2RKBICED 1 SOXERETHZ LIk LI, 7277
L. ZOFT/VEEEFFRICHES 3 H 5,

A OFRE & LT /Ml Z2 > T2V Goudsmit—SaundersonF iR (GS)
[1] =% F—HEREZHEATHZ L THD, £ LT, GSH@IZSwitching®
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TNEEHATHZEHLHAMNTH D, 72, SwitchingET VDI & LT, Ak
DHGRAEIED Z EHLHTH B,

5. 2. ZFITHK
[1] S. Goudsmit, Saunderson, Phys. Rev. 57 (1940) 24.
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6. Ik

6. 1. Lindhard & O BELWmAEIZEI L T

Z T RPN DXL A DORLENRICLEXE G D 2R [1],

BELA 6 1,
3=2g(£) (6-1-1)
p \a
g(£)=?d¢cow¢)u L C— p— (6-1-2)
al a cos(¢)] a cos(¢) \acos(¢)
2
s 61-9)
uv,

LB, TIZT, b X7V 74— NEGELIC B Rz CH 5,

WIZ, WREEORT U VERWS E, R6-1-DDLEUN 0 DEZBIW
sin(0/2) P EEFDELLICH L THRAL do k5252 L& rt, 7. HEHR
Houlr/a) Zr OREELE L THRDO L HIZEL,

k
u(l) = —S(ﬁ) (6-1-4)
a S \r
ZIT, kL sEEHTHD, R6-1-)EHND &, K(6-1-2)1F,
p a7 s (6-1-5)
g(;H;) k [ do cos'(9)

ERD, WZIT,
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0 =

OQ

(<}

bla
—=1 k. [d
e o

0

) (6-1-6)
b s—lk %
_a - Sfd(p cos’ (@),
y2 0
s-1
_ba k Ve (6-1-7)
p
Ll AhH, BT T,
¥A
=qu0 cos'(¢),
0 (6-1-8)
Thbd, DzIT, EHEEEp X
b S_lk 1/s
=( a s)/s) , (6-1-9)
0
Ern, LT,
1-s
s-1 s s—1
dp _Lfbaky |\ (_baky. ) (6-1-10)
dg s 7] 0
Thbh, 7=
1 1—s+£
s-1 s s
2pdp=—2(m) Lo, (6-1-11)
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ThbH, LT, =X —ilgE TiL, 0<<17251F,

ThHh, T T,
dm,m 1

" (m +1mz)2 Eml 02’ (6-1-13)
1 2

—do,
0

1

2 2s-27. 2. 2\
2pdp=_2(ba k, ySJ 1
s0

“ | —

2 2s-27 2 2
T K
=_2ba kv, T, Ld@,
4T s0

1
_ _2( bzazs—szZ Vssz )s 1

4 2ST1+1/S dT
(6-1-14)
L7225 T, M ecELWrmAs d o 13,
1
2 2s-27 2, 2 s
do=2npdp=—n(b - ’ZS £ Tm] les dT, (6-1-15)
)

Lren, ERuT. R6-1-1)DELB 0 DL EXDFERTH 5,

wiz, R6-1-D)DEN% 0 —sin(p/2) L BEX#Z T, 20 & =DM BELKH
douaRDD, E£72.dold p> DD HH/BONEDTHLN D, p> = p*+p,°
CEEHMZTHLREVIT LS, 22T, pllkEKTHL, Wiz, K6-1-1)
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2sin(@/2)=ba" k7, (P + 07 ) (6-1-16)
Lirh, £LT,

§%Of+¢ﬁ)=2pg%

_d (baky,
do | 2sin(0/2)
2

_2(bakyy, N d (baky,
s|2sin(0/2) ] d6| 2sin(0/2) ) °

2/s

2

_2(ba"ky, o Ly cos(6/2)
2sin(6/2) ( 4 o sin2(8/2))

N

2

s-1 N
_2 ba' k. y, 095(6/2), (6-1-17)
s| 2sin(6/2) ) 2sin(0/2)
LD, WRIT,
2
1({ba* "k y, \* cos(6/2)
2pdp =—— . do 6-1-18
pap s&mwﬂJsMWD ’ ( :
L%, Flo, mRAF—EEOR(6-1-12)0 5,
cos(g)dG = _d—T, (6-1-19)
2 T, sin(0/2)

PELND, LIER-> T, o ELWrmsE d o i
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do=2pdp,

1

S

4sin”(6/2) T sin’(0/2)’

N X A SR dr
- s (T/sin*(6/2))sin(6/2)

1

2 2s-27 2 2 "

T s

=—n(b a IZS Vs m] chf*];“ , (6-1-20)
< ‘

L%, R(6-1-15) & K(6-1-2000—Fix, 6« p? & 2sin(0/2) x p* + p,> & DA
Udoab25ZaRLT0WS, ZANRRG-1-DDOELE O —>sin(9/2) & B =
iz b XWEHBETH S,

wic, R6-1-15)I2FBNT, s =1 LELS, DEV T/ —rURT Ty LDE
X%, (BB, k=1ThD)

b? 1
do =-n|—T, |=dT, (6-1-21)
4 T

Liph, ZZT, T=T,sin*0/2). dT =T, sin(0/2)cos(@/210 ZHRAT 2 L.

)

do =[O | R
4 " T.7sin*(0/2)

b* cos(/2)10 (6-1-22)
4 sin’(0/2)

L%, THUXTY T 4 — FHELOWOHEMEE CH 5, 2F v, HHEED
ATy nvEzflnd e, K61 DTV 7+ — FBELZEATHND Z Enb
M5,

wIz, R6-1-16)I2B W\ T, HEITHIMICBEL SN DG EEE x5, Tbb,
p=0TO0=nDLXTH5, ®xIZ, R(6-1-16)1 5,



2=ba 'y, (0})" (6-1-23)

ERD, WRIT,

pé =27 (bas'lks ys)m ,
2/s

s-1
_ (%) , (6-1-24)

b, TIT, s=1DEEIX, k=1 THY,

/2

1= [ dpcos(@)=1, (6-1-25)
0

THoOMD,
b

Py=7 (6-1-26)

D, TOMEREHWSE, s=1mEx, H(6-1-16 A-15)iF.
b2 -1/2
2sin(6/2) = b (p2 +7) : (6-1-27)

&%, bEXominz —F LT, KE2EKHTD L&,

(pz +%)4sin2(0/2)=b2, (6-1-28)

4( el )(l—cos2<0/2>)= b, (6-1-29)
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4p* —4p*cos’(0/2)+b> —b*cos’(0/2) =b", (6-1-30)
4p*sin®(0/2) = b’ cos*(6/2), (6-1-31)
_ L peos(®/2) (6-1-32)

2 sin(6/2)

ZhiE, TV 74— FHELTOHEREER L BEADEBRTH D, L7z - T,
WHEREORT v L2 HN5 L, R6-1-1)DELE O —sin(p/2) L B2 T
H, RE-1-DIXT7F 7+ — FELZ G 2 B35,
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6. 2. Meyer O/NAZEBEFEHICEAL T

Z ZTiX. Meyer O/NMEZEBELEEGRIZCOWTHRIT 21T 9. Meyer O BRI,
Sigmund-Winterbon £ ¥ $ . BRI TN D,
F£9" Meyer DET /LIE, RO KL D RIEEH TN D,

. —[EDOERIZ X D BELAIT NS W ET D,

. AHRLF- DT RV —nm R TEH T 5,

. TN, FEMEBGELO B fE 2 Ik 5,

o EMWMEILT X L THWERFEFESZ L TW5,
. 2 EHGELIIWE T COEEE D 2 K22 % RE,

. Lindhard et al. D5 BELWTEZ W T\ 5,

ZDOET VORI, B FRNCHEMEBELO 2MRE L TR L TWVWDH E AT
H 5D, ML, Sigmund-Winterbon #im & R U TH 5,

N [f#,unit volume] Z iR E O, JRFEBEE LT 5, L7720 & 5 JEFHIERHE
D, ¥

ro=0.5 N 13 (6-2-1)

EB<, EREWHEZ RO L IR,

Otot = fdn‘di_a = nrO
o n (6-2-2)

EZREH n 13, n=miNx LEHFRTDH, 22T, x [ FEHNOESTHLH, —H
DELET 5, =0 - 3, \TEEL SN 5 554 B

E(%2)=E(1§_5{1) (6'2'3)



LEL, FLT, 2EIOBELTO ISHEL S 45 oA BEE

o 21
F,(9 = [ [F©®-%)FG)dx
0 0 (6-2-4)

ThD, WXIT, n BOFEZETHIHI SN D 0w

o 2w
F,®)= [ [F,_(0-%)F()dx,
0 0 (6-2-5)

LD,
TZTC.F & G WO T — o (2%kt) THRT L.

F.(x)=F (%)
© 27
! k- 1k dk'dg'
" @a) (6-2-6)

o 21

G(k) = [ [FGoexpl-ik'- ¥ xdxde’
0 0 (6-2-7)

Elr b, WRIZ, R,

F,(0) =

© 2m © 2y o 2w
s L ] [k [ [k
0 0 0 0 0 0

xG, (kNG (k)explik'- % + ik - (O - %)]
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1 7 )
=— | dk kG (k)] (kO
M{ 2(k)J, (kO

E72%, WIT, nEDOEHREDOLEIL,

1 e}
L el k
F (9) 2ﬂ!¥1(@]&kﬁﬂd

L%,

Sigmund-Winterbon D Kf & [FIERIC AT O

F (9)dw =

do & [ m +m,
2 4

) }Gl" (2)J,(z )z dz

m,

]
e \m +m,

Z LT, G(k) bRIERICERZWREIT O,

G [ant P s,

0 n

wIZ, TREOBEKZEANT D,

(6-2-8)

(6-2-9)

(6-2-10)

(6-2-11)

(6-2-12)

(6-2-13)
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2 2
ry T
Ale)= 6;)2 B 6;)2 @)

=fdnL’27) - fdnf(?)Jo(zn)
No T’ No n

- [ dn f;ﬁ’) 1= J,zm)}

95 L. G IE.

2
G =1-L A®2)

o

EEFETD, LT, GMEL RO XD ITEBITE %,

N N

2 n 2
[1- a—zA(z)] o [1- %a—erz]eXp[—rA]

(a—Z)A(z) << 1
To

T = 71a”° Nx
BASHIZ . Meyer O/ EEELERIZ. ROKXTHRE S,

2
F,(®dw = czi_a)s_(—ml il

) {Jﬁ(rﬁ)-a—zﬁ(rﬁ)}
T4 Iy

m,

(6-2-14)

(6-2-15)

(6-2-16)

(6-2-17)

(6-2-18)

(6-2-19)
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fi(r.9) = f exp[-TA(2)] J, (9 2) zdz
0 (6-2-20)

fr ) =~ [ expl-tA@)] J,(§2) A(2) zdz
2% (6-2-21)
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AEiTIX., Kaneko DINJFFDMEREH DOEH #1795, IR FIZ 8-> TH

SN TVDEF DOER) TR/ —IT,

2712

E, -3n ke

5 2m
ZZT,

ThbH, Lo T,

_ﬁ(:&EZ)ZB
10 m

3712 (3”2)2/3 Ne 5/3 o r2 3
= W E 4ﬁ‘{drr5T Eai

.depOﬁy3

|=

2 )R
) 'y
m A
Z T, WOEREREZIT O,
=

L
A

% LT, K@ Bohr 4% a, DRARAICHE T 5,

(6-3-1)

(6-3-2)

(6-3-3)

(6-3-4)

(6-3-5)

(6-3-6)
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K

A

m A*

L%, W, BB MRAEEN =R =3,

~ 3h2(3n
10m
_ h2 N:/:S

4
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/3 5/3 o

E,=-7¢ [ a7 PO
.

_ Nz Sa b
Ze Za’/\
-N,Ze’B
EFETF D, EF-EFMHAEFENT L —IL,

5/3
]X—ez ) dttm{zai/}i e‘ﬁf’}
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(6-3-7)

(6-3-8)

(6-3-9)

(6-3-10)



L%,

Bz, BT R X—X, BT A—F—pn HfEi-o T,

Etot = EK + Ene +AuEee

2 5/3 2

N 4 NZeByulNC

m 2A
EET D,
aEt{)l = O

A
GU/IN
2/3

AL 24N .

(BZ-(u/2)CN,)

LB, WIT, N,=ZD & X2,

aEtol = O
dN,

/AN

5 N2/3

Za,e’ =~ A-Ze’B+ue’ZC =0
3 A

A TR

2B
7C

(6-3-11)

(6-3-12)

(6-3-13)

(6-3-14)

(6-3-15)

(6-3-16)
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ERED, LIeho T,

2AN?q,

[4

“BZ-NIT) (6-3-17)
b, £LT, A, B, C DfEIL,
A=04279
B=1.365
C=04523

T D,
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6. 4. Kaneko DA 4> OIIRIN+F
9L (2-6-6) . (2-67) . (2-6-8) XV,

2 5/3
E, = h—v Nez
m Ax (6-4-1)
2/3 7/3
v=l(3_”) (3) r(4/3)
204 ) 5 6.42)
ZLT,
_ZéN ( 1 )
3 NZe’ ( 1 )2
“ T AN \14A kg (6.4-4)

Thbd, TL T, ROXIITEERT D,
(“—)E = E(u.y.N,)

e (6-4-5)
Z T,
l=L"'knv
y Ay (6-4-6)
Thbd, EXEy T, WMST D,

IEW.y.N,) _
dy (6-4-7)
Sl/IN

aE(ﬁl’L’y’Ne) —

a,N: \ 1
dy :

-2a OvN”yl (2a0vN5”kTF+aOZN - S

+ M3a0 a,ZN, kTZ"F =a,N, vk,
4 2 (6-4-8)
-0

#5%, Z2C, FPROFWOHEE 2HOLEEZ XD, HIHEF 4TI, y
DEN/NINETHOT, BHE TS, LT, ROXHITEL,

2 s 1 5/3 a N2 1
~2a;vN]" = +|2a;vN. k. +a,ZN, - u 04 —=0
y

2

Y (6-4-9)
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iEl:kTF +(Zl_‘u]v€)/(2VN62/3)=kTF +1/A|
»oy a, 4a, (6-4-10)
é %a:\
l=i+f
Yy n (6-4-11)
ELEL, £LT, UTOXEHD
—2a0vN5/3(i+f) (ZaovakTF +ZN.a,-La )(—+f)
Y1 4 Y
3 2 3
(4ua0vN aOZN) ,(—+f) —a,N’k},
Yy (6-4-12)

=0
FEREHERRLT, IRETOS7a—1 VIERET 5,

4 3
(i) + 4(i) f) + (ZaOVN:BkTF +ZN,a, - %QONZ)

~2a,vN>"?
Y Vi

6

+(%ua0vN aOZN) ,(—+f)—EaON k.

3
=0
(6-4-13)
ZZ7T, X (649 ZHNT, kAE/H5,
1Y, (3
2aivNY| = f+(—a0uN€—aoz)k§F f
N 4
+(§‘ua0Ne—aOZ)k;F i _EaONek;F:O (6-4-14)
4 Y 2
I LI E T
1Y (3
_2a§VN§/3 — +(_aOAuNe_aOZ)k§“F f
) \4
ky (6-4-15)

1 3 3
=|—ua N -aZl\k,.+|=ua,N —a,Z|-L=0
(4M0e O)TF (4M0e O)A

1

LT, WA ER/HD,
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1
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3
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1

1
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1 TF AK TF

ANONEN
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I1+Af

En, £z,
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2 Etol = aOV 2 - aO + lu
e A% A \a+ Ak, AN, (1+Agky,)

K

ZZC, EXoF1HAED, F2HEOQ, HBIHEZOLEL

Zla,-

5/3

uN,
_ e 2. AT53 4a,
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A% 2vN>"?

e

e

ZN 1 Zlay =,
@)= q, = ( )z a,ZN,| —— %
KkTF

2vN?*?

) 5 Z/aO—M—Ne
a,N 1 _ HaN, 4a,

e

4N (+Aky,) 4 2vN2"?

e

b, LT, EXR3o%, N CTRMST 5,

ZNel/6 _ NZ/ﬁ lZN;5/6 _leNEM
9 D=1y 4_||6 46
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(6-4-16)

(6-4-17)

(6-4-18)

(6-4-19)

&

(6-4-20)
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(6-4-22)

(6-4-23)
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ZL T, HBEOHRE2y ZE LT, N=ZDL &%
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e
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Z DR DDDFHHR DR,
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_ALTSI0 2
3
ERED, WAIT,
A,

2
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1—§kTFA0

L%,

(6-4-24)

(6-4-25)

AR5,

_ Z __Z4/3+1MZ4/3+_MZ4/3_Z£ 224/3 =0

1

3 424
(6-4-26)
(6-4-27)
(6-4-28)

L7zB->T, fld
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6. 5. Kaneko DI E A 4 DRHIEREAZ

AEiCTlE.Kaneko (Z L > TRD SN E A 4 12 B9 D BHIEREAR [ 4 ]
OEH 21T 9, FHIERE S 1E. FERBEM O EZLTFTO X I ITEIND,

S, = V. [ p,.(F.OEG,1)dF
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(6-5-2)
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D7 — Y AT

P (k) = 27e(Z, = p, (k) —k *¥)
= 2ﬂepne(l€)6(w —kev)

Th b, HIEES, I,
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5, -7 [d fdk

Qr) ve,
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