REETFNHECET 2EZ50ERRMMcEBEI NS 2 ?
VL. JTRICBT 2 B FTHERF T DFHHE & Penn algorithm i

X 3 IMFP D&
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TCHREIAIC 31 2 WA R % E T A L ¥ —BABK(ELF) 2 HEF5 L, Hik
R ORER L WL 7oo Z OFER, BERITHRICE T 2 W15 ER T (Mg) 363 %
JRFoZn XY b RIEIT/NT L, THICETESEFEIMECRE (R LT, £z,
IMFP {fi2> & Bethe D& v C My DFMF % 1T\, ELF 2 bEEFIR I N2 My L L
oo % OEEE, TTEEKTIE AN v Y7 LERT Bethe DA 53 & i M2, 13, ELF

B LZMEE VD REL, 20%EBIZ 5%UNTH 72, TbiC, EHlLAT
F ¥ —8EB% e Lindhard OFEBERERD b BT OIE#EIEF A HiTE (IMFP) %5
% Penn @7 3 ) X LDFAICO T, Mathematica % i\ C BARMICEHE T % SE
(i~ 72, 2 D J5iEDF 1%, damping factor % & ¥ Lindhard B & M5 2 itk b,
JERICHHIC IMFP SRS 7 n 25 I v/ c& 32 ThHB, L, KRiEED damping
factor 284 ¥ 7 b XT A —ZICAB T &, EHICEHHEBMAE W &S 5 KA H 5, IMFP
S % EHICAT 9 7291213 damping factor & % 72 WRIEEMRIC 1 % Lindhard BI% %
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How is the Signal Attenuation in Surface Electron Spectroscopy Described?
VI.  The calculation of the squares of the dipole matrix elements in elemental

solids and the IMFPs by the Penn algorithm

Shigeo Tanuma* and Hiroshi Shinotsuka
Research Network and Facility Services Division, National Institute for Materials Science
1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

* tanuma-sh@tbd.t-com.ne.jp, tanuma.shigeo@nims.go.jp

In elemental solids, the squares of the dipole matrix elements (M2,) were calculated from optical
energy loss functions (ELFs) and compared with those of isolated atoms. It was found that these
squares were significantly smaller in the elemental solid than in the corresponding atoms, and
there was a notable difference in atomic number dependence between the two. Moreover, M2,
calculated using the Bethe formula from the inelastic mean free path (IMFP) values, when
compared with those directly derived from the ELF, were larger for elemental solids, except for
Sc, with the difference being approximately 5%. This lecture also detailed the use of the Penn
algorithm for deriving the IMFP from the measured ELF and the Lindhard dielectric function,
using Mathematica for explanation. Mathematica's advantage is its facilitation of IMFP
calculation using the Lindhard function, which incorporates a damping factor. However, it also
has disadvantages, such as requiring an undetermined damping factor and extensive computation
time. For rapid IMFP calculations, it is advisable to use the Lindhard function in the long-
wavelength limit without the damping factor and to perform calculations with FORTRAN or Julia.
Therefore, the lecture provided an in-depth explanation of the essential points for numerical
computation using the Penn algorithm within procedural programming, as exemplified by

FORTRAN.



1. 3IC»Iic

AT lE] & CICE W 22 B JERMEBGELTE RS d20/dwdq 5 IMFP % ERRICEHR T 2 Hiko
FEIC DWW T EERIC ST 3, 2EIE Penn D7 LT X2 HWGTHRYE O T 0 F —
BRE% (ELF) 5 IMFP % 10keV AN, 3 7%b bIEMHxERMEHCE 2 T4 0 ¥ —#i
B O EIC D WCIEST %,

Penn @ J5iGHX[1] D IMFP F151, % DOfiilighik ©& % SPA (single pole approximation) ®
RIEREICBE T 20 1T REGEL <, FEERMICRKEH I N T2, LrL, SEICHENT 5 full
Penn algorithm (FPA) IZ D\ C O REHULIER I flfilg <, FamCxigdt e LR 303K
ZICHEL\, 22T, Penn OfERER—2E LT, BEL AL -E#E FPA 5%
(Fortran ic X 3) % Z 2 CTIRMANT 5. 51T, Penn OJFFRICEEICHECE 2 ke
L T Mathematica I X 3 [EEAICEETZ 25HRITEICOVTHHNT 5, TNDDlH
D HBITRZRICHIRE G, EREARROEETH 2 M, 5 bR %,

2. RIFHIERGEL O BIR AT EFH M,,,>

THRINLEF) B 5 M,,° L eEREFEOM, > ZHEELTAX S, K1 Salvat &
[2]1255HEL L 72 AT R IC B T 2 M 2ie -4 230k Ro ELF 226 FR () —X V[3]D
K 28) CTHE LM R THEFICRHLTT ey b LT,

M= S(-1) = (ﬁ) / t |5 d() )

P

C 2T, RUE Rydberg EH, Q, =28.816(p/A,)"? eV, Im| ] WHFM T A0 ¥ — A%
BISCCH B, $72, S(—1)NEMIREITMEE (2 2 Tk ELF) 253 5h 3 M, 2% REMN
ICRTHDLE LTI ZICEAT S, |

M1Xb, EhTHEOM,,2 BELCETFICET2Z2REMRTNE G, £, BETics
3 M, IS 2 R L Cv b, ThabbRTORMELY KL, FHTES oM

ST WA ATEET AN Y RBOMICKE AT v vy 7HRONE, 2 LT, M, 0

R R AR v VIR X Y, self-consistent Dirac-Hartree-Fock-Slater potential 72> b #15 X
N7z R FIRENB R -V CRHRLL 72,

i M 2ERQ@BRT LI, o(E)2HDERTE 20T, ELF 5D 4K 5 5

BELTSCDZEAL,



Kz, 7oAV @EL Y DO KRELRFEFESEFEOT AN ) HESETRL TS, —7,
TEHRE R TR T O BINT L COZITFEARR I LTS v, 15500
M3 21> <T, ThbbHPICEE T 2ETFEBEMT 20T, M, 2OMEIFIENT 2
A, HEART X0 SHBRCR S D,

AimoFFRcib <7z X 5 ic, M, 23R 57 Tk, EFOIEHMEEGELNERE o »
bbkwp Tt s, [3] Thbb, M, 2%2H > CRIEMIEEELNITE £]H T2 &

Nox= 1Xb, ZoK» 5 TPP-2M Tffibo 11 5 Modified Bethe (M. Bethe) 258 2241 3,
[4]

AME) =N o(E) = %EE{B[IH (VE)] = (C/E) + (D/E*)}(nm ™). (3)

F5E, M 2 TRTRDSENTE B,

2

M2 o= B =2.88,N,p (4)
8 4ra2 RN 0T

zze, Rk 3 ELF poitEanzs(-) e XDy ok onzd M, 2 ZH#EL
THhb, BETRICHTIMELK21CRT, K2 @15MFICIE, BATH L2, JEH
CHERWHBERD 3 2 bbb, LaL, M 28MET2S5(-DEv b LRENESIC
Rzd,%Z2T K20b)IciEM, 2L S(—1)DES(—1) OB#E LR, ko ik 0.99
~1.07 TH Y, FiF 1.03 (hfE 1.03)TH 25, TOMEBIFLUTD L I K4 IFEz T
2, S(—1)i3 (1) RTEIIC, ¢ = 0THEINHNELF 263 H I 20T, ¢ > 0
iICH1F % ELF o5 idfishTcws, —7, XQ2)-4)r» oo 3 M, > Tt IMFP 7
— AP LEHENT WA, ¢>0 FERICEH T 2 IHERELOF G2 EA TV S, Lo
T, M, 23 ¢ >0 BT 2IEMERIELON7ZFS(-1) XV KEWEEZLND,

3. Penn algorithm iZ & 3 IMFP D&



e V5] cii~7- X 5 ic, IMFP (3E T O3 L < IZIEHMERELMIHRE o

LEMAT 2L TE %, ZZTREEERHAVI LT 5, Wm0 V [3lics T

2RQCD» 5D X 5. & DR Hartree HA7 R T2 L 72 JEHIN GRS EHUE BCEL T i
Thb, ¥72, 4d Hartree HO2 % HT %,

d2o 1 -1 71

dwdg ~ 7NE tm [a(q,w)] q (5)
TR Nox=1 kb,

-1 71

ME) T = / dqdwlm L v w)h (6)
Ha#EEDIE T THE 2 bN 5,

D={(w 0 <w<(E—-FEp),qg <q=<gq,} (7)
ZZT, BpldZ7 = I ~0b, g q [ ZEIIARICHR S 0 5 B B 0K O i/ ME & i KMl

ThHd, 77, TANVF—ERERBICBIZEEFOKEZEEICL TS, V
¥9, ¢ ,q, kR T 2,
iz VG VI3loXK 1 icdh 5 X 57k, BiLEE2 5, T5&, EHEMLE ¢ 1

q® = k3 + k2 — 2kk, cosd (8)
BRRoNd, ZDLE, g DRKNELHR/MEE cos § = —1,1HTXIET 5 Z L IFHATD 5,
L7eioT g, = (kgxk,) &%, TNZIALF—ICEWTZ, AINZAVF—%E,

IANF—EREwET DL, HELBOETFALNF - 1 (F —w)t kb, $5&, B
qDBERA» 5 (8) X

= V2E + /2(FE — w). 9)

i Penn |3 FOVHEEEH S IMFP 25 L7248, ZZ Tl Penn 7T Y X 4
%,(q,w) P 3F 5 ELF % optical ELF 2 St 3 3 ik L RE L CElxih0 5,

vV BEEI R S EICT 5720

v Hartree 2 CTld F = ¢%/2(= k?/2 = i’k?/2m). p = (hk) =k, T Z T kIZBFEH



RIzwD A D) ELF Im[—1/e(w)] 25 q,w OBETH %5847 ELF
Im[—1/e(q,w)|ZHEET 5 Penn D7 AT Y RLICOWTEBL L S, ¥ ZOT7ATY R
LFEB KN ¢ 0HEHERE W CRE X N2 =T VFBREICE I VWT w3, &
B D w KIEME 1 ELF Im[—1/e(w)ick o TE 3, 22T, EHEE%IEE D
D& EDETFBEBENE S N/ FERE L F L X (g, w) FiriefAo ELF
Im[—1/e(qw)| %2135 2 &3 TE 2, ZOEBMITKD b 2H%ET — % % IMFP GHHEICH
W3 E WS ER R 7 4 F71E, Howie & Stern, % L T Powell ic X > CTRIF I hz,
[6,7]

Penn @ 7L =) X L TIIHEM ELF Im[—1/e(w)] & R (6) 12 I 5 Im[-1/e(w, ¢)]IF LA
ToXcBBIToN 2,

(q, /duJ [ (qaiw )] 10

Zot Ee FHMETH RN T 2 Lindhard 0 € 7 MV EFRFEREE, 0,377 A€y A

nE = (= Vam), n BTFHEE g(0,)13 Im| =] =Im| L] iz Fifse, KT

£(q=0, )]

Hlzz2bd,

-1
g(w) = —wIm L(w)] (11)

Lindhard FFEBEUL, B4 KR 1H 25, EHFEHIE (damping factor) x L HEA L, X
AckIns, v

Vi 31 ¥ F X 0t Tanuma-Powell-Penn DA EIRICE L F o T TEHAR T,

https://doi.org/10.48505/nims.4168 (Z 22267 Y —TCAFTE 5, )

vi Mathematica TIXEEFETERRICTX DT, ZORIIEMNTH B, 72, Mermin
DFEBEEIBIC b damping factor ZE AT 57201, ZoOARfELIL TS




2
X e
er(mm) =145 (G5 1 — (=)

x In E:Z%] —1—81 [1—(z+4 p)?
MD (12)

Xln[
z+pu—1

T T T, z=ql2kg), u = (0 +iy)gky), x> = U(nky) TH 2, kv, kv 13 Z N Z 3 Fermi I,

W CTH Y Hartree H{7 % Tl

Fermi i
375)1/3(0 2/3 (13)

szkVZ(T b

Th 5,
—fixiic, X {f#bi s Lindhard

ThHo, (REEMRDON)

=lra{r (o) (D

JE— __l’__
wkpz? 12 8z

HERe, (=l +ieh)id y - 0lcBF 2R

el =1+ (14a)

x for 0 < x < 4z(1 — 2)
55:551@—11@3)( {1—(,2—(:1:/4,2))2 for [4z(1 —2)| <z < 4z(1 + 2)
0 otherwise

(14b)

ZZT, x=wE, Ep=ki2TH2%, X(14b)ICB T Bk DFEHIX > D F# I Ritchie DFfi

MBI LWVWDOT, TNEZSEFD-DICX * 31K L T2,
HAXTH 2H(6), (7)IC Penn D71 TY LIk 3R10)2RATEEUTD

ABfFond,

e o e o I

V2(E—w) <q<V2E+ /2(E —w),0 < w, < oo} (15b)

D ={(w,qw,)|0 <w < (E—Ep),V2E —

Z T IMFP (3%EMI L 725851 ELF & Lindhard @ ELF 22 L5185 2 23T 5, ER

SR Tl ap [TV 2 AN ELF 7 — 2 0z 3 0 F—4BKRICHY L, o BR, TR2
w, M DFREFAITH Y 5,



3.1 Mathematica % fiv>7z FPA 74 =) R 212 X % IMFP 0t

Mathematica Z i\ 2% &, 5% TR 7RI EFEIC L 7243 - T IMFP %5HH 3 2
TENRTEBLDOT, ROICHY BT 3, 2 CHEET % HI3 Lindhard 0FERE L LT
damping factor yZ &t (12) {5 M CTH %, yJHIZ Penn OJFFHSCITIIIFEL R\, Th
i3y = 0 1231 % Lindhard BB (KX 14) 25 2 & Al LT Th 5, 4
i, y < 01evVETNE, y=0 ICBT2FHICIS BT L2MERAL T 5, —77,
y = 0icB1F 3R (14) % Hiftiic :(15) 1 v T, Mathematica Tt 3 % & ELF 2858 L <
AHREIEARTTRE L 25 Z L 2 ATRE L Tk <, A(14) 2 v 2 5 O FH X FORTRAN 12 X 3
IMFP GHECTHIN T %,

Mathematica 13.3 % T, FEEKI< IMFP %38 L X 9, Mathematica T3t =33
ARcBIgE LC, Bz 2o b TRV, EREBOES b Z0E 7oL
TE, 77741V F CEUEOTEWGAIR, ZOMZRELCEHE LT NS, EBICUTIC
FPA I X % IMFP 382 — FA2/R$25, L CHEHICEHE T2 dbrs B,

1) X2V =2V 7T —
Remove["Global® @*"]
Mathematica [ZFAMICA v 2 =7 ) X —FFEHD T, AT XTOER, Bz L%
2VTTHDORRN,

2) B oER

Mathematica CIIFHRIIBIM A AR L 32, 2 o<, K(10)-(14) 2 &> 0BEICH T
TReh 3 5, BIBULEIER CRib -5 &, BB S Nz R CRfiid s, L7225
T, il 2 MEFE IR 1% 7R v

(1) Lindhard B8%c& Penn @ ELF it a— F
A (12)Tid Lindhard FEREIL z, ¢ DR E o> TV 323, EHEMICIE ¢(=q), o(=
w), 0, (=wp) DR TH Y, KA TR T & %,

4kf[wp]
q’m

epsLlq_,w_,wp_l:=1+ f[zlq, wpl, plg, w, wpl] (16a)

Y
Y
Ik

it g EHEIRSE, o TAALF-BRE, o BTEE vy plasmondDF iy



flz_u ]:= %+ 8i((1 — (2= wM)Logl 2 M 4 (1 - @+ w Lol Ly (16n)
z z—u-—1 z+u-—1
z[q_,wp_]: = d (16¢)
- T 2kf[wp]
W+ Iy
plg_, w_,wp_]: = Gk Twpl (16d)
2T LIEEBUANL, kpld o, @B TH Y, KA3) XY,
kf[wp_]: = B Pi/H"N1/3)wp™(2/3). (17)

#(16),(17) £ » £(14)® Lindhard ® ELF & g(w) = %Im[_—] X, FhFRRRE RSB,

1
£(w)

1

IfL[q_,w_,wp_]:= Im[———M—
elfL[q_,w_,wp_] m[epsL[q’ - Wp]]

(18)

optical ELF ®%E#lllfii% dat 2: (energy, ELF; X4 (a)) &7 74L& LT, spline fift] % {#
W, /) energy & i K energy [H1D ELFfi% 3k 2 720 OBAEUI R TIE2 2 L 3T % 5,

elfgs = Interpolation[dat2, InterpolationOrder — js]; (18a)

Z Z T, InterpolationOrder ¥ spline B ORIt H7-2 2 %, FEDOZANF— EICHBIT 3
ELF 1t elfgs[E]& LTRo bz, ASHETIR, EESELERAL, js=1 & LTWws, +
% &R (11) Dg(w)ld

glwp_]: = (——elfgs[wp] (19)
WP

L5,

(2) 50 TH 2z 2N HH D 0 A
q B9 FIRME qmin(=v/2E — 2(E — w),) & LR, qmax (=V2E + \/2(E — o),) i

gmin[ek_, w_]: = Sqrt[2ek] — Sqrt[2(ek — w)] (20a)

gmax[ek_, w_]: = Sqrt[2ek] + Sqrt[2(ek — w)] (20b)



THb, whNE, ER, FTREFRFEMNTEANEZOEETOAMMEX 2, wp 1 ZFHE
R &7 YE D optical ELF @ TR emin & FfRE emax & FHIXR >,

T3¢, (14D IMFP )\ (= imfp3D) i, =4 L ¥ — ek DREEE LT, TRED L 91T q,
w, wp O —Hfgsr & L TRl T% 5%,

imfp3D[ek_]: =
(m ek)/NIntegrate[g[wp] elfL[q, w, wpl/q, {wp, emin, emax}, {w,0,ek — ef },
{q, gmin[ek, w], gmax[ek, w]}, Method — {GlobalAdaptive, MaxErrorIncreases

— maxe}, PrecisionGoal — ms] 2D

Z T T, NIntegrate [3#flifgr a2~ v F, B olEFKIE q > w — wp DIHTERE IS,
H(16)-(21) Tl ef LyAEHKE LTEENTVWEDT, K(21) %M 2 K3 Hartree H
i Cef Lyilfliz AL THEL T ERBETH D,

(3) IMFP 0¥zl 0 FEfT

FEICBIERT R — &, HEEELF (o) ofl% A 1SR,
2T, MY ELF 133:0(19)Cib 7= X 5 I elfgs T, Fermi TH L ¥ —% ef (au.), 5
F¥Ey@u)t T3, BETOTAALX¥—Ex iIKF1J 35 IMFP [Zimfp3D[Ex| T5 2 b 3,

KECE zArF-—R3Y ) —XTHAET DT, BVRLFESSLEL &2 D,
Mathematica CTlx Do V— 7% 5 X Y X, Map #HE 725> o~ TcdH s, 204
A =3B flx] 1c{a,b,c,d, e} ZEHE 3 &,

In: Map[f, {a,b,c,d,e}] (22a)
Out: {f[a], f[b], f[c],f[d], f[e]} (22b)

b, EHET A ALY —% eV HifTeklist* LTH %2 % &, Hartree Hif7 % CEER
DEDL B Sz ANF =) X P RHFLNS,

x {5l 2 1¥ eklist={10.0, 20.0, ....., 2000.0} 7 &’
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eklistau = (eklist/au2eV + ef)/. constcondition; (23)

(B
Y
g

constcondition = {au2eV—> 27.211396, au2nm—> 0.0529177}; (24)

T35 & H I F —eklist iICXIGT 5 IMFP 1%

mfpl = Parallelize[Map[imfp3D, eklistau]] * auZnm/. constcondition//AbsoluteTiming; (25)

CTEHET 2 LA TE 3, Parallelizeld HEGFILALELIC 2= > F, AbsoluteTimingld, FHE
Rl ZWES 2 a2~ FTH S, mipl iiF 117 HICEHAEFE, 2 17HIC IMFP {HA&HA &
N3, 22T, (ZTANLVX¥—,IMFP)2 T ¢35, T74bb

mfpc = Transpose[ {eklist, mfp1[[2]]}]; (26)

HEICHH L7 AlD ELF LEHH L7 IMFP iz = A ¥F— 0Bk e LT 4 IR d,

ListPlot[mfpc, ScalingFunctions — {"Log", "Log"}, AxesLabel — {"Ek —
Ef (eV)", "IMFP (nm)"}, LabelStyle — 12, GridLines — Automatic] (27)

M4 XY, AloIMFP 40 eV (HECRAMEZIY, DA LF —firifio b LA L ¥ —
B3R, b L < ZINS 214t > T IMFP 238§ K3 2 {10435 2 Z L 03b 2 5,

2 ® X 512, Mathematica % #1341 Penn ® 747 Y X L 1c & % IMFP HELIA 1
fi52enTED, LoL, 3eVibd 1096.6eV £ To, 3t 60 fHDFHICE L 72 BRI,
y =026V T 2900 b5 X% 4853 CTH B, Lo, HBIMEHELET 2y < 0.1eV Dif
F%, 10 keV DL EORE T AV F — MK COGHIR SR AREEZET 5 2 L itk s, SO
B VIS 5 O A ICHE L\, B4 L F —fEHEC I Fortran % Julia 70 & @ 43
AR SRRE M 2 DOEAIITH 5.

Mathematica THUERT ORGED TR S NAa v & &L, T T ALK X 3HY 1 H
MTH B, FEEET S TAOF 2y 21 K0TS, COEFICIZR(21)® Method
LT ICERSIZR,
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Method — "AdaptiveMonteCarlo", PrecisionGoal — ms, MaxRecursion — 500 (28)

AHEEREZX4 D) IcHFOMTRT, BUEEDREESE S (WEIBEEOME R E < 7)),
IMFP D X5 2% 1Z K& v, L2L, TAALXF—IKFEHEHDCIBETZ 08 TE 3,
ZDL EOFEKEIX 148 Ch b, WHEFFEICHERT, FrEkEIzs X% 1/20 £ 7> T
bi%o

3.2 FORTRAN % f\»7= IMFP @FHH (y - 0 iC31F % Lindhard B$% 7z FPA 7
=Y X L)
X (12)1277 L 7z Lindhard B BEIEA B 72018, A v Ty bXF X =2 EL

TARE (KA O damping factor # A1 T2 0ERH 5, CnEET 72013y -0 Ik
172X (14) 178 L 7z Lindhard BI# & FH WU X v, —RINICIE 2 DB X3 20 2 26 H
CHwOHNTWDE, 2ZTlE, FEMr a7 Iy 7ol Fortran OffiH % Fite &
LC etz 2 Licd %,

e~z X 5, (14), K(A5)ZHWTIMFP 251532 &, e =0, 22Del =0 D
HOLZATHKT S, Tbb 7 IREVIEBMBEET 2HTH L, CHEBIT 57201,
K (15a) b L < 13:(12)121F % ELF %ey =0& e # 00 2 DICHHIBIC/HEIT 2,

1 1 1
I =1 I 29
" [6((1, w)] " [E(q, w)] ol o [6(4, )|, 29

T CT, plitey =02 O T, K3 ICROEMRT 77 X VI (ef =0) 1T
o7 (x, 2)Fifi EOMEIH O AR Y, KAOVICHFETE T I XV %KT, selxel #
0 DIERICE T BT MROFSH» 5% % ELF 2K 7,

) Im| 5] 4=t ot

ELF 7% 358 REE D Fiile, & HEE e, Z VTGS 2 &

Im [‘—1] —_¢ (30)

£ £%+£§

LT, "pl D TIdey =0 THZDT, SBFEDILWAELF 25252 LM TE S,
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Thbb, BEEE LU ZRAL T, 8(x) = Uzly/x®>+yD)).(y » +0) EEXEHT 2L, &Y
I ELF 3 6 Bifccidibc& 3, +7bb,

m [_—1] = 7o(g,), (g, = +0) 3D
e(q, 0, w,)

ZIT, el 3FEENICIEg w0, DBETHZDT, ZOND—2DEHTAB) 2RHAT

p

52N TE B, 2 2Tl Shinotsuka H DEFL[9]1IHE V>, wp@&ﬂ%%ﬁ(fk 35,

’CT,5%ﬁ®ﬁﬁéq@»=zw“”&ww)%ﬁwék

6 z 6w, —w, . 32
(81 O G ) |6£1 q W, w )/ 0w | o (a)p wp”) ¢y
32%¢L, KX(10),(31),(32) X b,

0(¢” (03 0,) —q) (33)

-1 _ [ -1 _
Im [e(q,cu)] ol - /0 d(x)pg(u)p)lm [eL(q,w;a)p)]pl = 8(w) |ael(q,wa) )dw

P|wp—m0

T I T, ol elL(q,w,wo) =0%ii7= 3/, 0lx~7 14 %4 FEEE(=R T v 7EI%0), q_(oo;(op) =
—kp+ /K2 +20TH 2, TNIEFKIICBT S 77 XEY DOHEIIFD, x =42(z + 1) LK%

T RIS L, WL T 7 X8 Y P T D0LETH 5. Z Dayfi Z ERRICHE L L
TRKDZ2DEDPEYVLoPVTHE, —2D ke LTlE20%kicky, X(14a)
e/(qo,w)=0%ff 23 BELOND, £, BHBFELRVE EE, AG3)EFrr Lk
%,

AGHICH B, e](q0,0,)D0,DM571C, Shinotsuka HIFAFOXEF T2,

OB EBTel OO BIEIC K E P Ep 5, (14b) 25 13gd LK o TOMI A
MZHTHDLH, TDiEEE ELF #(q, 0)FlHiD X, 3 7 H Bethe Surface & L TR
TEDNHELL RS,

$OFOL 2B (x) & ~T 4 A FEERO(x) 1T 13dO(x)/dx = 8(x) DEARDH B,

SO DM ERFIIFEEIEA T, mICLVRERSTHE I ERHEDT, FHEICHV 2
DR BRBICITERLILETH B,
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ki (q.0,0,) 1 { Y +1

IY++1}
nY_—l + In

=1

(34)

0o,  3nw,qz>

ZZT Yizzii(z/x)_l TH b, BUHERIE DR %I S 372912, Shinotsuka & 13 z/x 23
INEVEEE, KXW EXEIUToOREH S Z & 2HESREL T3, i

7/ x<0.01D%E,

Y +1

64
Y —1 + In

Y41
Y, -1

+

T, a= x/[z(zz— 1)]’6‘%50

In

za2{3+48(1+z )a* +256(3 +z%) (1 +32%)a*}  (35)

(B

-
—

7/ x>100 D&

Y +1‘

In _1‘

2
Y”ii (“1) +4zb2{1+(1+z2)b2+%(3+z2)(1+3z2)b4}

z-1 (36)

TZT, b=xllz(-1)]TH 2,

@) tm|Lo| @R

—FBTIRIC X 253K 3 I T B LI, $habbel £0 OfEETH Y, K(10),(14)
LEIR I NS,

Im L(q_’lw) ) _ /000 dwpg(wp)lm [ﬁ] 0(q+(a), wp) —q)9<q—q_(a),wp)>. (37)

q, 0, w,

T, 0lF~7 434 VBT, M3 o, LIokfhmimzRL, UToXThExaoh
%,

qi((,);(,)p):ikF-}-‘/k%-}-Z(x) (38)

g 2N bR KXEDE~I/e—-) VEHLUEONZDTH D,
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u=wlgky < léu>z+1DHEICE, SHRBEZINX 2 -DICATOoRZHEHT L%
HexE4 2, [4]
u=wlgkp < 001D & %,

Sf =1 +i<%+4—lz [(1 - zz _u2) ln|§| + (Z2 _u2 — 1) (22214_212)2]>, (390)

er = - (39b)
ul(z+1)>100 D& %,
@, 3 1
ef:].-5§{1+<z +5)u2} (40a))
er =0 (40b)

(3) (q 0))*£ n+§’i
P2 530(10)1c351 5 ELF,  Im[ZL| 25%kw bnzoc, K(6), (7)% T IMFP
(g, w) O 2HEMESTE LTCEIHTE 2, #MVRELICKR S, REiddhs 2L

ANE)! >] (41a)
D={(w, 0 <w<(E—Eg),q <q<gq,} (41b)
qt=V2F + \/2(E —w) (41c)

Z Z°C, E % conduction band DJED Sl > 2B F DT AN F— Frlidx—7 v FitkhHc
F2EMLAZT A ITAALF—TH 2,

22T, Rla)%Z glco TS T RIE, bW % DIMFP, differential inelastic
mean free path, B b5, N EED Hw, ¢BSEKL B BICD T,
DIIMFP (w, B)D 7 — 7 VA {ERK L, wic D TR 7 7 4 VRS %17\, IMFP(E) % RE L T

W GN(E)'/dE = d(no(E))/dE, $hbbI ¥ —F OBFHIFFIERFLL & 2D
IANF—BEROWRIMM %5 2 5,
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%, [4]

3.3 IMFP f D Hik

[ 5 1C Mathematica 3 & Uf Fortran & » TR I 7z IMFP O i % "3, 2D %
VX —#HiFHIZ 3eV (DL LIE 10eV)2H 2keV TH %, Mathematica Dl IZy = 1, 0.1,
0.005, 0.002 eV DFIHAER %R T,

KEMOK(ACE)X IMFP iz = AL ¥ - e L7y bRLZDDTHD, Tl
5 &Y, Fortran & Mathematica Tl & 17z IMFP flii3, X% 10 - 30 eV DT AL F
— (L& CIED RN WEE L T 328, LT 30 eV DL ETIdm#E OFHEMERIT X < —3L
TW3 T EBH5,

i OE N EFICH 2 72012, K(B, D, F)TIXili#E O 2O HIHE, [Aywimematical
Arortran — 1| X 100 Z ZA N F =D E L TRT, Tk D, 30eV-2keV DFHIKT, y <
0.1 eVDLERFMEDEZOSTUTTHZZ DM 5, &I, Cu,Au Tid 10eV L
LT AINF—HPFHT05% UTDHEER T3S, $72, y= 1eV TlL30eV -2 keV
DFEH TIRMHE DL SHFEETH > 2, @

BI(A-F)%* 5, Mathematica IC X % IMFP filiiZy23/N& { 72 2 1§ o T, Fortran DFHHEAE
RIEOWTEY, y> 0 TERMFFHEREHMTEIT oL o Tl w29,

5. Bbbhic

FPA ic X 3 IMFP D #8757 % Mathematica & Fortran ZHlICH Y, EEC 7 r 2T 3
VIO RITH L REHLCHL 72, FC damping T % 4% Landhard @& 7 A 25 E B
%3 % & Mathematica Tl¥, KEZKEICT 0 /I Iv 7% T2 L0 TE, ZO5
HAER D Fortran IC X 2#ER L K —8F 5%, —75, Fortran & Ff &M ru 77 I v
TRIEEMIRICH T % Lindhard FFERE W2 &, FIRIGREGEML 5, SEITEE
EUDOTHIRL72WHE L L TOEETH I LEELIIEAL T2, 20X I, @F
DFSICTIFHEN S T L3 h, EHMGEE R CIE2 208 %2 7077 LFFET, 0
SRR EEZCGHRE L flix g T 2 2 L3, EEs GUAHP) 2242 FRELT
REEZETHDLER S, ot DRI THS 5 D7

4allx, Mathematica O ZHIiE L L CRhEZ D722, ZO—FDEMXILZ Offiff &

w FHPNCE, EHERBEZZ BT 5 &, Mathematica Tldil L 7258 & 2 5,
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&, FMIITH B, B, o, ®,q o oNEZ %28 (Fortran Tl R ICEMIE L 7o
%) REFRPENE % Born-Ochur )Gl & U T AIA L 72 I KB HICET TR 3, 7277
L, stHEOEEHE D IR UEHE O k1% Fortran 2552 X 918 5,
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f$% A. Mathematica i< X % ELF & X ORHEICL B R85 2 — % (f)
(1) ELF 7 7 4

117H = A v b, 217H?25  energy (eV) elf{=Im[-1/e(qg = 0,0)]}
IANNF—IFIEICERTH 3,

il © Al_ELF13.el

metallic aluminium from the book of Palik HOC I< 10keV  + Henke
0.04 1.530E-05

0.045  1.800E-05

0.05 2.080E-05

9320751 1.76145E-18

9760024 1.53456E-18

(2) X7 A =% 7 7 A )V : params.dat

1 " spline DXEL "
4 "HEHREE 7740 b 4"

500000 " MaxErrorIncreases 7 7 4 F  2000"
11.2 " Fermi energy (eV) "
0.1 " Damping coefficient (eV) "
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« Elemental solids
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Figure 1. Plots of M,y for atoms and elemental solids as a function of atomic number.

Blue solid circles show the calculated results with equation (1) from ELF. The red solid
squares show the calculated results for atom by Salvat er a/.[2] with the relativistic plane-wave

Born approximation using self-consistent Dirac-Hartree-Fock-Slater potential.
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Figure 2. (a) Plots of M > for 41 elemental solids obtained from equation (4) versus Sio(—1)

calculated from optical ELF with equation (1). (b) The ratios for MZ/So:(—1) as a function of
Stot(_l)-
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Figure 3. Regions of the x-z plain. According to equation (14b), different &, equation is

1- (z—(x/42))2
SkF23

used; I: er =2 Il :e5 =

III: gf = (0. Black line indicate the
SkFZ

volume plasmon dispersion.
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Figure 4 Energy loss function and IMFPs for Al calculated with Full Penn algorithm using y =0.2

eV in the energy range between 3 eV and 1000 eV.

(a) Energy loss function for Al. (b) IMFPs for Al calculated from equation (21) using y =0. 2 eV for

"Normal" in caption and IMFPs calculated from equations (21) and (28) for "MC" in caption.
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Figure.5 Comparison of IMFPs for Al, Cu, and Au in the energy range from 3 eV (or 10 eV) to 2000

eV, calculated from optical ELFs using Mathematica and Fortran.
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