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Aberration of an optical system causes the deformation of wave-fronts originating from a light

source. This wave aberration is given by the integral of an optical length, and this fact enables us to

derive aberration coefficients without solving a trajectory equation. In this chapter, the aberration

coefficients of an electron lens are given under the wave aberration theory.
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Fig. 1: Construction of wave-fronts formed by several

wave sources.
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Fig. 2: Superposition of plane waves coming from A_1,

Ap and A; forms a beam exsisting along AgP.
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Fig. 3: Wave-fronts and accompanying rays that pass

through a slit.
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Fig. 4: Huygens’ construction of wave-fronts in an inho-

mogeneous isotropic material.
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Fig. 5: Superposition of plane waves coming from A_1,
Ao and A, forms a leaning beam in an inhomogeneous

isotropic material.
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Fig. 6: A ray is accompanied by a plane wave on each

point along the ray.
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Fig. 7: Construction of wave-fronts by several sources

in an anisotropic material.
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Fig. 8: A k-surface and a secondary wave in (a) an

isotropic material and (b) an anisotropic material.
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Fig. 9: A ray is accompanied by a plane wave, which

decides the course of the ray.
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Fig. 10: A p_-surface and a secondary wave in the pres-

ence of vector potential A.
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Fig. 11: Huygens’ secondary waves accompanied by elec-

tron trajectories in a uniform electric field.

I, —HRBES TP OFHREBIA Fig.12(a) TF. 22
THEABFELETH, TOEFICET5EFX
ELRERTTY.

BEEP O ZREEZ# 12, BBICsET AR
I MR T e VERDRITERD /A 2D
KUz T, z HFRDO—EBEY By \ZX 5RO
EIOBRAELDLNTNET.

A, = —%yBO, Ay= 3By, A.=0  (20)
T ADBFREDOEDL Y IIZEERFRE 2D K D Ak
V5 TY.

BDOF—=SDFENTE LT, ROLDHARETY.

A, =a—-yBy, A, =0, A, =0 (21)

ZD AW L TREERORZH#< &, Fig.12(b) D &
22 ET. ((21) D a IMEEEHTHY, 0TH
FVOTER, BRI R LI ITHEEFHEL

_95_



Journal of Surface Analysis Vol.13 No. 1 (2006) pp. 85- 112

B B BFHFAST —

TWET) SKREOHIRIIR (a) & iXE -7 ED
HOLARD, ARkiEE LTORE SRR ET,
BEEHRETDH-OOEE LTIL, bbb LE UHEE
PRELTHET.

|

Fig. 12: (a) Huygens’ secondary waves accompanied by
electron trajectories in a uniform magnetic field.(b) Huy-
gens’ secondary waves when a different gauge from (a)

is adopted for vector potential A.
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Fig. 13: (a) Propagation of wave-fronts through a lens

without geometrical aberrations. (b) Geometrical aber-
ration causes the departure of wave-front from Gaussian

reference sphere Sg.
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Fig. 14: Illustrating the definition of wave aberration ¥(uo,u,).
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IR DHRETT. TRUANDRVOSTZ L THH
Wz LiEdbvERA. TOX 7 A DRSS EAE
JEREIZ X T (A, (r, 2), Ag(r, 2), A (1, 2)) DL D IZE
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HLHWAHZ LT, EEQOHEXFR BE O VIEYZ
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(61)

"
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DAY, EBHIREE DV IS RAERBZITV, #
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T EERA~OEBIY, #uEFRATIERLS, Rk
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LETET. EXow BEAZBEEEZEL LT, Th
WL T 2z BHZH - CThldsd 5 v &V ) FEE A E
ALET. mEOBRIT

u(z) = v(z)ex(® (65)

DFBIZBITET.

%6 ETIX—EDAEE CRERT 2 EB)EAZ R~
DEHB|EZEZF LD, T2 TOMSIERITERET
132K 2 JEEETH Y, ERIERED 2 BEEICIKF
TH5DOT, ElEEAS 2 DB x(2) LRR>TWET.

BT IEEDPERED /2812 (55 7 7])  —

F9(65) MR T DL u = (v +ix'v)ex L7V,
IhPbROBEIFLNET.
(v, u) = (v,v)
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(tu,u') = (w,v") + X' (v,v)

(66)

IhbEBHbNT (64) #EFEEZELAEIZXT, 2V
Y HDHE (iv,v") BITHHEHSND X D IZ x(2) 2k

DL I VDT TY. ZOFRFEFRAD L S 1TkD S
nEJ. "
1 nB(z
X (Z) - 2(51/2(2) (67)
ZOERHEDS LT, (64)IIKRD L IIZHEZONET.
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TR T—ETHEIERTER L F, T, izl

THA F—DHER, FHDE (Vo Fy) -V, Fy =0
EEXITEIE
. " II+ 2B2
($/20") + % =0 (69)
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o'+ 12 7¢ v+ '7¢” +AT’2B2U -0 (70)
% 4¢
BELNET. Zhd, ot b—HAREFL X
D1 REEFHEKXTT.
ERIZBNT, v=z+iy EBVTEEFICHE
WL, z & y i ZENEFMSLIZ EXE RO FER,
Tibb,

" 2 N2
BTN LA LA L
VO ()
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] 2¢y 19 Y
EHRIELET. Dz, yid7 —ETEERIIBITS
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R0 ET.
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TY. ZOBAD IXEKTHY, BEFOMEEE
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¥72 (71) TB(z) =0 D& &%, B4ETTTIZ
BN HELCAD L REUEFRERE RV ET. B
4 BT EIIASTOWERATLER, =
CTTIHELSBREINTWET. 28, B(z) =072
Hx'(2) =0ThY, bib & EEERIINEDY £
A

7B (67) 1X, BHL v XIBIT D@ 0EEA Ay
(U700 Bxsb0TY. bbb (67) %

LT,
* nB(z)
Ax= [ L
X /zo 2¢1/2(z) dz (73)

DHE ) HBREE COEEGRA L R0 £

TIZT, §742 1283 HINEDFHRE BV
LELLD. WHEIZBTSHD— 805 1 kEuE
X, TRTBEICBITIR—DAICERLET. Zh
i, (32) PRESEENSLD 1 REEIZIN>TEHEL
Xz, M—DMEIZRDZEEERLET. oz
L%, F, DEKR (68) & 1 RELEFHER (69) & b
HWT, EERTZENTEET. (ZhIFLVWEY
MRETY. RELETIX Fy 2 1 REVEIZIN - THESY
THZEIZRDHBDT, ZOBOERILEH 729 2T
ARAHATFEVN)

7.5.3 F, O&EX

AIENICRW T, 7—F7HEERICBITS 1 RELE
FRREEL2DIZ, F, 27 —FTEERICE#HR L
F L. RITF 2ZBELIZ0DITTTR, Fy bRk
D7 —-ETHEIERDOS & THwTR&ETT. 22T,
bEDF, 7205 (50) %7 —F 7 EAZRICER L
7HRT, ThEEBHLCF 28X %4

9 (50) # R RLCTEETET L,
F = &Y72,/1+ ()

n. n[g_B"

—2(zu,u)[B 3 (u,u) + ] (74)

LRV ET. ThIZ (66) b BT T —F 7 EIZIC

BHERKERD

F = ®Y2[1+ (',0") + 2x'(v,v") + X% (v, v)]*/2
n
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8

MG, o) + X 0.0 [B -

(75)
ZZTXx =xX'(2) 1% (67) TExX LN ET.

B HIEEDIRED /=012 (45 7 /6]) —

(75) ZRBBAT X, 2IRDIE F, 13%48% (68) L 729
F9. RD Fy OFRKXZEL EEIINR Y RETTNR,
RO ETZEIEKRDO L S22 4.

B = 2007 + 0w, + Twvy

+ @2[P(v,v) + Q' ,v")](iv,v")
+ K (iv,0")?
(76)
U, WODEEERER (47) ZMARDETTX
H4RAERH-oTVEST. ZoRITBWT, L, M,
N 728X ¢(2) & B(z) HRES 2 0BT, AK
HIZIZRD L 512720 £

_ L (¢I’2 ¢(4) N 27(}5//7’2‘32
3282 \ ¢ ¢
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+1 —4233)
_ 1 ( ¢/I + 2B2)
8(2)1/2 7 77
N =23 (77)
IIB 2B3
_ Zﬂ(WA_J¢+nA)
16¢ ¢ é
nB
Q 44172
B 7’232
- 8q§3/2

EXD &5 RARIOMHT X, 7TV [10] 120 D =
MR bDTT. ZDEIICTHE, EXoO M LfE
RERT MHPEFELTCLENVETR, KA VETI
EROBEXFNV ROTHY FHA. HFEOK, -
EzIE11] TR, L, M, N®2»bYiZ Ly, Ly, Ls
ERRLTWVET. L LAETIHRELD ATREM X A0
EEZXT, VIVPVICEDOEFEENET.

INTRo L, WHNEZEL 720D Fy DFRAN
/ol T, KRENEDERIL (35) TLEN,
T —FTERE v 2 X o THEEBEHRT THEEIT,

1 i
‘I’('Uo,’ua) = W/ F4dz (78)

ERVET. ZOBSKRIE, BE L T X—F X EHTE
NEN v, =T, +iYo & Vo = To + iy, ZED 1 KL
ETY. (76) D Fyidv(z) & v'(2) ICEALTORER &
WIHIRIZRSTVWETR, Zhb%, BoaKELTo
1 REEICEE BT L VWb T, 22T, 7
¥RE LT, v, & v, 85 1 RELEDEREZEL E
L RETITVET.
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7.5.4 1 XEEDIETE

1 REEH RO AL, 4T TR~ L L,
BN 7 — OO EAROBIEELS L LTEZ N E
T EAMOBOS & LT—FERROIL, BEICE
WTHIIGRM g(20) = 1, ¢'(20) =0 & F4 12T g(2) &,
h(z,) =0, h'(2,) =1 ZH7=F h(z) TT. Thb%
b HWT, —ROHHERM: z, = 2(2,), 2}, = 2'(20)
Db L TORRIL,

(2) = To9(2) + zoh(2) (79)

ThHEZbIhET.

—J7, WENEERD DEICLBEROZL, WL T
N—FYHEHTHEIREBELLLED 1 REBEDOEK
XTY. 22T, Tho ZHEHICBITAHERRMH L LT
8(20) =1, 8(24) =0Z2HTTHE s(2) &, t(z0) =0,
t(ze) = 1 ZHTT t(2) ZEAMELE LTHHVET.
Fig.15iczhb & LET.

s(2) ﬂ

aperture
ﬂ/

2o V Za Zi

Fig. 15: Fundamental solutions of the first-order trajec-

tory equation, s(z) and t(2).

s(2) & t(z) b bW, —ROEREMH 2z, =
z(20), Tq =T(25) Db & TOMITIKRKE 2D T

x(2) = 2,8(2) + z,t(2) (80)

22T, B Th -7 (18) ORI, HEREET
Db ETROBTEXDZ ERTEET.

v(2) = v,8(2) + v,t(2) (81)

ST, EMEAICINERBORIE L RET DB,
5(2) & t(z) EBEMNCE X BZLERHY . Le
L, 1 &k#nE G BRI A < (SIS EE 03
BEThY, —H, s(z) & t(z) BT T < x LML
REMLBRoTVET. 22T, BHIC g(2) & h(2)
EROTLED, ZNUOLORTHEETs(2) & t(z) &

B HIEEDIRED /=012 (45 7 /6]) —

RYXIZLET. ZhEITHIDHD, g(2), h(z) &
5(2), t(z) PERERICKRD TEBE LT

s(z) & t(z) B—fED (79) DL TE I 5 DITHED
ROT, FTWEEZROLDICEEET.

{ 8(2) = 509(2) + 5,h(2)

(82)
t(2) = tog(2) + t,h(2)

ZDs(2) & t(2) W72V LT LRROBER M & BERT
L, BREPRESNT, ROBERBBLNLET.
5(2) = 9(2) + sLh(2),  sp =3¢
1 * (83)
ha

ZZT, ga = 9(2a), ha = h(zs) EBNTVET.
9(2) & h(z) BEIERNCRENIT go & he DDDHBD
T, ERITEoTs(2) & t(z) BEEMICEZ BND
NP fab s B S B

B, ROBERIIM = g(z) = s(z) Thx DR,
THhiIHFEEZEATVET. Figls DX o Ic—@ED
LA TRBENDHEL, BNBE->K 65D
TM<0THY, ZLTE >0TT. LHL, RO
BHRTHEBR O bND X I RBAICIEM >0 &
RY, TA—F X EOMBIZE>TIEtL <0 Li5
TERHY 2FET.

RIZ, L& TREIZRDBEBEREZ N O#ENT
BEET. FABETHRRZZI v Z U ADZ L2 BN
HLELE Y. 1REIC-WVTB RS R 77—
MY w7 A0, RAETERBINE LK.

( #(2) ): ( o) h(2) ) ( z> 0
# ) \g¢@ we )\

EROFDOITHINR T AT 7 —<F Y w7 R
T(2) TY. ZhIiIWiEi COHPEORLE LFHX (z,,2)
E—fRONE 2 ICESIF S &R LET

T(z) DITHIR W (2) idm 2 %7 L Xidh, zz'
Vil ETHENLER, TRObTIvHURADOE
BILKEEEZD2DT L., ZhiZRAXTEZ R
7

t(z) =t,h(z), t,=

431/2

W(z) = g(2)l (2) — ¢'(2)h(2) = 3()1 (85)
Zhnn, ROBBRANELSNET.
¢'/%(gh' — g'h) = $L/? (86)

ZORDIIEK DT, ERLER, +Thbb iz
EoRnEERyET.
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(86) 12 (83) #fRATHIZ, g, hDNDVITs, t&
b HWEROBEGEANEB SN ET.

P2 (st — s't) =ty 42 (87)

TOEBIZBNTELICz=2 B Z & T, kKX
PELSNET.

Mti$}? =t gL/ (88)

—J, i, 7AA—Frx@ErbBmE TOER D
EWROBRIZH Y FT. Lo, §7.4.2 THRAR
EWRTOESRE LTOBEZETT.

1
I

T TELNK (88) & (80) b THHUVET

7.5.5 EmIRE

ATET CEW S BROERR (81) % (76) ITRALE
T 5L, Fuido, & v, \ICELTD 4 kLHEK L
LCEHINET., BRIIKROL D2 ET.

—Fy =

S

B
Z‘(voavo)2 + Z(vayva)z + 61('00,'00)2

D
+ '5'(”0:1)0)(va7va) + E(Uo,’l)a)(’l)o, Ua)
+ F(Va,Va)(Vo, Va)

+ [e(vo, Vo) + f(Va,Va) + c(Vo,V4a)] (100, v,)
(90)
INHDREMERER>TWS A, B2 EDREKR
BRDOE DT 7.

A= Ls* +2Ms%s'? 4+ Ns'

B = Lt* + 2Mt?t'? + Nt"

C = Ls*t® + 2Mss'tt’ + Ns2t" — Kt

D = Ls*t% + M(s%t? + s2t2) + N5t + 2Kt % ¢,
E = Ls3t + Mss'(st) + Ns"3t'

F = Lst3 + Mtt'(st)' + Ns't"

e =t' $o/?(Ps? + Qs'?)

f =t (P + Q1)

c = 2t' ot/ (Pst + Qs't')

B HIEEDIRED /=012 (45 7 /6]) —

aperture

Fig. 16: Illustrating the coordinates representing wave

aberration W.

I DORAOEH BT st — s't NEILE T,
ZHUE (87) b BT L2 /P2 IcEEHZ TV
7.

(90) % (78) ITfRATHIE, KD TWTBTOWE
NEZDORANDEONET. TROLEKRDIHITARY
3

U(v,,v,) =
1 |A , B )
_W Z(anvo) + Z(vav'va)

+ [F (00, 4) + f(iV0,00)](Va, va) (92)

+ [C (0o, va) + E(iv,, Va)](Vo, Va)

+ —(V6,Y5)(Va, Va)

| e

&

+ [B(v, va) + &(iv0, va)) (06, v,)

7L ERICEBNT, A, BOWEYE A, BRYLE
WTWET., bbb,

A= / Ade 93)

T

RO E B LT, £ F BEERE
B (47) TRINZ LI, HENED 2R U
HEXKBLTWET. bbb, ROMOSOBEDHA
AbdERoTnET.

(Vo Vo), (’Ua,’l)a), ('Uo,va), (ivo,va) (94)

INHIXTRTEETHY, v, L v, ZRILAE S
TEEE L T v, = ve, v, = vee?? & LImE X,
ERFRETT. T72bb, (94) X2 OEKRTOREERR

- 108 -



Journal of Surface Analysis Vol.13 No. 1 (2006) pp. 85- 112

B B BFHFAST —

ERLRoTOVET. (92) OBEIEL, Zhbof
HEDLETHObND A RXDO—BFIZR>TWE
F. L, EER (48) E L BB Z L T (iv,, va)?
DEIFHEESNTWETS.

(94) DWUODEIL, v, = 1r,e'%°, v, = reive LB
WTERAEMICEE TEIE, LVERNTI-&YLE
1. bbb,

(Vo,00) =T

o N

IS
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(95) b BV, (92) IFRD L D IZEMNET.
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i
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HHTT N—F Y EOFLEBOYE (EHHR) 127
WLTO, EEOTIIIHIELET. b LIDELT
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XZDEOFSBERINLTWET)

HFELV U AOFRFIZEBNTIE, L1, hL—X%L
RBROHBRITIR ST BB EFHEL, Thuc k> THE
HNEZRET D EBMMThIVET. TOBIL, H6
NUDKHINELY BT -00E S 2EExHE
LTHEWNWT, ZORERMREEZ LA FL—RIZL-T
T4 T 4T LET.

ZORBADDIZ, L=/ ORZIAK (Zernike’s
circle polynominal) & KT D bR L BV
NET. ZHIFEMAR EOBERSENOME %
L, BREX—EMNTT. 2>, (96) THILS L 52N
ZIZHNT DEN LR IND DT, HEEDOHHE
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L LEBEFHFRIZBNTIE, LA PL—RiCko
TEFOEELFABREOKELHTOIXEELVOT,
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7.5.6 MfanE
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BEEERECIEIRRICLE - TEXLONET.

Av; =D V,, U (v,,v,) (97)
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b
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TD XD REEE (92) DMOEIZIZW L THITA
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3
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o
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o
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o
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D M
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T, (105) OREHEDH ST, (88) L (89) b B
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7.5.7 WEFRBOEKRIZDOLT
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ZTEAN7 PARREEZLDBWTWE L7z, [FU—#
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T
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bbb ko, ¥9Cs & CpixEHKTT. F/z,
CL & Crlid—MRICERETTN, Zh5MI T
72T, Cp=2Cr LWVWHBRBHY £, 22T,
INEREN HOFESE LTOHBEIZNSH-T, £
HT8MEMEWND Z LTy £
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