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The first-order optical theory describes the behavior of electron beams in the vicinity of an optic
axis. The deviation from the first-order properties is called aberration, which is represented numer-
ically by a set of aberration coefficients. Each optical element generally has nonlinear lens action,
and these effects are transferred to an image plane. This chapter describes this process and discusses

the characteristics of aberration in an axially symmetric system.
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Fig. 1: Ideal lens action is realized when the change of
inclination z5 — x} is proportional to the height z; of
the ray in the entrance plane of the lens. When the lens

action has nonlinear effects, aberration Az(z) appears.
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Fig. 3: Illustrating the action of an aperture. A first-
order trajectory is specified by two vectors : u, =
(20, yo) at an object plane and u. = (za,ya.) at an aper-

ture plane.
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Fig. 4: Spherical aberration of a convex lens. A circle of

least confusion of diameter ds = (1/2)Csa3 is formed.
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Fig. 5: Rays with coma. This aberration appears when

a system is asymmetric around a principle ray.
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Fig. 6: Aberration figure of coma. Trajectories that intersect the aperture plane around concentric circles 1, 2, -

form non-concentric circles 1°, 2, **- on the image plane.
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plane.
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Fig. 8: Trajectories with astigmatism. A beam receives
different focusing action in tangential and sagittal direc-
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HUED o Ry L y RYDOERMBENRRRD L, R
SERT HMETILy ROIERET, y HFMico

- 339 -




Journal of Surface Analysis Vol.12 No. 3 (2005) pp. 327 - 349
FHE # BFAFEAF — BFOALEEDEMDOLEDIZ (F5E) —

VD EBRROBE O bIVET. HIZ y ROBER
TAHMBTIE, z FAICOG-ERRTEET. Zh
LOZODERMEOFETE—2BN Y, ZZ
T—H/PILI L OhET. ZThEzRANZEDLE L
R, B/EELA L KOET.

DL, BRI EICERMBN ZOIHBET
BREFFERNELVNVET, LIV vy
i & Yy A VBES T, BEBtiiidh s
BIERTRNEWIRBIZRY 5. —f&KIZIE, v
xR M &Y Y v Z IARE O i O SEHAME S
BmEsdh & Lidh, mEORENER/LL LiEhE T,

BmEAh & IR, Y av LRk, EXRE
b Y OROFER/PHEDOTRN T, §5.212B1T5 LD
2 2z FEEOBBEL T E2EZZBAE, YV v& L
FEDEBHTERN T, Lo TRNERER—oD 72
X RBbITTY.

78, (35) IBI1T BUELEE Car, Caz %, Th
ZhgmEEeh & ERTHIETHOTIEH Y /A, FE
BITERE LET0, FNERBMOBKRYTELTRE
¥9. £F, ¥V VR VBRENRT U AREI S
BENDSEAWL 2041 +Ca2 THEZ DN, VT F L
BEIZELTIX Cae TEXOLNET. ZThHD¥EY
f Cay + Cpo BPEEBHONEREL L THEHNDS
NEY. F, FroPz Vv NMMERET Ty IR
OB B AWV Cqy TR, ZHdSFERINGE
T

5.3.6 FEdiE

BB T OXEHINETY A, Thix (33) I
BT a, 28ERVETY. ZhAWREKTRHEZA
1%, HHREH TR 288 L2 YR, Bmics
WTTRTR CHEME T TR TRET I VWS 2 L
T, ZOREE Figd IR LET.

HL Cp B ORBLEDERMIIN Y ABRIZ—K
L, WiKicREEOBRR S bETR, £5TRIT
NIEBROEAREFA LD 0T TT. EHIRER, BOR

bl BIGETIHARWT SICHERLE LY . Eill

IRZEX, EXREDLY OROFEMNHEOKME VD
Evb, EXRESBEDINETT.

EHINEYL, avtRLEIIAMELARESEHY
4. Fig9iaBiT 5 L Hic, Hld b -magy
BEARRRRE LV AMUIICTh 535613, BIZFig.10(a)
DEINCEAET. Zhid Cp < 0 DHFBICHISL,
¥ EMEM (pincushion distortion) &V VFEF,
DOFENZELHAE, K (b) DR ER (barrel dis-

tortion) &7V, ZiiXCp >0 DHATT.

aperture

N

| =

Fig. 9: Rays with distortion. This aberration is due to
the spherical aberration which bends trajectories toward

the off-axis direction.

@ ¥ o

=
iSiygC

Fig. 10: (a) Pincushion distortion. (b) Barrel distortion.

=
=

ETFig9ICRED &, LYy XDOMUNZY, | KREHR
b iFonTWES. Zhid, RERECHE
LTCFigd #BBALL XL, $o-<ALKRHRTH
BZLIZR S NBTLEDY. ¥y, RENELE
HINED, LU AR B OR CBAENC L > THRIATE S
DOTY. b ZODIETHG DTIHRL, VX
ORICHERRRIETENI-bDLRDIZENT
xET.

T, MoRECBE LTS, UL S 2R
EERTRETE. KEHLZOT—<IZRY A E
LD,

5.4 WEHRBOBERIZOLT
5.4.1 BYMEBIZLINERMDOEL

AR L V) ORERLES TS, Theh
DIEISLITIFET 5O TIEH D £/ A, BREIE

- 340 -

T R BRSNS LA




RavNEREDLRL, BETORY 25X 5
BE_REBELEZET, TOFAEICMT ONIZ4HT
TY. Zhb0RFIEIHETHER ELEDOHLDOTHY,
AR — L LTI RE b0 T
INERBEDBEVCEET 5 L WO FHEIL, TS
523 ThTWET. T2bL, LU XRikDZEM
IZBWT VU XD b OFRAERANBEGDLEN, £
OFER L LTHREICBIT DNERBRRESNET.
IHERITRID, B OMBEEZBET DL XIS
BExFET. B 28T CTHENEREBEVICA
DIRL D LWV, BIDEKRTO NEEESLYE g
HDTY.
INZERBONXE T /—F X HRUICEHET S Z & 1B
LT, §5.3.1 TRRELE ZZ Tk, EFmicy
IR TEREITODPOURAZETIToTBEET.
HF AT (20), T742bb,

Az; = Csx:,3+3CKxf,2wo+C’Axf,m.,2+CD:1:03 (36)

TF. EXD 2! ob i, KVE 2z = 2, IZBIT
DHBEOE S o, BEAOEHE LTH bbb
TY. DD, 2, &z, OROBKRRE RO
HRUENRHY ET.

FBAETRARIZ L DI, PIIRE (2,,2)) 1272 L
TO1REGEE, 1 RPELGBRXOERME g(2), h(2)
EbHHWT,

2(2) = 2o9(2) + T,h(2) (37)

DOETEZLNET. Zhd 1 KEHFRRDO—f
fRLIRBDTLI-.
EXT 2z =2, EBIFIE,

To = Toga + Thhe (38)

LY, TZTxa, Gay ha BRENEFND 2 = 2, 1T
BiI3ETY. EX%E 2! THRITIZ,

T, = pr,+ 0Ty (39)

NELNET. ZIZT,

p=-2, o= p (40)
LEVWTWET. (39) 2%, ROTW ! &z, DR
T
bLRYEmAEREIZ—HLTWIIE g, =0 &2
5DT, p=0TF. ZDLEIX(BI) Xz, =0z, &
RoT, ol &z, BHBILET. 22T, ~EEHO

Journal of Surface Analysis Vol.12 No. 3 (2005) pp. 327 - 349

FHE B BFIHFEAF] — BFOAKEDEMEDEDIZ (F5FE) —

EHLLTz 2bb0Thz, 2bH0NTH, A
BIZIIF L Z & T

—RDFEITIE, (39) % (36) ITRAL Tz, &z,
DREIBETHZLT, KAMELRET.

Az; = (0305)%3
+ 302(pCs + C’K)a:azxo
+ 0(3p°Cs 4 6pCk + Cp)xox,2
+ (p°Cs + 3p°Ck + pCa + Cp)z,°3(41)

ZORBOENEND, (22) IZBITDT N—F K
RCOIERE L 2V ET. p & o DIEIKY LRI
Lo TETBZDT, ERUIRBERNCINZERE DK Y
PMBEREEE 5 X TWET.

EXITBNT, RENRZEZEL Lz, 6 2, ~
DBREER 0 DB EDL -3 T, KEIIZE
ER3db o ERA. 2FV, RENELTE2ZEXDDT
HhiE, ROMEBL EZICBRSNMTIEETHY
Ao LD LESMZER, &Y OB X > TEWIHE
MIZAVRULABZ LT £,

=L xif, HHKYVMBIZBWNT, RENENUSND
IWNERTRTOTholzt LET. TORETKYAL
BE2TLEIE, bED Cs ME LWVINERE DT T
WIRASHET. Thbb, T XTOEMMENERN
BT ERYET. LhL, ZTOLXIHICENE
HIAMNEL, FIhbRoTREDTLELIN? D
TIToZ LRV ZBE LT THD, LU XE
DHDIIMEEDL > TWERA.

ZOBIBBLNEZ LI, #AEZL S XDR
ZRMEST D LD TIIRNWE WD Z & T, s
DREEIL, BROMBIZE>TELLET. LA
T, BRENEZTZHOR] EE-TH, EIUIKY
MBEETEDTEDL I RRICZ>TNDDITTY.

OB K> THSMEPELT 28 HI, 3T
IZ85.3ICBITABERIZBVWTEHNATWET. +4b
D, BMNEIEERE IR TRPDEL E
DIERFMEEZ KT D, EWVWIHIEETT. KBS
EXNTERBBEDY, Lo TEHENEDLDD
YR T,

H LEY R LB CHMMEN NS RDIRD,
FOBYMLBIZI-WV L TOENRMBA, RAMHHRIZR
RBEOBRBOVHFEZLTVDRENWHIZ LT, £D
LORHMIC X - T, MYMEI BIThZ & TT.
TROLEVMEIX, AFRICBWTRELT &
MBETHDHZ LT T

LOLAR S, ST LLEDOL ) REHET, BRHEIZ

- 341 -




Journal of Surface Analysis Vol.12 No. 3 (2005) pp. 327 - 349

B @ BFAEFAF —

BFYHREEDEMMDE=DIC (S5 F) —

L2

D

f1

L

aperture
f<i |
Z0 I H Zi

f2

Fig. 11: Two-lens system with an aperture. The aperture is placed at the focal plane of the first lens L, but the

effective aperture position for the second lens L2 is not always its focal plane.
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Fig. 12: Optical system with a spherical refractive sur-
face. Owing to the spherical symmetry of the system,
off-axis aberrations disappear when an aperture is placed

at the center of curvature C of the spherical surface.
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Fig. 13: Rays are selected by an aperture in an asym-
metric way when the aperture is not placed at the center

of curvature C.
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Fig. 14: Rays formed by the spherical aberration of a
spherical refractive surface. Bold lines indicate off-axis
rays which are selected by an aperture placed at a gen-

eral position.
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Fig. 15: Change of off-axis aberration according to the

position of an aperture. Rays and aberration figures are
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Fig. 16: Change of sign of distortion according to the

position of an aperture.
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Fig. 17: On-axis and off-axis rays for an aspherical
refractive surface. Spherical aberration is absent, but
coma and other off-axis aberrations appear because of

an asymmetry of the system.
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Fig. 18: Refraction of a ray at the spherical interface of a refractive index. Objects on the spherical surface of radius

7o = (n1/no)R are all imaged without spherical aberration to the corresponding points on the spherical surface of

radius 71 = (no/n1)R. This relation is preserved up to o, = £90°.
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Fig. 19: Reduction of angular divergence of rays using

successive spherical refractive interfaces.
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Fig. 20: Electron trajectories with starting angles up
to +30° in the field given by series expansion (42) with
n = 0, 1, and 2. The expansion coefficients A, were

determined so as to minimize spherical aberration.
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axial potential

Fig. 21: Design example of an electrostatic electron lens with a spherical mesh. The results of ray tracing with

starting angles up to +£30° are shown.
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