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Fig. 1. Diffraction from the reference sphere.
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Fig. 2. Intensity profile of the periodic line-space pattern.
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OTF2 7ot H03ek e AHgasith,

Z7189 X 574] Nyquist sampling theorem'"’'}] ¢]3}c]
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Table 1. Calculated MTFs and their numeric errors (8f = &g

=0.025)
normalized theoretlcal calculated
spatial MTE MTF error
frequency
0.1 0.93639 0.93672 —0.00033
0.2 0.87289 0.87383 —0.00094
03 0.80973 0.81095 —0.00122
04 0.74706 0.74806 —0.00100
0.5 0.68504 0.68637 —0.00133
0.6 0.62384 0.62507 —0.00123
0.7 0.56364 0.56498 —0.00134
0.8 0.50463 0.50567 —0.00104
0.9 0.44701 0.44796 —0.00095
1.0 0.39100 0.39184 —0.00084
1.1 0.33683 0.33731 —0.00048
1.2 0.28476 0.28517 —0.00041
1.3 0.23508 0.23502 0.00006
14 0.18812 0.18806 0.00006
1.5 0.14429 0.14428 0.00001
1.6 0.10409 0.10368 0.00041
1.7 0.06815 0.06746 0.00069
1.8 0.03739 0.03642 0.00097
1.9 0.01332 0.01214 0.00118
2.0 0.00000 0.00000 0.00000
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Table 2. Wavefront aberrations expressed by the C-coefficients

Table 3. Wavefront aberrations expressed by the Zernike

G order polynomial remark polynomials
Co 0 1 constant shift Z,,  order polynomial remark
Cu 1 .Y tilt Z, 0 1 constant shift
Cy 1 & +y) defocus Z, 1 rcos(¢) tilt about x axis
Cy 3 .Y, astigmatism Z, 1 rsin(¢) tilt about y axis
G, 3 x+y)y _coma Zy 1 2r2-1 defocus
40 3 (x"+y) spherical aberration Zs 3 r2cos(2¢) astigmatism (0", 90°)
Zy 3 rsin(2 ¢) astigmatism (+45°)
Z, 3 (3r2-2r)cos (9) coma along y axis
2 A8k OTFE AAreldch Table 1€ G/ TE 714 Zy 3 (3r3-2r)sin(9) coma along x axis
Zy 3 6ri—6r2+1 spherical aberration

£ w5ARREA A (16)4] Aol s ALE MTF"g}
8f = dg =0.02591 5ol (26)4el ol3ted AAHE MTFE o}
ERf 3 2lt}. Table 1o]A4] Al13bE MTFi= F521 23842} 7
24| +0.0015¢]H2] A2 Ztw L& U4 4 Uk

B Aol stasatel] mbe 3eAel MTFg CTF 9
32 nlwslr] ¢& FAFAE Feolster JoiM CAF
tarl o} Zemnike Cha}A) o] T 7] FEUPE S AL RSIGIT)

C-AF thaka]oll o4& shapale,

[
W(x,y)zz zcijxj y' (27
iZ0j=0
s} zo] Ao Ew C-AS thafel A o] 33 3= Table 29}
2.
AFRIE Zernike THEH 0. 2 FHBIR

Wi(r, ¢)= i i Zumridm| eimo (28)
n=0m=-n

M Ae|5l31 Zernike ThF2]o| A4 2] 3%} =3} Table 33}
2t

3.2. BeAHEAI9] OTFR CTF

Fig. 3ol 37129 A& 3t o] AgER o] Yeht
olth. Fig. 304 AEA S ZHFu g= - ute] g3t
FHE v, 2 7SR ASE Fogoln, 3 05461
um, F/8e] BaAloA g =012 571 cyclesmm, g =1.0&
57.11 cycles/mm, g = 1.9 108.51 cycles/mmel] 8} 2aich,

Fig. 30llA 23e] 2" ER L EX ] FFarr) T3kt
FaA 7 AAFE Fo] HolAw, ~FERS] A&
Zo| 54 "t} Fig. 4oll= F/8e] T3t A oA, F017]
Tkl Uig Ao Zx=EXrt Vel ot Fig. 49] 7
TEIAA X FASE FHFr7E 2 734 intensity
contrastZ} ZFA% 11 9SS B 4 9t} Fig. 4@y EA +F
Azl FAFIS7E 010 Afolm, o] Fuige] tigh
MTFSl CTFE 712t 0.9367, 0.95989] 7t ZH=t}. Fig. 4(b)
E TEFIIE 1,091 A S, o] Fokel] gk MTF=
0.3920} 31 CTF= 049924, CTF7} MTFRE T 2 28 712
3L Utk Fig. 4oy EA9] F15a7t 1.9%0 A fol A
o} intensity contrastZ} o) Vg & 4= ity FEak
1.99]41¢] MTES} CTF:= 242} 0.0129} 0.0150] T}

Fig. 59 4214341 2] MTF¢} CTF7} Ve glow,
Axe MTFE AL CTFE JYehl 3, CTF7F MTEETH &2
#e 7R dSE & & Uk oA MTFZL shvte] F3t
Zobp A Bukg 71X+ sinusoidal objecto] tHEF intensity
contrastQl¥] W&, CTF= F7]2Ql JEA| | gt intensity
contrasto] 2.2, Fig. 39} o|o)|x{ e} o] CTFol & 3tk
ddelr AFat RSe] XA 7] HE] Aeg o]
et

fl

3.3. £t U= el OTFL CTF
A7 Qe BYAL Age] St A, AL

spectrum intensity

K Casaa aal Ad 1 lasasaasaay 3 TN Jassaaaasss Aasiasssssa Lassaasssas AAAALAL ! aaalosssssssss Aasisiiiisd E
‘2 -1 0 1 2-2 -4 1 22 A o 1 2
normalized frequency normalized frequency normalized frequency
(a) 2=0.1 (b) g=1.0 (0 £=1.9

Fig. 3. Image spectrum of the periodic line-space patterns.
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Fig. 5. The MTF and CTF of an aberration free system.

b g=1.0
Fig. 4. Image intensity of the periodic line-space patterns (A=0.5461 um, F/8).
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Zb, 3z2F #e}, 33 PRSI L E BEAY MTFS
CTFE At da2a, F4=31 38HA 9k v wsled MTF<}
CTF7} 27 Attt 2171 Y& Aol = CTF7} MTF
Hop & @ zton, & Fald vlsle 334 mnfo] o3k
MTF$} CTFS] Asb7} 24 Uehdt. Fig. 6(0)9] 7= 2 X0
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o}, 32k FHESa7E 1A e BeHAle] MTFSF CTFEM, A4
& MTFE A& CTFE JEhATh. Fig. 77} Fig. 8ol A 2&
1.9] g g3to] Wisted, C-Ala thala]d) olsld FHHE A
$-9} Zernike ThgH4] ol o]sle] FHH 7 -9-2] MTFe} CTF9)
A7 M2 2} o)A HaFLAE Fosl=n) glo]
A, C-A% tha2] 7 Zernike THa}2lo] M2 th27] wj&o|t}.
o 24 defocuse] 73-%-, Zernike TFaF4) 9] +1A defocus:= C-
Al Thabd] oA +249] defocus®} -1 constant shift7} )
= A5l 3|d3st2E, Zernike thel2] 9] +1A defocus= C-A|
T oha2ell A +2A9] defocusel] s)@3Al Ak 33 v
k9] S, CA tiah2lel +1AE Zemike ThEHA oA ®
+1A2 77| W, Fig. 7(b):= Fig. 8(b)e} Zt}. 33} Fn}e)
7%, Zemike T}&H2le] +1A 33} Zvke C-Al5 T4 o4
+372] 3a} F:opel -22.9] tiltr} e A SOl APEH, 33 =
ool 9]k MTF2} CTFS] A 317} defocustt 3xb A =)ol
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Fig. 6. Image intensity in the presence of the
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third order aberrations expressed by the C-coefficients (A=0.5461 um, F/8, g=0.1).
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Fig. 7. The MTF and CTF for the third
expressed by the C-coefficients.

order aberrations Fig. 8. The MTF and CTF for the third order aberrations

expressed by the Zernike polynomials.



402 =3sbsix| A 94 A 63, 1998 129
v.za g

H dFdM e HAY) 2 S "oz A9 1a1e
Al tHEt contrast transfer function(CTF)Z AAtsl= T
23S Ndsta, FAFAle)| ©hg CTFe Walg 243}
Rt CTFE] AR v|71zHdd 3ol ot EA7) =1
He AL 7P e, FEAle OTFS) E4e] ~AdEeY
o2 RH o] ~HERS A3, o|E A Fourier Agsle] A
o] A A=} HA4 AT E 3 Atk

F718 Q1 AEA g CTFs A ZFus gdd 2
A MTFET} £ 25 7K 3 9dlew, o|A-& MTF7} 8t
vhe] FZEFubrol] gl A+e] intensity contrastZ UEW|E
Rl v3le], CTF& F7]|& 0.8 wHE-E & line-space pattern
9] contraste]7] wWjiEel FIFEIAF FGM AFAFES
2t 917] W&ol MTFREE: & 38 7R+ ZAoZ o
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Numerical calculation of contrast transfer function for periodic line-space patterns
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The measurement of OTF(optical transfer function) is used for evalution of imaging performance of optical system as a
standard method. In the mass-production, the contrast measurement of projected patterns is also popular because of its simplicity.
In this study, a computer program which evaluates the CTF(contrast transfer function) of optical system for periodic line-space
patterns is developed by using the diffraction imaging theory. The MTF(modulation transfer function} and CTF of an aberrated
system are evaluated and analyzed for the third order aberrations expressed by the C-coefficients and the Zernike polynomials.



