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SUMMARY

The effects of side-lobe on the axial response in confocal microscopy have been
investigated by computer simulation and experiment. Axial response becomes
broad and asymmetric with side-lobes, and the peak intensity of the image was
greatly reduced because the Herschel condition was violated. So we found the
condition for the minimum of side-lobe with the Herschel condition according to
change of optical path altering the distance from sample to objective lens and
from objective lens to image. From the results of computer simulation and
experiment, we found that the distribution of intensity was shifted from right to
left, the peak of intensity was increased and the axial response was symmetric
after compensating a phase error according to thickness was increased. From
analysis of this results, an optimized  axial response can be achieved by minimized

side-lobe and the side-lobe can be minimized by compensating phase error.
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Fig 1. The principle of confocal microscope
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Fig. 7. Schematic diagram of confocal microscope.
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Fig. 13. Axial response intensity for various values of coefficient B.
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a . Before phase compensation, b : after phase compensation )

_24_



0.016-

0.014- n 0.04-
0.0124
= —0.03-
=
© 0.010- g
> _ '
= 0,008 =33 Um >
m —- - —
c ” 0.02-
c
D 0,006 o
- et
< c
0.004 0.01.
0.002
0.000+—ramotl  Wnpe o.oo.,.,.J:/J,.,..
B=28
(a) (b)

Fig. 14. Axial response intensity for various values of coefficient B.

(t : sample thickness, B= —%kdzv (ll), d . distance from

objective to sample, / : distance from objective to image

a : Before phase compensation, b : after phase compensation)

_25_



5
0.20
4
__0.16] .
3 3,
50.12. =
€ 008 @ %
ﬁ (]
£ 004 E H
0 T T T 1
000 o pa » 0 10 20 0 20
z(2.5 um) z(2.5um)
(a)0: 2000 um, 1: 25.5 cm (b)O: 2045 um,I: 20.5am
0.35-
06 0.304
= 025
=
8 04- 8o
> >
= * 015
(7] (7]
S 02 S 0101
£ = 0051
o'o T T T T T o'm T T T T T T 1
0 10 20 30 40 5 0 10 20 30 40 5 6
z(2.5um) z(2.5¥m)
(c)O: 2062um,1: 15.5¢cm (d)O:2095Um,1: 10.5cm

Fig. 15. Axial response for 20x objective lens. (O : distance from objective

to sample, I : distance from objective to image)

_26_



T e AER Ag g o AV7E Mg 2 FEs AR WA dHE

4001 ] =AW =(a-40°, NA-065)E Ar&sto] 22 WRlew Hlo ArjE FAHG
A9 A7 Fig. 1601tk (a)© f17d2atel o3k side-lobe®] oz Wz Fo] Y
aL, ey Hol A= A (b)e WAES Fobxom Hlo] A7 Hu A
7hatdth elal e A7) 2% (@)l HE LEEHCR olFIdss B F UM
ool Zle (a)ok mlae] AE:A7F FAskl7] wimel uEhd dAolth (o)AM=
side-lobe®] =7]7} ¥l A7l Hujgkat vlas] wj-¢- Zopxlom REXEF = wfg- SFo}
nom, He A7|7E b 2 FEs SASE dA dHd 24T¢E 40T
o age® o] Fito] Herschel 27 7Hd 2 whfshe FiEolw, A=A7E gl
Aol A Ale A3l Fig. 9@l 7P S A= & 4 Stk Fig. 159 Fig.
169] A3 ZAiolA HZo] 4exE HAast & 4F side-lobed 7] wi-g- &
aL, g Al7lE 3A vewnh aela Ble] A7F b 2 FES AR Hle
A7l BEZ7F A FEHE olF Ades AT F Advk EI A= Jfg
(numerical aperture)”} S5 WA HA Foldowm Fallwol Fopxlth= AL
AR G 5 AATH

dzo] df=pe] oa] A= side-lobe’t FF Wake] Esisol WAE JF¥FS &

o}17] 913l Fig. 179 22 Felol S 24 HEZ olgste] 243t A

25um ¢l 408 DEA=E ALYt tREL xWEgo s ARE 25 umA ol%F
st AglE Y, AZFH2 29 M7ZIE YERdY. §-

£ 1.25im A4 olgd AgE AT Aolth (a)= ANEE FF WIFLR o]FAA

e
Lo
N

rr
ot
4
ok
o
o
u
>
kil

Alze] F3F Fiol 240l FAHHEE st F4s Ao|r) z3 FEoA Wo] A
AE F7HA9 Zol7F 3.75um

3t 5
Fs S AT HAA A89 Zlol= 6humE A Aol vEA yEut (b)e

_27_



Intensity(a.u)
o o (=] (=] o
O A
e e 2. 9.2

o

o

a
)

g
o
1=

z(2.5um)

(2)0 : 1000um,l: 35.5¢cm

0.8+

15 20 25 30 35
z(2.5 Um)

(c)O :1030um,l: 25.5¢cm

0.201

0.15

0.101

0.05

Intensity(au)

0.00

z(2.5Um)

(b)O :1025um,l: 30.5¢cm

0.35
0.301
0.25
0.201
0.151
0.10

0.05-

Intensity(a.u)

0.00

5 10 15 20 25 30
z(2.5pm)

(d)O : 1035um,l: 20.5cm

Fig. 16. Axial response for 40x objective lens.(O : distance from objective

_28_

to sample, I : distance from objective to image)



I 6.51m

] ’ lpm

<+
500um
<+ <+
600um 600pm

Fig. 17. Sample pattern

Intensity(a.u)

0 200 400 600 800 1000 1200

Intensity(a.u)

0 200 400 600 800 1000 1200
x(2.5 4 m)

(b)

Fig. 18. Effect of side-lobe with aberration in lens.

_29_



do
R
N
NS
ot
E)
ok
o
=
=
:<I>L_v‘
N
N
N
kex
N
o)
o
fr
L
i‘l
ol
ol
)
>
N,
Lo
X
N
N
S
me
e
m
L
ofi
)
o

Fig. 195 Herschel 27 & WU&325 FHZE
=
E

=
A% Aotk (a)oll X ®xo] 26 Ao "ol AlZ|7F 7 =7 ‘/PE‘r‘i{‘:‘r. o=
Az el F3F Zol7b oF 6.25im S YERUE
gkl gk Fig. 1894 side-lobed] o= Algel ozt Ar7F FAGIA RS
2 919
4

)

BRRY 2dE Bl FHHASS A
st B Fig. 18(b)ollA+= 723 2
= B A7) Aol E ol &t FHEE F es = ATk
Fig. 18%} Fig. 19¢] Ao @

o
=
AN AE HagstozN F5 WEe Filvs FIANZE F AdeS & F ATk

N
L to
Jf
=
lo
ot
o
oz
to
R
[t
ofd
o
u
o,
BN
i

f
Lo
4
X
S
i
2
2
a2
i
)
o>
f o
R
o
o2
o
o
A
o,
jus
N
)
)
>,
rr
N
o
~
—_
O
=
3

33um o7 &, A9g 52 AY TS & A=F A dH Ut Fig. 20 o]t
H

e
)
X
(2
X

WE
Lo
)
ri
o

i
m)\
o
o
in)
i
N
X

Fig. 21 o|lt}. ()& WEANZAM A z71A2] A( )7P 980.0pmo] i o E U = A

AN g7tA el AYD7F 20em=A4 BAZ o] 2= A3t side-lobed] GsFo = A A<l
MEo] YA Faxsta 9lar 9o z‘ﬂﬂ% A71E FAoE Hd FEHE ol F1 AUtk
(b)= O7F 987.5umelat I 7} 25cm Q1 A2 A Zo] @o] Fof o Ho 7=

S7beaL, gk Blel H AV|E FAHewE dAFHE ofF L Y (o= 07

992.5um ©] 3 17} 30cm? A$Z Weol M7|7F (b9} vws] ®o] Yol HMER

side-lobe®] @Foz AA= A= & F JoH 0% 15 o 72 (D] 2=
_"

ol Hol A7I7F 9§ #Aasda AEFE ¥ bl Hles & g vk o] Z3elM O

In
°
)
[0
[o
o
S

_30_



1000

800

0.00

x(2.5 4 m)

(a)

—+—z7
—— 28

1000

800

< ™
o o

(n-e)Aysuaju

x(2.5 Uy m)

(b)

Fig. 19. Minimum of side-

lobe.

_31_



I19llm 33pm

(a) (b)

Fig. 20. Sample pattern ( 19um, 33um ).

0.8 1.2]
= 0.7 —_
2 3 1.0
5 0.6 o
> o5] > o038
= 0.5 >
» 0.4 ‘» 0.6
< c
o 03] O 0.4
- -
c 0.2 =
= 0.1 - 024
0.0 T . r - 0.0 T T T T
0 10 20 30 40 0 10 20 30 40
z(2.5um) z(2.5um)
(a)O0:980um,l:20cm (b)O:987.5pm,l:25cm
0.7
0.8
. 0.6
] s
& 0.6 & 057
> > 0.4
A d A
o 041 = 03l
c c
o o 0.2
- 0.2 -
< S 0.1
0.0 - ; T T 0.0 = T T r
0 10 20 30 40 0 10 20 30 40
z(2.54m) z(2.5 pm)
(c)0:992.5um,1:30cm (d)O0:1000um,l:35cm

Fig 21. Axial response for sample thickness is 19um with a water.
(O : distance from objective to sample, I : distance from

objective to image)

_32_



7} 987.5umeol i I7F 25em<l Aol HA A Ql 5 o] Fig. 13(b)e] A7 Alg 23
o} 7Hd FARStE R o] Rito] 914Fe xR Qs WAEE side-lobe®] FIFS FH A3}
=3
WHo g AR(E) FAE 33umYd wWel A ARE Jeld Zo] Fig. 229]
t}. ()= O7F 975.0um, I7F 20cm¢!l A$E A Zo Yol7l side-lobed] FFozE 4
A ExFo] glow dAltA ot} ¥hHo| (b)= O7F 987.0um °©] I7} 25cm¢el 4 9=
ol A7I7F 78 ZA dErda i, He] AREEE dAFH R SAH A
() & (e 0% 15 9 F7HA71HA SA4s A2 A X Ze] A7|7F ¢ bolH o
e Ho Al7|E Grelxth A¥H o R (b)e Fig. 14(b)e] A7) Als Ao 7}
S(E2)Y F77F 19u0me! 23E Aol H|ulay

@ Adom ¥ &

9

=

rlo

S

53 A

-

o7 olEdgeS FAdd 5 gtk ol Fig. 109

2= KX
) =
o A7l BRIV 907 o]l BG5S HolE A

A7) Al Adkel dAske Aolth g Fig. 129 #4b7] Alg Zdel o] 914 B
ol HAS wi= FAC Aulol o] Ar7E dAsA dEtva des uE &
7 U

g AESe A% 2el7k 1umdl AEE 3 (@ 2
o A A7E FHoz U FHE oFn Y (b),(c),(d)S’Jr Hlas) % o e

Fig. 15, Fig. 163} Hlus] & wf 819 A7|EE7} %07 o] Fsto IJrE}‘Jr Atk
ol & Ry AAAAGe FHEo] A7) wWEd F& B Z(effective optical
length)7} Zrobd A 3ol &9 WaFow olsdr] wiolet Atmdch o3 A
= Fig. 8% Fig. 9 183l Fig. 13, Fig 149 A7) Alw Ao dxsls= Aot}
b= FAZ Ao o] HASt= side-lobee] FFo = (a)9f vud] AFo] Frtsh
aoglowm "o Ho A7) wgk 7HAska Atk (o),(d)e] A% Herschel 715 =t
SA7IA o wA Bl A A7 Faske FE 104 FaL Atk

Fig. 256 A RMAA 2A4d5)9 zol7F 33umel B-%l #%F WFoZ ARE oF
stHAl Hleo] A& F43% Zolth (A& (b),(o),(d vlus] & uf side-lobe®] 3
=o7pg Ao B A A7IE 7 2 vebweh =3 AR Zlo]7F 19umel A

—~

Of

_33_



d Aol mlas] & ow Ble] A7) FEVE Aol AA dEE = Y o=
Fig 13¢ Fig 14°1M BA™ HA7] Ale Aol AR, wes (a)e] 237t

side-lobe?] dgo] 71 A2 FEIS & 4 Atk

_34_



1.0+
S 0.8
©
> 0.6
pre)
(2]
c 0.4
(]
)
c 0.21
0.0 T T T T T T . .
0 10 20 30 40
z(2.5pm)
(a)O:975um,1:20cm
0.8
3
@ 0.6
>
whd
— _4_
* 0.
[ =
(V]
- 0.2
c
0-0 T T T T
0 10 20 30 40
z(2.5Um)

(c)O0:997um,1:30cm

Intensity(au)

Intensity(au)

1.2

1.0

0.8

0.6

0.2

0.0

0.7

0.6

0.5

0.4

0.3

0.2

0.1

z(2.5um)
(b)O:987um,l:25cm

0.0

10 20 30 40
z(2.54m)

(d)0:1005um,1:35¢cm

Fig 22. Axial response for sample thickness is 33um with a water.

(O : distance from objective to sample, I : distance from

objective to image)

_35_



1.57
1.0
= =
= .
© 8 o081
— 1.0
> 2
— " 0.6
2 c
o 04
9 o5 - 04
- =
- 021 L
O.G T T T T T T T T T 1 o-c T T T T 1
0 0 20 30 40 50 0 10 20 30 40 50
z(2.5um) z(2.5um)
(a)0:982.5um,l:20cm (b)0O:987.5um,1:25cm
0.8 061
A0.7-
3 = 051
> ] =]
& 06 3 Ny
> 051 S
— b
@ 0.4 Z 0.3
3 03 o 02
it
£ 02 c
— 0.1
0.1
o 0o+—
0 10 20 30 40 0 0 20 30 40 50
z(2.5um) z(2.5um)
(c)O:995um,1:30cm (d)O:995 um,l:35cm

Fig 23. Axial response for sample thickness is 19um with a solution of
salt. (O : distance from objective to sample, I : distance from

objective to image)

_36_



1.8
16 1.2
5 14 ’;_1.0-
T 1.2 ©
- — 0.8
2> 1.0 >
» 0.8 "o 067
[ = [=
o 067 © 0.4
A i
c 0.4 € 02
0.2 -
0-0 T T T 1 O-G T T T T T T T T
0 10 20 30 40 0 10 20 30 40
z(2.5um) z(2.54m)
(a)0:962.5im,1:20 cm (b)O:972.5pm,1:25cm
1.0 0.7
0.6
__ 0.8 -
) 3 0.5
© 0.6- ®©
= =, 0.4
-t -
0 0.4 o 0.3
c c
(] o 0.2
=] i F=)
202 =
O.G T T T T 1 o.c T T T T T T T T
0 0 20 30 40 50 0 10 20 30 40
z(2.5 Pm) z(2.5um)
(c)0:982.5pm,1:30cm (d)0:987.5um,1:35¢cm

Fig 24. Axial response for sample thickness is 33um with a solution of
salt. (O : distance from objective to sample, I : distance from

objective to image)

_37_



Axyg FLow Z4dA Huz o2 Hislar] s
A& Herschel =71& ‘?_:1%/\]740][ shc}, 1 Oﬂ?oﬂfﬂ side-lobe”} HA4slsE&= =7
S 37] flete] giEdlzet AR A aga gEdzet A7 e AglE =

dote] HAR Aol @ e tE wAs AT

rr

j9

Agatel Az Mkl

side-lobe®] ®3tE FAstom, O = 2045 pym = 20.5cm(208]) ¢+ O = 1030
i, 1 = 255emod) Aol AEAA BE Aeel A A% Ane vl
fAE Aol B o] FRo| sidelobed] Aol HH AL
adm AR S4el utet ggeat B4 A%E AR
O7} 987.5umeolal 17} 25cm%d Wi, 33um<?l 5o+ O7F 98

o
9ol side-lobe?] d38ko] 7} e x| H P Lkt HAAY] Al F2

Mt to
)
N
N
e
o
et
oM.
4
=
=
o
o
)
S
=
fo
N
S
=
ro,
=
e
=)
N
m1m

W e w Az FAV FAYLESSE Bl AV ZE7} 7 ol%
atelaL, 91 By 59 w A7le BAA By S7bskgla, Ble] AVEEE oy
g ol ASS & F ANUth oL A= 33 AR S o5 T4
3= 949 A S Herschel 7S o] 83te] BAsle] Zozy F3E wafo Bass

_38_



Beiser, 1991, Physics, Addison wesley, Chapter 24.

Boone G., 1998, Signal processing using optics, Oxford press, New York,

pp.106-111.
Born M. and Wolf E., 1999, Principles of Optics, Cambridge, Chapter 1,4.
Cheng P. C,, T. H. Lin,, W. L Wu, and J. L. Wu. , 1994, Multidimensional
Microscopy, Springer-Verlag New York Inc, pp.1-31.

Christian K. Sieracki, Christopher G. Levey, and Eric W.hansen, 1995. Simple
binary optical elements for aberration correction in confocal microscope,
Opt. Lett, 20(10), 1213.

Cogswell C. J. and Sheppard C. J. R, 1991. Effect of aberrating layers and tube
length on confocal imaging properties, Optik, 87(1), 34-38.

Corle T. R. and Kino G. S., 1994, Confocal scanning optical microscopy and related
imaging system, Academic press, New York, Chapter 3.

Fukano T. and Yamaguchi I. , 2000. Geometrical cross—sectional imaging by a
heterodyne wavelength-scanning interference confocal microscope, Opt. Lett,
25(8), 548-550.

Fujita K, Nakamura O., Kaneko T., Oyamada M., Takamatsu T. Kawata S,.
2000. Confocal multipoint multiphoton excitation microscope with microlens
and pinhole arrays, Opt. Comm, 174(1-4), 7-12.

Ilev I. K. and Waynant R. W., 2000. A simple submicron confocal microscope
with a fiber optic output. Review of Scientific Instruments, 71(11),
4161-4164.

Jurgen R. Meyer—Arendt, 1995, Introduction to classical and modern optics, New

jersey, Chapter 5, 6.

_39_



Nutter P. W., Wright C. D., 1998. Resolution issues in confocal magnetooptic
scanning laser microscopy, Japan. J. Appl. Phy, 37(4B), 2245-2254.

Minsky M., 1991, Microscopy apparatus., U.S. Patent.

Yang L. S. and Wang G. Y..Wang JG., 2000. Surface profilometry with a
fiber optical confocal scanning microscope. Measurement Science &
Technology, 11(12), 1786-1791.

Schrader M., Hell S. W., Vandervoort HTM, 1998. Three-dimensional
super—resolution with a 4pi—confocal microscope using image restoration, ].
Appl. Phy, 84(8), 4033-4042.

Ishihara M. and Sasaki H., 1999. High—speed surface measurement using a
nonscanning multiple-beam confocal microscope, Opt. Eng, 38(6), 1035-1040.

Sharma M. D. and Sheppard C. J. R, 1999. Effects of system geometry on the
axial response of the fiber optical confocal microscope, J. Mod. Opt, 46(4),
60-62.

Shotton, D. M., 1989. Confocal scanning optical microscopy and its application for
bilogical specimens, J. Cell Sci. 94, 175-206.

Sheppard C. J. R. and Min Gu., 1992. Axial imaging through an aberrating layer
of water in confocal microscopy, Opt. Comm, 88(2), 180-190.

Sheppard C. J. R. and Min Gu., 1991. Aberration compensation in confocal
microscopy, Appl. Opt, 30(25), 3563-3568.

Sheppard C. J. R., 1988. Aberrations in high aperture conventional and confocal
imaging systems, Appl. Opt, 27(22), 4782-4786.

Sheppard C. J. .R. and T.Wilson., 1981. Effect of high angles of convergence on
V(Z) in the scanning acoustic microscope, Appl. Phys. Lett, 38(11), 858-859.

Steffen Lindek, Christoph Cremer, and Ernst H. K. Stelzer, 1996. Confocal theta
fluorescence microscopy with annular apertures, Appl .Opt, 35(1), 126-130.

Sheppard C. J. R. , Min Gu., Keith Brain and Hao Zhou, 1994. Influence of
spherical aberration on axial imaging of confocal reflection microscopy, Appl.
Opt, 33(4), 616-624.

_40_



	표제면
	SUMMARY
	I. 서 론
	II. 이 론
	1. 공초점 광학 현미경의 원리
	2. Side-lobe 와 수차(Aberration)
	3. 개구수(Numerical aperture)와 초점 심도(Depth of focus)
	4. 레일리 기준(Rayleigh Criterion)
	5. Sine 조건과 Herschel 조건
	6. 렌즈왜곡에 의한 경로차
	7. Fresnel 방정식

	III. 실험 방법
	1. 전산기 시늉
	2. 실험 장치 및 방법

	Ⅳ. 결과 및 논의
	1. 전산기 시늉 결과
	2. 실험 결과

	Ⅳ. 결 론
	V. 참 고 문 헌

