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of W#EstE ez FHHATL. A 2} (quadrupole) xggs e gFISA
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S A% ©F 29 (Optical coherence tomography: OCT) A7}k el W&
Abgstol Al 222 HAEA o r usdEed gdWl dAS d58e A=
+ 7]1€oltt. OCT Alz="e 1987\ 7 ¥  optical coherence domain
reflectometry (OCDR)E &4 243 Aoz 1991d MILTY David Huangel ¢
A HE ANEEAT. OCDR2 whol A& A P AE o] &38to] AEF9 zlo]o
w2l o2k (backscattering) = = 2o Al7|E dxdH oz A= Alxdo]r)[13]

OCT+= °]& OCDR Al Z=wlell A kg ~

f
>
=
ol
=
=
o
5
147]
<
D
—~
w
(@)
wn
(@)
QO
=]
=3
=]
0
o
¥
N
)
i
o

2H oAY GAe AST F A=F A

2 =

F93} wpolAe APAR AWon P4
bapst, v}, £F7)E, Ao F AR Hor ¢4 Wl FEHRL Y ]
Folth, d¥td o7 OCTY 3= . F= ddxs & 10~15m= 94 Ad Au =
ALg 53 + Computed tomography, magnetic resonance imaging, ultrasound

uth 259 APEES AR ol 249 FHGH WRES ¥ T+ 9
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ot
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dlo
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=)
o
Mo
o
@
—
N
v
lo,
ot
M

[e3
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fru
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i
flo
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e
BN
>
ke
rlr
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ol
2
>

T2 Av)AL =2 dEaA =9 NA(numerical aperture)® Ab&3to] AEX &9

o 2 ddE Aes 7HAL Jdoew AES oj&ste]l 2 WA ves An
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Axial
Scanning

Low coherence
source

Objective
Lens

|| ot

Sample

a9 3.2 vlolALE 7HA Al (Michelson Interferometer)

3.2.1 7+ (Interference)® ¥ = 34 = (Axial resolution)

5

1=
il

BAS R

=1
8:J
QL
(2

o
o
&
S
m
kv

E;:E(]ei(k;* wt + &) (31)

- ]

FhdolA T AN Hy = AZolA Jo= W E(rt)sh reference delay
AR

ok

arm® AgolA v @ E(nt)7 b g /A Agdra shak

g
12

o) % #3tsk PAAA Wt shtel Butz Ag@via shw, PN §4 2
49 A6l A

!

rle

Gl

t)=E@t)+E.(t+1) (3.2)
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(3.3)
Zzke] ol ol @

=gl"), 1={&B")

ojuE 42 33

flo

L =I1+1+2Re(E,+ B (t+7)) (3.4)

o= npE g 9lvh[5,1315]

= [e]
w T 5(01 z:__l-—‘____ =

g e 7hAa g W

=)

(E.(t) « Et+1))=(EB.OE (t+7) (3.5)

olw, correlation functions I, (7)=

(E,W)E(t+1)yo=2 Ada,

54 717 = (complex degree of coherence)&

T4 8t
(normalized) & 7F+Ad &4

AN

)

T

I, VLI,

~ r,(n (EQEE+7)

(3.6)

2 golgrie, £4 360 A +4 348
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L=1+1+2II Rel|,] (3.7)

2% F A o]E FE A Ee dubA el 7 W A (general interference law
for partially coherent light)e]2} gt} [5]

AwtAd o7 Sv)7F B9 power spectral densityES F2 38 grolgti A9

i

W, B ADHE 4,5 Y 29ERY Fo WHoz @D 5 U

+

7:,,: f S(w)e” ™ dy
0

o] w power spectral density7} (v—wv,)¢ -3 (even function)o]® 2 7}z

-

— 42 — =] =
AL Ha 7z A5Re e T gow gAY 4 vk whehA,

re [F}/sr ] = Vsr€ T - “VsrCOS (27”/07-)
olm =2 F4 (37)
1, =1I,+ 1 +2/11 ~,.cos (2my,7) (3.8)

7F "l o] =48 BA HW F FE(intensity)® o] Ayt A 7o &
Jel2 Wzlsin], ~HEGY F o HFoR Aoy X =

%< (envelope function) v, 9sf WExHS &4 & Ath[13,15]

>
-
e
|3
rx
o
of,
rr
b

2 24

Al 2 FAH7 ZAolgtn & u FAEES Avsd das AR 7= Al/col

A, c=wvAy olBER 2 382 vy o] A Ui e nky & otk

I,= I, +1.+2/11~,.cos (k,Al) (kg =2m/Xy) (3.9)
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Yor ( )eXp[ (%)2 (3.10)
o] ¥aL, 2] 399 3.100] oA ofiol e HuAAE HAA A

Loc2 [S[rexp[—(;% )2 cos (27v,7) (3.11)
3 ’Ysr(To):% 9 wf coherence I, =7y c7t BT} wEkA],

[ _ 22 c _ 2n2 A’ 0.4 A (3.12)
¢ T Av T AXpwam AN

ojm, YZFo AZAHYE Edo EZ(demodulation)E 7 F W coherence
length(l)7} % A% AAIS] zol wae] gk 4% (axial spatial

resolution)”} ¥ t}.

3.2.2 Doppler shift modulation

=y

Reference delay arm¥ sample arm9 F Ho| thist #F H=ZAE wEo] F
91 &l A reference delay arme AL AA Azl FF (Al wste] 9A

SE2()E FAA AET. oul Lol HAH Agel Smel oJaN Fos

N

I

ot

g
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o] 7} A sA Ht
2 39014 AFE cos(ky Aol 9aiA WaEde 2 5 gtk 2, o7 A

Alg Ago] w40l Hr9k AP Ao F(Al=2t)0 % Y=,
27
cos (kyAl) = cos (5—2ut) (3.13)

7 ARHA Ak dwnAoz mA G Foe W fol alA cos(2mft)

2 Yeyes,

p=2v/X (3.14)

7} ®¢[13,15]
w2t A, A A 2 reference delay armol A2l W3} sample armol A o] Ho] 243}

Agel A0l O BASE £FY Fs wold

3.2.3 3" A X (lateral resolution)

dutq oz duAde Fales AT o d¢e 7l (Rayleigh's criterion)ol w

evh P@s W 2AGA 2UE Ao A=E Fdem A4l 2w A=)
guist SreE Bael Hde oaA we HRI oL Yro Frgom

=
ettt olojg]l A3 (Airy pattern)e] WERUA "k dde vEold F R
U778 25 W 7EE A A (incoherent) )1 o] 28] 7F ¥ 7] A= g 79 olofg]
Aol FAol v o eojg] FH A WA ofF& FEol fAA& ok ek
Aotk YALE = FA A4S gt st dE A =9 J) 44 (numerical aperture)
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S NAZ & o, 23 7I5e 49 23
7zt Ee B8 A Z(angular limit  of

resolution)<

1.22)\
D

((p)mim =Af=

(3.15)

A Ee, g 3360 vEg AT T Ak

A Atole] ATE Alolg dH EIg
Al (limit of resolution)+

- 1224 A
(Al = Ax=1.22f\/D= oNA

29 3.3 dloj@o} A%

(3.16)

Adass s A3 AAGIG] =23 Ay SR 24 A E(depth of
focus)7F #astal o= 3 A9ts AvB oM ensace olMA 5 A T A
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A4 Ay BATE
4.1 o)z 3tnyY BARS AuAH LA

X-Y Scanner

O

—
L1 Sample R}

Piezo—mounted
Mirror I

BS1 : Beam splitter (50:50), BS2 : Beam splitter (10:90), BPF : Band pass filter
PMT : Photomultiplier tube, HWP : Half wave plate

DM : Dichroic mirror,

A 28 412 B AT AT dA Al

9 el sl ohelst ol MW,

Udﬂ %%-O—i /\]Eoﬂ =0
g Z7¢ 2@ A/9 AT AL A1 Y mE A
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9o 9% A4ue AHAE g fEA= FATE AP

NE 7 JEF Foa Ak st o] AlxgoA F e EE A= (L1, L2)E
Abgsldeh, o2 A e wWe w Edr o9& FIELS reference delay arm S
P’y

2 sample arm .2 ¥ o] A 3Y3A F ). reference delay arm oz 3+
2 dEdl= (NA 0.2, 5X)9fsl oA sty Ams T 7= BBO crystall
A& ¥k, BBO crystalel o) i F€(@00nm)# o]zt &Y 4% (400nm)7}

= (NA: 0.2, 5X)ol o8 vA e 7=
HYPsA APt oju thEA= Yo Half wave plateE ¥o} 3 HFH 7
Aol HAFE WFAA oA sEY ANme] AVE 24 T F AEF AT o
2A wrEol o) dtEY 415+ Piezo Electric Actuatorel F2HE A oA wb
AtE o] delay lineE #Asle] HE7|2 FstA ¥}l Sample armo & 7F W&

en—fwce 3 TAL A& Galvano scannero] 93] x-y scan©] ¥ i expander 2

Algoll A wEALE o] A

9} Galvano ScannerE A4 Descan¢] #t}h. 7|4 400nm 3T HEALE =

i,
o
2
_c»‘L
td
1c
HE
A
(o,
&=
i
N,
lo,
HE
Mo
vl
>,
D
X
S)
Q
5
o
[}
=
[\

Dichroic MirrorE A}&3te] Ao oA L& adzg S3A7]2 oA drY A3

<
S HIAMNA HEVE BIAY. 47 Reference arm® sample armell A A A €

=)

o,
‘
22

SRy AsE Faob 900l WAZE 1091 W BBl o8 thAl FAA

of
m

A, Az

LR

2

o7 F

Y

H ooz stRrY AlEZE 400nm A RE E376E Band
ol 1 &0l AE7]d o) HEH o

A2 gepAW HALE Do)

oft

Ell

gl

b F

i
R
N

Lo
ol

o,

pass filters %3

[‘

WE
o,

u} reference delay armol 2o]&jA] F

A Ah[16,17] ol g A A" A

1-01;

+ Lock-in amplifierol]l 93] 7tA] Al 5o
AEsEs FoA5Hs THAA Fi RMS Detectors A4 DAQ HEE 53
LabVIEW Z 2 130 93] wEof
dAE o

A oolm A T Zaade A 2D o|w A7t T
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4.1.2 %4 A4

TH, WML = s 22 He AvE udHor HEE o, v es dx
14 AdE At e A Abeldl AFAR AAE AAATH. ey
Agshe 9 ZA7F T3] 2 P9 Aoz Frt 7hA v W 1ol
B A o], W FR FEHE AL wAdd FekH aned AL 9
e AE 3T 5 . e B2E A4 $dEe] 353 ddd AN
i wefstel 9k 22 gats dA #2T F gk A g2 e PE o
olA e AER Qld FE A7 A7AE wEel & & fdo] HlAPe] W
AT7F 7 stAl ek mEbA 2 =il A Feos AR E4E A4 de H
oEHolstoluA nAdYR ANEE FUd FEIT AV AF 2EE MAE

Modelocked Ti:Sapphire Laser ( Coherent, Mira 800 Verdi-V8 pumping)& Al-&
SEA T U ¥ 412 Aol AEg dolA Mira 9009 e EA ®olr),

¥ 4.1 Mira 900 (Verdi-V8) EA X

Mi 900
Specification (V;rrl;le;—VS) Typical Power Tuning Curve
Out power 1.0 W

Tuning Range

700nm ~ 980nm

za T T T T 1 1 T 11

Aut lati <200 - s
. - il
utocorrelation S iy ’K/‘f—““‘n 27T sy |
Repetition Rate 76 MHz nominal % " R 1
¥ 12 =
. z A Y
Noise <0.1% 2 F / ‘h.\ -
Stability <3% ! / \ ]
. 24 P
Beam Diameter 0.8 mm K R
Beam Divergence 1.7 mrad B I e o i I 900 I a5 )
Wavelength (nm)
Spatial Mode TEMao
Polarization Horizontal
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oo Al WAy 2L oz H|AE AlF (2nd order nonlinear susceptibility)<

A A B, FhNA U T oAe FAT MAY S 5] st
o FAZ FAAUA B (S00nm)o] AATL U= WA Lf FHEn 20
F458 AAe o4 duy

9 (400nm)e] 2AsHA ®ok. ol ¥ 4. 2 B
Aol A AL 800nm ¥ "I o] wAo] wlAy wjAA 0.05mm FA] B

~barium borate (BBO; type 1 phase matching) Zg]A29S £33 & 2HAH o
A sty 4S9l 400nm el oiF AFEYS fiber optics =¥ EZ T

(Ocean Optics)2 &4 W xzolr}, 2zt o] tisk FWMH o9 %2 800nmol
8l A= 7.45nm, 400nm 3FAo tEl A= 298 nmzke] =4 ¥ 9o

2.98 nm

Intensity
&
=
3
Intensity

Lo o 0

70 70 gbo 8lo 80 380 30 400 410 420
Wavelength (nm) Wavelength (nm)

994229 2 0% Y Ase] P 2AE=Y
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) A4 & (axial resolution)E&

=
=

2 3120 diietH

37.9um

(800nm) 2
7.45nm

0.44

AQ
AN FWHM

¢(800nm) =0.44

& 37.8um, 400nmol o3|

o2& o2 800nmol| u

bl

~
o

G

L1
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e
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™
o
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2 o
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~

iE)

o

o|J
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zkzkel 7} A7 244 2F 39.8met 27.4mE Z 7 v

AeHAl A H S

ol
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e FALS du)d FAo] 7] wiEel o714 800nm AN ZE wiA g o]} FEY
A% 400nm FHRE o) gdf dujAS FAAL Ax B Aade = A=
B Yol AFF 274m7 Pt

4.1.3 Reference delay arm

OoCT

kA
iy

OCMel 4] Reference delay arm< sample°]l A 2+ Alsotel 74

Y
Ach
1o
2
il
e
i

o] FHA zlo] ARE A NI E AT o & Al=" A

i)
bt
i
of
:oé

o

o} = 9% 0] reference armol A o]zt SFEY AITE YEAZE A}

ofo

I BBO crystalel J&EAA AAE L ol & v ez os) 3o
Hol g Ao mAFO 9= Piezo Electric Actuatorrol F2HE 7 &ol 9
3l WALE o] sample ©el A @A ¥ olx stry A w9 AjEe] modulation®
HANTE weo Fu. olwf Aol FFHH piezod HE& w2 Aol wet
A A3 doppler shift frequency®l A& 4 4352 d& ¢ duvt. A piezos

=

A3 714 9o = galvanometric, polygonal, stepper motor stage %9 HH o
2 reference arm? delay line 34 & = & v}
W Alagd = SellA dFd uksk o] piezog ol 8dte] AL EE

modulation 3} o} ¥ 4. 4= FA ¥ reference arm T &%= o]t}

Tilting mount

490 mm
\ Mirror (3mm)
2 Piezo-Electric
Beam splitter for Actuator

400nm (5050}

Transkation Stage

13 4. 4 PiezoE ©°] £ 3} reference delay arm 4 7
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(AE0203D04F,
EEE T

q

WA tilting 7Fs 3 mount Hol Piezo—-Electric Actuator
Thorlabs)E H&ZAAE o] &35t TAAZ ttg 2 Yol 400nm I} ol
29" 27 3mm, ¥4 9 00lgram ALS A% HAAZ o] &3dte] nAAA
t}. o 7]l A A& -& Piezo-Electric Actuator® FAlol d3 A5 AsdS 7] 9
) H43 s, 27] EFF reference armol A ol FEHE W =)o A FE
AZsATt wEbA B A A~®E o)A A} 3 Piezo-Electric Actuator® of#] X 4.2
ol Al AIAIH = A oA F5E o= AZET
¥ 4. 2 Piezo-Electric Actuator E4 &
AE0203D04F
Drive Voltage Limit for Continuous
Operation 100 Volts
Displacement at Recommended Drive
Voltage Limit 8.0 £ 1.5um
Resonant Frgquency 261KkHz
(no mechanical load)
Capacitance @ 1KHZ, 1V RMS 0.09uF + 20%
Clamping Force 45|b (200N)
Maximum Recommended Preload 22.5lb (100N)
Actuator End Face Area 3.5mm x 4.5mm
Length Along Actuating Axis 5mm
Piezo-Electric Actuator®] %X F2lole g o] Wako] digd 4w A
image 50 2 9F& Tk AL @A Hol Wl el 2AE A
b B SHOR enface image 5& HHEE §t7] wol M4 FAHE A& Hx
glo] Zo] A& s 1 wEF Piezo-Electric Actuatord £ w24 T+
F AL TFH2E OCM en-face images Wel 5T F dS Zolth whA
B AFo e T2 02 Piezo-Electric ActuatorES 100kHz o] &9 &L F34
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2 FEA7I 9 170nmiHE e AYAE F F Adv AC A ¢S Piezo-Electric
Actuatoroll Q17}stodth. v fringe A% A E HAAYR SF ot v
<= Wk s 5 9F A Fol o] @A = phased vl WZSHA w33}
9] RMS#S WAt [21] wepaA B AT
/] phase W3}l © I A AdAGA F S

o O =0
S A7) Y8 #H A9 Piezo-Electric Actuator® Azt A€

B oot EHduA e A

>

ol

+

jvied
ol

2
o)

= A A= RM

oLl
ook
o

ol

1518 ;(]

=

>

o
ofy
ko
o
+
()
RN
DO
«L

ilh)

2 @videl AHAE

AFel sk=7} Piezo-Electric Actuatore] ¢171E uw 3%

9] powerw Y Zo] yeld 4 9l

P,,=P +P cos [asinwt + @] (4.1)

sample

+2/P_P

T sample

=

AN Py Piyppe= 27 reference ©F sample ©9 3 powergkolth.
ax  4dnd, /A Fom Ad = 9li, d,= Piezo-Electric Actuatorel 91715 &
peak-to-peak Ao wWE olF Ao, A= W A wiE Piezo-Electric
Actuator®] F 3ol 9 F4 4104 BHAHAE A WA HEE asinwts
piezo mirrord] & X J&FS Wy F A FEA o= o A g uirE
phase Wo] gtolth, $-2l& AT kA3 E A T2 F oAHA T

& DA LA Bt

e b Azl A oulA FAe AEHE AR AF ac AL @S 54
4.2¢F Zo] dT & At
Vinterference(t) :VO COiaSinaI +¢] (4.2)

04 7] }\1 ’ I/(JOC 2 P’rcfPsu,mplc O] q’

o= thA] 7+ A F 9 ac powerE A 433 o] mdAHE F 9},
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ac power in Vineetoae = QVE[Jf(a)—I—Jf(a)—i—Jf(a)—i—...]sin2¢

+2V2 [ Je) + JHa) + JHa) + ... | cos’p (4.3)

A71M  J(a)& WA FEo] AlFgola, v no] EHE(EE AF) oW
2V 2 (a)sin®p((ex 2V5  (a)cos’ ) nHA dFRY Fk50] 49 power kol
th o 71A AdWe WA s g 5E A 2 ZE delgd a9 4 67

=

Bessel Function Squared
°
o

Alpha (4=d /)

a9 4.5 Piezo A ¢ &l e A A5 WA T Audk

9 29 4. 5% By Jla)d Lla)gkol & a=263 (2d, = 0.418\)° 4 phase
WMo oFte] 0o 88 & & Ju. F, w9 w9l A powerel T2 5 piezo T

& A% #el A phase WMol ¢Fto]l Auglol @A dASH[22] # Aol =

ko)
=
joS)
2]
[¢]
E
o
=2
=2
LN
ols
-
B
o]
d
rr
Q
I
o
N
w
©
=8
f==}
I
e
.
—
oo
>
AN
0
—
D
N
9
<)
—
D
o
=
.
o
>
o
pue
o
job)
=
e}
=

7bof 170nm MAWE $AY 5 AES 86 V,, A4 Aol Absh,
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4.1.4 Sample arm
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yoA Rk w0 o § b ST
B ooh W 70 > R e X oE o
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E < R ™ P R e ol #
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S R - 4 8 CEEE .
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= B =o )i = B g% o
KRS o X —_ — ~ o< g ald
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ABSTRACT

Development of Optical Coherence Microscopy

for Nonlinear optical contrast enhancement

The objective of this study is to understand mechanism in nonlinear optical
signal such as SHG and CARS while interacting between laser light and
biological specimen. In this study, we propose and present new methods to
achieve enhanced OCM which combines nonlinear microscopy Wwith a
low-coherence interferometry to achieve a good lateral and axial resolution.

First, SHG signals provide unique information regarding sample structure
symmetry because signals strongly depend on the orientation, polarization and
local symmetry properties of molecules. The lateral resolution of developed SH
OCM 1is about 0.53um. SH OCM can not only render a 3D imaging without a
pin hole but also obtain considerably deeper penetration than a conventional
confocal microscopy. We obtained SH-OCM images of rat tendons and then
showed that the penetration depth of the SH-OCM is significantly deep as
compared to that of the SH microscope. The SH-OCM provides a powerful
contrast mechanism in nonlinear optical microscopy and is a highly potential
imaging tool for studying tissue physiology and monitoring collagen
modification.

Second, CARS 1is a vibrational spectroscopy technique that has found recent
application in nonlinear microscopy. The molecular selectivity of CARS has
motivated its use as a molecular contrast mechanism for microscopy. Using
CARS OCM, we tried to take images of polystyrene beads with pure back

scattered CARS signals.
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