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1972 1995

;PdA :‘:!":é';‘y;’ 2-Photon Pumped Cavity Lasing
odamine Hollow Fiber & Doped Polymer Rod

1931 TPA Cruss-Section Measured B
Theoretical 15 G-M (532 nm) APSS Synthesized 3800 G-M (800 nm)

Prediction of
2-Photon Abs.

1997
BDBAS Synthesized
17,700 G-M (600 nm)

1961

2-PA Observed
Experimentally
in CaF,:Eu*

1990
2-Photon LSCM"
Invented

2-Photon NDE
of Paints & Coatings
using APSS & AF-15

1930 1960 |1970 2000

1967 1996

Multi-photon Synthesis & Charact.
Spectroscopy AF-50
19,350 G-M (300 nm)
1993 1599
3-D Optical Data
2-Photon Stimulated
Emission in Polymer Stora’l?; U‘M_ilf;:m

Waveguides DCMPMMA) 0 00 (810 nm)

1 Goppert-Mayer (G-M) =1 x 10* cm*sec/photon molecule
Abb. Compound name : see Table 1
* Laser Scanning Confocal Microscopy

27| 1. Historical background of two-photon science
and technology development.

3-D BREARE Azt &4 7HsAe] e o
ddell AFANE BEY v} Yok

3.2 o|EBH HH%‘

ol FF@gelst 34 HHY T FHPo=z
e E’é°ﬂ’\‘] BEEHE 9B 5 @4
A9} o] gt HolA We B ZAIE o wpe
FEAA & Ao BRE F5Eld o7 4Es 5o
TAl 22 ghgel W o nlgag 2 sEele s
AFe 28 F e FAE FAd F58ld o)
FE7E Ha oFzte] UAE Qe Fo) F4E o
o qUAET | £ A9 BA4E B (HFD)
st vl 2 Bole s AL Wty 2).

o714 olFAt FE ¢sldE “VHate] Aol A
(virtual transition state)”7} ZAjajlo} 3=t o]
o AAY e olRI YR stoz oA
Ut o)Fat %’--’Ft 32 Bl E FE FERA o=
2 32 AR Aeg V2 BAE £ dEd), o
Moz xVe Aol vy 2HE O, 7 v
AY FF 2V ol "ot

x(3) = x(3) l+ x(a)xmag (3)

WA FF YUARE JA AN YAl
BAL oiAe) s Yol duin) §Hes Pel

Hedl o(em?/GW)2 FHE 5 gom 1, 9}
o WAE YeEpiE A (4) 2k Zo] e S o)
168

Excited State

S . "“a?%

A
Dsesssrepresasssneversenasgera sy Virtual State
[}
Up-Converted Fluorescence
o Emission

$

Ground State
& 2. Energy level diagram for two-photon process.
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Dye laser Nd: YAG Iase

532 nm

Lens
20 cm

Power meter

‘).
> e

sample

1em

800 nm
Z€E—>+L

i,

1% 3. Experimental setup for nonlinear transmission
experiment.

YAG #HolA2 MAE o]43le 800nme] He=
ZZ3t), ol HolA= 8ns AED 4mme] H
37|82 ZAEE 1.3 mrade] 24bzbal 10 Hze &t
B &og 71xn. 2e 2FA7 20emg] d=
g B8 -0l 2Folxy A8 f4oz AU
27 1emyt He £34718 S0l @0 23

-

3 AR £7)8 9o W3 FH)es o FHA
uzglo] U el A7 AEVE ol g3A 53
&4 @t} o] WA nonlinear transmissivity

= Zold oJAld qel A7) Lo} AR 8719 F
A 1,E o4 52 vepd + Utk

O+ LL8)
Ti="718

glo] &l (A L9 1,9 & FoAAD T=
=R zkol7] WEd A7|dA o]Fx FF AT L&
T8 4 U o] L Al A (5)el Y3 o)F
A &5 399 @ 0,8 4& F Ut o149 &F
23 Ao o 70 HolA gxvt FE o &5
olBal &4 HAAM o7 Hejet 22 FHAo]
EagA Jyehd 5 gicke ol

Prasad T8 o APxPdAAN EFed
(fluorene) Ale] FFEQ AF-50& WA 5o F
% 4,7} 0.045 M/LY o Sgrol 21+15% cm/GW
AL 2Aslgen o] g o843l Avogadro

Q)

£ 1. Two-photon Absorption Cross-section Data for Organics and Polymer

Compounds B(cm?/GW) o,(cm?/GW) o, (cm* sec/photon) Ref.
fI_Efqﬁm‘}}ﬁ 0.8 2.6x10°% 85x107* 26
BBTDDI
CH};Q{'H) 0.42 19x 1072 62x10°% 2%
» o B _ 1.8x107% 28
BDBAS o 2.1x107% 18
) e - 3.9x10°% 7.3x107 24
" ASPI
~
ot O“—Q.;:: 6 2510718 47x107% 29
ASPT ASPT-doped Epoxy
\
,_/N AN
w APOSS - - 15x107 37x107Y 30
HuCw Tz 4 Al 9 '46
C§ :F):/J;W I/I/C 4 7.8%10 1.94x 10 24
3 =0 145 8x107° 1.98x 107 25
EHO-OPPE

IEXED 2)& A 11 W2 3 2000d 49
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N7} 6.023x10%0]mg & (5)d] st o3
A F5 F9E o= 78+15% x10% cm?/GWY
£ ZAEH ). o] AF-50& Aol B3 34)7)
A BAe] Holy} 7| & mom YukX w9 11
2L 313 FolA poly(3,5-dialkoxy- p-phenylene
ethylene) =4 (EHO-OPPE) 7} ¢”,=1.98 x 104
cm?-sec/photon© 2 o]32} F5= A us] =
= A02 B3 HYAh NF7A] d7E BE o]}
FT A71E 2 28R 3R] o9} o5 B9} g,
2 ¢, S E 19 el gl o} 1824-26.28-30

4.2 Z-Scan

321 HlAdE g V9 R F AS B
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Beam Splitter

———-A

&l 4. Experimental setup for open aperture Z-
scan experiment.
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E 2. TPE Cross Sections at Selected Wavelengths

10" 0
Dyes Wa;’(elen)gth (109 cmés/ | (10°%° cm*s/

m photon) photon)

Rhodamine B 840 - 210+55

Fluorescein(pH~11) 782 - 38+9.7

Indo-1 (free) 700 45+13 12+4

Indo-1 (high Ca) 700 12+04 21206

Bis-MSB 691 60+1.8 6.3£18
Dil 700 95+28
Coumarin 307 776 19+£55
Cascade Blue 750 2.1x06
Lucifer Yellow 860 0.95+0.3
Dansy Hydrazine 700 0.72+0.2

DAPI 700 0.16+0.05

Bodipy 920 17+49

72 : The fluoroscence quantum efficiency of the dye.
o’y The two-photon absorption cross section.

ca

Qoon Sy, X
d AF-10 N Cs AF-80 " O AF-50A N

Increasing effective conjugation length

Q HiCiony  COHE1 Q Ko, o GO0
d - g

AF 50 AF-50B
11,56 (11.94)* 10.81

Increasing side chain length

Solvent : THF (benzene)*
0,’: X 1047 cm*» sec / photon

w7l 5. Effects of conjugation lengths and side
chain lengths on two-photon cross-section value
{075 1 X 10% cm*-sec/photon) .

Q -3 o]FAY FRE olFy] Y U
AF-80elM& H|E 6709 o|FAFUd= EFL
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E 3. Two-photon Cross-section Values for Several Chromophores

Co g A,,.(nm) TPA Emission o'y’ calc. ¢,
mpounds me Amanm) | A, (nm) [(107° cm*:s/photon)|(10%° cm*-s/photon)
o - 514 ; 12(8) 27.3
N ~ b
S -LL 374 606(< 620) 410 210(110) 202.4
Y
el ‘el 408 730(~725) 455 995(635) 680.5
b
. -~
Wad . ~
L C 428 730(~725) 480 900(680) 670.3
ad -
a » ( 456 775(~750) 509 1250(1270) 7125
Q%g 472 835 525 1940 950.0
e - 513 825(815) 580 480(650) 570.4
\_:)_’) - O N
' . 554 970 641 1750 -
LYo \ N—\
*
T 618 975(945) 745 4400(3700) -
Q Y
B Q%b 424 ~800 490 450 -

* g’y values were determined by 2-photon-excited fluorescence measurements with 5-ns, 10 Hz pulses from a Nd :
yttrium-aluminum-garnet-pumped optical parametric oscillator-amplifier system.

® Determined with femtosecond laser.

BAE o)&8 Ao g $F AxET SHETI]
2o el Aol B g8 Jr) Ha g
=

6.2 MR HE T

7189 AR AG e 2xgdHos AuE A
Bole] g3Fo] 18] 32 Badw =3 349 BA
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d FoAddA sty 2 Zeld WsE gwalv)A)
o}t G714 270 B3 F5E 9 A7) A2
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I @ 3ety Wl glolX g =y Zo
T ¥o2 dh= FSAA F Z3HA urg
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A FFoh whe-e dojux] B3 193840 o)) o
@ de a7 74 AU o 339 Aw
F& HA¥3 )T ol hetm(Irvin &7)) <]
Rentzepis 80| spirobenzopyran- 2§ AlA
@& o]gdld AdTFE £33, Prasad 24Y
= APSS 3G o]g3lo 7|Ee AA= Az
SFET} oF Ful7l Y& 1 Th/em?® A|¥axtzA 3
214l Bugs Bunny 935 dd3lo] 229 ue u)
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HolAZ 23 & $3o] o]FAIYEA HE YL 3}
AeHl, vFTATFAY Kirkpatrick d7ge 2
w9 olEA F= YIdAEL 7ixlE= AF 3807 33
TAE ol g3 21& TS B8 Yo 4
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Egjol f3n9] Day aSYE F2H niAE o]
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E 4. Optictal Properties of the Chromophores at
800 nm in THF

8 % 0/ MW

Compounds Lf:(:in;\nlls (CmZ/GW) (Xlo"‘scnﬁ- (Xlo-socm4

mol/L | molecule) | molecule)

390(465) | 02 490 0.7
430(521) | 14 285 2.7
388(488) | 47 97.0 197

Q
d 0 | sysums) 47 | 794 | 161

389(494) | 51 106.1 175

%{@10 390(492) | 56 | 1156 161
g@-@-\_o 367(485) | 19 390 92

Qoo | eus| 56 | 148 | 208

~Q
GO 0| 50 | 108 | 196
35(410)| 006 | 131 | 02

Q OO0~ wsue 38 | 4
C$ - 3835(492} 38 794 111

347(453)| 06 139 35

385(488)| 33 684 172

g3k ola} ofy] Waboz 23 g & Ye
2 718 AR AR §87MsAAE 2EE b
AThe oyle] 291 FEZE  2,5-dimethyl-4-
(p-nitro phenylazo)anisole, 2,4,7-trinitro-9-fluo-
renone, 9-ethylcarbazoled T Fsl= i}
poly ( N-vinylcarbazole) %-°]lem™ o] uj 800 nm
o] gl AR g3kl 5 Ghits/cm®e] YT =
31 A2 olglZuv} tige] Mardere}t Perry Zg¥
oA F4 Azdl FPol Hew YIS =
skl $AL WAL WET T 8ad} Lol WS
Fe 2oz Bol oA E AN WE SE2 3
D71EE 3, 2= 3xd e dd AF vt
AThY ol olBA F4 BV £3E vid dA|
7t #olA ®lo] o] & w LAY d= FFe o3l

flo

IEXAAED 7)s A 11 E23 20009 49

400

300 -

200

Output intensity

100

0 100 200 300 400
Input intensity (MW/cm?)

2] 6. Measured output intensity as a function of the
input intensity based on a 1-cm-path AF-50 solution
sample in benzene of d,=0.045 M/L. The solid curve is
the theoretical data with a best-fit parameter of f=
21 ecm/GW.

ZFHeS FEsHE ¢
@ AR ZR e R J
Ho Fe ufg- oy —E

6.3 LHE X2

ol #z} F 71Ee otEolr HEF £ A
th A ¥ oz F4 LTS TEI BE
A BAL FAAF)aL H7]d] 800 nme] & FA}
H A7 Q71 eA aieE g 2 deg oo
w3 U o8 FALAH EFe] whgE& M
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Two-photon read-back

(a)

Single-photon read-back

(b)
8] 7. 3D Optical data storage (a) 800 nm excited
two-photon induced fluorescence, Lateral separa-
tion : 1 um, Layer separation : 3 /m (b} 488 nm Excit-
ed single-photon fluorescence, Spectral shift was used
to store data, Lateral separation : 1 um, Layer separa-
tion : 6 pm.
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Collimated Laser Beam

Localized photo-
polymerization

(a)

—
) ~
—/ \\_\

6 »' =125 x 10 cm* sec/photon =

J2! 8. (a) Localized photonchemistry by two-photon
process, (b) 3-D Lithographic microfabrication,
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Ti:Sapphire Regenerative
laser amplifier

Microlens array

Pinhole array Q

Monitor [Lz2])

Sample ——

(a)

(b)
%l 9. (a) Opticals of a real-time two-photon fluo-
rescence microscope with a microlens array and a re-
generative amplifer, (b) An image of cells of the a
mouse stained by DAPI.

£ el Ak A7 olHR FS A
5 Ao BRE FAO Frod WEL A ¥

Aol MEE @ OAT ZHdE BEE SE
Ryoz UVHe F5oi g2we @/Az &
A .

6.5 alojs

#R F5 WAL o18W E TE sguEe
Hole M4} AR B S} BEA Holol 4
279E A7t nA 34 iAo Ado] Fsa

= Aeolth U] YA oA HlmAA o
B2 B2 Holqo) FPe W= Fgo] Buge
2 Fdo| sbsdthe Aolth ol Aol B3
Fol BA7H Sl UVY R4 e 24 7] A8

DEX D Il A 11 E 2 35 20009 49

PMT

Confocal
Aperture

Dichroic
Beamsplliter

2] 10. Two-photon laser scanning confocal micro-
scopy.
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Solid State Polymer Laser

Near IR
at 800 nm

Upconverted lasing
at 555 nm (~ 2.3% conversion)

3] 1. Two-photon pumped upconverted lasing.
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