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1.1 A=

1.1.1 & F ki FERWEr T e AR v

SRR OB, BRI A B HEREITR TH DGR - B - B L - o3 -
R D Z NZ IR EAIF OHEAR VR &30, T3 - R - SRR NI B WV TR~
RPERREMZ D FiEE LTRB SN TWD. KRS, BEESOSE Tl eqtllz
FIA U CTHARG FOEREAT ) BB SRR FHIMER TEBLS ATV D, FFEDE
YUV TRB T D ARG T & EEHAICIEEIRIICIE . B 121X, MRERZ LT LT 5
TRPMLETHY, FITHEAREIERIAE O G132, T8, EHilics T 520
VU TRBERZ DH LVMELE LT T R ER S, &R R EISH L
T AR TR TEOFRINE 2 < @G STV B[13]. 1/ A7 — 1 O& kL1128
BRSNS L, APEESIC L > TEBRF-NO A RE FEFIC BRI EL 5. )R
T RN OSBIE AT T K - TIREN L, &8 OREICRTE L CAFHED—E8 & Sk
RGN EL D, ZoHEBRS % RERFRE 77 A€ 3 (Localized surface plasmon
resonance; LSPR) & FECK, JEIBBISRIC K 2 B XL F —ZHUT K > TASOEOREE
TROET 5. Fiz, HBOBRBIC K> THEDEBAE T 503, BOt S5 05 & i3
HEWITH D4 TSNS AT 2 RFIE, LSPRIZ X 2 YW &
i & AR & B, £ ORI B ARy FRETFECOZH SN TS, JRIRDEK
TohV, EAEN5-10nm O&F /R FAEENICHE B L TS L&, ZbRishbd
SR RIE 515-520 nm ThH D, E LT, @ S RFiEfHIcE v v SRIENREE D
Z LI KD RHE DT LSPRIC K DRI A~ T M D2 ke LTHN, fiRE
LTy U IRIBITREEIND Z LD, e v T Db DT /K1 O
FIIFRELS ZoH D, O EoiF, EWEMRETICH Sl E 2 7K (Self-assembled
monolayer; SAM) ZJERk L, &7 / KiFZEET 2 FIETH 5[5-6]. BE(LS -4

F )RRV TR AR T DR TR L, B v TR RO




9 F KA ORISR K > TRIIT 2 FIETHS. N Nath Hi%, Z o 37
BO—FETHHLA NI NT BV aET /R EE(L S 23R & UV-Vis 538Gt
WaERNTHRE L. HT7AEROEREICT T oAy TV THOOESTHD
y-(aminopropyl)triethoxysilane (y-APTES) % H\W\THeimic 7 X / a2 H T 5 SAM %Ak
L72. SAM |2 X Y [EE b S 747 / Bif-EKEIZ S 51T, mercaptopropionic acid (MPA)
Ly FRmMEEML, e FrE2EEN L. RO TA LT T EY Ot
FRFL L pg/mL LA R &R LT 5. ) /R 12 B SRS A Loy Yeatil 2 v Tk
VU TG E RN T A FIEE, KT AN FICBIRH STV A[8-10]. SK.
Srivastava H X, 7 7 A N TRV U THEEER L, &) ki1 AV CliER
REBLSH[1L]. #oiE, a 7600 um DS T AT 7 7Ty RAEarT T A
RO Ty RERRESNZHHZBWEIC L > T U FRICEE LE VA HEL
o B I 7y REBRESIL, UFRINIHE T 7 A SBREEINTWNWD Z b,
HT 7 A NNEEARHET 2D ORI ARy MERREAH L TN D, =%
vy MY 7 A SMEERL E B E S E 5 2 L3 TE, 7 7 A MO
BACE AR LTHEX 2 2 A TE S, SAM Bk S vzt & mE i e
VR ZEE L, EOREICE HIZT FURERCEER 2L FRIERMT 5 Z L I2 k- T,
U HREICTIREZIE A D2 ENTE L. MR EERmEICRE L2 Z &IT X
5 RPTN IR IEIT RN 7 7 A Mot 2 b S8, &7/ K18 & DRI A~
MUIZZE b Z b2 59, R 540 nm % B — 7 [ZRF ORI A~ R VIS OB -
5-(0-250 mg/dL)IZff:»> TED E— 7 fER A LTz, U FADE 7 A /S LSPR & > D2
RIZE o TEVEO/NYERFET L, FHINCHWSEHE 150 uL LN THATH D
ZEMIRENTZ. HH. Jeong X, Y7 7 A O &k P HEEICERA L, HURBUR
BT & B ARGy ORI E L TV 5[12]. & PR mIc 4T / kit % ek
L2 LT, T A MBIENT 7 A N\ & S LT BRI e 2 R S AR AR &




WD ENAREL 72D, &) ki HIZ interferon-gamma HiiA % Efifi4 2 = & THUR
AT S ENTE, BHRRIZ 2pgmL Tho7-. Kt 7 oot T ki
FOWNFT Db 5 —DlF, WIKHPIZHH L TWbHET ki &y Z/GoREIC
Lo TAL EEL BT 5 FIETH H[1-3]. ERD FOTIC L - TaF ki 712k
ENE LD BN T B2, ZHUTIE U TET DML ALT ML EHRZD
ZETHEKRG AR T T DI ENTREE D, KA B, BT BL TN D
&) 2RI OREICT T XNVREEHIL, A7 I ORBICKRIHILTWS[L]. v 7 X
IVERSREMER ST /R TIC AT I UBNIRINEND Z & T, FRERENFHA L
T S RAICEENE T D, Fig. 1-1IRT L9218, &7 2R FOREIC X - THlds
KOEITRAN S FEIIEAL, BAOEAENESNHFTHZE TATIVOEAR
R LTz, B VIREE 20 nM DIRIRED A T X NS K D48/ R4y BRI O 28 6. % e
RL, BBy TREREER L TN D, &) R T OREEREZFIH L, FED DNA
BH[2], BAMRORIEER &b EIINTWD. & /R FEFICE > v 755
TAE LTZ BRI A C D 0N R BRI RIN AR 7 VD2 E L TRIITE 57
O, TOEMERAD OO v VR BIIWMETHEFITE 5 LEX LS. Bk
LT s A ey 7T Rt 2 lAG bl FEREB TE D o
EEEBTNTEBTELMREMNHD LWV 5. LEEN-T, HXiHIllcKE Rt v
VU TRIBERFET AR (FaXy ML) OFFIIMNTIVWE WX D, MR
T 7 A NERE RTINS S (ZRFLNEE) AR L, Utk s LR
DI & TaeT RIS BN 7 7 A AMEWOC S A S5 2 ENTE .
W2 FRE LZERERF~A 7 8 A— NLORERIET 7 A NEWEr &85 2 & 72
SHEBH~A 71 A— MVEREOFMEZHECEIE, FRMea) v MVRED
DHENVERTE LI LR D. FRROMEE LT 7 A e a ) v MLtk &

IR, &F Kok e FIR Lc Ak o o 7B TE R, BUETRS




TWAMESEHZROR/NRY 2 — L THL I T~ 7y MZETED LN
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Fig. 1-1 (a) Visual color change of the chemical-stabilized gold nanoparticles upon addition of
melamine (from left to right: 0, 1.5 uM) [1]. (b and c) The corresponding TEM images (0 and
1.5 uM, respectively).




1.1.2 7= A MR L—V—IC X2 FME~OUWE - BREINLT
BBE SNV AN ERIET D7 = b ML —T—1C X DM B~ I T, b =%t

HIER, T ARSI, T KL RSSO MEI BHUE - B L& TRRIC
L, ZOIERABNTLIEIC - 5[13-17]. Fric, MEWE - MERE (77 L—130)
MTICEI LTI, B x oM BFC7 = A MRSV A EFRIHT A 2 LI L 0 EBARETH
5[18-22]. 7= AL ML —V—IZLBT 7L —2a VINTOKRERERE LT, T
FLN SV RMED L — P — NG X 2 IEB I TOEBL 2T 5 5. 1996 4 B.N.
Chichkov 5%, L= —D /L RMEOEWIZ X DI TR OBEEIZ O THREL TV D
[23]. 7SV ANHREHC L DAEHNER O TR & A IR E O BB S % 7 = A MO
B B BEIZ /T THEE L, INTIRIC & D X 5 7B B 2 BRI L
TW5b. 7z s NYFEIRCIE, BREREN T/ L 2 L ¥ — D AIZ L0 BN
DEFDOHPIRE LA TS, LT, EFREOT XX =D FRED ERICEHST
HENC L —F—DMF MR TT 5. fRELT, Lb—P %I EH LB HRED
TRVF=NEEETICEZ BN, MBIZABSEL 2 ENTED (Fk, 79X~
ERASEDLZLENTED). NVAEE 7 = 5 NN ST ) B~ BL S, JEE 100
um OAF—VEIZT 7 L—3 a3 UIIT. LTz Fig. 1-2 OFERIC T ERIZOWTORGED
WAENICE FH TV 5. 2001 452 C.B. Schaffer HIEAMEHIxT 27 = & MNP L—
PN TAZ OV TSR L T 5 [24). IRALG ¥E72 OB BRI, v—V—0ES
IZE > TEFREBOEFNEERICELIND Z L THEROWNE - BRENFREERD.
ARRSERA AL O R A b o L—V —TIX, BAMEHIH L CE T &2 EEHICES S
HZEFHELV. L, 7x=b MUV AKD L D ITEW B — 7 SREEDSEEHZ FRE &
NI AL, b RNA AR HK TR E DI F BRI L > CTE 288
WICEBSELZ LN TEX S, Keldysh (/85 2 — 4 5 5[25], MEISERG S (N

RF¥¥ v 7:75eV) OBFE, L—F—E400nm D7 = SV AN TIE b v




A AL LD b N RIGRFEA XA TH Y, TR L —5 — 5 2.9x108
Wiecm? R STV 5. [FIREHIC C.B. Schaffer 5%, /WL AT R /LF—5n] O 7 = A
NPV 2SS A N 1.4 OIEEN L > X CARr U A R T ZHAR (Corning 0211)
IZIRE L, IR 633 nm DYE L v IV — RRHRTREZR Y60 S & 1 4L L 7-[26]. Fig.
1-3 (RGP R IE, MR LR 25 MHz 0291 241 % L —H — =R E 20 mm/s
DIMTLEETHERSNTZ LD TH S, 7 UL AFNOFE VSR LERKIC X 2B O B O
AT TEELIEITRAANRETTND Z &M TRBEROBEN L RINLTVD
BRMAIEIZOWTOT 7 L— a VFEIZOW T, xR FiEZHOVTENLATWY
5[27-30]. =@HT, 2013 42 N. Varkentina o (%, ¥ 1025 nm, /<)L A g 500 fs & 7
=AMV I ERNT L= =T N2 U X EMEAT 7L —3 3 SN D INTA)
ROBMRIZOWTHLNIC L TWA[31]. 7SV AN ERBA SIS L72BR D, L—H
— DGR L FBRRD S A~D/ OV AT RV X —DORINREREH Lz, 77 L—
a VERFEEO L —F— T L AT K DRI T, 2V AT R VX — D 25% M EREA
RIS D Z Edohrolz. L—H—T N 2T 7 L—va VEELY 51
D EWIRIE ESL, MOEHT T 2 WRINRIE T0% TR 5 2 & bR Sz, £z,
TT7L—ya BED 2 OV —F—T NV AR LT T L—rarENSENS
WZ e300 0.65 pm¥pud ICRET H Z EEH LT L. RELOERA I T 5
Tz b ML= =T X OMEIE - MEREI L OF S5, 2015 4£(Z J.R. Grenier
SITAFERY VI NE—RET 7 A0 7 T v RBIZT = A M L—V—(2 X D88
WESSEIN TIZ X > Ta T WE sl § 506% 7 7 v RIE~IY H3 8 K o5
IZATh LTV 5 [32]. I 522 nm, 7<)V A1iE 200 fs @ 7 = 5 MRSV AN A B D%k 1.25
DR L X FAWTHT 7 A " T 5 6-13.5 pm Bl 7= BREEI O GBI IR 2 55 L

CARMPEETIE, BT = A ML= I LD AR T 7 A N DT T L—

a YINTIZR Y, B =Y v MVENLORUNR IR TS % 2R E ORI L T




WAI[33]. WUNEILEEITE 7 7 A e 3 Yy PASEEAL L RRT I ERTE, &
VN~ T DRI O JR ST R AT 7 7 A AMefotZ2FH L TRIEST 5 2 &
NTED. BAPWEISIEAT DRI O R EIME, 2te 2T D5
WFRE NS D Z EBRALNERo> TS, £z, #EAKETHIE—F I 66 %
BANEICEAL, FHDEHEB O 2 Fil S 25 & a0t @3 EA ORI & 530 nm T
BT L, AT HH0EFEORE NI 5 I oW TR b I 5 6a 2
B Lic, RSNtV ORFEIZB L% 20 pL & AAE S B, BUNEORFEIC X
Lo NEHMOARAMEZ R L TWD. £ LT, Al L7ce&) /R FEEImR L LT 7 14
TV ZIOSA LRI RES N TS T, 7 7 A e =) v gtz
WTeT /R BRI K 2 I AT F V2 BfS C & 2, Fric o5 5t =ik

T L ENTES.




Fig. 1-2 SEM photographs of microholes drilled in a 100 um thick steel foil fabricated by
different pulse durations [23]. (a): 200 fs, (b): 80 ps, (c): 3.3 ns.
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Fig. 1-3 Optical microscope image of waveguides written inside bulk glass by femtosecond
pulses focused by a 1.4 NA microscope objective [26]. The sample was translated at 20 mm/s

perpendicularly to the incident direction of the laser beam. The inset shows one end face of a

waveguide.
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mm OM L X2 HE L, E—LFZ2xtL o XT8N TE 5 3.0 mm LA FIZK-7-.
IR OHESCEEAR 800 nm O L—HF—MTOFIAEZEL, SHG & ATk
FOBNZ L —F—HZTY BT 72D D I T —NRGITHE SN TN D . MELOEINLE
X, 2BD CCD B AT & SEBE@MAT—VEHAWTHTE L., £72, A%RET7 74

IRADNTAL, 7 7 ANREBEETHY T FICAT v B T —F —|C L 5 AllnitE
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Mirror

Femtosecond laser system] Collimating

Mirror optics

Wavelength: 800 nm
Pulse width: 210 fs

CCD
4 #Moving
) i direction
@ Feuu

Second harmonic gate

Translation stage

Wavelength: 400 nm Dichroic ~ Objective

Pulse width: 350 fs mirror lens Thin fused

silica plate

Fig. 2-1 Schematic diagram of the experimental setup for fabrication of microholes using

femtosecond laser pulses.
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Table 2-1 Specification of laser system (IFRIT, Cyber Laser Inc.).

Specification of laser system

Fundamental wavelength
Wavelength of second harmonic
Average power
Repetition rate

Pulse duration

Pulse energy

Beam diameter

Spatial beam quality
Divergence

Propagation medium
Laser polarization
Number of pulse shots
Pulse to pulse stability
Output energy stability
Class of laser product

800 nm

1.0wW

S 1kHz

210fs

1mJ

6 mm
M?<15
= 1 mrad

Linear polarization
Optional

1.5% rms
2.0% rms for 50 hours

Class 4
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400 nm
100 mW

350 fs
240 pJ




9.8 HEH TG AMERA~DOT 7 L—3 3 UINTIZ X AT o ks

LA T AR R 400 nm, 2V A1 350 fs D7 = & b2V A% RS LB
REIZT T L—va VT aELE. 7OV AT R LE—, #uR UERKE, Thth
20p), 1kHz & L7z, “FEEOx 1L > X (NA:0.28,0.65) % F\WCTHEN A &R
IZHEE L TNTEZ S Lz, BV 2504 10 7206 1,000 shots £ T2 LS, 1L
RO, WERREH S IOV CEAAE 7-BAMMEE (Scanning Electron Microscopy; SEM,
FE-SEM JSM-7500F, JEOL Ltd.) % FAWTHEIZZ L7z, Fig. 2-2 IZAHH T AR O E I
T xSV ASNC L DT T U—2a VI L& Lo R 2T, IR RIEAR
BTHEMEICE D SEMBEETH Y, FAAE028 DXL XAaMWeHETHD. %
BHEOA FICRE V28 %R, 8 o0 SEM TEO LB, TEIIZNENFE UER
DHEETHY, TEOFEEII EEIIRTIMTIEONBEORmMILKGEETHDL. L—F—
KON IT AL, TRTOFEEIZH L CKRELMTHD. BH L 245 10 shots Ti,
REOHLHMIIEZGFONIRD T, UL 25 50 shots L ETEERE D& 51 TIED
/DAL, MEHEEIZ 2 2 IZ 2 TN LAV S R DR BRI TNV D Z &b
ol o, WEHHREICITHEI A H Y, BE V2N ET HICon THRMEL AL
TWDLZ MDD, Fig. 2-3 125 XD A% 0.65 1AL L, FEROFEMICE
F27 7= a VINTRERZ /T B A% 0.28 DG & Ak, G/ L 24 10 shots
TIHRS DD LM ITIEEG LR h > T, S L 2 H0 50 shots TELBAIH & 7272 PN
FE TGRS 7= [3]. BRI/ $L 25K 50 shots B L CHES Db 2 M TENEL, BB L
ZEOEIMAENT 7T — g  SNIEFE B EENT 5 Z E NP b L oo, BEN
JU A %5100 shots LA |- CiE, BAH%00.28 LV 0.65 Z#HH L72GG0 AR T 7 L—va v
SNHEHENREL DT Lotz B /L 240100 shots D & =13, INTIEA
0 O OEENT 15.7 um, A#EhE 8.7 um Th o7z, MITEREFEH#EL Lz, 77

L—ya VENTEEREITB L E BB TH Y, v~/ /7 uya— AU T 7T L—
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2 UEIX0.18 pum¥pd THDHZ ERbo oz, IMTIREHOERZ M TIEA Y O OmfE
CRBELRELZEE, 77— a SN FETBsEZ 1073 ym* TH Y, 77
L— g VEIZ054 umip) THDHZ ERbhoiz. Ko T, SEMIZ K H8IE TR D%k
0.65 DXL v X HWHEDT 7 L— a V&, 0.18-0.54 um?/pd OFFHIZIL E
D ENRENT. FTe, BRENAIMITIEOKRE S0V 28T 2 AR
7 A SO 7 T v FEE 125 um (IZINE 5729, B3 0.65 Z 8T 2 5 A3 En

INTNRTHDHZ EDBRALNE ST
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Fig. 2-2 Scanning electron microscope photographs of a microhole fabricated on a bulk fused
silica and the inner surface of the microhole. The focal point was set on the surface of fused
silica by use of the objective lens with 0.28 NA. The laser pulse energy was 20 pJ. The number
of pulse shots is indicated in the upper right corner of each image. Magnifications in the upper

and bottom photographs are 5,000 and 20,000, respectively.
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Fig. 2-3 Scanning electron microscope photographs of a microhole fabricated on a bulk fused
silica and the inner surface of the microhole. The focal point was set on the surface of fused
silica by use of the objective lens with 0.65 NA. The laser pulse energy was 20 pJ. The number
of pulse shots is indicated in the upper right corner of each image. Magnifications in the upper
and bottom photographs are 5,000 and 20,000, respectively.
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24 T L—3a VI LEEOWNERFERH SO\ T

MEHZRI L CL—Y—c k27 7L —v a3 VINT &N L, Bk S 72 TE o NEE
2 BEE - S L7l W< O FET D, 7= A M L—Y—TT7 7L — a3 VL
Lokt LT, WERE 28152 L mEH S W< O0FEET 5[4-7]. A Weck &
1%, B 100 pm OFFEEREIZ 7 = A ML —PF—TEIBEALHEEL, NIBIZEREND
JEIREE & L — — DR DOBREEZ R LTZ[8]. DA EORIBAIL, L—Y—ik

FAL L—P—DENXAOZHNTLUTDOX Y ICEIND.

. A
"~ 1+sin(6)

(2-1)
Fig. 2-4 (ZEIZIN L S L7z IR ALONERER R S 122\ T SEM BE A7~ 7. Rt
(ZARAF U 72 7 I JE IR E ST A S 4, — — i & 800 nm TfH k& 300 nm BLF, ¥ &
400 nm “CAIE 160 nm LL T O E I E SR STV D Z ERfER SN TN D, L—H
—DOANHA 907 DOLEEIBET D L FRORXE ERFBEROBEEENH D Z ERNbhro
7z

Y. Liu B3, JE S 2 mm OEREA RERIZE R 800nm D7 = A YL —F—Z AL,
PR 11 OO JE RS IE 12 DUV T D SEM IZ K D BIESRE R A iE L TV (9], Bl 1t
T MNP i O A MRS 1L, RRlA RIS S L—F e nTic k- T T
X TNERE CTO L —F =IO FHIC L > TR ENS. Ei 2D L —F—J i
L DT ORI T 2 E AL,

A
M= Zsine/2)

ERTZENTE, UTL—P R, aIATHS. WETIE, ALk h

(2-2)

DM TEDRIRE D2 T AJIREE L BES > T D, L—F—DOFERNERREIZ K

FansAMAIT,

A4

" S@r 9o ey
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EREND. Fig. 2-5 (23T K O ITHRE/ L 245100 shots T L —H— R 5[ 7> & 7T
BUR O EMIREN R S, £ OJEIFEIE 600-700 nm & _EFEOH(2-3)5 H i L 7R
WRER L 725> TN D,

Y. Huang 5%, % IR 800 nm, #ulk LA 1 kHz DSV 2 & ST L, #
BEINTIR OWNERR I L — Y — Ol 7 10 & B G iR - 72 B IE N R S h %
Z & B LIZ[10]. PIREE OF IS IL L — D ASHEE LY —I2 Lo THR
SNDHRIT T AT EDOTHICL > TSNS ERLTND. =P —JHITHT D

TS T3 1 o0 JE IR I ORRRR dy 1ZLL T D K 9 icEk S D.

4 = A
L™ (n + sing)

NFZER E EBOFHEIETH L. JAMESER S LD 0 g T L—F—DES L

with g, Il E (2-4)

FATRE RS ND. ETe, b= =04 2 eHh 7 [ o JE IS O [k d2 13

A
(n? — sin26)1/2

EXRT LN TE, FHENERIND W g ldL—F—DBLLELL TS,

Fig. 2-6 |29 X 912, F & >kt LT 10,000 2 /b Z BRI T, ek J5 17 0 J& 1 R b 0.4 pm,
SCH G A oD JEITEIRE 1.5 pm 24572

Tz A ML= 2L BT T L —va VITIZ L > TEREND A S ITHEEON
IR EOMEERFEELE, R TR L 91 b— Y — BRSO EHT L - ThE~ 72
BRIZHESN TS, WEEOEEFEIHAZ R TRIZHNT, L—F—D ARMAREE
ZHTEOT T ERNTNOBRETHEEEND. ANAREINT DI, JE SRR
DB ERRME NS DS, 23 TR LI ERERTYH, %0065 Z8H L
72 A ML= —IZ LD T T L= a VINTOHR, BNk 028 OfA & ik L
THNERAM I ZMZ 22 LN TEZ. EERTRA Lo, 2.3 i %EERICR:E

TW5 EHEHITE S,
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Fig. 2-4 SEM photographs of the inside walls of a laser hole drilled [8]. (a) A vertical
polarization on the figure. (b) A polarization out of the page.
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Fig. 2-5 Formation of laser-induced periodic annular surface structures (LIPASS) as a function
of the laser shots number [9]. The focal lens was f = 75 mm and the laser fluence of F = 9.8

Jicm?, The numbers on each photograph indicate the laser shots numbers. The arrow represents

the direction of laser polarization in (a).
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B

N 50 1 m g 11 m

Fig. 2-6 SEM photographs of a microhole on the titanium by use of 800 nm femtosecond laser
[10]. (a) The microhole formation after 10,000 pulse shots. The arrow indicates the incident laser
polarization direction. (b) Two dimensional ripple structure on the central zone of the area 1. (c)
One dimensional ripple structure on the central zone of the area 2. (d) Cone structure on a small

microhole wall at the bottom.
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25 IEN T2 A MLV I XD AHERNT 7 A X~DZEFANNL

KREITIE, ARRNT 7 A NCEHESS T = 2 L —F —2 T, MR ET
BT HREZATHALITINT (BANT) Z2FEET 5. O 0.65 O HERE
WHEDEFAL, ITHRD LWEINTORKEEEZHASNCT 5. %E 400 nm,
7SV ANE 350 fs D7)V A NAHFAFERNT 7 A NSRS L, T 27 o zE
FLAEE 2 AL U 7= #EHE Multi-mode graded index (MMGH UG S35~ 7 1 X (Fujikura
Inc.) ZBHALZ. K77 A 0a7i, 77y FMEIZENEN, 625 um, 125 um O
LOEERE LT, IR E e a7 e LeDIL, eV 28 LRI LVNICHE
AT DL T 7 A Mot & DA T 282 ATRERIRY K& T 5720 T
b5, Fig. 21T 7 A NR~DT = A MY L—F—IZ XD Z AN TOMEX 2R~
MR UJEIR T 1 kHZ ICEE LT, 2SSV A TR —(320 wd & 30 wd & " FEHICRE
L7-. HE& L2503, 100 shots & 1,000 shots @ 5@ v & L7=. EHALE X, Fig. 2-7
FEIAKI D L O IZHPEFR T 2> B 50 um OALE IZFRE Lz MEHRmICE R 2R E L
A, MTIEOES T HEum BBE L 725 Z ERPREBRTH LN E 725 TWN D, BREN
JL 2% 100 shots, 1,000 shots F2EE TR S 2 A9 2 ZRFMEIE 2 ST 2 7o OIZELLE I
B ORI EE U7, BAAEREEE, Y67 7 A SO TERANE 05 T 2 Wk L,
Z O 2 SEM & AW TEIZE L7=. Fig. 2-8 [ZMBEF /L 2% 100 shots, 7L A =R JLF
—20 W & LA OMIRERICHT 5 SEM BEART. TR TOMBEDOFTET, 7=
LRV AT BEEND R TENSAIZEN LTS, Fig. 2-8 (Q)DEED AW ik
DML, 7 7AROaTEEr Ty RBOBEREZRLTEY, BEShZEIMSET
a7 BICETEEL TS Z 0825, Fig. 2-8 (b)) 5, ZEAMEDOE ST 60 um T
HY, FMERELRIL 35 pm DR S CTEE 3 um FREE OMIR W2 AUE S S 7z [11].
F72, Fig. 2-8 (c)-(e)bbond L HIZ, MEHEE (Fig. 2-8 (c) XN EIRmEIZH S 84

CTWD 2 RO LD, MR OMR\ZE G O NETR IS LR b 27 K
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DR EN TS Z EBNbnoTz. Fig.2-8(d), @005, 7=A ML —V—ICL 5T
T L—a VLRSI L N R AN AT E U 7oA 98 ORI 1 2 fEas L7z, IRIC
HRST 7V 2 4% 1,000 shots 2281k S W72 #6554 Fig. 2-9 (Z7R"¥. Fig. 2-9 ()22 H AT
1% & 912, 100 shots DA & Ak, 2 7 @ % THIET 2 A DR S 1172 Fig. 2-9
LD, FAMEEOERSITBEZ 80 um TH D Z L3R T, BE L 2EOBMN
P> TN ESNDESINHEINT 5 2 LR bho7z. Fig. 2-9 (¢)-(e) & A Thnbd & H1Z,
R S U7 2R FLAEIE O N R TR HL S DA S 7. ZRAEE OTIR SR
H O LR DALEIE, FRE V28 100 shots DA & RIERICH B R DI L% 23 um
OIS T D Z L DR S -, BRIV 251,000 shots D & X (ZTERL S A7~ 2R AL
TR O N ERZR 1 O FH S 1, 100 shots D & X IZHERS S AV HLl I & 2373kl & 1372 B 72
modo. BB SV ZAEOEEINTAE S WER I & OTEAUE, KRBV ZDOZEB R K
2 WNEBR I OUE & BIFEITHER L TV 5. RIS, 7SV AT R L —% 30 p) LS+,
FRET OV 25100 shots & L7z & & DU THER % Fig. 2-10 (2”7, 7SV AT R LF
—R 20 DE X LFRBEIC, T 7 A NRNDaTEETEET L RIMESEE I T
% Z & 28 Fig. 2-10 () HHER TE 5. Fig. 2-10 (0)2 6, ZALEE DR X1 X% 60 um
ThoHIENRDLNY, ML ATRF —Z RIS ETHREAMENRERS RSN LR
Do T BAMEE OB 4.6 yum & /L 2T FLF—7820 W DA & ik LT,
Leum ¥ L7 Z Ebnsd. Ao L —F—RNEHFEOSE, NV AT RV —% B
MEED EEAMMEDRENKL 72D ENRHLMNE 272, Fig. 2-10 (d), ()5 oh
XN, MBIRT 7 L— g U ENABEOBMNCHE, AL ENEI TS T % Ft
IR DA E RSB L T\ D Z L300, Fig. 2-10 (¢) TRT, 7 7 4 "Dk
HICETCHET DL IR T

FEROERICT, B AL ZEE SV AT LT —D ZODRBE /T A= 0, %7

HEEDTR S, TEIR, WEBRIE OIS SV TOMAMEZ MRS T2 Z LA TE 2. RIS,
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MR LB EICEE L, TR ED L 2 78 WRBN D R L7z, »L AT xL
X — % 30 pd (2T L, Mol UJEJE % 10 Hz 7> 5 1,000 Hz 1228 b & B 22 LA DR X,
FEAR, PNEBZRE ORL ST OV T SEM BRI L W B 5 Lo, ERALE ILATHE O EER AR
2, BHRNT 7 A NFiHD S 50 pm OALE & Uiz, Fig. 2-11 1286 UJEH 5z 2k X
HIZBR D ZE AL IE D ZEABIT DUV T O SEM BLESHS R A /- 7. 2R FLIE X IRGT /N /L 2 %2 100
shots & L7-3 A DR TH S, Fig. 2-11 (), (c)D#ik UJEH %% 10 Hz, 100 Hz Tl
ZTNEN LT um, 25 um RS O H D R AEEZ 155 Z L IXTE ) o 7=, Fig. 2-11 (b),
(d)ZHeRBT 2 &, 4 UJE 4L 100 Hz LU T CIEWNEREIXER L7z L 5 2Rim L 720,
10 Hz & 100 Hz TIFERFRICE VA4 Uiz, Fig. 2-11 (e), (F)id Fig. 2-10 R L¥ > 7L
D SEM BIEZHERTH 5. Ml UEPHEAS 1,000 Hz D & &5 5% 60 pm & 100 Hz o &
ICIR SN TR S OFLL L O ZRAMEER TR S L7z, S 518, MBHRE S 25 um X

D HIEERTIE, WONRNERETHDHZ NS, 25um L0 HEWFEFHO NI
M, MR LR 100 Hz O & & LR U & 9 RBRERNTERR Sz, Bkl FRER
JVAH % 1,000 shots & L, #Ri UJEIRE 2 280 S CARALIE A TR L 72 N s %
Fig. 2-12 27”7, Fig. 2-12 (@), (c), ()% A THIHMN7e X 912, #Mk UJEEE)S 10 Hz
25 1,000 Hz EHMNT 212 OV CTRFUEIEDE S 1L, 52 um, 75 um, 93 um & #EhN5
52 ENomoto. BEENEMT I OWTHEIBEORS BN T 52 &%, v—
YP—JDIBIHZ L DB A~DOZEBGDREDBHAE L TS LR TE DL, 7o b bhL—
V=2 L DMB~OIRF DS, 02 MHZ BREEDRRF 2 H3AT 5 Z DM BTN D
[12]. Fig. 2-12 (b), (d), ()22 HATHnD &0, BBV 2 HA% 1,000 shots D & X 1%
MR LB 2 Z b S ETONEEREITHIOH 5 b ORI T,

AEITIE, JE 400 nm, 2L AE 350fs D7 = I R 2L AWED L AT R )L F—,
MRSV 28, MR U A B L S ORESE L - RAUREIE OTR S, TR, W& o
HSIZOWTHRAPEZ T~ T2, 3RS 52 um LA EOZRILEEDN B S 256, MEkR T
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KV 23 pm 225 25 pm Z B EAMEDTEARISEV AL Tz, B OB TldRm»
5 DR S DEIMTAFENER O ZRFLIEE DRI S < 72 DAHM 2342 UTe. MO I,

TRHABEDORN—E L 25 X 5 R 2457,
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Fig. 2-7 The experimental apparatus of the laser system to fabricate micorholes into the glass

o*

optical fiber. Inset represents the details of a focal position.
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Fig. 2-8 Observation of a microhole with a ‘hundred’ femtosecond laser pulse irradiation with
different magnifications. The pulse energy was ‘20 pJ’. (a) Whole cross-sectional view of a
processed fiber. The dotted circle indicates the boundary of core and cladding. (b) Magnified
cross-sectional view of a processed fiber with three different positions. (c-e) Three different

positions of a microhole inside a fiber are further magnified as (c-e) in (b).
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Fig. 2-9 Observation of a microhole with a ‘thousand’ femtosecond laser pulse irradiation with
different magnifications. The pulse energy was ‘20 uJ’. (a) Whole cross-sectional view of a
processed fiber. The dotted circle indicates the boundary of core and cladding. (b) Magnified
cross-sectional view of a processed fiber with three different positions. (c-e) Three different

positions of a microhole inside a fiber are further magnified as (c—¢) in (b).
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Fig. 2-10 Observation of a microhole with a ‘hundred’ femtosecond laser pulse irradiation with
different magnifications. The pulse energy was ‘30 pJ’. (a) Whole cross-sectional view of a
processed fiber. The dotted circle indicates the boundary of core and cladding. (b) Magnified
cross-sectional view of a processed fiber with three different positions. (c-e) Three different
positions of a microhole inside a fiber are further magnified as (c-e) in (b).
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10 Hz
100 shots

100 Hz
100 shots

1000 Hz
100 shots

Fig. 2-11 Observation of the shapes of the microholes with varying the repetition rate from 10 to
1,000 Hz ((a), (c), (e)). The inner surface roughness was also observed ((b), (d), (f)). The near
UV femtosecond pulses with ‘30 pJ’ irradiated into the glass fiber optic. The number of pulse
shots was ‘100 shots’.
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10 Hz
1000 shots

100 Hz
1000 shots

1000 Hz
1000 shots

Fig. 2-12 Observation of the shapes of the microholes with varying the repetition rate from 10 to
1,000 Hz ((a), (c), (e)). The inner surface roughness was also observed ((b), (d), (f)). The NUV
femtosecond pulses with ‘30 uJ” irradiated into the glass fiber optic. The number of pulse shots
was ‘1,000 shots’.
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26 ARFZNT 7 A NNEOESNALE DAL &I TIARIZOWT

2.5 BiONILIBRIZ L - T, BAMEOIRPIMEIRE S 23 um 225 25 um O E
THRRIGEWARAET D Z ERHALMNE 2ol Zhu, MEINEIOEEROEN R &
(B35, 7L ML —F—IZ X DIMTORE, £ALE T EIERE 25 50 pm OALE LS
RE LT, BEOENRIINET 7 A NDORICE DTV R ANV L AR E, 7=
AL —PF—DENE—IREICE AT — L AR > TBEILI-EEX DN
. =L RNRIC K D E RO BT — R D EHEN D, e —h %
ZRE LT, WERhOBEHFEnIZUTTRIND.

n(I) = ng + nyI(r) (2-6)
Fil no lIEHFOMBIESRTH Y, n IIIERPEITRTH 5. HMEITL—V—)k
PMEWRS 2 BT 9%, BT mEEE r OBTH Y, nldOtmE TOBKLE L
TRBLTE S, £72, KRB MAHEERIILLTTRIND.

2ml 2ml 2ml
8 = (D) = o = my 1) e

AR, 1 I —26DERERThH L. Huo T oreE—as /et &TtR@e-Dix
LLFICEBETE 5.

27l 27l _Z(L)Z
Ap = — M2 I(r) = — M Iyexp “\w

(2-8)

LT —2toEh oy —788ETH D, Sl LIc oW TO RO AL ZE 2 5 L,

re0dé x,

exp_z(%)2 =1-2 (%)2 (2-9)

LI TE D70, RAEICHE-8)IT,

2ml
A(p = Tnzlp (2'10)

ERD. LT U E—ADOBELGHICET AEBIEEIILI T TH 5.
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E(r6,7) = Wo r2 \]
r,0,z) = E, mexp _—wz(z)

cosp |- 1z (2))

kr? ]

2R, (2-11)

X exp [—i
T T e —AYE T kT D B o R A T ERE(2- 1) O &
RU(2-10) DALAH % BT C,

2
exp‘ikzLR = exp~ite (2-12)

Leh. R(21DDEHIZHOWTOEREEZE L CLUTERS.

kw?  2ml

ﬁ = Tnzlp = klnzlp (2-13)

ﬁiﬂﬁ%i@zﬁﬁ'é%,mﬁﬁgﬁ ﬁ(err CE HEIH%B‘:%‘?% R @E’g'f?fﬁai ﬁ(err = R/Z J: D ,
1 4inyly,  4ln,P

fKerr Wz W4

THY, BN — L DRI X DB O fE S BERE

(2-14)

W4-

frerr = 3P (2-15)
ERTZENTES.

W77 ANDY Y RY VL ZHFE (R=125um) & EFRoOEHFERIC L5 — 1
VAR EEZRLT, 7 b ML= ROR O EEOEN IS OWTHRII L.
7 7 A NEIERFO B — A% w T JE 15 um, A=HEEERE 11X 125 um, B — 27 NTU—P X
PPV AZFF =20 W NHIBELESTMW & RS o7, L—HF—JRE 400 nm (Zxf7
LIRS O IR IEATR np1E, (3.4240.37)x10° cm?/W T& 5[13]. L7223~ T, &
— LV AR L D AR feer 13, 53.8 um LEIHTE 5. kiR, —“o0BLEEE
T2 & Fig 2-13 10K L2 L DS, MBEKE D 50 um OALEIZHRE LI BAlE, HE
KENS 28umIZBEI L= E 2 5N 5. Fig. 2-14 ([CHU4S L 7= SEM Hifg & $fEEtaEIc
Ko THRIEENRPBE Lo L — =8N OMAEOE 2R d. SEM GHOZEILIE
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&I, 7SV AR LF—20 W, VR BEGHEL 100 shots, 8 LA % 1,000 Hz 0 HR 5t
FMEOMTIEORERTH 5. Fig. 2-14 A ThOD L 912, EFEOEN A K 0 B EFH
TlE, BAMEEDTRPMEWEABRIEB HRNBIR E o TWD Z ENbnDd. =
i, MENETHEELIZH LI, 7= MRSV ZRICE 27T AR AEL TV D
EEZ B, T R RAEIEE D HEREh B L D L—H—t D Defocusing Zh VA U7
EEZ N5, Defocusing ISR AT LTH, L—Y—kOMEFRNEETHD
728 Self-focusing 152 & Defocusing AR 3 D IRS D 7T A~ F ¥ R U > TR FR0N%
AELTEEEBZLIDH[14-17]. NV ATZ X —% 30w & LTHE1E, EBROEN AT
MEIERmN DRI Z 20 um & 20 pl O & X L L CThT DM EIOERRICBEIT 5.
LT, WL AZRLF—20-30 W D & X, FMEDOIRIT, MEFERED S 20-23 um

DO Z BRI E Y TR D 2 Lo Tz,
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50 um '

Fig. 2-13 An illustration of actual focal point shift due to cylindrical lens effect and Kerr lens

effect.
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Fig. 2-14 Calculated ray trace of the focused femtosecond laser beam overlapped with an
experimentally observed microhole shape. A Kerr lens as a result of self-focusing is also
considered.
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TIE, BT K 2INTIE~O B Z vRE72 R0 Il TE 23, MB~EASLD VA
DT~ AW IS, DV Tran B, & 775 nm, #uk UJEHE %L 1,000 Hz,
FIVANE 240 fs D7 = I MRSV A AR VU 3 UERICIRGT L, BB ~OZEUZ DN T
I —F 7T 7 4 AN TBIE LIZ[18]. 7V A R L ¥ —300 pJ, A78 v M€ 0.6 mm
D7 = b M OVANE V) 2 KRS L, BRETRER] 30 #0148 TR 2 D
4.05 mm ORI HF THE L2 60COIRE EAZBR L. 2oL &, AINT/ LA
TRV F—D 68.3% N ERICAI S N7 LEUEFIE L B Sz, 2LV RIER T = A
FOVRERETH Y, Huk LEREHEDS 1,000 Hz OBATHLEROENEL D L ERL
7=y, IR LRI/ NS o7z, SIM.Eaton H1%, Rua i U A b H T ANERIC
e 1045 nm, 2V RINE 375 fs D7 = A N/ OV A K ARG L, MBI C OB R
IZEDIMTH A ZOBEIMZ DN TEIZEZ LTZ[12]. 7SV AT R /L¥—450 n), AR v b
282 um, BREL L 25K 4,000 shots L ED 7 = A MRSV ASEE BRE LTEA, MR L
A4 200 kHz DL B TEEGHIRIZ X DM EIECE BN D 2 & 2N TR O SR EEl
BNHH LT LT,

25 BiCRLIZE DI, BN T = b ML= —IC LD AERNT 7 A N~DFAL
MTIZENTHEROBRENHEAEL TND L) RN THEREZG. SV RRE VAT
FLF—1%, 350 fs, 30 W & L, il UJE % 10-1,000 Hz, H4T/ /1 2%5% 100-1,000
shots & 25 S H7= A5 638 0 DA 2 W CZRIALFE R A TS L=, 2.5 #io Fig. 2-11 7>
©, 100 shots 1%, 10, 100 Hz D5 F CIERS 2 AT 2 ZAEEDSEE I N0 >
7o MO UJEREECA 1,000 Hz & L2 & &%, RS 60 um O FLEE IR S, NER

DHEBIEHINTWD Z ENbhoiz. F72, Fig. 2-12 75 RS/ 245 1,000 shots
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DL X, MuK LA 10, 100, 1000 Hz T, 124, 52, 75, 93 um OIES 21537,
TR U JEI S OB & 2 AL S O, 7SV ZAHIRFHT K DA~ B EGhF3
FELTNWDEBEZDBND. 7=b ML= =INTHEHI R Sz Z ik o7
T A= FARRNE, LRGSR Ty A 7 o IZEET 2R E TH H[19].
2.5 HiTRSNIZERD 7 = L bRV Z IR O R UJEHEENE 10-1,000 Hz O#[H
DT, 7SNV ZSEBIRE LIRO 7OV ZAKDBMEHIIRS SN D & 2T 77 AT FEEL
. Ko T, B ENET = A MV AEO T KX —O—EIIM N I BB &
LTEFALTWDLEEZOND. AV ARDBMEHIRN ShICEROFEBRIL, R
Weber & OFFFTHIZRE NG T O X S ICERTE, Rl t 1T DIRE LRAT LR

Z ERTE B[20].

Np _N—1> 1 1y
QnD @(t fL N-1 ’

b ey O N__]_nDe (2-16)
(-%)

AT(t) =

XNDp, ¢, i, TNENERAEORE, YR, BYLHCERE L, 229/cm? 0.749
JgK, 0.0083cm¥s & BAEL 72, N, Np, fUldME L2, MR V2%, L
AREETH Y, ~EH A FEEO-(N-1)/)IC L D 7OV 2R RPENC RS L7z & & 12
FNAF—L LTEZLND. K e OFREBIEEIIED D ORI DWW TR LTV 2.
K 2-16 1%, B EBBNRNIEB T 2ot x 1 IRt/ D 3IRLETHRETHZ &
T&E L. TN T = & RSV ZENATERN T 7 A NTIRST L7 BR D& B D HLET 17]

2, L—P—RH MO 1LRTOHERET D E, K2-16 1ZELTFTDO LI ITERTE 5.

Np N — 1) 1t
(2] (t - R
leD : : fL o (t_Nf_Ll) 4K

p-cp-\/(4-n-K)N=1\/(t_Nﬁl)

QI —F =712 Qlem?) ZEL, BB 2 BNEENDDITEONEI

AT(0) = (2-17)

T OMEINTIA~D 1 FROHAEZEE LTS, rp lZRVELOREEEL L, 4RI
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FARRNT 7 A NREO L—F—HIE (rp=0) LRE L. Fig. 2-15 (27 /LT X
1.0 Jem?, S L 2% 1,000 shots & L7z & & DO/ UV AYEHREHIZ L D BB RIZS
WORT. Fig. 2-15 (Q)IXMBETEERD 0-0.1 BICRBIT HIRE LR TH Y, MR LR L%
100, 1,000 Hz & Z b &% & B 7RIRE ER-OFEWAE U, Fig. 2-15 (b) I3 fREHRF
12 0-120 P E THIEMIXL72bDOTH Y, #uk LJEKEKE 10, 100, 1000 Hz D731 A
SRS TREOIRE ESE, i X2 700, 2300, 7300K Thotz. AT H N
NAKDEFFTEFNF—ZF L TH 503, EEGNRIZ L HIRE EFITITH L Z2EN )
Bz, $£72, MuR UEWRE 10 Hz 056 TH, RE EF2 700 K & L)@ RE O
EREBMEENOMERR LTz, Bt L2 BRI RIS T 28R R C, #aR U ERE
EWIZ L5700 A BEHE T REOVARA FEORE ESAEICH O 7@ nAE Lz, ARl
BAEFHRIC X DI, EBEOT7 = A ML —P—IC XD FAMTIT KIS TN D &
BExbivb.

UL EDRER & BLZ A2 I, BAMTORMEIIAFE L —F— T A —Z DB EL
TEMMICLTO L IcE Ldbnd. 7277, 7ILATRLF—(F 2030 wJ, FRETS
Jb 2 %1% 100-1,000 shots, #3 UJEH %Ki 10-1,000 Hz DR SN -ELRTHHT-0, L
O D K& < BEILIZ RIS 5 2 — 2 (CB LTI TAEEICZ (B AN U 2 ATREME A
5. POV ATRAE—IONTIE, TRAXF—0HEINIE, FICTEAEEOELE -
REPHINT 2. BE SV 2B OWTIE, RSSOV ZEBEINT R, RIZRFLEE D
RSN 5. 72720, SEIOEERHFH (20-30 wJ) TILHST v 24 200 shots LA |
[TRESNZEE LRV, 7 = b BRIV 2O U RBUZ OV TR, Mk LE RO
BENMMZ AW ZE AL OTR S DS U 7=, FRETRER] S 7 = & MRVREIR oD /S0 2512 K B0
TIE, BAORBEFRERROIMZ D Z ENTE LN, BREATE~D /UL 2N R L F—

BENITE D BRI DO FTAE T TWD L 258D ER L ARFIOELETH Lo T,
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Fig. 2-15 Temporal changes of the temperature increase on the surface of the fused silica optical
fiber with two different time scales which are (a): 0-0.1 s and (b): 0-120 s, respectively.
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28 KT F7ANHEaY v FLSEE VO

2.5 Hi/nG 27 HiE T, AERNT 7 A R~DT = b ML —HF—MRE SO LEARIC
KD BABENTERL S D FRIEIC DWW TRRES L7z, Bid L7 IRET SR TIE, b7 7 A4 A
FEET L RAMELEDL Z LN TE AR, WRRE 2 EA ST 5508 E LTof
MaEZDLE, BT LHRIMECHET 2L ERH 5. Fig. 2-16 (2, HiET 5274
R AR BB TR HOWTRTL, 2,21). AERNT 7 A NZAT v I E—
=L BEHER Y 7o TICEESNTEY, 7= & MOV 2B BRI T 7 4 3
ZRERSE 5 Z ENTE D, BRE UL 2% 150 shots FRETRIZHE T 7 A /3% 180° [nl#is X
B, RO VLV 2% 1A R BF O T N LR 2 2 & TEBT 2 EAMETH
LDHT A3y MRV ERER LT, SV ARV —(330 p, ML
JEWEE 1,000 Hz & L7=. Fig. 2-17 IZHESE LT 7 7 A NI 2 U » RV eV 2 E
T 7 7 A NI O SEM BE 2781, Fig. 2-17 (@)%, Y67 7 A N\igm e A i L
SEMBETHY, AVEMROMINIT v A a7 Ee s Ty REOEREZRL TN,
ZEIMEDN N7 7 A NEEBE L THY, KB LTV T 7 A T L %4
FTETWD I ENDND.Fig. 2-17 (D)6 B /MTHEMERTEIREZ LT s Z Lo
MBHMN, ATEHOFHENVOEREZ 3um & L&, B EHAEEHT DR MEITE
LZ04pL L RFEEG S 2 ENTE D, Fig. 2-17 (0)-(e) 125 e /L PNEB R 1 A e L 7= 95K
SEM BETH Y, s /L OEHER, WG THEREICH S AR ST D

ZEDERTE D.
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Fig. 2-16 The experimental apparatus of the laser system to fabricate an inline/picoliter
spectrometer cell. Inset represents a schematic diagram of two-directional irradiation to make a

through-hole for the spectrometer cell.
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Fig. 2-17 Cross sectional SEM photographs of the inline/picoliter spectrometer cell with two
different magnifications. (a) Whole view of the spectrometer cell inside an optical fiber that
produces a through-hole. (b) Magnified view of the spectrometer cell. (c-e) Three different

positions of the spectrometer cell inside a fiber are further magnified as (c-e) in (b).

_52_




29 #E

ARETHE, TN 7 = 5 MNP L—F—Z L2 BN TEHNT, B@T 500tz
FARFRIET 7 A NERERITHEE L= 1L LD, AR 7 AR E AN TxtmL v XD
B OBEB NI LT 7 L —2 3 VIO IR DWW T 62 L7z, Bl 0%%0.28
&£ 0.65 DML XEFANWTT 7 L— 3 VI & Ehii L7-fER, BOEAEOIED
DINTANZRB RN EDNTIERD SEM BT K> TH B E 2o 72 IRIC, B A2 0.65
DL XEFAL, ARRAET 7 A NN TEZFERmE L. 7SV AT R LF—,
MR U AR, BRSSOV A B O#IPH & 224 20-30 pd, 10-1,000 Hz, 100-1,000 shots
OFPIZIRE L, ZRIAMEORS, K, PEERE O S 1220 T SEM #1212 TEm)
PEZRRGE L=, 2 OREF, Mok UEHE % 1,000 Hz, B <0 250100 shots D4,
ISV AT R F—20-30 p) DFPHTIT 7 A SO F AT F TRIES D 22 ALAEIE
KTCEDHIENbholo. o, K7 7 A S~HBHF 5V Z0ENAEIR, KT 7
ANRDIRICE DV FU ANV ZPRE, V=P —O@EmNE— 7 BEICL DD
— L R L o TR OERBICBEIT 2 Z &3 bh oo, EEROENALE & B2
EEDOIRN LT HZ e NE /o7, IHIT, 7= ML RSNIZE A A
PRI T 7 A SOBEFINTATBNT, Mok UBRSHZ X 2R~ OZ B RN AT TN D
Lo R RAEUS L=, R.Weber & DETF VLA BEIZ, 7L AR L 5 BB ED
BAEfRAT X 0, MR UJEP$K 10-1,000 Hz &\ 5 FRERAIR B B iR o #ol L BRS¢
HLEBHRNE L CODAERIEERIE L. KIS, o7 7 A4 A BIE 2 ) o b Vot
L, WE 400nm, 2L ABE 350 fs, 2L AT R LR —30 p, #HR U1 kHz
THERTE D Z Ldbinolz. B2 8013 150 shots 2 AV VE 5 B TT A5 2 1]
BT 52 L TCHBT A2 ELVEZMBETE LI ERDbhoTc. o7 7 A4 Msilion & 48

AR 2RFIE 1pL LT EBUNR B TH D Z E Do Tz,
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31 fHE

ARETCHE, FE2ETHEELL T 742l y Mate a2, & kL
T ORERFE 7T AF 0 (LSPR) BRI XL VAL DM A~T b vz BG4
5.0, K77 A3y bVt a i titille 27 Ao %
B L, &7/ B Bz AV 72 LSPR IS X BRI A~ R )LD EASGFEERIZ DU
TRY. MKZGHEMTEAN USEEL R D E A7 MV ZRG L, &7/ b5y
B IR 2 3 e B VITIEA LIS B LD FREE AR LB LSPRIC K 2RI A~ |
NERHT S, &7 /b0 BIEROWRESHHIROBREN D, ET Do NEHI 2
T L THBIN AT MVERIFT 550520 50T 5. T 2 R oW IE Rz -
WTOIGRAE AWM RS, EBRCHE LN RN AT BT DN TOES

PEZ BRI 5.

3.2 KEHAI AT A O

W77 AN aY Y bAGHEME, AFERNT 7 A4 NOFEEOEFITH =2 Y
Y MRREOREE bOBWADOZ L ThD. e /MTARRET 7 A NEEHEL T
WD T2, IR A IR A L= KB ASE DL ZENTE D, B AWEICEA
SNIHEAERENE, o7 7 A NSNEGHT 20 AN S22 &R TES. val
v RGBT E T R BRI A TEA L, BRI A Y RV E2EFGT 5 FIEICD
WTOME % Fig. 3-1 12779, B2l v "SI ETet 7 7 A /N8 HIE, Fi
T AEIR, b O ORI RNER SN TWD. AENEEN LT 7
A NN LTAsiotix, B =V y st 2 L, Fmtk oot iR i35
TR SN D . 3 S CRHN S LT RIS/ T 2 R E D 7 — 2 135 Jedm 2 B ik
THEN, EICPCIZTHXFA T =L LTRFESND. BETDH0MEHIC AT L%

MnTE=al Yy Mg NVNOZALZIR A D722, FBHEL R DY 77 L A
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AR MERRL, ERICE > THRON D HREAY ML OB bRmE R T 5
VERSHD. V77 L ANRBREARY bLE, Ba Uy S ANERZER O
B (B /VPHERICATT & BB SAAE L 722 VRER) R VRERISHUK 3 EA ST 5 4K K8 7
E, WERS « EBRFMHIIS U GRETHHENRH D, Fig. 3-212, EBRICHEE L
Ty A3y Mg ERAWESIEHIIY AT AOBREEZRT. AENE,
7 SR (HL-2000, Ocean Optics, Inc.) & 47 t#s (CCS200/M, Thorlabs, Inc.) (&& %
(NI S D ERE LTz, Fig. 32 Q%A THmbd Lo, MET—4BHO / — k
PC LHABRDOETHT =T NWMIINEDRRED SN AT L THDL Z LR DN,
Fig. 3-2 (b)I%, WELI T 7 A2l v Mg RELDOELZERILRGEETH
Dt 3D Y X THEE LCEEREICIRV AT 6 TEY, 2tk Ldi
% OB FILFH AN LD MERMFE SIS Z A< LI ICEES L TND
Fig. 3-3 ICHIABUEN & F W2 YR ARIARR I 2R 3. 0 e VNI AR 2 A L
ZRVVRBE CHUAG L7 IR A7 AR B L LTV D IR B2 EA LTz 2 LT &
D, WARREIZEAT HETE B LT, K 400-800 nm DL T—ARIZ IR EE S HE N
L2 e3bond . WRFURHIMAK, EEIRE 10 wt%d 7 U & Y UKEK, =%/ —
LERG, BITERITENE 1333, 1.345, 1.361 ThD. HIRERRERED DA ThH
1% &9, DI AWNENITEAT D RERE O BR8N T 2120 T, mltken
Z BT D IR DS RACK LT AR L7z, U, St v omEmnt v A
RO AT JEOFITRITIT SN2 20, 3L 2T BG4 e g~ < A&
Lzl B2 BND[L). HRERIBEEZ G D7D Lz, 77 A By o
Uy MASHELVORBIIFE 2 BT LEFHTHEINTZLOTHD, 1pLLULFTH
5. B3y MVEN ORI OEAZ L - T, K 400-800 nm D#iH T L% 8%
LA EOSCTREE DR FH S 7z BRI Lo e ) v Mgtk ost

SHAITIE, B APECIRIREE 2 TEA L2V RRR 2 AL YE & 975 &G EE DS N9~ % bk
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ERST L2 ENTE D, HBEOHIMNE L EITREHGST 52 LIk T, EaY
v MVERECEHAIFTBE 2 BTG & L COICHB W TE 5. £/, n—¥ I 6G 7%
EDORFEN E WY DR ZEAT 5 &, SUBHEA OB & T o YR A B < &
DT Mo TWAHL. e /Ko b FERIZ B VICEAT H Z 2T X

ST, T/ RFEAOHBNART FAREFGTE 5L TRTES.
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Fig. 3-1 Schematic of the absorption measurement by use of the inline/picoliter spectrometer

cell.
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Fig. 3-2 (a) Overview photograph of the measurement system for obtaining absorption spectra
based on LSPR induced by the solution of GNPs. (b) Magnified photograph of the
inline/picoliter spectrometer cell fabricated by a near UV femtosecond laser.
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Fig. 3-3 Characteristic of refractive indices with changing liquid samples. As the refractive index
of the liquid sample increased, the light intensity spectrum uniformly increased with respect to

the wavelength.
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3.3 LSPR KWL A~T M VD ItS
B2 HITELILL DI, MELILE Y v MAGIEADIET 7 A /B I

s~ YR (HL-2000, Ocean Optics, Inc.) Z 83k L7-. B i, PC il THeim
EAARY MV ARG TE D/ 2R (CCS200/M, Thorlabs, Inc.) & L, otk L
EFET D HIRE AT MVERSG L. NG ORGENE, BRI A 3 ms, F
B 200 Bl & Uiz, &) 2 b f a8 £ 0K E S VITEAL, St LE:
Tl LI R AR MV o & LTHAGF L2, RIS, @7 /R orBisik a2 EAL,
JHRE AT bV p & UCHRAG LT, BUSG LIEsRE AT ML DG, 47/ KL
TR IEAN LT Z S K DRI AR MV BRI Uiz, & 2 R 8 O
OB 0.1 W% 5 4.0 Wil A b S # 7z

BT R OBEREE 2 v MVSEEARNITEAN LTEEOERIN AT ~ V%
Fig. 3-4 |27~ 77. IR 1.0 wi%iE ARFIZ, R 518 nm fHE & Hls & L TR % 15372,
72, REDOHEINCENRIN E— 27 (3HIN L, 4.0 wt% Tl 5.5% DRI & — 27 A 8iiL-
[2. 72, AW EHRE S EWIEE, 650 nm ifE L 0 b EREMTERINA~LS k
VA 10 K0 RERMEE o7z, &F /R4 BRI IEMAKIC & T ki1 &
Polyvinylpyrrolidone (PVP) &£ T\ 5. PVP 1347/ ki+ DEE % B IR#M o
BB o> TND . & R imiEE, KED b P CERITREREL 2o T
WL ETHRTES. TICLY, KOOGS & I L CTEANE O FNEITRIMBEERE D
JEPrRITESE, it v i@ DMt KOSGE LV, o T, HHRE
HOMER 10 Z0 b RES R LEBALND. HOHNTMBRINART RV EHESS
ITIRIF LT E LN 2 & 2 ERT D010, AR & 5 as2 2 L C RO b
EiTolc. FRICHWA T 7 A B a ) v MG EEAMTEDOE EIZ, FHIERZ /)
BNt AT T AT F 7 4% (AQ-6315A Optical spectrum analyzer, Ando

Electric Co., Ltd.) |2 H L CTHX /A Z2FEE LI mE Ay MvaRE L-. At
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BIXART T LT FT7A4FICHHELTZH O (AQ4305 White light source, Yokogawa
Electric Co.) ZRE L7z, AXY N T AT F I A4 FONREART ML OEIGSEMAI,
W R EREZ 2 nm & L, SERMLEEIT 200 [H1E& Lz, ot VNS & ik Cliilz Lz
BROMIREE AT L% 10 & L, EELRDNMERART MRS L. &F / kL
T2 e )y AR VNEICEA LZBRICEIS L7 R~ ML 4
In& L, BELRD 1oAY MVERM Lz, A& T k1 BOR R
DT/ NI Em A R LT & & L FRRIC 0.1 wt%/ D 4.0 wi% & L7z, FHHIRR %
B UTBRICHST LT T/ KA B HRE IS K DRI A~ kL% Fig. 3-5 17K
T, B — 7 %% 518 nm TOYRINEIL Fig. 3-4 [RTE & TVEIE & 720, & kL
T DR E DN D IR B O INIFER O 24572, ERROERIZLY, HE
518 nm % v'— 2 L 2NN AT A OB T /R oiEiRE e 2l v hL
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Fig. 3-4 Absorption spectra with different concentrations of GNPs. The absorption peak at the

wavelength of 518 nm was observed.
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Fig. 3-5 Using another optical equipment that consists of a different halogen light source and an
optical spectrum analyzer, absorption spectra were also obtained.
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Fig. 3-6 (a) Numerically calculated absorption cross-section of GNPs with a diameter of 10 nm.
(b) Calculated absorption spectra based on Lambert-Beer law.
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Fig. 3-7 Evaluated absorption coefficient as a function of number of nanoparticles at the peak

wavelength of 518 nm. The absorption cross-section of 5.0x10*3 cm? was derived from the
slope.
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Coordinate bond

Fig. 4-1 Mechanism of aggregation of gold nanoparticles caused by addition of L-cysteine.
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The solution of gold nanoparticles

Fig. 4-2 Changes in solution color of gold nanoparticle dispersion solution by addition of

cysteine.
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Fig. 4-3 Change of optical absorption spectra with increasing the concentration of L-cysteine

because of an aggregation of gold nanoparticles.
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Fig. 4-4 Optical absorption spectra to recognize L-cysteine inside the spectrometer cell. The
peak wavelength disappeared with increasing the concentration of L-cysteine because of an

aggregation of gold nanoparticles.
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Fig. 4-5 Calculated absorption spectra of GNPs with a diameter of 50 nm based on
Lambert-Beer law. Because of aggregation of GNPs, the number of particles was divided by 125

compared with Fig.3-6 (b).
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