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Abstract

Optical microresonators are optical devices with ultra-high ) values and small mode vol-
umes that can efficiently generate nonlinear optical effects. In particular, the generation of
microcombs, which are optical frequency comb sources generated by four-wave mixing when a
single frequency light is injected into the resonator, has attracted much attention. Above all,
the state in which each of comb lines is phase-locked is called a soliton comb, and is expected
to be applied as an ultra-short pulsed laser with high repetition rates in the GHz to THz band.

There are various platforms for generating soliton comb, I used a crystalline resonator which
has a higher @ value theoretically. It can generate soliton comb with less power consumption
because the threshold intensiry of it is inversely proportional to the square of ) value, and
it is known that soliton comb generated in it has very low phase noise. So it is expected to
generate soliton comb with the lowest power consumption and the lowest phase noise with it.

When considering modularization, it is desirable to use a fixed frequency laser that has a
smaller footprint than a tunable frequency laser, but it seems impossible in principle. However,
a method called frequency tuning, which sweeps a resonant mode against a fixed frequency
laser, can be used to make this possible.

The resonant frequency depends on the refractive index and structure of the resonator, and
it can be swept by continuously changing them. The method can be divided into temperature
controlled and mechanical controlled methods, the former being called thermal frequency
tuning and the latter mechanical frequency tuning. In a crystalline resonator, the delay due
to thermal propagation is too large to achieve a sufficient resonant mode sweep speed for
generating a soliton comb, and the power consumption is large because the entire system is
bulky. On the other hand, if the resonator is structurally controlled by applying an external
force with a piezoelectric actuator, fast and low power tuning of the resonant frequency can
be expected. In this study, I used mechanical frequency tuning to generate a soliton comb by
sweeping the resonant mode at high speed against a highly stable fixed frequency laser.

In Chapter 1, I present the background and previous studies on soliton comb and frequency
tuning methods.

In Chapter 2, I describe theoretical details of tht Chapter 1.

In Chapter 3, the generation of the soliton comb by the laser sweep and the measurement
results of the soliton comb stabilization using the Pound-Drever-Hall method are presented.

Chapter 4 shows the results of tuning the resonance frequency by temperature control and
tuning the repetition rate of the soliton comb.

Chapter 5 shows the results of tuning the resonant frequency by controlling the structure
and the generation of the soliton comb.

Chapter 6 gives a summary of the measurement results and a summary of current issues.
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1 FFi
1.1 BUhJetiRes

111 JertiRes

4% (Resonance) &1, TRILVF—%2HTLRIT LT, ROREDEA AR E WA
EMA-E &, RORETIREPKRELRDZHARDOZ L THS. HFIZIXRD T2/ L TEOME
AREBEIE NI TH I ZMA S &, kD FOIRDIEBPREBIZRE LD/ UT, EAHHK
e Rus [ HTHANEMATHIRY FORVIEIIRE @S0, 2 TOWKRIZEA JE B
RO D, TOXIRHIIKEEICVE ARV, I70RBlEEITE L, RTORTIXEA K
BafioTHh, TATEWEBBER DERMIKEEZHFIZRNT 2L, HIPZDOIANLF -2k
WU TR F =@ REE (IEIRE) N BB T 5 Z LMo TN 5.

HAZTBWTHIIRBGIIFAET 5. SdkiRds (Optical resonator) (23 U THiRE D JEIRE 2 A5G
T3 LRI CEMBE PRI ND D, Th e < B2 B O NIRRT IS EEHK %
R L 2720, SEHIREE D REHD Fig.1.1.(a) 1IZRT 7 7 7Y —_ 0 — (Fabry-Pérot) B3R
TH5D. THUE MO E KRS £ ORI OZE/» S D, ASREOREBE f ARG (1.1)
- THEICOANIBICEEEDIER I NG, 2 TEAEMOBITEDL n, KETHEH OB [
TH5.

mc

f:@ (m=1,2,--+) (1.1)

(1.1) 2R 9 & DI R geth 2 Wil 72 R AU ERBUFAE U, Z O — O A BB EHMEE — F 20T
W, BEEET BT — N ORI ILE B A X2 MV (Free spectral range; FSR) & FFIX
N5, 5 —DONHIRBONREHIH Fig.1.1.(b) iIZRTV v HIRHTH 5. Thidlz RS
57200 v I REREKE, K2 AN IEL2OONREREP 5SS, IS HIERED
256, TOMEHZ KNI ERPOHNEZLEMEIE2E5D%E [T IR EDEEEE — F (Whispering
gallery mode; WGM) HfRd7] & IS

(a) Fabry-Perot (b)Ring
~
\\ ﬂ\\
\ Ring waveguide
lnﬁgilftm Oﬁ,gﬁtj ‘ \\. / Bus waveguide
v /
&\Mirrors’/ Incident light Qutput light

Fig.1.1 Tllustrations of a kind of optical resonators. (a)Fabry-Perot optical resonator
composed of two mirrors. (b)Optical ring resonator composed of ring waveguide and bus

wabeguide.



112 XXPEQEEBE— K (WGM) iR

X X0 X QA & XM EHEE RO BEMIZ BT, X XD XEAMNAETTHC 2 2HK0
ZEThDH. TOMMIEE IREENELRHUANSERL T A5 T, HRETTEEL
ST LT ABOBEEAE T 5. T OBS %A L2 HIREA WM HERT, AL DR
B3R 0D B\ R D TR DB 1T ek AR S TR 5. WM LIRS 0 HIR
B Lo & (1.2) TRENB. 22T WOM SHERZESTE n OMBTHRE h, TOPRIXRT
5.

mc
fm 271nR (m_ 1727"') (12)
ZOHEE— R, D% b FSR 1% (1.3) TRE 5.
C
FSR=o——  (m=12) (1.3)

FSR & HRER DRI & BEE D BUTRAZE T 2 72 D JARBUR G2 R D28, 2z >20wTid 2.1.3
TS, FAHRRBOREERITHEEL LT QHELE— FABMNEITONEH, Zh5I2D0T
%2.1.1, 2.1.2 TRY.

WGM AR I3~ 2D D 5. MBI OB R TIRERGE [1], 7 vbWikss [2],03],[4], &
1 YEV N[5, @ATILEY 6] 1D ETHRYIZFMET 5. WROBUITIERY 7 1 D%
T — 7B K o THRLURAIRIC & o TR U 72 BRIERER (7], >V 3 VSR bk
Ot AEM &AL TR L7 b oo N IR (8], f5&ikRl o UM & R i X > TR L 7=
f R EDFET 5. £ORBOBRTRERIIR S22 DI TR, HBIKIZ L o THR
SN BHEIERES [9],[10) BFAET . T 2T WGM HRERIZ DWW T Fig.1.2 IRT.

1.1.3 EREEHIRSE

WGM HAR#&RIZZ DM N2 BRI ELAATHHDIIN LT, B IRECxa 7%
ZNE Y BIFROENZ Ty RETHALIRICE 2RI 5, EgtRE X CMOS 7
0t A2 FHWTF v 7RI E NS 720, Hiflld D IEM ARG 2 KRB F v 7 EICERT
ZENAETHD. MEOBATIEYY a v 11, vV av [12], =AT#@Y F U LA [13)],
LTIV I =Y L [14] SHEET 5. T TITRT B R #C DWW T Fig.1.3 ITRT.

1.1.4  fUheHiRss

WGM t#iRes, SRS 2 £ & O THUNEIIRE: S PR, 2 O HF %2 R 3. iR
1 (1.2) 2R T &S MBI OJEITREMIBUIRIC KN T 5. Z D7z Rl & SRR v 7Y TRl
ULTHF Y V7 2REIY, TRCLDEIREMEFHL KA v F [15] %, HiREOI LS
DZAL (REE, [ES, MEEDOZEPLAS TOEA) I B EITRE{ERHAL X v [16] ~
DIGHABHFE N T WS, FMUNEHRE X BRI E Q 2 >M/NE— AR Z2E L, iR
BOWEHT AN X —BEZIEHICEL TEL20, FERPLFEEHRE2ENRTERT LTIV b
TH—LeUTHWLNS.



( )S|02 (b)MgF, (c)CaF, d)BaF,
|amond (f)Polymer (g)Microsphere

E e .,_,E]I‘a'b:n"' -

h}Mlcrotormd (i)Droplet

=

Fig.1.2 Various types of WGM resonators. (a)Fused silica[S. B. Papp, et.al., Phys. Rev.
X 3, 031003 (2013)], (b)Magnesium fluoride[T. Herr, et.al., Nat. Photonics 8, 145- 152
(2014)], (c)Calcium fluoride[Deleted due to various reasons|, (d)Barium fruoride[Deleted
due to various reasons], (e¢)Diamond[Deleted due to various reasons], (f)Polymer[F. Gu,
et. al., Light Sci. & Appl. 6, 17061 (2017)], (g)Microsphere[A. K. Mallik, et. al., Sci.
Rep. 8, 1620 (2018)], (h)Microtoroid[P. Del’ Haye, et.al., Nature 450, 1214-1217 (2007)],

(i)Droplet[Deleted due to various reasons].

(a)Silicon (b)Silicon nitride (c)Lithium niobate (d)Aluminum niobate

Fig.1.3 Various types of waveguide ring resonators. Material: (a)Silicon[Deleted due to
various reasons|, (b)Silicon nitride[J. S. Levy, et. al., Nat. Photomcs 39, 37-40 (2010).],
(c)Lithium noibate[A. Guarino, et. al., Nat. Photonics 1, 407-410 (2007)], (d)Aluminum
nitride[Deleted due to various reasons].




1.2 H%EFE#HI L

121 #E

SERPE T & (YA s) &k, RERIREE TG OV A B, JEIREEIR T IR S BRI A 7
Hi (Comb) IRDJEHEBUL I L VBRI NEHKFETHS. I LD m FEHDOE—F f, 1T (1.4)
TRIND. 72720 frop 1FAEVIRUEWE, DF 0 KABPBUED OMEIFE, feeo EF ¥V T TR
O—7A4 7%y MNEEE, 2E0HILBERDA T2y FEKRT (0 < feeo < Sfrep)-

fm:fceo+m‘frep (14)

10 R U AR frop EEEOLMREEZ VS Z 2T, KILDKEWEHEIOL— MEFL L TH
BHETES., 2Ly V7o Ra—7F 7%y MEEE foo 2 EHERHTZ720121F f-2f
HOASE [27] # VAR TNIER SR,

f2f HOBREE AW LOWIIEN 1 A2 24— TUETHZBERHS. O F
DWTLDB BB [ (CHUT fop, BEETRIE X, ZOBE £, O IKEHETH S
2fn & fon D= MEE foeas ZHB L (1.5) 2725, F7z Fig.1.4 (2 f-2f T¥IED AR EGERI
B oMaMzERT.

Joeat = 2fn — fon
= 2(nfrep + fceo) - (2nfrep + fceo)
= fceo (15)

ZDEIIZUTHIEINTZ frepr foeo ZANBABBEREIZ O Y 79252 & T, Ho3 L OMEEE
BRENTED.

L] L]
H H
H H
L] L]
H H
H H
ceod 1

H

H

H

Power (a.u.)

H H

fceo frep fin fm on zfn
1
Second harmonic generation

Fig.1.4 The principle of f-2f interferometry. When using this teqnique, a bandwidth
of an optical frequnecy comb must be wider than octave. It is indicated that beat signal
of fan, and 2f, is euqal to feceo-



122 %®iTHHE
WREEB L EZREIRETIv N T74—L2 LT, EIZUTIIRTELRLEFLFH L, E—F
L —Y, A 27aalhBHuenNT WS,

1.221 BRAFZEHEIL (EO QL)

SRR LD BRI BB D WTHIIAT 5. E9maICRESI NG A0 1993 F1Z
HAD N — 7 HERU-EBLNFLEHIL (EO 2L) TH 5 [28]. BRI IZEL LR
ERALRLT 7 7 — Ao —RUHREREZ HWT, AR S 45k (Continuous wave;
CW) L =¥k U Tl (Sideband) ZFESE S, 20L& CW L — D ILIREGEREIC—
BUTHY, ELOLFELEREITHINT %8 E D2 AR LR D FSR IZ—H L TW S 55,
A AR F AT 5 Z 2T EO aan iS5 (Fig.1.5.b). BIIEIEAR Y 7V ZEHDH
WAERLD & 72 B BRI LR A I R A B &, AT U7z CW ORICEBLANRFERA 2T WK T 3
%ﬁmE03Aﬁ%$éMTb (Fig.1.5.c). ZOFEDOFHE LT, EO I LD 0K U AP

ZFRPBIZ XD IRE I NS 720 10 GHz ML LOBEHE D R UAREPED ITHoNsZ L, £

;A%ﬂ&ﬁtﬁbﬂbﬂ&ﬁ%@iu‘ﬁ?%%i&ﬁéﬁbma

Esh Electro-optic modulation

Pptical frequency

Fig.1.5 a, Schematic of a canonical EO comb generator comprising an EO (x(?) phase

@
Transmission o

modulator inside a Fabry-Pérot resonator. A continuous-wave laser is coupled into the
resonator and an optical frequency comb is generated at the output. b, EO comb gener-
ation principle. A microwave signal, with modulation frequency equal to the FSR of the
optical resonator, couples light between different resonator modes. As a result, the input-
coupled continuous-wave light is modulated, giving rise to sidebands at the modulation
frequency, which are then recirculated to be modulated again. The modulation index
determines the strength of coupling between nearby frequency components after passing
through the modulator. c, Integrated microring EO comb generator. The Fabry-Pérot
resonator can be replaced by a microring resonator that is EO-modulated at a frequency
matching the FSR of the ring. Similarly to the Fabry-Pérot resonator, a continuous-
wave laser coupled into the ring resonator is converted to a frequency comb in the output
optical waveguide.[M. Zhang, et. al., Nature 568, 373-377 (2019)]
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Fe\ T 1999 412 Theodor Hiansch ® 7V — 7R E— REAMF X oY 7714 T L —FE2HWTHK
ILEFESHE, SNEL — T O EEE D217 5 72 [30]. % U TR John Hall D7V —
TH f2f HESREEZ HWTHNE L — S DMt JE B O 217 - 72 [27]. E— FREEIL —¥ %
WS %R F & UT, FIGERE L TfaRIBIMER AT 5. BRIIZIE CW L — 5 & FIfS 45
BIZAS U THEBOME — R U, "IEdRIBIAIZ & o TE DR EEIAT 5 Z £ THa
LEFEXE S [31]. ARIRIBRIAAR ISR EE DR ASSEIZ R U Tl HE ORINA L U< 28, &
JFE D N ASTE IS U TN RIS BT 5728, BINRME T L TEBIES L5 ITRED
WETHD. Z D7 fARIRINARIZ AR U 72 700 23R L DS . Fig.1.6.(a) (ZFEERD
E— REIAL —FORKM Z R T, afafigiike LTr o7 oy, FIFHEEE LTILEY AR
mz 7 A NBHNSNTWS.

Fig.1.6 a, Dispersion-managed fiber laser setup. Laser diode(LD), wavelength division
multiplexer(WDM), single mode fiber(SMF), erbium-doped fiber(EDF), isolator(ISO),
graphene saturable absorber(GSA), and polarization controller(PC). b. Dispersion map.
EDF and SMF provide positive and negative dispersions.[D. Popa, et. al., Appl. Phys.
Lett. 97, 203106 (2010)]

1223 <4034

2007 412 Kippenberg ® 27 )V — 7% b b A RIS 2 AW T LA 2R ES 7 (8], BIRIIC
V3G ILIRAR PR T2 ZIRFERIE R F A R O —FE T H 5 IWDLIKIE S (Four-wave mixing; FWM) %
BAL, RS U 7z SR O S ER ST U W B D 2 RESE TR I L 2B EFIETH
5. ZOYEREERIIZ DO WTIX 2.3.1 TR . £ OIIRE BECOHME 0 R U JE B 0 Sl %1z >
WTiE 1.4 TRTY.



1.3 vUYb>radh

131 #E

YU k¥ (Soliton) &1, —MRAINZIZIERE README L TRHII NS NIV ZROEH O Z &
ThHY, ZORREELITREMERITLUTALTHY, VI P YELEPHEEL THLEIT
ETE 5. TOMHIF IV ADPMEIRT D BE T THOEIERIEIRPEID G>T0DH D TH 5.
FRZHF DB EIIARY Y b v eipiEdh, e LTiEY Y by an 2] %, BT 71 N THRE
TEDZVY MM BETSND. IS DR BENIFRINIIERIE Y 2 LT 1 VA — HRA
(Nonlinear Schorddinger equation; NLSE) IZ & - Tadid T 1 5.

YA o0 aLEKT SR ABPEED BB LZb02Y ) braseER, VY bra
LEREIELOITE, FIPAEDRE DMORID G WITINA, RS (A1) HE%K (Q fE)
DEDEVWERMBZENBETHL., XA 270 ALDRAF I A% EMIZTHRT 57201210,
NLSE (2 AJJHDNT —IH, HRFEBPEBIINT 5L —FEEB DA E2RTTFa—= v JHEZMA
7= Lugiato-Lefever /i# = (LLE) 2\ o545 [35].

HILOFMIIERT B0, XA 2703 LDOKXAF I 7 A& KEHEBIZBEWTEE L2 LLE %
(1.6) 1ZRT. 22T A(e,T) \FHIRBAEBTOY VY b OfiEE KT AE ¢, (CHREFE T (251
DHBERIRFEEZRL, N THOORER, ¢ 37 —RIZETZEQRE, 6 ldTFa2—=>
7, fRIRSHEOA Y T VTN I AT =D o RE D EMEKRT.

&%gT):f?gxw4mm%Lw%A—;A+f (1.6)
LLE OEHRIIFF L EEEZEZRVEGE (k, f = 0) ICOAFHETS. (1.6) ITBWT kK, f=0
L U5E, EI NS HEMREDOY ) Uz (1.7) 1259, BV Y by ONRERE, o,
YU MOV ARERT.
A = Bsech(¢/¢-) (1.7)
(1.7) TREINB VY b UfiE%E (1.6) IZRAT D E (1.8) BFois.
2252%[1 — 2sech?(¢/ ¢, )] + gB%sech?(¢/ ¢, ) — \(52/ =0 (1.8)
2nd order dispersion
H—HE RSO DB IEICE S S 1H, B HB IR RS RICE T 5 1H, B=IHER
FTFa—=V T RHTHD. I Tsech? ICHTZHFALAZITEMHLSD S & (1.9), THhA
ADIHZFTBHELH S & (1.10) BME5N 5.

Kerr nonlinearity detuning

Dy = gB?¢? (1.9)
Dy,  gB?

— =72 1.10

b= 52 =" (1.10)

(1.9) % 5 SEIR 220D 2 BURME DS 408K (D2 > 0) TH D, (1.10) 7 5 IHEEBEBIZH LT L —+
FIHEAMER A (3 > 0) KB BBADARY Y N VAT 2 2 L NEDPNS.
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1.32 REFE

ZZTIRERNZRY Y b aLDFESIEERT. Dy >0 2072972121, RESHRMEZ
RO fRE 2 VW IE LW, 6o > 0 2{72 3720021, FRAPEIT U TV — VR MR i
BANCFAET X KW, 272 DB AR 7 hO® DN ZEMICE D, V) by LAEEICIE
SEHRJE B D @R S U — R ERTI LT T 72 A LRI NIER S RN I LITHERT 5.

HHRE — N O E A BB A S AR BN D > T L — VR 751 2 & LRI O NIB /S
T—hEE D, PR T N LBV T N OB T IR FRBOMEE R 7 MU
5. HLIRERDOWNE T — 2 (2.30) TRIND FWM ORIMELL EI2722 L NE ST —I3IEHIC
N X AR E 10D, I OREE ZP AL EN (Modulation instabilit; MI) 2 A%l & IE.5. St
REFEBEDOY 7 bRk LRbHE¥unTFa—=v2I KA1V (Zero detuning point) & FFT,
V=Y RPN TFa—=V IRA Y R ETET L LYY DY ALFEANEBATT .

TR DHIRE—F%2 CW#E, VU MUE—FZ2 SHEEHET S, ML I A5 TRILRSEAIRD
WBFIRIEII I A ATHEDIZH LT, VU b3 LFEETIRREED E NG L 2D ERE R B -
THY, CWHORHBEHRS 7+ E&X 0D SMOBEKEEY 7 V&L PRELL %5, ZDH CW
fife 7 o L — VRPN N B, K OMEEBRAIZ 7 P LTws SIRICHF A on s, LR
NEICAFAES B0 OV A DBUTKIE U7z S EDMFAES B 72, VU b ¥ a AT L Th
5L —VRBEORL 2T 5 &, BEEIZHNRAT —BEALTEY ) M ATy TEWSEE
ZHNTE D, RSN ANV ADPEBAFET 2556 %2 <)V F Y U b~ (Multi soliton; MS)
Rig, 772 —DHFHET2EH6% > 27V Y bV (Single soliton; SS) (RAE L LR, Fig.1.7 125X
DYV MVATY TEEERT. “Pump laser detuning” 23t DHHRIE R (FEE) OMNETH D,
TN &0 REEM (KA M) %2 Red-detuned, 50 EM ()&M) % Blue-detuned & FE.

Fig.1.7 [Deleted due to various reasons]
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VU Ry aLEET LV =Y RERORG 2 ELETEY Y NI LRLEALES THED, E
BIZIEE D EFRIT0ARY. ZE ML 3 L8880 5 VU b Y 3 AEBISER T A BRI, RS
T —NRELPEDT B0 SO 7 bENWALTY Y b >3 LSRR EA U 725
B, V=HREEERZY Y b aLE ELSANTLUES 2DTHS. INEITHBHETZOICIEL—
YRBPBOREERE 2 S T IE & V. ZId L — BB 5 55 RS % SR 25 N o Bk o g
IO ERLTHEEHWES 7 NPBIET 5728, MI ILHn5Y Y by I LANDEBBOBDFEWH
By 7 NROBAZHBHTEOTHS. HELINEFITCERATORIGANLL, TOMEHED
HEBREINTWDEY, ZHUIOWTIE1.3.3 TR, £/, S0 CliEE— FizdL
TUV—YREEEZFFILTY Y branz2BT0ER, FE LY =PRIz LU Ciike— R
ZREITAFHEBHFELTED, THIZOVWTIF 1.4.2, 1.4.3 TR 3,

133 HiTHR

WO TERBRINZY VY N> 3L EFEZIEZDIE Kippenberg D7V —TFTH D, 2014 FI27 v
b= 7220 LT KB HGRILIRESE Z W THE DR U AR 35 GHz OV ) by a Lz REIEE
[2]. FIZV—T1E 2015 FEI2> ) a v F A b T A NIT & 28R EEILIRER 2 WV TR D 3R U B 2K
189 GHz @YV b ¥ I L& FEAEI T [37]. 2015 Fi21E Vahala D7)V —TH> ) A bao it
A2 VT EUARE 22 CHz OV Y by 3L %2 KA X E2 [38). 2O IcHkakT Iy
FN7A—=LTYY) bYALDBERHINTVWS. Figl8all 7 vibv 7 2oy AERLREIZLD
FELUREYY) b aLDHEBMANRZ MLE RF A2 hL %, Fig.1.8.b IZ AL R — b
#% (Frequency-resolved optical gating; FROG) % W CHlE S Nz E N 2 /RT.

Fig.1.8 a, Optical spectra of three selected states with one, two and five solitons, re-
spectively. The insets show the RF beatnote, which is resolution-bandwidth limited to
a 1 kHz width in all cases. The dashed red line in the optical spectrum of the one-pulse
state shows the spectral sech? envelope expected for solitons with a 3 dB bandwidth of
1.6 THz. b, FROG traces of the states in a that display the signal of the single and
multiple pulses.[T. Herr, et. al., Nat. Photonics 8, 145-152 (2014)]
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KIZV Y by aALDLEAFIERIIDOVTHRS, MI I L5V Y Y ALANDEBORRIZED
BNENT —DEMET 52T Tu—F L LT, N7 —F v 7% (Power kicking method)[39],[40],
B — ¥ (Auxiliary laser method)[41],[42] A%, HHR#RAEIZ ST 2 BIEE 2 T 5 Fik L
UT77ARMAF ¥ v —Hik (Fast scanning method)[43] 2%, VU b ¥ I AU LTL —
YRS B S E 5 FHE L LT PDH # (Pound-Drever-Hall method)[44] 2M#(E9 5.

1331 Ro—Fv Uk

N —F v 7FETE, HIREONI AT —% MI 3 AHBICB W TRABIZEAS S, CW fiix
FEEBINIZY 7 P LTV ) M ALANDOBBESFHK LZHL, BBV —YHREZMNSES
ZETHEAY - emMELTY Y b rasz2LEfTEs. Figl9.(b) ixDty b7 v T
2T, HELFEAIA (Acousto-optic modulator; AOM) 2 H\WT CW L —H OiREZA % 17
W, P=REHVTY Y bYALONENT =R RD LT A= RNy 7 %2{ToT05.
Fig.1.9.(c) iV V) b I LR LRI EBED L —HFE, Ko TNU— assv—, FFa—
=7 0EMAERT. (1) TRV —YOERFEIZTVWMI aLAZ20EFLTWa. (IT) MITIE
V=V OERI ZEILL, KT AT -2 2B ICHAIETY ) b a b NDBBZFEFK L
Hr, Ry TNT—% QBTN SETHEASY —ORAZHELTWD. (D) PTIY—FK%
BB T aALNT =P —ELRBEIITT 14— RNy 2 2FKBLTWS. (IV) iTIR7 1 — K
Ny ZDBEPTTFF -V IPEIRoTHED, V) FUBLELL TS I LHHSRT
H5.

Fig.1.9 [Deleted due to various reasons]
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1.3.3.2 #BEIL —HRhEEE

WEIL —FRIRETIE, MIIA25Y ) by aANERT 2BEIC, MOLRE— N2
L—HTilied 52T, HRBEATONEAY 22T BEHELTY Y braszgEtksd
TW3. Fig.1.10.(a),(b) I Z D&M %R T. 1.5 pm HOEY FL—HTY I b v aRESES
ERIEEIZ, 1.3 pm FOHB L —% THE ST —DOHiEETT> T 5.

Fig.1.10 [Deleted due to various reasons]

1333 77RMRFrUE

77 AMAF Y VBT, RIRBOBENRHE 0 SIEFITHS V-V FEREREIT5Z L
T, HRE—FIINT2HORELMELTY ) by aszZEIET05E. L—FEEHEEIE
WIZH S IFE1T 5720, BHEGIEHFERSGIC L > THE) L 72 55— 147 (Single side-band; SSB) £
PR WS [43]. ZOFRFADKENRIZRES WY ) ary»ET ) a vz v Sk
MIBVWTHWLNE Z EDZ .

1.3.3.4 PDH %

PDH ¥ TlE, b — VRS e BRAREO R REMREEZEEST 2 Z 2T, L—VREEHEEZY Y
FYOLFBICERSETY ) b aALERLEMASETVDS. TFa—= VT OREEDZDIZH
W5 125 DA Pound-Drever-Hall L — Y REEBLZEMIETH 25, THICDOWTIE 3.3.1 THMHA
T5.
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134 AR

VU NV IADGABIEEERT. A 2703 LORME LT, HEikiRUERE, ENEE
51, JKARZ bVIE, @EBEENPZETOND. IV Y MY aALIFEARI MUViEEmae—L
v AR SRR A RIS T I N TV 5.

1.3.41 Y&fE

FTIXHED#ZLE (Wavelength division multiplexing; WDM) X5 2217 5. ek
WDM YGEEIFFEERL -T2 LHABL T, ThETnz ITU-T 7'V v N EMEEN S FES
Dy RIZAbEI BT ETERINT Wz, ITU-T 2V v FiddubJERE (193.1 THz) & F ¥ %
JVIEIRE (25 GHz, 50 GHz, 100 GHz, ---) THEINTWD. A1 703 LADERRD R U A E
LONaALRFETHE I E2 DL, LREDO FSR 2 #MUIC#EH T2 22T, ITU-T 2V v KiC
B I EFNEBOABEES ZERD CW L —FOATHREIE D Z A TE S [45],[46].
Fizy Y b ralots, 2ERIAICREBEREE UTHWzake - Yy MEBEADIGH® A
RETHV, FiglllallZzDky 7 v 7%,R7. 2l (DEMUX) 2 HWTY ) bralhz&
JARBUR R L CENTNE LT 5. B L= ABEE S % &t (MUX) 2 HWTEK
LThoEHRMEEI TS, RBICEHAERSREE UTHELZY ) bralickvE#ETLE, V
Yhrvasizdak—L Yy MEGEEE2EBTES. FiglllbXZO/FEHRYKRTH 5.

{{1G-mex i\l' FCG LO
wra ﬁ 3
{TiG-med } {(Cen. iu)

0] vowrmerse | (MIMIL)| (Ql) o

7.2 Thit &

DEMUR

Wanvelangth (nm)
1,600 1,580 1,560 1.540
T

o

EDOFA Local Signal A EC 1
ascillator C band

.lll'.l-. lﬁ

Bit error ratio
=]
(5]
L]
]
m,
=8
I B

Fraquancy (THZ)

Fig.1.11 a, Massively parallel WDM data transmission scheme using DKS frequency
combs as both multi-wavelength source at the transmitter and multi-wavelength local
oscillator (LO) at the receiver. d, Measured BERs for each data channel. Blue squares
show the results obtained when using a DKS comb as the multi-wavelength local oscillator
and red triangles correspond to a reference measurement using a high-quality ECL.[P.
Marin-Palomo, et. al., Nature 546, 274-279 (2017)]
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1.3.42 H¥&

WIZT TN ALDHIEERZET D [47]. HRkO7—V) THMELHEEL T, I rZ2HWEZT 2
TV 3 LGHIEIZE D EHED B U BB O @A RRETH 2 mUTINA, HREEZEZ DA =T
RSN AR E R - O PER 2 T E 2R TENT WS, FohRMEBIC AT s~ 703
LEAWD L, ZOREBIZRINA R bV EFED GRS T D3NN 217 2 5 [48].

Fig.1.12.(a) 127 2 7V A ARNEDFI 279, # 0K UFIEEP DT MIRRS (Af,) <
42703 L%_DOHBTS. A 278aL0RFAFBULIEM A%, FiE DRSS B L Tk
VR 2 R D3k 2 il & B ORMRIBEHZ AR T2 &, £ — FRIED Af, ORBEBULD 2 ok
NS RF %20 TES. 20~ 70301255 GHz ®icB 1 2% RF a4
2k > T MHz ®IRICE#T 2 Z LR TE S, Fig.1.12.(b) (IZRIKIZ X % RF I L 0RE%2RT.
“Asymmetric” DEGEIIF DA 703 LDOARRRZEE ST 5720, BIPRPE ORI I
Z, FitHERE G TE 5. “Symmetric” OHEIEM G R UK TR 2 @@ I E 5720, BN
R DN AT RIZEE TE R, LA L 2OX 1 270300 FAURKEZWUL DT, ZOEHTIZE
FBHELIZRT B O N MEDBMRE S T WS,

Fig.1.12 [Deleted due to various reasons]
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1.3.43 JetRH &R
WIZY VU b3 Lz & B & flEE (Light detection and ranging; LIDAR) % %5 1J %
[491,[501 ZOFAL AARE Fig 113 10RT. Fv FI @S REHEEN S HEREhT
, HRHEBREHERINTVLOTHIIET a7V ALMHIELAKTH L Ze0nrd. £7-
7= 9@@,%@%@@?@%%ﬁﬁéﬂfhé YA 7B LYy REEDTINBEMIZT 27V
LEHH L, BRIBEHTELIZ—7y FOBRERIELTWS

Fig.1.13 [Deleted due to various reasons]

1.3.44 EERE

ISR IE A 2P 5. <1 78 3 LI B F MRS FRBUR D 0 515 720, 5o
RBEIZHWS ZENTES. R %%@x«ﬁ%»@b?#@fm%ﬁﬁ?éﬁ TIEDHERD
FELBIEPATRTHY, KILHJFIZOHRIZELTWEEFRD. b#b%%@:A%ﬁ
®%—Pmﬁiﬁ%%ﬁﬁﬂﬁ%ﬁwit&é#ott@,%—b%%##%uﬁgbvfﬁmj
LAFIZOMHRIZELTWD., FRHIZZOMRIZHVWSONE YA 70 aLIE T A MO I LIRS
[51],[52].
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1.4 RBAREF1—=v7

141 #E

SRR O R BEUL (1.2) T, B0 &S HRAEEMREZ R T FSR & (1.3) THEA LGN
5. WUNEIIRIR T Z DM YRS & IR U TR EDE W 72012 FSR KA E W, £z
VU NI LD R UEFEBILIR U 72 € — RO FSRICKIGT 5 72 O [FBRIZ BRI AR &\,

UMD A TWARMES L LT, ZOMEMBICHEIRE LR, FSR ##H%LIc<
WZEeREFoND, FIZIET 7 7V —Ru—BIHREOG S, KNSOME Z BHh 3 721 THk
JAWEL, FSR 2 XA F I v 7 ICiRBETE S, Tl U THUMNEIHRSR OGS, RIS, FSR
EMEOEIFR L EEIC L) —BRICIREI NS 20, Tho 2 HHRBEBEYTICED LS 104
(B2 h2EZRITINER SRV, 20O XD IR, FSR Z#fiMic2bsgsZ e %
JAEF 2 —= > T LR,

Fig.1.14 22 O 2R 9. EHREARKEK f, 2005 »OFEEZHNT Af, 2T E74
B, RN fl L s. TNPIRBERBOF 2 —=>7Th 5 (Fig.1.14.(a)). Fa—=
VOISO IREEBIC OWTENTNI A 70T L2RESHLEIL2E RS, TNTHORIR
JAEEIZ IG5 FSR & F a2 —=2 2 En5DT, FETEYA 2700 L0 REEHERES £ b,
CHNHHED B U DF 2 —=> 7 TH 5 (Fig.1.14.(b)).

BT 2 —= v JDOFHEE LTRAEL oo ond. MUuNeILiRes %2 2GE 4 3 FET
H 5 EJH I F 2 — =2 (Thermal frequency tuning) &, fil & 2D FAHIHRE I X 0 HIEHIT 2
FHETH 2 FHEWEEF 2 — =22 (Mechanical frequency tuning) TH 2. ZDMOFEIZD
WTIE 1.44 TN G, Zh o 32 THRIRBROEME %, ME22IE2FETH 5.

ﬁm%zét,ﬂm%ﬁﬁ%iﬂbrﬁ%®%%#%fmcﬂbf%%ﬂ&ﬁ#@m’wmﬁé

b, W ¥ [53],[54] WL VY [55],[56], Ak L [57],[58] IKISHAETS 5.
(a)Resonant frequency tuning (b)Repetition frequency tuning.
FSR€ | EFSR%
Ao | i
%
F ’ > f > f
f}ﬂ fm fm
T 1 iy

Fig.1.14 Conceptual figures of frequency tuning. (a)Resonance frequency tuning.
(b)Repetition frequency tuning of soliton comb. Red and blue frequency spectra of

soliton comb are generated by pumping red and blue resonant modes respectively.
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142 S%IHR (BREAEHF1—=>7)

BURE T 2 —=> 7 2id, HIRSBORBEZLIZMBET 2 REAL, EIrR2 xR U 72 L8
JWE, FSRDOFa—=2I7DIeThHb. 115 I2ZF D&M %ERT.

BAE, BJHREETF 2 — =2 71F WGM Hikd, HEBHEREOLEHS5IZBVWTHAKHVWLN
TWETHETHE., RN ZTOMOTIELIDEF a—= Y JHFALRKE VW LR TH B, 72
EULEJREE LT =&, “RUVFoETELEHVIEE, TORKIGEEITIEFIZP-<DELTE
D, RISHEEDME TIENENEREF 2 —=0 N2 h 5 2 %0, EBIMECBVWTHERHTARE
M, Fa—=VJHEHE, KIGHEE, F-TnEAVTAZER LY, OZ/MTHS.

(@) (@{AT =0 (i) AT >0 (b)
| ' (i) @
Afin
Resonator : Heat ' } —> f
An=0 An#0 f'm fmn

AR =0 AR >0

Fig.1.15 (a)Conceputual figure of thermal frequency tuning. When temperature of a
crystalline resonator is changed, refractive index and radius of the resonator can be

changed. (b)Resonant frequency f,, of (i) is tuned to f,, of (ii).

2008 4£1Z Kippenberg ® 7' )V — 7 W< A4 703 LDE— REEE 4 71 v b AR O G & %
EALZRID T o 72 [62]. BARINIZIZE — FEIBE 86 GHz ® ) 77 h b+ NIRRT U TAGHE
DREZHFHET ST 703 LDOHIRAIEE L €— NEBROLE(L 21T > 7. Fig.1.16.(a)
Ty R Ty TE, Figl16.(b) 127 1 — KAy 212l ¥ — M B OMAR R T.

(@ & SPeffmm Harmonic (b) Beal 1 —= ~— Beat 2
analyzer Mixer = : —» -
O g MFC~ Vg Reference
()—= - >
- ) ol | (P O O N
et 1 7 >
@ photodiode vy v

Microtoroid

Fig.1.16 Frequency comb stabilization. (a)Scheme of the experimental setup used for
stabilizing a microcavity frequency comb. The comb spacing is stabilized via the pump
power launched into the microresonator, while the pump frequency is stabilized by a
phase lock to a reference comb. (b)Scheme of the microcavity comb and fiber comb
modes.[P. Del’ Haye, et. al., Phys. Rev. Lett. 101, 053903 (2008)]
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2012 ST TN — T~ A4 20 A LOHFLNEAKEEEZDE— Nl EZFa—=27952

R U 72 [63]. BARIIZIZE — NEIBE 850 GHz >V 7 hu o FHREEZH T~ 71
aALzEREIYE, BREGFIEICEOYI27834%2 1 FSRUEFa—=2v 27 U7 (Fig.1.17). ¥7=
Fa— = v J MBS AR A MR T E W L 2 A L. ZOMBIEY A 2u 3l
DIRIEN R Y TV —F ORI RO T F 2 —= > 7 IBUde 72T, AEHRF 2 —=v
THIETFa—=V I WEATE-HDTH 5.

(wgp) Jemog

w
b
=
>
Q
g
g
=]
=
21
a
E
ﬂ

200 220 260 280 300 218 218 220
Frequency (THz) Frequency (THz)

Fig.1.17 Tunable octave-spanning microresonator-based frequency comb. The horizon-
tal axis shows the measured frequency comb at different pump laser frequencies (vertical
axis). The brightest line corresponds to the pump laser (with a power of 1 W in this
measurement). A magnified part of the spectrum in the right panel shows that the comb
lines can be tuned more than a full free spectral range.[P. Del’'Haye, et. al., Phys. Rev.
Lett. 107, 063901 (2011)]

2016 11 Weiner D 2V — T HMEMEE AL HHRIPR B 2 HERr L 22 o DA 703 LD F 2 —
=V U7z [64]. BARIICIZE — NERE 231 GHz O 2> ) a3 102 & 28R % A
WCRA 7B L2REIE, BERTITHRICEHRLUZYM 70 —X%2HWTRIBDOIREZ MR L
BNSE— NERD 76% T2 F a—=V 7 2E K L7z, 72 Fig.1.18.(a) ITREIZNT <1
sn3LDE— REEOZEAE, Figl.18.(b) IZA 71y MNEEHKOZEERT.

Fig.1.18 [Deleted due to various reasons]
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[ 2016 4E1Z1% Lipson, Gaeta 5 ® 27— 7R E O F 2 —

=V Z7%MALT, VL=V
BRORBIMLUTY Y by abzREIET (65 EARMIZIEE— NEPE 200 GHz 0>V a5

A FI4 RIZLEBERBERRIZISAI 70 —XE2HB/L, Y1270k —XADEAEBRZ HIH
U CHIRE IR A L — S RN U CEE (kHz %) TREILTY Y by a L2 RES .
Fig.1.1912Z0ty b Ty T BonzV ) NV ATy TERT.

Fig.1.19

[Deleted due to various reasons]
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143 HATHR (WEMEAEERF1—=17)

JIPEMABERF 2 —= > 72k, IR Z U 2B O RARZEAL % R U 72 R IR,
FSROF 2 —=v27DZ2ThHb. 1.15 12O ERT.

BUIE, JFEWEEETF 2 —=> 71312 WOM RS, RokRtRzcswTa<Hwsh
TWAHBFETHD. BN ZTDOMDOFEL D B KISHEPHNZ L VRHTHD. 72720 Fa—
SV WS ETCIREERBF 2 —= v 2z 0, RS R EEANT 5 2O ED
falpMtb H 5. BITMRICBVWTHERTARE A, Fa—oV 8, Fa—=r w9k, RIGHE
B, 2ULTENZHAVWTMZEBR LU, DNFRTHS.

(@) HV=0 @iyv>o0 (b)

Force

(i) ®

......

—
{ L) =7V 5 <

N

A . Ll
Resonator Piezoelectric actuator

Fig.1.20 (a)Conceputual figure of mechanical frequency tuning. When an external force
generated by a piezoelectric actuator is applied to a crystalline resonator, length and
radius of the resonator can be changed. (b)Resonant frequency fn, of (i) is tuned to f,,
of (ii).

1993 412 Q fliAY 10* FEE D WGM kit %2 W T HPNEAREF 2 —= v 7 HB o Tiibh
72 [66]. BARBIIZIZNT 7 4 NiC K HERIERSR 2, YLV T 2 Fa TR e RAZBRICERE
U, ¥V 727 FaT—XIZBEEZMMU CHEREREZMET I ETHERF 2 —=v 7%
{17z (Fig.1.21.(a)).

1998 1T 1 Q A 108 FEE DERIRILRR 2 W T 7' X ARG IZ L 2 W PARBF 2 — =
IHMThN [67). BARNZIZE T 7 1 SO R AR L 2 BRIRIES 2, YTV T s FaT—X
EFNEUZRRCEEL, ¥V T2 F 2T —XICEEZHMU CHRRILRS 277 2 & TR
Fa—=VJ&{To7 (Fig.1.21.(b)).

[l 27V — 71d 2001 412 Q fEAY 107 FREE D BORILHRS: 2 A W TR A B %2 FSR D F 42
EETFa—=v 79252 LITLRE 68, BARIIZIEE T 74 NOHLE BRI L 72 FSR
800 GHz FEED R MVIRIR#EE, C TV T 7 Faz—XE2PARBRICEEL, ¥V
TOFaL—RIZEBEEZMMU TR MVRERSR ZMIET I THERF 2 —=v 7 %1702
(Fig.1.21.(c)). HBHWEHEOF 2 —=> %% Ix 8.9 GHz/V TF 2 —=> Z il 400 GHz &
ETh-o7-.

22



i

Fig.1.21 Schematic of the jig for mechanical frequency tuning used in (a)[Deleted due to
various reasons|, (b)[V.S. Ilchenko, et.al., Opt. Commun. 145, 86-89 (1998)], (c)[Deleted

due to various reasons].

2013 AEITIZ NI F 2 —= > 7% W21 70 3 5O IR B L € — RiEE O filg
L READH D Tirb iz [1]. BARIICIZE— Nl 32 GHz O ) A ay RIRES O UG 12
IVT7I7Far—XEHEELTIAOFRDEKA (Fig.1.22.(a) IKEETH I LT, YA 7RI L
DRI E FSR DF a2 —= v 7 %70, RIRAKBOF 2 —=> 7 %%#3 5 MHz/V T
F a—= > JH§ipHi% 800 MHz F2¥ TH - 7= (Fig.1.22(b),(c)). £/ FSR%2Fa—=v7 LT~
703 L0 AR E ARSI L Try 795 28T, TORE,ETT -7z Fig.1.22(d).

100
a = .
(a) 5 15 (b) | 5
g Jo g
5 W8 T s
2 5._.._._.-—.-_.-;«.._.._\#\‘ E 1
5 | < =
% 1000 10000 "
Frequency Hz) !
;. 1 — - 0
3 s 9
= . I
2 /,{ . Free running Locked |
‘ﬁ- )'/_,/ A < _—
R P |4 g =50 ! ! ! ! ! :
Ec-m[ "_ . & 0 30 60 90 120 150 180
W 100 1000 10000 Time (mm)

Frequency (Hz)

Fig.1.22 Mechanical control mechanism for microresonator combs. (a)Control appa-
ratus. A PZT compresses the microrod resonator to adjust its mode frequencies. (b,
c)Response of optical resonance (b)and microcomb line spacing (c¢)with PZT drive fre-
quency. (d)A three-hour record of the microcomb line spacing (Av) under free-running
and stabilized conditions. The line-spacing lock point fs is 32.5671 GHz.[S. B. Papp,
et. al., Phys. Rev. X 3, 031003 (2013)]
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NS TR & T & MER AP SET AN TH A, EERSKREMIET HRABFLT
% [69]. BARMIZIZ=A TRV F U akEE 2 ) Y RIZEI 0 U (Fig.1.23.(a), £ZI2¥TYT
7 F 2T —REMDIAAZHBITHEROMME % 7ELS ¢ T FSR 28 24 GHz 2 E O ke 2 /FH 5 %
(Fig.1.23.(b)). ZITELY T/ FaT—XIZEEZMIMUL T, MR 28K AIZRNTSZ L
TRABBF 2 —=v %47 -7z (Fig.1.21.(c),(d)). HEREAPDOF 2 —=> 7 %h%i% 24 MHz/V
TFa—=VJHiHIE 14 GHz FRETH - 7=,

Fig.1.23 [Deleted due to various reasons]

2020 121, Kippenberg @ 7V — 7D FEEHF 2 —=v 7% FH L T L —VREEHRO R
SIELTY Y by aLEREEIE [70]. BARMIZIZE— N 191 GHz 0% ) avick s
BRI, ST VIV AL B T/ FaT—RERE L [71], ZAUIk L CEEA MM
U CEEEERGE 2 2 b3, HIRABEEE L —PRBEBICILTRIILTY ) hrabziEsyd
Fo. ZDX Y NT vy TEEBIESNEY Y VAT Y T Fig.1.24.(a),(b) IR T . HIREE K
DF 2 —=VI75hHRIX15.7 MHz/V TFa—=V 7 #iPHi% 4.7 CHz FRETH - 7=.

a Resonance  Laser
1

3

VNA S 09
N\t <

J ? 08f
Fraquency K

E 0.7

L | L £ 06

— [ 1
Laser EOM Sample 0 2 } ‘; 6
Ime (ms

Fig.1.24 (a)Experimental set-up. OSC, oscilloscope; FBG, fibre Bragg grating; OSA,
optical spectrum analyser; PD, photodiode; EOM, electro-optic modulator. (b)A typical
soliton step of millisecond length.[J. Liu, et. al., Nature 583, 385-390 (2020)]

PAEDEATIHZED? S, YLV T2 FaL—R2RMHULEARDPERTH S IR0 20, Th
DIz B bk % 7 122 IR 2 -l e FIEREAES 5.
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2016 EI1Z1%, Bowen D7)V —FIZ &k > T buaA NLEREE 2 AW BN ERETF 2 —=v7»
DTNz [72]. BAARIZIE Fig.1.25.(a),(b) ® & 5 1ZWiH 12 Z2Bahidn 3 b oA FALiRE Iz E
WMABEL, T ICEEEZBMNT 22 & THRMEEIIZ LD baa NREOEREIVRE L
B, HREARBOF 2 —= v F %ot ERAKBOF 2 —= v )% IF 4.5 kHz/V2 TH Y,
Fa—=V JHIX 180 MHz ¥ Td - 7=.

Fig.1.25 [Deleted due to various reasons]

AT, W IRER 2 W CRERIIC & 2 NFENEEETF 2 —= > 2P Tiibhz [72].
HARIIZ 1 Fig.1.26 O & 51 FLHE MR W O KN WH Lk ds & 170 S 8 T 5 KB DO IR
JERFTEL, WHRESIC b 2 REEN 22 SE, HIRAEBOF 2 —=2 7 %7572, 20
FHEORE R E UT, HIRBOVEA NG 2 2RI K 40 % FBE L IFEHIZRKEVWI &
DEF NG, BARRIZIZEFE RSO FSR % 580 GHz %°5 871 GHz £ TE LI 5 Z LITHK
WLTna.

(@) Elastic Sample Emission

! Soap water
v o2

- @

Water Vertical Cross-section

Fig.1.26 (a)The force analysis of the floating microlaser. The inset shows the vertical
cross-section of the microlaser. The asymmetric ellipsoid shape is attributed to the dif-
ferent surface tensions at the interfaces of droplet/water and droplet/air. (b)Illustration
of the home-made fluidic system.[S. Yang, et. al., Sci. Reports 6, 27200 (2016)]
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1.44 SATHR (ZOMAREF1—=>7)

1441 ERBOBVERERZCICEZAREF1—=v7

WGM SRR ICFERE TS5 L BRI S OF DB RILZT 5. WGM ik & 35
BROHEMEY LY 7 7 FaL—RIZLo THET S Z & THRIREKEE, - FEREZz2Fa—=v
ITES [74]. BARMIZIZE— R 7.8 GHz O F7 412 & 5 WGM HIRE IC B (L Hish %
A—F 1 VT U H 7 ABEBE Fig.1.27.(a) D L 5 10E#EIE, TOHifz2 vy 7/ Fax—
R CHEET 5 Z LT 400 MHz FRE DO HRA B DO F a —=V 7 %17 o 7=,

Fig.1.27 [Deleted due to various reasons]

E7TT 25y ROMKBIERIIH LT, 25y RE2REOWETHET 2 2ic & h A%E
ke A E, RN, T— M2 F2—=v T 3FENH 3 [75). BAENI Iy
D 30T & BRI A NaClKIEEHIC %8 L, NaCl KW OME % 10% RELE (L €25
Z 2T 1 FSR MBI B IIBHPIKDF 2 — = 2 %17 - 7 (Fig.1.28.(c)).

Fig.1.28 [Deleted due to various reasons]

1442 BRHZ (EO) BEHFa—=v7

2007 fEiiE, E— R 22 GHz O =4 7Y F 7 LI & 2 8RR ICEMZ 8 L &
JEZEINT 2 Z e CHIRABRKOF 2 —=> 7 %1757 [13]. HBEFEEBOF 2 —= v 78R
0.14 GHz/V TF a—=> 7 14 GHz FBETH > 7=.

2014 4EI121%, T— R 370 GHz O/ 7V I =7 A X 28NS ILIRSS BB 2 8 LT
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BEZHMNTHZETYA 20 ALDF 2 —=V 7% o7 [14]. HRAPEOF 2 —= > %)
1¥24 MHz/V TF 2 — = 7 #ifHl3 4.8 GHz RETH o7z, Fig.1.29.(a) L FEMIZ&5%¥ I 2
L—Ya v, Fig.1.29.(b) ICANMEREIIZ & o THRIRT 1 v TDF 2 —= 2 79587, Fig.1.29.(c)
ZEVINEE T % R R OBIfR &2 R T

#

E’) | Gold g (b) o - (c) : ‘
008 ommcc . —oee] T 1551, 00/" = 45 kV/m @ 1V
g 0.06 '-.\ \ A/ 5
7. E L) is
Si0,¢ | 1] Eo_m \ A/ §1551.94
./ H [ VY T
a 902} yv=-100, -50, 0, 50, 100 1 g 1551020 018 pmV
1551.90 1551.95 -100 0 100
Wavelength (nm) Voltage (V)

Fig.1.29 (a)FEM simulation of the electric potential distribution when 1 V is applied to
the gold electrode.(b)Spectra of the optical resonance when the DC voltage from -100 to
100 V is applied. (c)Resonant wavelength plotted versus applied voltage and a linear fit.
The electric field is estimated to be 45 kV/m when 1 V is applied.[A. Guarino, et. al.,
Nat. Photonics 1, 407-410 (2007)]
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1.5 FFROBEH

AL THWAMUNECIRED TSy b7+ —41%, 7vib~ 72> 0 L2 AWk R RS »
U7z, Hb S iRes 8 B ikt & R U T — iz Q A & <, BEERIY7ZR Q fHD ERR® FEH 2
RKEWV. DE O WEFREEGD AT —HIff (2.30) 25T 2 &, #EFILRSIIWDGKES 2 REK
BHCEBTELT I NI A—LTHDBLERD. F-iERLEREZHVTRESIEZVY b
aLE, BEEIRSBZHOWTRESIE 2D L IR LU THRMEES AN W EXH s TWVWS
[77]. DX bR EHWVTRESERLZY Y b ralid, EAOSNETIY T4 —LDHT
BHEENPOMME TH D Z eI NS,

FLEVa—WEFZ L ESIIHAREEL YLD 7y 7Y Y MAUNS WEEFBEERL —Y
ERAWZWY, @EOYV Y YA LOFREFTETIEIRE R LU TV — YRR ERL LR
E 5wz, FEICATRICEbNS., LR UEEKF 2 —=v 270w FEEZHVS
&, BEEIN L —VRPBEEBIT U T IRERE 2 iR TE 5D TINAAREL 0 5.

SRS 2 AW BRI T 2 —=> 712X 5V ) b aLoRER, FREEIEINTY
RO TNITINA, BT 2 — =V T OFEPBREEF 2 —=v 7, JFNEEERF 2 —=
TN EHFRZ e EEZ D, BYEHEERTF 2 —= v IR HEROIEE 2 Leflt e 57
DIZEE MAGT R T NIER SRV DHEBEB AN I OH, NFENEEERF 2 — = 7 I3E R
BCTIRERVPTENZ2VDO T VEHEBE N LFETH L Z eI NS.

Lo THIEERE KXY 7 7 F a2 — R %26 LUzkRHRERIC K2 HERF a—=v e Y
U bhraso¥h] L.

%2 W T, BUNEIIREE DR &, BUNEIIRER L RO ERIR R FR T G E— N
i, YA 2703 LORERETH DML TFNR, ABEETF 2 —= > 7 OB Z R,

H3HETIE, 7yl 2oy AREEREORE, V) b3 LDFA, Pound-Drever-Hall
JEIEBUZEAEZ L DY) b aLDREMZET 28R E2RT.

WAETIE, AR F2—=v7, DEVHIRABBOF 2 —=27%, VI FYILDHED
EURBEEOF 2 —=v BT 28R 2R,

B5ETIE, NFENEERF 2 —=v7, 20 RAKEKOFa—=v2r7L, Zhicksd V)
by aALDFEICHET BFERERT.

BOFTETIE, EEREROFLOLBEEZRT.
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2 I
2.1 HUNEHIRGZDOERKFE

211 Q1
Q fE (Quality factor) & IFILIRBIR 2 R TIRE RO — RN LFHEHEFETH D, (2.1) TERS

ns.
Enegy stored

Q =27 x (2.1)

Enegy loss per cycle

CORIRHRICEBRINDIIANT - LR T E2 RN F—DHE 726D T, QHDEIIE
HREIRDIREREDLEVED & S 1T BT 5.

HAREZ BT D QL IE, HAURADMREERTHEETH S, (1.2) 1T/ D & HIREGNIITF
12T & 2N D AR BUIE ITHRE S N DD, EEEONXILIREFITH I 2 ORINPELEZET 2
&, ZOFRMBIEENIND. DF D RERHIGEIR CIIOEIHRER N8 % (253 5 it 0> B SR IE oD ki g ]
& o T, JHIRBES C IR R IR B OMRIEIC L > C Q iR EHETE L. HERICE IS Q #
1 (2.2) TEEIND. TIT [, FHEREWEE, 7, LT EGTHS.

Q =2mfmTp (2.2)

SeTFEm L, HIREBAIBTAIIEOBRIRIED 1//e 12, BHRMETIE 1/e IZRDHEHDOZ & T
HBH. Lo THHMEMIZEITSE Q EE X, LRI PRFHEEYE TITAETE 2 RE
RS 5. 72 ABEBEEIRICBEIL T Q EIX (2.3) TEHRIND. ZITAf, AT MVIED
FAE40E (Full width at half maximum; FWHM) T® 5.

_ fm
@=x7- (2.3)

FWHM & &, HIRARZ b UIZBWTE =27 OS5 OMMNBEICB ISR THS. koT
SRR B B Q M2 1%, HIEARZ MVAEERIE, DY (1.2) OIIRSEMAITEVIREEI
HIEs 5.

212 E—N@E
F2%h € — FHEM (Effective mode area) &1, Jltdflkds OEREEDOMHE T ICEWTE— FDE
FERE A2 FEM L B EOHBEDOZ & TH Y, (24) TRINS.

_ (JIEPdA)?

A = 2.4

F5hE — FAM (Effective mode volume) & 13, EHE— FHBE HERORLERD, Thid
(2.30) IR & D IR HF R ROBMEICED L2 ERD—DTH 5.
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213 98

73#X (Dispersion) & &, #EEHONEPKU 2 EHRIZE T 2 HBEBKEEOZ L THS. Kb
G Hle LT, HEXE 7Y XL AT IEZBRIC, AR I T —Ya vk 5ian
NTHHTIEHELE TSNS, ZhiE 7Y XL 2@ U ORI AT ORERBIKIET 572
DEILHBR{THS. HERHFIZE T2 0MOPEL LT, (1.2), (1.3) 2825 n % n(f) ITE
g g, LR, FSR WEAMBKEAEZR O Z R TE 5. 2B HEAFEL TS
D, BE OB 2k (Material dispersion) & f§if (2K17 3 2 #1570 #X (Geometric
dispersion) &IZ431F 60, AEBERIZ I NS “HEBEO S BOBAITERE I NS,

DR E B U B O IR £, 1F (2.5) TREIND. ZIT fo IMEREOIIRABEL, p
LD S A TR E =R F 2 N=TH 5.

fu=Jfotop+o-p + oo (2.5)

Dy 27 LD IR fo 128135 FSR 2K L, Dy i FSRICHTA2RAEZRLTHL, —
WA EITIENS . TABEOEIZ S 5 I HROAIERL T WS, JHRERIE (1.2) T3
PRZRDIZX LT, (2.5) TRERDIHIHE TN XD SIROEHOFLEIZ X > TEHEMRETIE R85,
LI TCHEHIRDDHE L 7 5E12D0WT, IR Dy DRSS HBERICGEZ 5B E2EZ 5.
Dy 730 O, HLHRAFEBULSE R IZHRE T FSR G E O HIRAFRBICB W TER LML 2 5.
Dy DIEDSE, & AU T IR E B DR DA < 72 0, KA TIIR 25 (Fig2.l1 &
). Dy BEDGE, & EEE IR E B OMBE AR < 220, RERAITIZIRS %25, Doy
MEDEE % EH 728 (Normal dispersion), 1ED%& % 5% 72X (Anomalous dispersion) & I
A (2.6), (2.7) ITERESE, EESEO FSR OZLEZ ARG, KRMTEZHE0R %
R 2o O EBIRIE A D LDFRAEDEITEHE L 25758, THIZOWTIZ 1.2 TRY.

dFSR dFSR
<

i > 0, ™ 0 : (Anomalous dispersion) (2.6)
dFSR dFSR . .
i <0, o 0 : (Normal didpersion) (2.7)
1D Lo 1D 1D; 1D, .
220 220 Z2r 22r "
: 2 2 2
Plfa if N
i i i i I
1 T 1 T —Tf
Dy Dy fa Dy Dy
fo—25—  fo—oo R [

Fig.2.1 Resonant frequnecies taking anomalous dispersion into account.
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2.1.3.1 #P28 (Material Dispersion)
MBI B R E R DAL 2RI R O FEBEAAFAEDOZ L TH Y, (2.8) ILRTRILTA
V—DAAPSFREEING [17]. 22T Ay, B BRIV A ¥ — R WS MEUKIF DR TH 5.

A; - \2
200 =1 = 2.8
n=(A) +;>\2—Bi2 (2.8)

Fig.2.2 ({2872 2 MEHZ DO W T D #RE D OEHERZ /RS [18].

=100 L L L L L L L L L
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Wavelength (nm)

Fig.2.2 Material dispersion D of various platforms: silica (SiO2), magnesium fluoride
(MgF2), calcium fluoride (CaF3), and silicon nitride (SigN4).[Shun Fujii, et.al., Nanopho-
tonics 9, 1087-1104 (2020)]

2.1.3.2 &8 (Geometric Dispersion)

SR BHE— NSRS NI 2 R 58 CTER T 5. T D7z LR O BTG (2 2 v —
PR, BRI D Y A F —PERE) BZIREO SIS B E RIXY. ZDEMEIZ COMSOL 0 Y 7
b 7 &AW THRZESRE (Finite element method; FEM) (2 & W EHHRTE % (Fig.2.3.A). %
72 TE €—F& TM £— R THZDE— RAMAREZDT, HIKEHRS R4 (Fig2.3.B). %
72— DfftE— N TH, FEBPRLNIEZDSEBERS R2:5 (Fig.2.3.0).

Fig.2.3 (A)Created mesh cells for axisymmetric microdisk resonator with 40° wedge
angle in FEM calculation. (B)Calculated mode profile of fundamental TE and TM modes
around 1550 nm. The TM mode slightly extends the outer boundary of the disk resonator.
(C)Comparison of mode profiles at three different wavelengths. At longer wavelengths,
the center of the optical mode is shifted inside the resonator.[Shun Fujii, et.al., Nanopho-
tonics 9, 1087-1104 (2020)]
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22 WHHEE—NEHR
221 ®BEE—FAER
¥int: Intrinsic decay rate
/ f\\

Ap():
Mode field

Evanescentﬁehj
’.Fexr Coupling rate

Sin Sout

Fig.2.4 Waveguide microresonator optical coupling system via evanescent field. Ag(t) is
the intracavity optical field, sin and sout denote the input and output fields, respectively.

~vint and ~yext are the intrinsic decay rate and coupling rate, respectively.

MAE— NARERA LI, HIRBEAMEEABOTY 7 2 vty MNEEN LKA 2R T 55
BATHY, (29) THRIND. ZITw (FHIREBEE, w, FL—VEEE, s, FANBEOHR
i, Ag(t) (ZHIRABAIBO D BIRIRIEZ KT . WERIT Ying, Yexs 1T 6N, TN TR
A DR, Hikd & BHEHOMAMEREZRL, ThoDRflldy TRINb. /22O
S % Fig.2.4 \ZRT.

A0 — (24 e — ) Aol®) + yFesesin 1) (29)

T2 TIRERIE (dAo(t)/dt = 0) ZUE L34, BAURIE Ay 13 (2.10) 2% 5.

Ag = V Yext (2.10)

T2+ jlwo —wp)
T CHIRINEICER S NI FBUIEREAA T SN T s> TH D, (2.11) D&

Yext 2
Aol? = Sin 2.11
‘ 0’ 72/4+(w0_wp)2| ‘ ( )

72 AP OHRNE & B OHRIEDRMRIE (2.12) DX S ITRI N 5.
Sout = —Sin T+ vV ’YextAO (212)
& o THRIEZEHER X (2.13), HEEERIZ (2.14) DS ITELEINS.

Sout (’Yext - ’Yint)/2 - j(w() - wp)

t p— — .
Sin ('Yext + ’Yint)/2 + ](WO - wp)

(2.13)
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('Yext + ’Yint)z + (WO - wp)2

T ANVF —AEOERN 5, HIIEF [sou | EATIEF & IR NI T OHULRYE 7 D22 &
LT, (215) d&5icHKIh3.

2
Sout

T =

Sin

‘Sout|2 = ’51n|2 - ’Yext|A0|2 — <1 “Yint Yext >

/A (wo — wp)?
(’Vext - 7int)2/4 + (WO - wp)2

2
= S'Il
(’Yext +7int)2/4+ (("‘)O _wp)2| 1 ’

ORI (214) ¥ BULTWS, HHREEEE L —FREEA B LTV S L, BEERE
DEKEX Ty 15 (2.16) DL 5145,

Qint - Qext 2

o= <Qint + Qext)

ZZTTy=0, 2F9 Qint = Qoxt (Vint = Yext) PEEER TV T 4 NIy TV VT LI,

AFHED T2V X — DT N THIRBAILIZADREERLTVDE. 72 Qint < Qext (Yint > Vext)

DEEETVR=AYTIVT, Qint > Qoxt (Vint < Yext) PEZEHF—N—=J1y TV VT LI

¥, ZNENZEBT D, Yoxt/Vint PETENETND Y TV V72 KHTE 720, Fig.2.5.(a)

KT Fa—=V IR T 2@EERROBEGE T VY X—hy TV VT, 2)T1hVhy Ty

T, A==y TV TIZDOWTRL, Fig.2.5.(b) IZ Yext/Vint [ZXS B iREFEBE O RKEZ
DR %ZRT.

(2.15)

(2.16)

(a) 1 SNV (b) 1
0.8 /
c \ | 8
2 I|| /
& 0.6 \ | 61
£ ||
@ |
E 04 Vext/Vin = 0.25 I\"I ar
= 02} Vext/Vin = 1 2t
0 i e 0 i
-10 -5 0 5 10 2
Nomalized detuning {"'D_“"p)/ﬂ" Ext/ Y int

Fig.2.5 (a)lntensity transmittance T for nomalized detuning (wo — wy)/y. Magenta line
corresponds to under coupling, red line to critical coupling, green line to over coupling.
(b)Minimum transmission Ty for different ~ext /%int-
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222 #EEBE
2221 F—=R77ANEE

T=NRNT AN, ASHESO ORI U CTHESRSOOREE U IE—Har2 S Wh7 7 4
NDZETHb. Rzl zM LizT— "7 7 A N2HWE Z 2T, BUNEHIREIZN LT
RIRLZE SV EBIE T WS [19].

F=NT7 7 ANOHESEL LTI, M LW Z ML THERBEM S 3 T — kT
HY, KX T Fig26.(b) DL 2704v5Iv 27 —X%2HANT, K77 A DHULE
DEMBULDSAEA T — I CHMAIA»SIEMT D HREH N K77 A NEEMUIBD S &,
Fig.2.6.(a) 2R3 & 51227 v FE— RAUE I NBEBEARIEL, BOY Y7/ VE— NItk L
RIRIFFILT D70, TN T —NT7 7 A NMERETOHLZE U, T—37 7 A4 NERETHR O E
IR T BT 2RI, THAT -V OBFEE, b —XDHE, —XIIWHTEHT 713D
MEFHEEZRT 1% UATICMZ 2 Z e HRETH 5.

T 7 ANDY VT INVE— REMIE (217) DX D IZRIND. T T dhper KT 74 NDE
B nis no \EATHE, 27y FEOEIHE, NS 2HOBETHS.

/m2 2
%wzw%m‘T 0% < 2.405 (2.17)

XoTn; %144, n, 2 1.0, A 2 1550 nm & U7=354E, YV NVE— REMG2TEZTHET 74N
DERFERIF 115 pm &2 5.

ZDEIIT, T=RNT7 7 A NKEEDORELRRHE UTERIAL, SEHEONSIBET SN,
Z DM IZEIER, WEAOREOWMIVENAL P T W eAEIT oD, ERERIZT -7 741N
DERIMETFT 2728, BED T ZDEHEX T — /37 7 1 /N5 2 HR#g O A7 & i3
B TEV. FEEREBIZT 87 71 N SIRBF ORI AT T 2720, FHRICHETTH
F&w.

(@) 1.45 : , — _
Cladding mode Single mode

VA,

PV B Y

Input power(mW)
™

if Optical fiber

1 |35 " i i i
50 100 150 200
Time(s)

Fig.2.6 (a)Transmission for tapered fiber fabrication while translation stages are pulling
heated optical fiber. (b)Setup for tapered fiber fabrication.
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2222 TYXLEE

T X LKEGE, WEAEE AWz EIRBICB ) G0 ke U TIRES iz [21).
Fig.2.7 (ICHEI 2 7)) A LfEGED Yy b7 v 7237, 7Y A LADOKFHIZEWT AR HKITEK
Wah, ZIICELII Ty xv ey RN LU CRIRESRIOLEHAEIES. 7Y X LD KN
HIZ AR HDEREZEDE SO L XX EE DA (Graded-index; GRIN) L > X3
Awsi, 207 XL HIRBOMBEFHBIZIZEZY 2T —VERH S NEEICHIEINS.
C— ADMHERREEMEE M I RIT XRS5 VIED, MEMRIIbRELYELE-5T
[22].

TN ALKEEDOKRE LR E UT, BB T 2 082 ME & BRI B A
EIFond., -EELRMENC X OE-I N, "YU AT 7 A [21], SRS T X SF-11[23],
RAYEYVN([24], ¥V avI[5], VFI[25], 7747 [26] FErflE LTHEIFoND.

Rutile Prism

PC PD

vy L1 \ /__],4 4‘—

L)
L© o)

CW Laser

Piczo Controller

—_— 1 WGM
® Resonator
V:0-150V
0, @
Oscilloscope
( >
Function Generator | _l —

VAVAVANS |\
2 o ® ®® 8 J

Fig.2.7 Schematic representation of the experimental setup for the high @ LiNbOj
WGM disk-resonators. PC: polarization controller; L1 and L2: gradient-index (GRIN)
lens; PD: photodetector. The piezocontroller is used to scan the frequency of the laser.[Y.
Pan, et. al., IEEE Photon. J. 9, 1-8 (2017)]

2223 HREES

BREEAE AL, SRR RBICB I A DHETH S, RS T 2 N A BRI O FHEE
1, LIREOBER ST —EMIZEE 2D TENR MEAREFEIZE WD, T—NT7 74 NELGP T
) A LFEGDHZED & D IZHEEFRMOWFEIZTE 225,
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2.3 FEREAFMR

WUNEIREE 2 W =<1 2780 3 ADFEL, BEUGERIEEE RO —FTH S IUNRIKIESIC
K550 TH5B. Lo THUHIKESIZ i5747D3A@%$Fﬂ®#%% ZIZmRT.

231 FRELE

SHMEE h & EZHR T BB, BETOBFIEOBRICHESINTHOWARI S, 0L EDH
B P(z,t) LBR E(z,t) ORI (2.18) THKEnd. 22T x®,x®), ... BZEXOIEME
BEZETHD, TOMFEXIZRDIZEKIBITNES 725,

P(Z,t) = EO(X(l)E(zvt) + X(Q)E(zvt)Q + X(S)E(z7t)3 + - ) (218)
BRVLEBAFH VG AL, SROBIEEAL T s N T W B RERER P(2,t) =
coxWE(z, 1) £ LTH-T . LU Q firdHUNE — RIKRE AT 2 BUNEIIRIE I &
AT 2L, NEHTORI RV —EENIEHITEHE >R, SROMmE2HEHTER RS, N
PRI 72858 2 R DU EILIRAR DB & 1 IR DI i % R T &, 2 DUk EA LD IERRIE 7 hik

FIEFINS VO TERLTEIVWEKELT, T TEZROEREIMOAREEZ S, LoTH
KM (2.19) D LD ICRE .

Pni(z,t) = eoxP E(z,1)3 (2.19)

BB ZDOORPHAEFREONOBERIX (2.20) DL SITRED. ZITce LIFERIEES
(Complex conjugate) TH 5.

E(z,t) = %(Ekei(k’“zf‘”’“t) + Ejethiz—wit) 4 B eilkmz=wnt) 4 ¢ c) (2.20)

(2.20) % (2.19) ITRAT B &, ZROIEAMIZ (2.21) D & S i12RE 2.
Py (z,t) ZP wy et knz=wnt) e e (2.21)

ZIT Py(wn) 1 (2.22) TEEIB.

50X(3)
4
+3Ek2El*ej(2wk—wl)t + 6EkElEm*ej(wk+wl—wm)t +

+3Ek2El€j(2wk+wl)t + 6EkElEmej(Wk+wl+w'm)t +
+ B3 Bwr)y] (2.22)

Pn(wn) = [(3|Ek|2—|—6|El|2+6|Em|2)Ekejwkt+...

36



232 H—HR

=R, HDHEITHE A UZBIEPIE L 2WBEOJRSTHRD, T OMEITHKFL TE
b 2HRADILTHD. HENHHOMEIZ L > THERSINDEITRLMIZLBMMH 7 M,
H CZAHZ T (Self phase modulation; SPM), AIDJMEDIREIZ & > TEEF S N D EHTHL/II &
LAY 7 NI EAIFZ T (Cross phase modulation; XPM) & IEENS. F—#HRIZ & 2T
REMEIF (2.23) TRSIND. TITng BEEDOIHKIVIEIETDH Y, I, FEHREZ KT,

An = noly, + 2n9 (1) + Iy,) (2.23)
Z ZCHIREIEITR ngy 1 (2.24) TRIN 5.
3
__ 2 0B
N 4n02eocx (2.24)
=R L BRI DY 7 N & AS, #FA S, £33 SPM T K2 HIRFABEE S 7 b %2F
Z5. V7 NMEOIIREWEL 1,1 (2.25) TRIND. T TV 7 METOHIRBEBE £, 1% (1.2),
Py (& SPM 2B 2 LRER DN AT —, Ao IFFERE— NWITHETH 2.

, me me An ng Peay
= = 1—-— ) =f(1—-—=—"" 2.2
Tn 2r(n+ An)R  27nR ( n ) / < n Aeff> (2.25)

k5T SPM 12 & 2 4LIRFIRIS 7 M i Af,, 1 (2.26) THENS.

%) Pcav

Afm = —fm (226)

? Aeff
FIRRIZ XPM 12 & 2 HHRBEEECS 7 MiE (2.27) TREIND. 22T Pleav ¥ XPM (2B 5 iz
BHONINT —TH 5.

2no P’cav

Afm = —fm7 A T

(2.27)

233 MWHEESE

VYGRS &%, B THEBO RO T AHEER U 2R e LT, £<HLVERKD
KT DRETIHR{TH D, ZOBRIIHEIDEHKIES & (Degenerate FWM) &, FE#ER PG
E# (Non-degenerate FWM) @ “FEIZ 1T 5N 5. i@zl (2.26) 0 —IHEHTEZI N, [
U w, OXFZODMEEL, TN EIER2 A 0, w, OHFRZORET ZEET
»H5. FMHREREI (2.26) DFE_IHEHTERIN, BARDEBE wr, wn OHXTH—DFT DHEWEL,
TNEZRLDBHP wy, w DHFRDORETHHETH L. ZNS DD@BRITITAMHES
FMDOEALAAFTRTH Y, HHRBROEEDFRME (2.28), HHEHREROEEDEME (2.29) 12
R

kr = km + k, (Degenerate FWM) (2.28)
kx + km = ky, + ki (Non-degenerate FWM) (2.29)
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FWM DJilie 7 —oEifiE PEWM 1% (2.30) TIN5 [32].

prwm _ Ve (2.30)
8nwocna

WUNEIIREE 2 A WTY A 70 a2 R EIEIEDOL Y T v 7% Fig.2.8.(A) IZ/mR7. K
g CH T RE 2 IR U 72 CW X2 BUNERIREHC AR S E 5 &, HIR&GNH T FWM 25555
INTA B ALDNFEET S, TNE T4 MRXAF—RIZARTE L, 0K BB ESENE
BaDE—MESEUTHIETES. CWHREFLIIA 70 3L S N5 B0 &K%
Fig.2.8.(B) \Z/R$. #Mni@fe, FEHmEmfEo FWM XUGIC &0, K% S HbE 72 8 ko o
BENDIA 7B IALBEEINEH, HEREIC & 0 HIRENEICEE T E 2 FRBIEEMET
BRWVWDT, 12703 LOHSIENHRINT WS Z L0515,

Fig.2.8 [Deleted due to various reasons|
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24 BRBF1—=7

241 BEREF1-—=v7

XA B ALERGIELZEE, BOREHRIZE > TEORITED, BWRMEICI->TED
MWEENZEAT 5 Z L s & SRR, # DR U AR ZEAT 5. JE TR O AR 12
JEFARE (Thermo-optical coefficient) (2, ##i& O M EAKAFME X BEZ IR A2 (Thermal expansion
coefficient) IZ & > Cidik &N 5.

FTENERFRIC L B HIREARE, FSROF a2 —=V 71220 THERS. (1.2) LBWT WGM
HIRER DML 2 AT 7213 2{bx ¥ &, BOUZERIC K o TIRE DR HED An, HHRFERED
Afo ZUELL 5. Z OB (2.31) O L5 £E5.

mc
Jin & Afm = 2m(n+ An)R (2:31)
IOREEIT S LT (2.32) HELND.
dfm _  dn fm
FSRIZOWTHABKDFIHEZ1T5 2 & T (2.33) BfFoNs.
dF dn F
SR n  FSR (2.33)

4T dT
RIZBWZ IR R & 2 HIRAEE, FSRODF a2 —=> oW TH 2 5. (1.2) I28WVWT WGM
HIREROIRE 2 AT 72132837z & &, BOEFRRIC & o THRIREDOEED AR, HLHRFERED
AfEZIELIZE T 5. BORPHROEGE LU FIHEZEATHAEEZT 5 & (2.34), (2.35) »'f5
CYATN
dfm  dR fm

T - ar R (2.34)

dFSR __dR TSR

dr dl' R
Z 2T dn/dT DEEFHREEZXRL, (1/R)(AR/dAT) PR EFRHERL TS, ZITa =
(1/n)(dn/dT)+(1/R)(dR/dT) £ i&X &, RE%E AT 72327 & & ORI (2.36),
FSR ¥ (2.37) TRI N3,

(2.35)

fm(AT) = [, (1 — aAT) (2.36)

FSR(AT) = FSR(1 — aAT) (2.37)

39



242 NEHRFEEF1-—=v
HIREIZANIZEIIN L 7256, T OGNS 5 2 & THIRE WL, #0RUABEE»PZEIT
5. FIZIEFTLRICHFLUT ENPSFOOSEZMUETLEEE, FOUL EBELRFMIZ T LAIRIE
SN, FOOSIZFETRAMIITLERDNIEN S, ZH L FEKIC WGM iR 123 U CEE &
HFER T SN2 HIU 7256, WGM HRER AN X QBRI DA A S Z & THARARE,
MR UERBIZST S. ZODNFNEBET 2 — =V JOERFHTH L. TLRE L
IRaZANICE > THET I L 2HER L E, HHEREDCEAVTRETENMIS W EOETE

5. ZNIIYWEOMHX 2£KT Y > 7% (Young’s modulus) R4 57-0TH 5.

EFT2HIAMICRE L R REZROEBEELEZERAS. ZOBITH U CTHEG IR F 2MA 7
&, BAMIZE IR IK (2.38) DL IzRINS.
_F
mR?
BOME (X)) 2RIV VIR E 2V L, BIZELZEI HRAIOENEGEEZRTHOT

Boen i (239) DE S IZREND.

(2.38)

o F 1
L=p= (2.39)
OFTARBICEL B ZMOEEERTOT, BS L OBIZEL 2 ES HROMRENIE (2.40) TK

IND.
F L

TR2E
BORIHAEMPELTWD LW T Lid, FEAEIZERARICEMAECTWS. BIZAED
BARAMDENE G 2R THOT A ep LMV T A e, DHIIYHEBEEDOMEEZEYD, K7V Uk
(Poisson’s rate) LIFIENS. K7V Vb vid (2.41) TE#RINS.

AL =e L = (2.40)

y="L (2.41)
€L
o THIZEL 2R AMOEMNE G2 RTEO T A er 13 (242) DS ITRINS.
o F v
€ER = —Vep, = —VE = _T_RQE (242)
&35 LR DMRENLL (2.43) TRIND.
F v

NPT 2 —= > 7 OHEFRPE, FSR OF 2—= > VY OBMEEFET 5. HIEHIC
WUTAF BN ENAI &, ERBEOLEN AR, HRHBED Af, ZIE{LLEZET
3. ZOROBIRIE (244) DX > ITKES.

mc

S+ Afm = 2mn(R + AR)

(2.44)
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ZOREEETSI LT (245) BEoNn5.
ARf _AF v
R'™ 7R2E
NHDFTNF IR B H I UCIETH B 728, HIREANEN S HFIA I &2 N 7858
121 (2.45) IZADIEEZ IS 728, HAREREMRABRMIZ S 7 S $5 28R nnrs.
VIV 7 2FaxT—RIZHLUT AV FUEBEZRHMULERELTHAN A F2FREELRGE
REZDY, (2.46) BRSNS,

Afpm=— Im (2'45)

dfy, dF 1 v
W AavaE BT (2.46)

FSRIZDOWTHAMRDEIREZITS T LT (247) pMEoNnd.

dFSR dF 1 v

dv dV TR2 E

TP F 2 —= v 71k > TRERF a—= VT BER/ZVES, RENOKREVWEZYT

I F 2T —REANT (dF/AV), ¥4 ZONSWIERE (1/7R?), 7Y VHAAEL YD
LHONS VRS PWIHE (v/E) THEESTIZ X W,

FSR (2.47)
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3 L—HYREERHEEEIICKBY Y N OLDORE
3.1 BUNRIIRBOEME

UG HERES, R R AT R R B OB 1T O W TR T, MR TR S, )
M, WIS = TR SN, TEREICHEE TRERS BERD S (Fig.3.1).

(a)Adhesion (b)Grinding (c)Polishing

Fig.3.1 TIllustration of a fabrication process. (a)Adhesion. (b)Grinding. (c)Polishing.

3.1.1 #ET (Adhesion)

fhiiabrkt, UV (LA (Thorlabs, NOA8L), ©Et (A7 v L AMH) 2 HET 5. @EKE%ZH
MEHTED LI UV LA ZEER FL, 51020 RIC@EMREZES. 2 2 ThEMRo
HUGl & REEOHOEIA —Ed 5 K S ITAE 2L 7218, BANRIREEEZ W T UV i{L#H z
BibEE5. AR Znzilkl & P,

ZIZTERELTERAONSDIE, UV B LKIORME L RE, #5EAk & &8 FE O dulEl o f 72
Th5. £ UVEAKOREBIZ L > THEETE2MENCEAREDL D 2720, SEME L REEME
DEEIZE LB D2 @R, £72 UV BLFIOREDR D 205G, fEERo NIz U »is
HARE a7z, YIH - B LRICBWTHPANX$ < 45 (Fig.3.2 IZH1) % Bad sample
1). ¥7-fE@EMele SEBORLNCREDD 256, T7 A Y NV oERE & &5 AR o fol
iz U CHIEl - B TR EF <17 AW (Bad sample 2).  F 7zfES RIS UV AL A
IEFWIREBTEAMRZ IS LTS TLE S &, =7 A Y L oElizfh & fE& R o dul
iz T NAVE U CHBRIZYIE] - B TR EF <ATA 7\ (Bad sample 3).

Good sample Bad sample1 Bad sample2 Bad sample3

===

Fig.3.2 Illustrations of a good sample and bad samples.
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3.1.2 tIHITHE (Grinding)

ARDOREBRIEZ2 LT ALY FIVICEAL, @ETHESES. AROKSHEIICT LT
AVEY RR=N—ZMUYTTEEKEZH D 2T, ETIEREIHODOXA VEY RR—3—
(#400) TRKEPCHID ZLTH S, REOMAWVWE A Y E Y RR—s3— (#1000) TREIZAKE &
GRS MWK IR 2 HI D 729, FHOERBRE DI K S R RED D 256 108YHI 217 5 %
NH5. YHITHEZRA AR Z Fig.3.3.(a) 1257,

3.1.3 FFETI#E (Polishing)

B OFEFH N UTHAVYEY RR—A M ZHLYT, REZFONITTE. £TIERED
WA YEY RR=Z b CHI LR TE S ZUHIEZHI D 5. RICKEOHPWE A YEY R
R=ZAMEZHWTHIRTERAZWVMPAWGZEI DS, REOHWX A VE Y R =2 b Xk
DIRFEVRIENZH D ERADWES PSR EZNITHRENTLES DT, XAYEVFR—ZAFD
B %MA < THBRIGHERHRAO 7V ==V TR T I2HENH L. #7500 T 543, #15000 T 10
43, #30000 T 20 43, #60000 T 30 SREEMET 2 Z & T, QA9 FHTFIRE O IR % BIE
TEHIENTEL. MEBLREEZRA AR % Fig.3.3.(b) 1277

WS TRIPERFAEETIT > TWedY, ZOTRIBFERZT S Y ADOFEIZ X - THHRGROM
BOREEEINTLE>7-. ZO-OFEETITF>TWETEA2YEEMLT 270D EZ/EHL
7. TOHREEAWCTARRZEL TWAHT % Fig.3.3.(c) ILRT. ZOBEIZL->TQHEO+
TE VIR R IRIEETE 2 2O EBRNROM LR RIAD 5.

Fig.3.3 (a)Grinded sample. (b)Polished sample. (c)Polisihng process with a jig for
semi-automation.

3.1.4 3% T#E (Cleaning)
AR 2 HE S B BT, REITHHEBRI QR CEKHDENNE L TWGHE, T0rEED
JRK & 257 DRET D2HENDH L. TOFHEIMHEDLY, ThSEZRITRT.
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3141 FEHRICLDHESF

Fig.3.4.(a) ({252 i L CWRWIRER 2, SEM T U7zl 2R3, £ DORMIZHFEH D
BiEd LSRG TOES LELDORNELTWS., ZOREBTHIERD Q E2HIELTHIEL
CFHBTER. ET—NRT77ANZENOGRMNETEET =T 74 NOEEDOFHKIZH 72
5%. D7 Fig3.4.(a) D& S IZFEEIZ L BHETENS 2HRETEFENEZSNS. T
R)—=NVEEEFEEVYVAT 4 v Y all K RS E R ENICH W05, BEMEETZ ORE %8
RUBHKOHUTEDREE D DM R Z 21Tk > THREME T T 5.

Fig.3.4 (a)Sem image of a rim of waveguide of the resonator. (b)Cleaning of the res-
onator by hand.

3.1.42 BERXS
WARTCHEEHE2REIEL L, BEIZEZGIANEET S, TOLKIALIEHT H B OE RN
ZRHATAILT, AENSORTMIIMNELZBENEZRETE S, ik LTidzx /) — L %2H

W, Fig.3.4.(a),(b) 12 IR OBE R VIR L, HEC BT RS LTV AT
R

Fig.3.5 (a)A jig for ultasonic cleaning. (b)Cleaning of the resonator by ultasonic cleaning.
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32 YUY N OLDEE

Fig.3.6 {22y b7 v 7&RT. ALKEL —VE2LREEEREH/THMNBEHRAL, Q EAIFEHRIC
EWVIRE — FI2d U CAMNZREERSI 2175, 1 27803 LA0RETIFHIREADAFHEE U
THRRRE 2T 2 BERDHLDT, TOLEYLFNT 71 NBEiESR (EDFA) 2HWTL —
YHOBEEZES LD, TOBICHETDMEZRET 27DITT7 4 VR EAT L. RN
IRCIERIR AR AE L 2 5E1E, MRS L — P B D ABEBR AN EENDE 720, HAR
NI LTFIAY (OSA) CRIES . $7277ANTIv I L—F 1 V7 EHWT, L—F
FE PR A IC & o TRAELUABBUL D 2 0 5. 22TV FAAZ (BP) filiTid L —95%
A, NYRUYzs b (BR) MIZIEENUANOEEBERA B EENS. YA 270 LRFHEELT
W5 E, TOEEBBRSOE - MESLEUTHRVEBEUVEEREBRARI VI LT F 74
(ESA) THIETE 3. /A nAa—7 LTk BP flicid@E#iiksz, BRAITIEHL —PEER
WA 703 LOBEREEBRITE 3.

Microresonator

Pump Laser EDFA Filter FPC FBG Oscilloscope

ry ry ry BP r Transmission
L, Pllda, H{LL, JOOOT il oY

. BP | |_A_ | Comb power
EDFA noise BR = St

'y 'y FL

Lt _I.IJ.I.L.f J_. f

Function OSA ESA
Generator

Fig.3.6 Setup for soliton comb generation. EDFA; Erbium-doped fiber amplifier. FPC;
Fiber polarization controller. FBG; Fiber Bragg grating. OSA; Optical spectrum ana-
lyzer. ESA; Electronic spectrum analyzer. BP; Band-pass. BR; Band-reject.

321 VYU bNYRFYT
32.1.1 ERAE

F32 Q EAEVIIRE — NI LT, +aAi@ED L —I5% 2 O s fE R S KM
Mo CTRAKBIRGI T2, AY0RAa—=F ETREY Y N ATy THBHIENS. VY hralk
HRDOT F 2 —=2 713V —PHROBE, RERE, T—/17 71 N EIHRBOHEIREZ KAt
FTEZLIZEDRELTHZENAREL 5. Z OHAEIZE R T 5 Pound-Drever-Hall J& 34
EALEEREHAWZY ) b ALDEEMICBWTHETH S, F/-HIBEE—NIZX>TIE ML 2 4%
WOATY Y by ALHEEHBRTE LW DS, ZHIEIRE—-NIZBIT2E—- RESIZK
DVY Y ALDREDPHEINTVWEEEND D70 [79], LEOHEE—RFTY Y hraLny
FETEDZDLIITRERVWI LIZERT 5.
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3.2.1.2 HBfER

1550 nm I FET 5 9 /IEED Q A2 RTRHEOLRE— NIz LT, 300 mW f&E £ T
EDFA THIE U 7z L — ¥ 60 B ECE & R 0 5 S AR i 251 U 728598 % Fig.3.7 \oRd. 2
NRVY MU RTY T THD. HOTHFASINTWBES N ML I LK T, REOTHFAI LTV
DMV Y NV ALGERTH O, HIRBNEICEAETZ VY S VOB TILF VY by
FE e >y ) VRIS NE. VY MV RAT Y TORBIIZEEIZT VR L2 IT0AE
Mk 5. FIZIEM LSO L FFa—=V I KERILCTH Y, £V b2 T L5EE
TREDAT v THREEMN LGS, T EMIGIC RS ATy TIHEIFEN L.

MI Comb Soliton Comb
(a) — (b) —
R 051 R 05 ¢ JPFNA
3 ! 3 L
= 04 ingle-Soliton| = 04 Vh
goa f 30_3, J _*u‘u‘ll
g g v
02 ~02F M
£ =
O 0.1 SXAR:
H -
0 . . . . X . 0 ovonad , . . ! -
-2 -15 -1 -05 0 05 1 -25 -2 -15 -1 -05 0 0.5 1
Time (ms) Time (ms)

Fig.3.7 (a)Comb power waveform called “soliton step” while scanning a  pump laser
to the resonance from high frequency. The blue and red range is called “modulation
instabily comb” regime and “soliton comb” regime, respectively. Soliton comb regime
is devided into multi-soliton regime and single-soliton regime. (b)Superimposed soliton
steps under the same coupling and pump condition. Detuning of soliton comb regime

and number of dominant pulses in the resonator are almost the same.

322 MI3OA

3221 =EBRAE

MI 2 A5 T L — VO EERE 2 E L8 5 &, “Thermal self locking” [80] (2 &k >TF
Fa—=VIWRENT S720, OSA TMI I LDFPEMART ML EBHITES. MI I LD
BHIARY MVEHRE— R TFa—= U ITKFET 5720, L—VHOEBEEED LT o2
IED L TIRIRD IS 2 FPIIA R L& BIRINITHIETE 5.
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3222 EEFER

K D HIRE — N O @ ABEM A 52 U DEEBEANIZ A2 > T L — o BB & U gdd
S, JHRBARY FLERE LR % Fig.3.8 12R7. MI 3 ADEBERIZWL D2z p#ET
&5 [81]. BN L 2 HIRE — R SN 72 A& T “Primary-comb” 23%4£E9 5 (Fig.3.8.1).
THIE RS H e R A 7 b, EIREEBICE T2 L - AR T F a2 —=2 7H
TNENMET AMETHET S, XIZ Primary-comb % f1.iv & U T “Sub-comb” %43 %
(Fig.3.8.2). Sub-comb DFIEMIAN S & TN S DVELDIFD, “Ml-comb” & L TLLA SN
TARD LA R SOV DSBIIT & % (Fig.3.8.3).

—

4

Power (dBm)

™I
w

Power (dBm)

3 6
20
€ ot
[2a]
—
k& 20 ¢
£
[s]
o -40
-60 ) .
1520 1540 1560 1580 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)

Fig.3.8 Frequency spectra of micro-comb while scanning a  pump laser within MI
comb regime. The top and bottom figures are called primary-comb and sub-comb.
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323 VYY) MNIOALDORE
3.23.1 EBAE

VU RV aLEBTY —YPROFEEBIRS 2 EIEE 5L, OSA TY Y bY I LDRFEBAR
I MVEBHITE S, 72720 MI 2 L8 8n 5V Y by aLFEAOEBRBERITY Y a3 LddE
WICAGLETH D720, 74—y 22 UTY Y MY IALDEPEHARS MVERIGT 572012
X, VU MNYILEBOTF 2 —= v 7R EELL TENRITNIER S 2.

3232 EEFHR

VU MYILEBRDOTF 2 —=2 7% 20 MHz FREEIC LT 6, VU by aLfEgTcl —9%D
JE R 245 1k U CRABBA R MV EEUS U 28R % Fig.3.9.(a) 1R d. 0K U AR
16.6 GHz, JEHBEHESICH T2 FWHM (% 2.05 THz TH o7z, T O AR JHRBARZ L
DILRB 2 RS, HED TR B Z MR 2 R O IR B D SR S W TWB Z 2 B3 h 5.

£ Fig39.(b) iIcMI AL &YV by aALDREBHARY MlezEREGbEMEZRT. ML a
LEHET BV ) Y aALFREIZNT =N WD, ZHiE Y Y by a3 L OMAHFE O
2, VU NUEBIZED SR VRS PIEE L7220 TH D, ZHUTE— NAEL =SB 1) 5kl
FIBUZ TS X TER S LHEL T,

a) 20 o —1 b
(a) ||||“:!|||||||I!|' |||||||I|||I“||. (b) 20 Mllcomb
(i Soliton comb

T O 1TE o
o oM
= -
5 -20 @ -20
: :
S o

40 -40

i 1 al 1 60 i
1520 1540 1560 1580 1520 1540 1560 1580
Wavelength (nm) Wavelength (nm)

Fig.3.9 (a)Frequency spectrum of soliton comb. Inset is magnified view of (a).
(b)Frequency spectra of MI comb (red) and soliton comb (blue) superimposed.

T U2 BAZEEFZIZED, 74 =Ry 22 0UTIRY Y by aLI3ERECTEDEE L1
AL Loz, V) by 3 AEBICH U T L — YRR AR RN B B U 72355 DI
MK % Fig.3.10.(a) IR, VU by 3Ll 25 ms FE LRk L T0R\w. MZI O TSR
MO MIALRSY Y R YILCEBL LSS L—FEARBIERY 7 P LTWR I EDRNh 5.
ZD7DHY ) b3 NIRRT L —FRIEBEABE LT L EWY Y b aAREE L L
ZEzonsd., £MI L6V Y by IALANDEBOBRICHIRGONT AT -0 T 2L, It
IRFEIRBO AP 7 FEPEAT S, Z07HY ) b a L R L — T RO & RN
HLTLEY, YU MYIARHELEEEEZONS.
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VU P YILHEEDE S —DDNX— DK% Fig.3.10.(b) IZ=9. VU b a Al 70
ms FEE U2 L TWiaw, VU by a LAANEKT BRI “Thermal recoil” & FFIXN 5
PHET S, ZEY Y S ILhS MI ILANOHEBRICEVEERIINIBRTHS. WE
B OB T — DSBS RN U TR B L — PR BT U TR > 7 v 3 572
b, ABRY— 2 HHBLL TH 5 Thermal self locking (2 & > TEET 5 £ THH ST —IdiEd L
el 2L ENS., MZL O FHEERS MI L0256V ) YA LZER LTRSS L —YF
BEIEZ RV T MLTWARZ RN N5. TD7HY Y by I LSO AR L — YRR
B LTULZE\V, Thermal recoil B EZ 72 EFEZ6NDM, T KD REHIZL —FRBEEORSI
SHIE DS NG A I X N Z e %D o7z, T D2 L — P HIRE D 751 8 A3 BOE
JEZHUTHT 572012, VU MY ILHEETY — YRR EE U725 &I IR RO EYE
BE 7 MBI D, VU My aLGEEN LV —FRBEROBREBMCEEH LTLEY, Y hra
LIPHEHE U2 B ZTZIZI DR L VTEASS.

ELoETFFa—o VIR RIZED, VI N YILWHEELEZENTHS. TDDT
Fa—=VIREETEHI LT, VWO RNY 7 b EMEMAKICHET 5 Hike LT Pound-Drever-
Hall EEE L EEZFHANZY ) by A LOREEVRENTH 5.

a om oliton Com om om oliton Com
2MICb Soliton Comb MI Comb (b 2MICb Soliton Comb

Transmission Transmission
1.5 15l

e 3
A 1 )
o MZ| Thermal Recoil 2 1 MZI
S 05 3
o o
= >05 \ P\ [ T at—

0 II III

||'| |¥I
05 . : . 0 s
0 20 40 60 80 0 5 10 15 20 25 30 35
Time (ms) Time (ms)

Fig.3.10 Comb power and interference waveform of Mach-Zhender interferometer. Fre-
quency sweeping of pump laser had been stopped within the red range. (a)Laser fre-
quency returns from soliton comb regime to MI comb regime with characteristic waveform
called “thermal recoil”. (b)Laser frequency drifts to out of soliton comb regime.

49



33 VYU hyaOLDREL

3.3.1 Pound-Drever-Hall BEiR# &L E1LE
3311 #BE

Pound-Drever-Hall &% @bk (PDH %) &%, SEBIIRE %2 W TV — 3 AR E iz
U, ZOMHEREREZL —VFIZ 74— RNy 2322l —VRABKOESH 2T FETHS
[59],[60],[61].

V=Y OB ENTET S HEE LT, MBHIRSBICL -T2 ARSI TZOEEES UK
EYeARHIET 2 eBET6NE. I 2 TL—FEIEBDIIES IR O SRR B+ m 5
&, V—YRABBO/NS R EEEEEEDOLE( L UTHNS. TOFEBLEEDOE(EMZ S
EEV—=PIZT 4 = RNy 7205 FiED PDH EMETIZHW S T\ 2.

ZOTFHEFZOOMENEZMA TS, —DHIFET « v 704V —VEE 20 Yy 7 T
RV, ZOBIRV—YREEROESIC X B EEEDOE I, L—YREEZNEHEKDZE
MEHTERVETH D, RTHEIRT v TOHNI L —FREBN T 256, SRR
WUTL—YREBEEDPED SO HMICE T HEENRE ZWINT 5720, L—FEEHEEzEE5
DAFIZT 4 = FNAY 75X LW OEHRIE S ngw. (Figd.11.(a)). ZOHBEITAS DI
HIRT ¢ v Fohn T AL iiEmcydsay 20ATH S (Fig.3.11.(b)). HIEF 1 v T Ol
V=Y REEBPFET S &, IRT v TOdNR U TiED < AHRICEN 72858130886
JEOWEA L UT, BN HICE W58 EEEEEORME LTEHNS 20, L —PREERE
T4 — RNy 7 RE[EIFZ-FEIZEE S, 2RI Fayre 7y ryny 7 eiFEns,

LY A PRy 20EETEIRT « v 7OMEOEBLEEEZ S L TWE720, L—93%
WEZNAEPELUGEE, IR v 7128175 L —FREBEEDOMENZIL T U E WIEHE
KOy 7 TETWA LSRR, £ZT, V—YEEBEIET « v 7oizey 7 TETH
DL —YaRE F N EROERNC TN A N R AR EL ik e UTC PDH IEAMEE S 7.

(a) Dip-lock (b) Side-lock

: f Lock point —

Pump laser Pump laser

Lock point

Fig.3.11 The conceptual figure of (a)dip-lock method and (b)side-lock method.
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HIRT 1 v THELARITH B0 LT, TOEEBUIELIENFTH 5. LIRFE BRI £
WLV —HREEBD D 25513 0BEBUTA LR Y, AL TR D 25513 % DEH
BIZIEE 5. ZOEBEROWEEZT S -2 7 F LY, T5—2 7 FIVOHBENIZELET 55
EOMHE (FIZHIRT 1 v 7OHLDBEIX0) 2O E STV —HF T+ = RNv 7 %ETZ LT,
V=V E RE— ROEEOMBIZR Y 2 TES. UL IDITT—V 7 FIILEREIFD
HEBTH D BEKEMEIFAEL R WD, LY RREZTNHAOEEICN L Ta XA N TH
%. Fig3. 12 ITHIRE— FOBBEKL L ZTDT T - T FIVOFEMAERERT.

1

Transmission

0.5

Error signal

Relative power

-05 \

-10 -5 0 5 10
Momalized detuning

Fig.3.12 Calculation result of transmission waveform of a resonance and derivative wave-
form of that called an error signal.

Fig.3.13 2L =¥z U CTHIFEHZ L TEZBEOHIRE— NOZERBKF LTI -2 7 FIVDFE
MiRART. HRICE2T -y 7PVt V=V EEKEZO Yy 2358, L—V R E LR
WED SHENIAEROMBIZEETE S, VY by I LEEPIRA NS P SRHEDTFa—=
TETHNIZNBEIZFELTW 28 2B 5L, ZThERAWTLU—VREBEHRE Y Y b LHE
Ry 7§ 5FEREZOSNDD, THNIIZDVWTIE3.3.2 THRRS,

0.8 \ )
N Transmission
g 0.6
(=3 04 fi
4] N |
% 0.2} Error S|gnﬂal / || _
T 0 N [N
o« l\\.lll | / -‘\\.'I
-0.2 |/
04 ' y
=20 =10 0 10 20

Nomalized detuning

Fig.3.13 Calculation result of transmission waveform of a resonance and error signal

considering pump frequnecy and sideband frequencies.
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332 TR

VUMY AL LENT HEBEE, VY REEAY Y Ny a s BN NS ZICkD,
LV—FREEEARDO Y 7 5 U IEHIRAEEDO Y 7 MR H 5 Z 213 3.2.3.2 1ZFd L
2. Eo0TCTFFa—=VvI2EETRE, EHE600R N7 NUTEENERITBHETLOIRT 17—
RN 703 Bz, VU by abz@EftTcEs.

ZOBIZHW2ORPDHIETH Y, V—VEEERE [, HREEEE [, ZHEESE Q&
5, MHEEORBEEE f,+ Q &5, MHEE f,+ Q PHREBEE £, 123U 2B i3
WX BERBPEEPEL, TOL T =T FINERET 5L Figldld DX 51245, &AM oM
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Fig.3.14 (a)The experimental setup. (b)The MgFs resonator used in the experiment.
(c)[lustration of the PDH offset locking and the prestabilization scheme. (d)Optical
spectrum of the soliton microcomb. (e)Generated comb power as the laser is scanned
across the pumped resonance (upper) and the corresponding PDH error signal (lower).
The red dot indicates the locking point. (f)Allan deviations of frep when the Kerr comb is
prestabilized and DKS-disciplined, respectively. We counted frep with a I1-type frequency
counter that is referenced to the same frequency source (relative frequency instability <

1x 107 *2at 1 s averaging time) to which fioa is referenced.[W. Weng, et.al., Phys. Rev.
Lett. 122, 013902 (2019)]
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Fig.3.15 Setup for soliton comb stabilization. EOM; Electro-optic modulator. EDFA;
Erbium-doped fiber amplifier. FPC; Fiber polarization controller. FBG; Fiber Bragg
grating. OSA; Optical spectrum analyzer. ESA; Electronic spectrum analyzer. BP;
Band-pass. BR; Band-reject
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Fig.3.16 (a)Transmission of resonance, comb power and error signal. Lock point od
error signal exists in the range of soliton comb, and is equal to zero. (b)Comb power,
servo output and MZI interference waveform before and after PDH locking of soliton

comb.
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Fig.3.17 (a)Frequency spectrum of soliton comb. (b)Electronic frequency spectrum of

soliton comb.
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Fig.3.18 Frequency spectrum of multi-soliton. Two soliton pulses are located at different

positions by 26.89° in (a), and 115.34°

in (b).
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Fig.3.19 (a)Frequency spectrum and (b)RF spectrum of soliton comb.
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Fig.4.1 (a)Conceptual figure and (b)actual look of a jig for thermal frequency tuning.
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Fig.4.2 Setup of thermal frequency tuning demonstration. FPC; Fiber polarization

controller. MZI; Mach-Zhender interferometer.

o7



4213 ZERER

XN F 2 EZTOWEE%E 27°C 925 5°C AT 52°C £ TELI BB, TE €— NOBE@EKEE
EEIEUAERZ Figd.312R7. XEHEMI7ZEDONRFA—OHIEE—RNRTH O, MR
BPRIZe AEEMBIZF 2 —=v 7 3INTWAE IR0 5. XHEMITEZE— ROBEEF 22—

SUURTHY, TSR UREMRIES . D DF 2 —= > FRASHRHEROF 2 —= > 7
Sk 5.

T T T T T 0K
+5K
+10K

|'[r i —+15K
+20K
( +25K
. . x| |
1.9339 1.934 1.9341 1.9342 1.9343
Frequency (Hz) w101

Fig.4.3 Transmission waveforms of resonant frequencies when temperature of the Peltier
element is changed in increments of 5°C from 27°C to 52°C are shown. Resonant modes

marked with cross marks are the same mode with different temperature.
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Fig.4.4 Tunability difference between TE mode and TM mode. The TE modes at dif-
ferent temperatures are aligned with the zero part of the horizontal axis , and the TM

modes at different temperatures are apparent.
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Fig.4.5 (a)Transmission waveforms of resonant frequencies when temperature of the
Peltier element is 27°C and 52°C. The resonance frequencies when temperature of the
Peltier element is changed in increments of 5°C from 27°C to 52°C are shown in (b).
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Fig.4.6 Conceptual figure of (a)crystal structure of magnesium fluoride and (b) TE mode
and TM mode in the WGM resonator. (c)[Deleted due to various reasons]
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Fig.4.7 Transmission waveform of TE mode (orange) and TM mode (blue).
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Fig.4.8 Tunability difference between TE mode and TM mode. The TE mode group
overlaps, but the TM mode group does not.
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Fig.4.9 (a)Transmission waveforms of resonant frequencies when temperature of the
Peltier element is 30°C and 38.6°C. The resonance frequencies when temperature of the
Peltier element is changed are shown in (b). (c)Difference of resonant frequency shift
between TE mode group and TM mode group, hybrid-mode.
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Fig.4.10 Setup for repetition frequency tuning by mechanical frequency tuning. EOM;
Electro-optic modulator. EDFA; Erbium-doped fiber amplifier. FPC; Fiber polarization
controller. FBG; Fiber Bragg grating. OSA; Optical spectrum analyzer. ESA; Electronic
spectrum analyzer. BP; Band-pass. BR; Band-reject.
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Holz. HEMIIIEEIRF 2 —= Vv /B2 KELTESD, ERICIIRBOREEZ EIJ5LdH
SRR ORIRE—FIZBITEY I PV ATy ITRHEELEZEZOY Y by alkz @b TEin<
molz. TOMHIFILIRIEELE T — T 7 A NOBNRFAREP R 5720, HRdFe T — T 74N
DEMPMDOIRED EAD EHEEREI M-I NRLRD-OTHILEALAS.
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Fig.4.11 (a)Electronic frequency spectra of soliton comb superimposed with different
temperature. (b)Repetition frequency shift of soliton comb.

44 FEO

RIETIIAEREIRESE 2 W BEESRF 2 —= > 2122w T, RIBFAEEOF 2 —= v 7%,
KOZ DIREE— NMAFM, VU by a0 EUEEBOF 2 —= v 7ROWEEIT- 7-.
ZZTHEEROZX, MREHRBROGAZANKF 2 —=V D% T ETIZES 115720, FEE
WL =V UCHIBRESRZ R T2 V) by aL0REICIHSNBENWIETHS. TD
72, IWEEENEZEZNIIREVWE LY T 7 F a2z —REHAWIZHENEARERF 2 —=> 271283
VY P aLDREEZHET I E RGN VWA S,
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5 NEMREREF1—=7
5.1 RIFHEE

NN F 2 —=> 720k, iS00 HZMEME VT, HRIREEOEIOE TR,
HE L RBEZOEDEELIEEZ L I2&->T, HIEEBEED U IO E L HRBOLHE %
152 THb. KX TIEHIFEIIE DY T 7 Fax—R2KHLZ. 51118V T2
Far—2ORHE, 512 ICHIRHBE YTV 7 7 F a2z —RE2MAET 5-0DBEDHMERT.

511 BTV 79Fax—%
5111 #E

1880 4EiZ Pierre Curie, Paul-Jacques Curie W85, 9%, ML=V Y, mv ¥ o )VIEFORE
FUZED Z MU 72BRIZ, ZORMICEMAEL S Z L2 RR Lz, ZOLS RNFHIT AL F—
DER[RIT AN F —ANDOEHUTEELN R (Piezoelectric effect) & IFIXN 5. 1881 4121 Gabriel
Lippmann 7%, #5&(CEEZ T 2 &JEAE U 2 ¥ EERR (Inverse piezoelectric effect) %
FEU, FEEBRMIZIEADRDOF 2V —WBHHEAE L7z, HARFUCHIET 2555 & 2 EES R IL
BINZ WY, AN THNZER L 7286 RHIBUS R W EER R 2 R T 2 AR Iz, BfETH Y
TYVT77FaT—RIBHINDMEIE UT, 1942 FEI2F X VBN Y 7 4 (TiBaOs) %, 1952 4F
IZF R UYL A VRS (Pb(Zr, T1)Os; PZT) AFR S 7z, B2 PZT I3k DMEL & ik L T
HREPOHVEIEREZRT 2O I HONS.

KLY7 7 Far—R3BLEEHMNT 2L ZDOREINVEMT DT, WHERHFEOMEGDEIC
F<HWONS., BHEOAT—VEHKRLAEZEIY T 7Faz—RDAY Yy b LT, HMIEED
REZIZE->TEDMEZLEN BN EE D= OEDRAETD 5 51, T CHHE T 2 M
DWW ORFMTH DM, @BV T I LRARICERIRECIMREEE I ThH 2 mh %
ohb.

FLETVTI7FaT—RIZZOHIER (RO YT 2 F 2T — X T kHz #i&h @) f2E
IZEEP DA EBEZBNT 5L, @ELOREAMNLRZ ba—223G o0, £ OHRE)
MU FEET 5. THIIRE) 7 & FRIEh, WAERPICERET 5 S IRIC & D B2EOKIUA T
AL, TNFEEFREFPHELGEICHN O NS,

VIV727FaL—ADTAYy b LT, TOMEEMRIZC ATV VAR H S Z L
EFonsd., ThafET 5720121, MO TAT -V 2RI TEOMEL{EZREL T
T4 — KN T 20ENDHL. £-MEHAMERRDFHMAPSDINTH LU TIEMETFTH 2720,
HEAMEMEIZE 2D AMEREEIC RIS EED, TV Ry TEE2HAVWTHEIZESZNZ2
M IHELND S.
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5.1.1.2 3w

JEBAROBSKIIRE, HZREBEZLTH (5.1), (5.2) THIND. DITEREE, £ 3%
R, el uﬁ&,diﬁaiﬁ,aﬁmﬁ,sEuﬁﬁ:yf547yx(kyﬁ$®ﬁﬁyt%

D=¢FE+do (5.1)

e=stc+dE (5.2)

ROEWHN AR E T 5. (5.1) TIHEHEOER - BREEOBKIZMA, WEWIGHIZE>TE
REEDN do ZIFBINT 52 EARINTWE. ZHIFFEDRORE LTI TES. (5.2) T
WEE DR - BEADOBRIZMZ, BRIZE > TEMM AE ZIHENT 5 Z e BnRINTVWE. Z
NIFHEENROAXE UTHIRTE 5.

5.1.1.3 %I (Displacement)

RS LOBEAARO LHE FHICEMEZMO NI LSBTV T77Fax—R%eFEX5. BE
V REINU B0 250 AL 1 (5.3) THEND. #27ZLETYT 2 F aT—RIE—JEH 0L
Mdzz3 THY, TNZ n@RAREL7ZHDEZHVTWVS

AL = ndssV (5.3)

ZZTFighl.(a) DESCEZY TV FaT—XOBIEHINAR L EATICEMDNE(T 55
BEILE Mﬁ%t@& ﬁﬁwﬁmﬁmiE:V?&%::—&@ﬁmﬁﬁawﬁbfgm
Fig.5.1.(b) @ & SICHEEIZEAMVLAT 556 % FEMYE, Figb.1.(c) D& 512 L& FHE A
ﬁﬁﬁ#oLﬁﬁ’ﬁmTé% EIEBEATROYRLIER., VIV T/ FaT—REEET S
BI%, FEEMBROAMICHERTLIIEVBETHS.

F72 (53) IS LY T I FaT— XOEMITEL LR EROD, FEIZIZL AT Y
Y ARHEERT. TOREIZEIMEBIEOKRE X, BFRE, MIEEICKEFEL TELT S, e AT
D 2RI S WEN A TEREI S 5 Z E TRIETE 2130, HERRE VT EZRB0TAS -V
EFRAVWCTEMOZZREL T+ — NNy 7275 Z L THIETE 5.

(a) F +7| (b) N () "
/ /] A
LlTJ/ R 7 A e

Fig.5.1 Relationship between direction of applied voltage and generated force F.
(a)Piezoelectric vertical effect. (b)Piezoelectric lateral effect. (c)Piezoelectric thickness

slip effect.
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5.1.1.4 ER7') ¥R (Hysteresis)

AT ) Y AREDFRIZ Y TV RR OO BT B IEEIETH 5. YT VKR IEAEAR T
BB, BEEGEHMUZWVIRETESMBL TWD., TOSMARIZE T VRSN TR
MioTHLT, HNHEMPIEND R0 EZRTHER»OMEIND, FHEEE VS FE
MoTWad., YILVHERICES 2T 2 & RO MG AR~ 2RV iho 508, B EREL
THREDODIKE T ORI A%EMRFETHDOT, &AL L TONBIZEET S, 22 THHHENC
B EHIINT 5 & DR DR~ IZH S E W E RO 205, EAROREIERATH 2856
IR UL TORBHAIEKEE L R\, T D7 YT VRO BALIZEIE DN % Wix X+
DRIBTHELR D), LAT VY ARENEHIES NS,

Fig.5.2.(a) IZAMX CTHWZY YT 7 F 2L — & A(Thorlabs, PK2FQP2), B(Thorlabs,
PK2FMP2) D7 — X ¥ — NI B2 EMOBEMEENEEZ RS, Eb OB RRKEEN TV, FKE
FH 1000 N DH D% AWD, FEEHPELRL7-OIZRKEBIEICBIT2EMNP MAEERL 5.
FEBEEZOV LS 75V ETHMEIELREEE, 5V RS0V ETHEHADIELREETENMGE
570, B AT Y ARERIHS L TH S.

RIZEe AT ) ¥ AR DFHE HIEIZDOWTRYT. EATY Y ZADAREZIE2RT AT Y VY AH
Hix, ATV AMBORRKDOIE Apax ETRADEN. ALypax PHRIZE > TIRE D720,
(5.4) D& SIZEREINS. Fig52.(b) xS DAL A7 Y ¥ AMFRD & 2 TGS 20 %2R 7.

Amax
f{_.Ame(x1oo (5.4)

TS L, YTV T7I2FaT—RRAIZODVWTIEH =103, YTV 77FaT—&XBIZD
WTIX H=979 LHBETEE. FOLODLATFI) Y ARBERYIY 7 27F a2 —X A DMK
EWEEEBMIZRDOENS.

20 20 P
(a) (b) “" | voltage increased b
= = Voltage decreased
E 151 = 15¢
o 2 Almax
@ @
£ 10 £10
o i o«
8 PiezoB | §
[=3 o
9 5t » 5t
=] Voltage increased | O
0 Voltage decreased 0 ¥
0 20 40 60 0 20 40 60
Voltage (V) Voltage (V)

Fig.5.2 (a)Hysteresis loops of the piezo actuators. The red curves show the cases when
voltage applied to the piezoelectric actuators are increased, and the blue curves show the
opposite cases. (b)Maximum displacement of the piezoelectric actuator is ALmax, and

maximum difference between the red curve and the blue curve is Amax-
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5.1.1.5 2)—E> 4 (Creeping)

XLV 7 7 FaT—RICHMNT 2EEE —FIZUHAICH T VRO DML —E R R
T5. TOOEMD TN > TEMT 208, FDOEALHEE LR & TNz gdb 35, 2
)oY I EBEMDOE AL 1 (5.5) Dk S CRENE. 2T L(t)ieors EAIEAIE
1k 0.1 MERDZESL, ~ 132 ) — 7R (EE 0.01 %) TH 5.

AL() = L(t)—o.1s (1 . wlogojs) (5.5)

(55) 2B LIZZ V-V IIZLBEMDEMEZFRL K R%E Figh3 IZxd. 2IZT
L(t)i=01s 1& 1pm, ~ & 0.01 & U7z, Zfd 1 % g 20138 0.3 B, 5 % s 20
1 30 1%, 10 % BIN9 % 0134 8000 MR TH 5.

1.05 v v v v ' v v .
(a) I I (o) I Y -
E E y
= =
IS £1.05F
@ 3
£ 1¥ £
8 3
] 1]
g g
a a
0.95 . + 0.95
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Fig.5.3 The calculation results of displacement change by creeping for (a)short-time
scale and (b)long-time scale.

5.1.1.6 HIRFEKRE (Resonant frequency)

VIV 7 7FaT—RIZIEHREARBPFELET S, ¥V T 7 Faz—2e2HIRANEKE -1k %
NISE VR CEREIT 5 &, ZRAIEILRN & B L TSI A2 < 25, ZAIKEDETYT
5 F 2 T— R ROBMEAHHET 2BNAH 5720, VIVT 2 F 2T — RIHFFHEIHD 1/3 B
EOHA LAV E S IEET 5.

FEVIVT 2F 2T — ROBUNEERE T FIREREE fo 2 L%, Tum = 1/3f
TEREIND., FELYIY T 2F 2T — X4 GHIEESE25AI, TG d 5 k@i i
BTEB LSBTV RIANEHNBBELRD S,

FLEYIYT7F a2 —REBVEERCHREH 254, HARAZ IOV YDY T/ Farz—
XONEIRENR LR TS, ZTOBRIZETY 7 7Faz—20Fa) —HEEZBZ S L 0MANELL
TLESDT, MBICRERBT NS ZA2HO T 2% L CREENZ 38815 5.
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5.1.1.7 &wKFELEN (Blocking force)

BRAFELEEZ Ty XU T4 —ALEREEN, YTV T I7FaT—RIEOHETIHRD
H%ERT. YLV T 7 FaL—RIZAMPEWEGS, YLV 7 7FaL—RIZmKELEZHMNLE
BUZIRKRENL L 725, ZORBTETY T 7 F 2T —ROEMMPFED HANZH I Z2EML T, 241
%0 FCRIBICBDERNDPRRAELENTH 5.

Fig.5.4.(a) D& >1Z, VTV T 27 FaT—RIZHUTHENEML TE O EPRVEEZL > T
HENTVWIREEEZER L. ZOGBITREIEYTY T 7 Faz—RITHRKELEZMMNLTHENM AL
FERKERS5T, MENZOEMEITEA, ISITHENIMDS.

VIV7 o FaT—RIHEEENL A OEA L FEHOBRE Fig54.(b) I0RT. ¥T
V72 FaT—XORMN by & B LU CTHEOHINE kb EWEEZ2HRR, BRWEEEHFRTET.
HIEDRIMED GG S (FRER) ITIIEBMMZIER S NG, KRELRBEDVHEICAMI NS, 0D
BROFEN T4 T Fog 1% (5.6) TRIND., ZZTHRAKENL Fhax TH 5.

kr
F, = Fhax | ——— 5.6
! (kA + kzL) (5:6)

HEOHMEAME VS S (F) 1M EICHMNE A RENDIZER SN, KERER/MMPELT
WD, ERIREN ALy & (5.7) TEENSB. 7272 UBKZAE Ly TH 5.

ka
AL, = Lmax 5.7
& <kA n k:L) (57)

Wi 723G % % 25 &0 DRIV, EOMMESIERICEWGE (k >> ka), MEIZEAE—
PR U TITmRFEEDVEMEI NS, HEOMMENIEF NS WEE (kL << ka), FEIZFEENT
FE—EIMb T LY 77 F 2T —RDIRKREAD A EIZEANRED S.

(@ V=0 V>0 (b) Displacement

| stiffness of the load is low

[ Stiffness of the load is high
Piezoelectric . i
actuator [ :

Force

Blocki'ng force

Fig.5.4 (a)Conceptual figure of the load and the piezoelectric actuator. (b)Relationship
between displacement and force. Red line corresponds to high stiffness of the load, and

blue line corresponds to low stiffness of the load.
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5.1.2 /E
VIV 7 7Faz— 2520 THBELERBEZETLIORREF AL E, kb HBMITE
Fig.55.(a) CRTRMVEAOND. U FHOREONAMTEICLIRGEOREERT ZHAL,
VLYV T7 7 FaL—REHEBAATVD, RPBEERILIE, YTV TI7FaT—R0OHKENEZY
NETRINIIRERIEZ SN, LWS e THD. JITHEERLDIZKEER EALRK
BICERT 20, ELVTI7FaI—REHIRBELEDLDIIEEILLIND_HTHS.
—mHEIELT, HTEZA2H TR VYV 7ROEWMEZER, X0 IEMICIEAMED K E W
BIZT DN WELTHL., EILVTI7Fax—XIZ& 0 HIREHAZ I THRIBEAKICHEADED
5. ZOHOHEHREI D EHMED/NS VHEDIBEZ WS 256, IMEIZELZEAPKELR
DRI DA I N D EAIINS KRS, TOLEDEEBDF 2 —= v THIRIWNE L 5.
LIRS 2 MK T B AEMMEIO Y > 7 KIZ 130 GPafRETH 5720, AUMETH IR oIXY v
TRPTO GPafEETHETINVI=ZTLLDETYT U ITRHN 200 GPafEETH D AT v L A% H
WTHERZBEETZIES R F a—o U IHRPB W IR I NS, it 5.2.3 12 THRERREH
ZRT.
—RBEIELT, ?%%%@%@?iFg55():f?ﬁﬁﬁ%i%%é D H R TIREE
HOXYZHWTHEIZHAZINTWSREEZMHE? SMZAATHS, LALIZIDOLFATIEY
TVT I FaT—ROKENNEEELEER X VEORKEBEZBZ 5 L GEEEERN TS
720, FEEF a—=V I RELLITFARVWEFEINS.
LHDPULRLAESDTIE Fighb.(c) CRTARBEROND. 2V T v ¥ a & FNANCHEE
TIVY ARADIT NP > ThH 5 HEROBETHS. AR THENAZHIAT 5.
1. IBRICAY Ty v akZUIAATHET VY AR Z#T.
2. REWCHIRROSEHET N ZHFALT, YV T77FaT—X%ky T 5.
3. BT VY AR % AT L EEBEPHINTYIY 7 7 FaT— R HIRBNEET 5.
4. Fv b EEILTHET Vv AXDAEZFEET 5.
ZOSARTIE Figs5.(b) DL BFAEAREES, Fv h2AVTHET Yy 2R 2o
He a2 @ FHETE 5.

(a) Piezo Resonator Metal Rod (b) (c)

l l b 3 j EprECiSiO“ adJ'ulster
= gf= ===

Fixing T
fscrew Screw bush|\ ¢

U-shape Jig

Fig.5.5 (a)Conceptual figure of a jig for mechanical frequency tuning. (b)Fixing method

using a screw. (c)Fixing method using a screw bush and a precision adjuster.
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5.2 HIRARHEF1—=7

5.2.1 ZEEFEER
AHTIHIEEOEHMEOMER, IS K 2R DOHIEL Z DO LK Z R T .

52.1.1 =BAE

Fig.5.6 iZ& v b7 v T%2/RT. ALKEL —VERLREEERERCTHMBLEFL, HRE—FIZ
WU TN RIS 2175, L —9 e iRd e MZL IZHELCTARIES. §5& 420
23 —7 ETiRE— NO@ES#EEE L iz, MZI O FBIRENEIEhE., 22Ty 72
FaT—RIZEEZAMT 2L, FENTE > THIRBROIE L ZLT 2 720 MR B 2T
5. HIRABEBOF 2 —= v 7 BIE MZI O FiEEE22B L CHIETE 5.

Function
Generator

Pump Laser FPC Oscilloscope
[n | 1 O00 1 Transmission
—» | Microresonator ;N!H, MZ1 waveform
——t
F Y
)

Function MZI
Generator

Fig.5.6 Setup of meckanical frequency tuning demonstration. FPC; Fiber polarization
controller. MZI; Mach-Zhender interferometer.

Fig.??.(a),(b) IC AT v V AMIBM OB EICHIRF L Y LY T 7 Fa - X 2 [EE L iy, R
BTV T I FaT—ROBEMEOMT 2/RT.

Res_anattjg &

Fig.5.7 (a)Fitting of the crystalline resonator and the piezo actuator into the jig.
(b)Magnified view of (a).
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52.1.2 ER#ER

BARFBEE 75V Do AFEA S 1000 N DY TV 7 7 F 2T —X&, ¥4 1.5 mm FEE O HRE, 2
TV VA OBEE W CHRIRAERF 2 —=v 7 2470 72

VIV 7 27FaT—RIZ0OVAS 225V £T7.5VAATEFEEMMUZMER, Fig5.8.(a) I
R & ICHRARE MR AR F 2 —= > I N DT 2R L. MZI O FEEIE O — &
#Alx 20 MHz FEETH 5728, FrEDIIEE — NI 0-7.5 V Tl 580 MHz &£, 7.5-15 V Tl
840 MHz f&fZ, 15-22.5 V TIX 620 MHz f2EF a—=> 7 I TV b Ll 5. EJE K
Fa—=VIOEELRERY, MBI U THRBEROF 2 —= v &ML TRV DI

ITVT77FaT—ROe ATV Y ARMHICERNT S, 2OV TiE5.2.4 TRY.

F72 0-22.5V OHIPHZ B W THIREPERTF 2 —=> 72 MEfT-> THERIBE— D Q fHIZ 24k
MENWZ L 2R L., LPLEIY 72 FaT—RIZ—ERET 40V 28R 5 LN EWETE %
FInd % &, Fig.5.8.(b) IZmd & DI HIRABEEPMEABEMZF 2 —=2 T INBIZL7A->T
HIRE— FOWELEL LS 10R -7z, ZOBIC RSO R & B2 T 5 & LI 1 RIBDE
UTHEY, I6HD#%z &b RS OB EIBD DIET 2 L KPRV LT 5 Z LR X
Nnr-.

?08
MW” I DR
| I

‘”D?'
006

Time (ms)

Fig.5.8 (a),(b)Tranmission waveforms of a resonant mode with different voltage applied
to the piezoelectric actuator and Mach-Zhender interferometer waveform. In (b), the
resonator was cracked.
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YLV 77 FaT—ROHFENLZIRBOREIIOVWTRT. BWUNIFEREZTATVWSHE
EHHREARIR T 5 Z &3, FAZBMTHRSEL Y DY T 7 F o — X OEMED Fig.5.9.(a)
WRT EDICHLK R ERETHD. ZOHLIRMIL 5.3.1 & ARRSLM CHRINFIERZ 1T - 72545
TH QEZEHEE TR/ MNBLEDLNE Z 3oz, DEVHIRBIZHLTYIY 72
FaT— XA AEFEEEML CHE 2y N T v THRRINTOWIIEHHET 2 Z 2 i3k nwe
WS ZEThH5.

HIREWAMWIET 2 HKNE LTRELZDEFEZ2 525, —D2HIZISHDO#E THS. Fig.5.8.(b)
ZF DHFERENEAT 25 Z L 2 BITR LD, ZOBROMREDOEE% Fig.5.9.(b) IoRT. #K
WEAITRUZHD OERIEICBHADBELTWEE D, ZORD RGN E{ L2
CIFHONTH S.

COHGHOEY THB. ¥V T I F 2T —REHEREOTLIDRI > TWARWEE, TO
Bl P AR O < NSO B8 w 0 AL 5. T D720 Fig.5.8.(c) O & 5 12 H il
WEEINIZAL RS T EZ I REPAEL S, £ LI, Figh8.(d) & 5 infi»Ed
UR T WIRER D S NN T U £ 5. BiE QLG I3RS QBRI B E L T\nd b
T TIERWV O THFREICZAIZ WD, ZOEERS TG U THigS Tdh 2 O THIRIFDOFH
MEAE RIS R o TLE S, BEDHARSEBRLE ML TLES O T ELERIIHNS Z
EMTERLS B,

Frosted

Fig.5.9 (a)Top surface of the resonator under proper use. (b)Waveguide of the resonator
was cracked. (c)Top surface of the resonator has small crack. (d)The resonator was
broken.

73



522 TEE—RICHBIFBFa—=VIhFRDAIE
5221 =EERAE
LRty b7y S, ERGEZH2.1.1 LHEHEETH S.

5.2.2.2 REMER

SRR L 727200, BRI 2 H W THEBDE— RDIZOWTF 2 —= v Z 3 FIFIC
/3 U7z, Fig.5.10.(a) {20V & 25 V O@Ei#EK %2 md. Fig.5.10.(b) 120V 25 5 VHAT
25 V £ TEMIEZBOBBREILIZOVWT, DO TEE—FOFa—= v 7T E&EZ UL 72#5 R
2R, ETEE—RFIZDOWTL AT Y Y 2REARR 6N, 2DOZDF a—= v FEllEdmddt
REWEDOF 2 —=> 7 %h&iZ —15.0 MHz/V 2D F 2 —=> 7 &IZ 370 MHz TH - 7-.

TR TR LG D Y v 7 R%E 138 GPa, KTV VIE 0.276, FE% 224 mm & LT,
YILYV77FaT—ROEKELE T VIZBIT2HAFEAETN 1000 N ThH 28546, (2.46) »oiEt
BINZF a—=V IS ROBHIHEIE —327 MHz/V THo7z. DL E 5 % REOHETLH
JAWEF 2 —=V IPREBHTETVRY., ZOHHIZAKEL =220 6N0 5.
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Fig.5.10 (a)Transmission waveforms of resonant frequencies when the voltage applied
to the piezoelectric actuator is 0 V and 25 V. The resonance frequencies  when the
voltage is applied  to the piezoelectric actuator in increments of 5 V from 0 V to 25 V
are shown in (b).
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—DHIE, (2.46) TIEXMHEROBEMAMEDLIRHEZMELTEY, Y2V TI/Faz—&L
DEARI O WITHRE S & IR SR OB S, 275 LW EAREL TWb. EEICIT IR
DYREDFWRE NS, EREOMEEIZFHFGT DN Sa/SL R INS 05 L P
ns.

“OHIE, (246) TRYELY T 7 Faz— X0tk REHAONMEZZRL T 53, Hinfl
CEBEOBREDIFLACFZINIIENT 2L PHINE. YTV T 7 Faz—X0OMIMN ks X
58 DESIZRIND. T I T Fpax EHAFEES], ALpax FHARENTHS.
_ Fiax

ALpax
IITEIYTI/Faz—ROEI%2I, Wiz s d5L, ULV TI/FaT—RDY VIR
Eslx (5.9) 0&>izkanz.

ka

(5.8)

l I Fhax
Es—= —ks=—. 5.9
AT AT AL mnax (5.9)

5114 THWAEEYZY 727 FaT—R A B35t Y v 7RE2HAETLZ L, TOTN
8.93 x 10® N/m, 37.5 GPa &7 57z, HW /M EHEERE 2.24 mm, EX 8 mm TH-720D
THIEZFHETZ L 272 x10% &2 o7z, €TV T 7 F 21— X & HIRBIIFAFEE OMINEZ F>
EYREND D, BEAVKEEMEIEETY 7 7 F 2T —RIZEHNIEI NS LT 5 eRiFDRL
EHBEREDYE DT> T UED. ZNEIMZ B 72DIIZFERM R OMIEZ FIF 5, DF 0 WimkE
DPINS K EADBKEVFERMEIZ WS Z BRI N5,

FBERARONMNZ RBEEL TWDESIE, H—ZAT v L AME (Y2 7% 200 GPa) T
F2 <) UERE (Y 7% 110 GPa) DY 7y aThh, EADKBANRIY Ty ¥ all
32520 Fa—=VIhREZLS PP TR FHEINE, 2050 AY Ty vablt
BUTHERKRESEAL DL EOMAMENRKENEEZOSNS DT, THIZOWTIE5.2.3 TR
T, Figh 1l ICHESEKOEE L AV Ty v a il OWHiKEZRT. ZNEMZS72OITIFAT Y
VA O XY Ty v abdy bE2HWS Z BRI NG, BURAT YL ABO XY Ty
VaEZALTWARWEOIDXFEREZITI LTS ZNIHIRANRKORIICLE V) b
ILFEERTOBICERELRDZDEF a—=V IR TIEIRL, BFa—=V 7 THS. OF
DFa—=V RN ELLELLLE, VY M ATy T2MELRBHTEZREDF 2 -2
78 (BH MHz F2E) AR T & IXRTEIZ 0.

Screw bush

N
Piezo Resonator] HI!:E
Nut /
/|

Precision adjuster

Fig.5.11 Right figure is conceptual image of the jig. And left figure is magnified cross
section view of the screw bush portion of the jig.
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HHRARICHIINE N5 R4 ) DEEARAFNE 2 IEMEICHIE S 5 Z 2 I3#HEL .

(d)

Piezo Resonator Piezo Resonator

(Elastic load)|

AL AL

Fig.5.12 (a),(b)Relationship between the generated force and the applied voltage when
the stiffness of the resonator is taken into account, and that is not take into account in

(¢),(d).
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Fig.5.13 (a)Jig made of stainless steel (upper) and aluminum (lower). (b)Resonant

frequency tunability when using jigs made of stainless steel and aluminum, and the
difference between them.
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Fig.5.14 Setup of hysteresis measurement by mechanical frequeny tuning. EOM;
Electro-optic modulator. FPC; Fiber polarization controller.
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Fig.5.15 (a)Time variation of resonant frequency shift. (b)Hysteresis loop of mechanical
resonant frequency tuning. Red and blue plots are correspond to resonant frequency shift

when voltage applied to piezoelectric actuator is decreased and increased, respectively.
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Fig.5.16 The principle of frequency response measurement. (a)When good frequency
response is obtained, laser frequency or resonant frequency modulation is converted to
transmission intensity fluctuation. (b)When frequency response is bad, transmission
intensity fluctuation is decreaing.
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Fig.5.17 Both are setup of resonant frequency response measurement. (a)<10 kHz.
(b)>10 kHz.  Blue wiring is for laser frequency response measurement, and red wiring
is for resonant frequency response measurement.
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Fig.5.18 (a)Amplitude variation in transmitted light intensity(blue), which is fitted by
the exponential function(red). (b)Magnified view of parts 0 Hz through 0.1 Hz in (a).
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Fig.5.19 Amplitude variation in transmitted light intensity(blue) when (a)laser fre-
quency is modulated, and (b)resonant frequency is modulated.
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Fig.5.20 Transmission waveform of TE mode (orange) and TM mode (blue).
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Fig.5.21 Tunability difference between TE mode and TM mode. The TE mode group
overlaps, but the TM mode group does not.
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Fig.5.22 (a)Transmission waveforms of resonant frequencies when the voltage applied
to the piezoelectric actuator is 0 V and 25 V. The resonance frequencies  when the
voltage is applied  to the piezoelectric actuator in increments of 5 V from 0 V to 25 V
are shown in (b). (c)Difference of resonant frequency shift between TE mode group and

TM mode group.
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Fig.5.23 (a)Voltage applied to the piezoelectric actuator dependence of effective pres-
sure to waveguide of the resonator. (b)Effective pressure to waveguide of the resonator

dependence to of extraordinary refractive index of magnesium fluoride.
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Fig.5.24 Setup of resonant frequency tuning against fixed laser frequency. FPC; Fiber
polarization controller. MZI; Mach-Zhender interferometer.

5312 HER#ER

V=P 7V = VOREBTEIY727Faz—RIZ0V 25 7.5V TR 15 Hz O IEZIEIR
BIEZ MU ZBEOB @Y Fig.5.25 1IZRT. v v Y = Y X THE (MZI) O TS E N2
O, FEEREEL —FICd UTHIRE— R 25 L CEGKE 2B TEZZ L PHLNTH S.

25

Transmission |
~ 2 I
3
i 11— S
5 W
@ | Mz
S 1f
o
> . .

0.5 FModulation signal
0 \"-.._ X N i
0 10 20 30 40 50

Time (ms)

Fig.5.25 Transmission waveform of resonant modes (blue), interference waveform by
Mach-Zhender interferometern (green) and modulation signal applied to the piezoelectric
actuator (pink).
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Fig.5.26 Setup for soliton comb generation by mechanical frequency tuning. EDFA;
Erbium-doped fiber amplifier. FPC; Fiber polarization controller. FBG; Fiber Bragg
grating. OSA; Optical spectrum analyzer. ESA; Electronic spectrum analyzer. BP;
Band-pass. BR; Band-reject.
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Fig.5.27 (a)Soliton step obtained by resonant mode tuning. (b)Resonant frequency tunability.
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Fig.5.28 (a)Frequency spectrum of soliton comb and (b)Electronic frequency spectrum
of soliton comb by mechanical frequency tuning.
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Fig.5.29 Setup for soliton comb generation by mechanical frequency tuning with manual feedback.
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7 Appendix
7.1 QERAE

7.1.1 DAQIC& 3 Q 1&ERIE

7.1.1.1 EBAE

Fig.7.1i122y b7y 72RT. VL—YREAFEBOELFIB TS M) HEFITE L—F R E,
NT—=A =Rk D ElEFEE DAQ ZHVWTENZTNT —XINET S, ZZTHoNHIRE-F
DEBEREHIH LTV YUY T4 v T4 VTR, TOXEE?S Q HEFHET S, Q EH
10" LFDBELEELTWA DL, BAEMHLTWS DAQ DY Y ) v 7L — Mk o> THR
E— ROBEBREDODRENFIRE NG 2D TH L. TOLEOEELIOY VT VI L —FDEN
DAQ ZHWAH4E, Z0EWQEOHEEZ ZDFIETITS> 2N TE 5.

Microresonator

Pump Laser FPC

Function
Generator

Fig.7.1 Setup of @Q-factor measurement by DAQ method. FPC; Fiber polarization controller.

7.1.1.2 EERER

YRR E — P U T 7L LISR U FEEZ HWT Q EHIE 21T - 28R 2R3 (Fig.7.2).
DAQ #EDBE XEHENEHEZFONEDT, TOFFu—LUVYEBTI1 v T4 V7 %707
FEE, QEIX 1.4 x 106 2725 7=,

1 —— — ———————

05}

Input power{a.u.)

0 , : ,
1559.63 1559.64 1559.65 1559.66 1559.67
wavelength (nm)

Fig.7.2 Transmission waveform measured by DAQ method.
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712 YNV IVITFHFICEL D Q EAE

7121 ERAE

Fig.7.3 12ty b7 v 7%&RT. WAFEL — V2 LRIEER AL THAHE U AN 2K E
el &5, L—¥REHREE MZLIZAELTART 2L, AvnAa—7TliRE—ND
BEMIE & iz MZI O FEREAERIE 5. MZLIC & > TA > a A a— 7o 2 5 i
AT E 5720, FARBGESICB T2 RE— FOB@EEEEHRO NS, ZhicdlTtr—Lb Y
VIA4wT AV T EGIEHIRE—FO FWHM 2385325220 TE, T0D®% (2.3) ZHVWTH
RE—FND QEZEIHET 5.

Microresonator

Pump Laser FPC Oscilloscope

[n | | O’O’O ﬁt Transmission
\N{H{ ; MZ1 waveform
—{-O

Function MZI
Generator

.
=

K

Fig.7.3 Setup of Q-factor measurement with Mach-zhender interferometer. FPC; Fiber
polarization controller. MZI; Mach-Zhender interferometer.

7122 REER

YRR E— FIZW U T 7121 IR UV AFEEHWT Q EllE 217 > 6 2R3, MZI
DT DML 20 MHz TH > 72D T, ZN% S CTFE BT O Ry % J& i 8oz 26
U, B—LYYBBTT7 1+ v T 127 %17-> 72 (Fig.7.4.(a),(b)) &%, QX 3.3x 108 &7 7=,

(@) 1 (b)
1
08 Transmission
— @
3 06 208
) 8
Py b=
§ o4 £ 06
- — =
3 02t Mz :
0 m ,
-02 - = . 0.2 ‘
0.0174 0.0175 0.0176 -5 0 5
Time (s) Detuning (MHz)

Fig.7.4 (a)Transmission and MZI interefere waveform. (b)Transmission waveform fitted
by Lorentz curve.
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7131 ERAE
Fig.7.5 2ty b7 v 7%&RT. WAFEEL —V 2 LRIEER AL THAHE U AN 2K E
fnl 2475, HRSNEIZEA UIAD & Nz IR O PN S 4 2812, L — P RSO
RENC & 0 AR & B B MO THT 52, AYORAI—-TETY VI XYV 2R
N5 TFHEE2BHITE 5. TOROEFMEDOREICHET 2 WiiE (7.1) TIN5,
I(t) = Iye ¥/ (7.1)

HIRE— FOBEEBFI I U CHEBBERICL 271 v T4 07 %7528 7T, HIRE—RIZBIF3
WTHMENETES. Z0% (2.2) POEFE— RO Q 4 FHET 3.

RNV VR THFCE S Q EIEL LTy N7y IR TH L Z L, HIEE—R
DR » S ERE Q HZFHAETERI LN A Yy b2 LTEIT N5,

Microresonator

Function
Generator Pump Laser

L e | N

Fig.7.5 Transmission waveform fitted by exponential curve.

FPC Oscilloscope

Transmission

7.132 ERER

YRR E—FIZH LT 7132 R UAEZFEEZHVWT Q HHIE 2T o 2 RE2RT
(Fig.7.6). EIRE— FO@E@EKEF I L THREBKTTZT v 71 v 7270, TkEmEitA
U7-f80, QX 1.4 x 109 & /o 7=,

%107

Transmission

[T = T N Q-9

1
£

Voltage (V)
|

Exponential Fitting 1

0 0.005 0.01 0.015
Time (ms)

Fig.7.6 Transmission waveform fitted by exponential curve.
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72 RX=2zxz 7 VY KMTYRYI

721 R

VU NI LORBFIREBIZANA—=T7 22 bV ) b2 ) AX)L (PSC) EIFENZ DN H 5
[82],[83],[84]. /S—7 =2 bV U b2V R X)L & IZIIRER NI RIFEI 6 OV A DSEBUEAEAE
THRETH D, Fig3 18 IZRLAESILF VY b UIZBEWTIE, HrOL 2D 180 & D i THE4IT
S BRI HIGT 5. RSB EMBICFET 2V A0EKE N e L2 &, Z0
JABEA RS SVIET v 70V ) b Y OREDIR UKD N SORBEENEZ D, SEEEK
DOBEIXS VTNV NUDGED N2 Gk 5.

ZOREIZIZE— RiEG LR Y TEBEDO OB ELIEb->TWa. VU b ILIZTE— NES
DT B L, HRENEEDO CW Ny 275 Y RIZEN2mE R BN S (Fig.7.7.(a)).
ZOEFNNNVAN STy TINBZ LT, HHRDNY ) b OAERBRIED B FEE DR A
EROZ LIRS, RICHIREBHEDO CW Ny 7259 2 RIZ FSR O N %8 1 05 4 253 A8
N7=56, NAEOKX OVAREMEIZ N Ty 7SN TR=T7 27 MYV MU 70 ZAXVBEKE
N5, ZOXS RSN ERICEREL NIV ADFEBIL TWESEEEZ A A—T727 FV U b
YIVARN, —DRWULIZODORIITWBIEEEY Y M7 ) ARLVEIRATRET 3.

72V M7V RZOVIER Y TREE PRGN G A TR S NPT WA, ZOEE IS A
2B AESTIZY ) b AWK EIND D TH D (Fig.7.7.(b)). 54 AGH A E 5 & LR
WD CW Ny 2759 v ROFEMNRREZFNHEI N, 2O CW Ny 27570 RITkA
WAMKN Ty TEINT VY b7 ) ZARVBELLIBEI NGRS,

Simulations:

(a)

®
oooooo

Damni‘ﬂ; (GHz) " *
Fig.7.7 (a)[Deleted due to various reasons| (b)Simulated stability chart of the LLE aug-
mented with one AMX crossing. The coloured areas indicate different stability regions
of the PSC states: stable PSC, green; breathing PSC, red; MI, blue; STC, grey; TC,
yellow; CW solutions; white. The numbered dashed lines indicate two tuning procedures
generating DKS states at fixed pump power that avoid (1) or go through (2) the STC
and TC regions.[M. Karpov, et. al., Nat. Physics 15, 1071 - 1077 (2019)]
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722 RRER

Fig.7.8.(a),(b) ICA—DHIRE—RIZBIF BV V2LV Y bV OFFBARY bV (F) &3—
77 bV Y MY 2V RRIVOREBEBARY MV (R) £ FDIAMEZRT. N—7z 2 VY b
VIYRAZIMLDAALMMEEY VYY) MO TAERL, T AEEORT — IR E NS &N
5. ZDXSBEABPHART VOGS, HREGENTIZIE T DODON/ VAN 180 EDMEZ > T
SERIZHMUBRASEARLTWSEEZONS.

| M

1530 1540 1550 1560 1570 - 1546 1548 1550 1552 1554
Wavelength (nm) Wavelength (nm)

Fig.7.8 (a)Red frequency spectrum is that of perfect soliton crystal, and blue is that of
single soliton with the same resonant mode. Two soliton pulses are located at different
positions by 180° in perfect soliton crystal. (b)Magnified view of frequnecy spectra.
Frequency spacing of perfect soliton crystal is twice as larger as single soliton, and power
of comb line is four times as higher as single soliton.
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