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Fig. 1.1. Schematic illustration of Fabry-Perot cavity.
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Fig. 1.2. Resonant spectrum of cavity.
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DFRHETH D, HIRSBRBEEROICIIAZ DD 2. BRI Fig. 1.3. IR T &5
12, BUNEREIR ) VB T4 A BIEDEREZ HNTWS.
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—— \Q\ ‘@\V

Fig.1.3. (a) Schematic of the dome of the St Paul’s Cathedral in London. (b) Microsphere. (c)
Microring. d) Microdisk. (e) Microtoroid. (f) Optical fiber. (g) Microcapillary. (h) Microbottle. (i)
Microbubble. (j) Hemisphere. The red line indicates the main optical path in the microcavity. [S.
Yang, Y. Wang, and H. Sun, “Advances and prospects for whispering gallery mode microcavities,”
Advanced Optical Materials 3 (9), 1136-1162 (2015).]
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Fig. 1.4. Microresonator made of (a) CaFs [I. S. Grudinin, V. S. Ilchenko, and L. Maleki, “Ultrahigh
optical Q factors of crystalline resonators in the linear regime,” Phys. Rev. A 74, 063,806 (2006).]
(b) SiO2 [D. Armani, T. Kippenberg, S. Spillane, and K. Vahala, “Ultra-high-Q toroid microcavity
on a chip,” Nature 421(6926), 925-928 (2003).]
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Fig. 1.5. a, Schematic of the base cavity structure having a triangular lattice of air rods with lattice
constant a (= 0.42 pm). The thickness of the slab and the radius R of the air rods are 0.6a (0.25 pm)
and 0.29qa (0.12 pm), respectively. b, Starting cavity structure with three missing air rods in a line.
¢, Designed cavity structure created by displacing the air rods at both edges to obtain an ultrahigh
Q/V value. [Y. Akahane, T. Asano, B.S. Song, and S. Noda, “High-Q photonic nanocavity in a
two-dimensional photonic crystal,” Nature 425 (6961), 944-947 (2003).]
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Fig. 1.6. Rendering of an ultrahigh-() microtoroid resonator and a scanning electron micrograph of a
microtoroid resonator consisting of a thin silica layer upon a silicon post and substrate. [K. J. Vahala,
“Optical microcavities, nature 424(6950), 839-846 (2003).]
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Fig. 1.7. Fabrication of silica microtroid. The process consists of photography, wet etching, XeFo
etching, and COx laser reflow.
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laser

Fig. 1.8. Schematic illustration of (a) three-level laser (b) four-level laser
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mz e FEMICHES NS R FEORMEZEZ TL % 5 e IR4 BN LTL
F570TH5. 191 FOHEN—R>F/ F2—TDOFR W LK, MUk L
TOMFEBEATED, FIZIET7 7 7V —Ru —BIHIRB[ICH RV F /) F a2 —T %A
Atz eickh, ERDIRLARE—- FRZER L LI 3FEHZED 2 1.
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Fig.1.9. Plots of energy—momentum relation of graphene (a) and of energy against electronic density
of states (DOS) of a semiconducting nanotube (b). [A. Martinez and Z. Sun, “Nanotube and graphene
saturable absorbers for fibre lasers,” Nature Photonics 7 (11), 842-845 (2013).]
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BB NHOBEEEBOT D TEL. ZOLDEBEDHDOADEM LIS S L5
WIS 5 2 & ORI RERIINRE R R Y. £ ofFl % Fig. 1.10. 127 .
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=
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Fig. 1.10. Schematic diagram of a NPR mode-locked dissipative soliton fiber laser. WDM: wave-
length division multiplexer, SMF: single mode fiber, HWP: half wave plate, QWP: quarter wave plate,
PBS: polarization beam splitter. [Lingjie Kong, Xiaosheng Xiao, and Changxi Yang, “Polarization
dynamics in dissipative soliton fiber lasers mode-locked by nonlinear polarization rotation,” Opt. Ex-
press 19, 18339-18344 (2011)]
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Fig.1.11. Optical frequency comb in time and frequency domain. [N. Picqué and T. W. Hénsch,
“Frequency comb spectroscopy,” Nature Photonics 13(3),146-157 (2019).]
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Nonlinear medium
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_____ S — <) gain
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Time ——

Fig. 1.12. Kerr lens modelocking is obtained through a Kerr lens at an intracavity focus in the gain
medium or in another material, where the refractive index increases with intensity An = nal(r,t),
where ng is the nonlinear refractive index and I(r,t) the radial- and time-dependent intensity of
a short-pulsed laser beam. [U. Keller, “Recent developments in compact ultrafast lasers,” Nature
424(6950), 831-838 (2003).]
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Fig. 1.13. An illustration of the PSC consisting of X pulses formed in the CW-driven nonlinear
optical microcavity. [M. Karpov, M. H. Pfeiffer, H. Guo, W. Weng, J. Liu, and T. J. Kippenberg,
“Dynamics of soliton crystals in optical microresonators,” Nature Physics 15(10), 1071-1077 (2019).]
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Fig.2.2. (a) Transmittance spectrum in the critical coupling condition. (b) Minimum transmittance
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Fig.2.3. Schematic illustration of coupling condition. It depends on the distance between a cavity

and a waveguide.
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Fig.2.6. LLE simulation for a Si3 N4 microring with thickness of 600 nm and ring width of 1760 nm
for (a) pump power of 40 mW and for (b) pump power of 80 mW. [Q. Li, T. C. Briles, D. A. Westly,
T. E. Drake, J. R. Stone, B. R. Ilic, S. A. Diddams, S. B. Papp, and K. Srinivasan, “Stably access-
ing octave-spanning microresonator frequency combs in the soliton regime,” Optica 4(2), 193-203
(2017).]
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Fig.2.7. Energy level illustration for Er-doped silica fiber [J. A. Bebawi, I. Kandas, M. A. El-Osairy,
and M. H. Aly, “A comprehensive study on EDFA characteristics: temperature impact,” Applied
Sciences 8(9), 1640 (2018).]
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Fig.3.1. a, Average intracavity power during a simulated laser scan (101 simulated modes) over a
resonance in a MgF'5 resonator. The step features are well reproduced. The orange lines trace out all
possible evolutions of the system during the scan. The dashed lines show an analytical description of
the steps. The green area corresponds to the area in which solitons can exist, the yellow area allows
for breather solitons with a time-variable envelope; solitons cannot exist in the red area. b,c, Optical
spectra and intracavity powers for the different positions I-XI in the laser scan. [T. Herr, V. Brasch, J.
D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J. Kippenberg, “Temporal solitons
in optical microresonators,” Nature Photonics 8(2), 145-152 (2014).]
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Fig.3.2. Transmission and effective pump-cavity detuning when scanning a pump laser over a cavity
resonance. Effective pump-cavity detuning subtracts the resonance shift due to the Kerr effect and
freecarrier dispersion from pump detuning. A series of abrupt transmission steps occur in the effective
red-detuning regime. [M. Yu, Y. Okawachi, A. G. Griffith, M. Lipson, and A. L. Gaeta, “Mode-locked
mid-infrared frequency combs in a silicon microresonator,” Optica 3(8), 854-860 (2016).]
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Fig.3.3. Bistable intracavity power as a function of laser detuning for a linear (blue) and a nonlinear
resonator (orange). The dashed line marks an unstable regime. [T. Herr, V. Brasch, J. D. Jost, C.
Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, and T. J. Kippenberg, “Temporal solitons in optical
microresonators,” Nature Photonics 8(2), 145-152 (2014).]
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Table 3.1. Parameters used in the simulation for LLE.

Parameter Value
Cavity length L 6007 um
Free spectral range 110 GHz
Intrinsic () 2 x 108
External ) 2 x 108
Modulation depth oy 4 %1073
Refractive index ng 1.44
Nonlinear refractive index ny 2.2 x 1072 m?/W
Effective mode area A 29.74 ym?
Dispersion (35 —17.7ps?/km
Saturation energy I, 15 MW /ecm?
Pump power P,uymp 100 mW
Number of mode N 29

3.2.1 mIEEfmIEZ BULWARWES

(3.2.2)

(3.2.3)
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chatic state (center), and soliton state (bottom).

38



3.2.2 wEENRINGEZAWIIRE

IO TR % F W 7= 35 & OFE R % Fig. 3.7. 05 Fig. 3.9. ICE L9 3.

250 T T

200

RN

(&)

o
T

Average power (W)
=
o

(&)
o
T

0 50

Normalized detuning

100

150

Fig.3.7. Intracavity power as a function of normalized detuning when a saturable absorber was present.

{40
0
20 120
40
2 40
€ 60
5
T
e}
g ©0 -20
s
£
5100
Z
-40
120
140 5
160
-80

1400 1500 1600 1700 1800
Wavelength (nm)

20

40

60

Normalized detuning
(2]
o

120

140

160

4
Time (ps)

6

3000

2500

42000

41500

41000

500

Fig.3.8. Transition of spectrum (left) and waveform (right) when a saturable absorber was present.

39

Power (W)



35.298295
_ 90} 35.29829
E —~~
S =
Z 0 = 35.298285
g o
3 5 35.29828
a o
50+t
35.298275
1400 1500 1600 1700 1800 35.29827 - - - -
Wavelegnth (nm) 0 2 4 6 8
Time (ps)
800
50t
E <600
S s
g 2 400
) o
L o
UL
1400 1500 1600 1700 1800 Oo 2 4 6 8
Wavelegnth (nm) Time (ps)
3000
E ’;‘2000
= g
: :
IS & 1000}
0 " L L .
1400 1500 1600 1700 1800 0 2 4 6 8
Wavelegnth (nm) Time (ps)
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Fig.3.10. Average power and histogram showing the number of solitons. Without saturable absorber.

41



(b) 60

140 T T T T T 50r

120

-
D ® O
o o O
T T T

40t

Average power (W)

-50 0 50 100 150 200 250 o 1 2 3 4 5 6 7 8
Normalized detuning The number of solitons N

Fig.3.11. Average power and histogram showing the number of solitons. ccg = 2 x 1073,

(C) 60
300 T T T T 50
250 0
2
5200 2.
2 3
8150} ©
‘é} 20
S100}
z

sol 10

0 . . . . 0

0 50 100 150 20 0 1 2 3 4 5 6 7 8

s o The number of solitons N
Normalized detuning

Fig.3.12. Average power and histogram showing the number of solitons. cvg = 3 x 1073,

(d) 60

Average power (W)
)
o

a
o
T

0 50 100 150 o 1 2 3 4 5 6 7 8
Normalized detuning The number of solitons N

Fig.3.13. Average power and histogram showing the number of solitons. g = 4 x 1073

42



(e) 100

1.5 T r T T T 90
80
—~ 70
s
c 1 60
¢ 2
3 5 50
o 3]
g 40
g
505} 30
>
< 20
N=0 10
0 1 I 1 1 1 0
-50 0 50 100 150 200 250 0 1 2 3 4 5 6 7 8
Normalized detuning The number of solitons N

Fig.3.14. Average power and histogram showing the number of solitons. g = 5 x 1073,

(@) XA EIRIRIU A 2 AW WG EDFERTH D, D% D EARL LLE 2@\ 7z729 T
HHD, TOMBIOERENEY Y P BIE—ELROBRNWI D05, A FERIRIA
EHOWEEE ORI (b)-(e) TH DA, (d) BPREIIERZINZ Y Y M OBIRDZ
W, THEREIIERTZILL TS,

F3, d) D agPKEWV(e) TEYV FUB—D2HEHINTVRL. ay BERKEWN
CEITROBEICBEDICHN L THHEEDIREN L TH D, WHEHRESIEKHICHE
XaLDPFEE Lol EZONSE. —/HT (), () T ag 2/NSL LDED, K
S A BAIRINGE . L COREE T2 22z 3. affafiiks~<L Y U b > off
AL D D72 51, ZDMEDPIFE 2 Z ¥ T (b),(c) TEXFEEHY VU b EHEA LT
5. (b))l (@) &ML LoTVDY, ZAUIRIFIRITINAIZIER E LTEHIL 729, (a)
ED b (b) DEHIE I LPERINB VRN Loz EZ N5,

43



4R
Er AU EH RS D iRt

41 T—FRAEHEA/NILZR

Ha s DERICEWT, MERESZEZAVRWIOGENE— FRHL —FE2{# S5
EThHY, ZORBHIDFREE I Er 27 7 A N—L—HTH3. H—aLsrTiX
1550 nm fHEDHE%E AS ZRE L7z0iexf L, Er #FBEE L LTHWS & 1480 nm @
BREONEAH T2 LT, 1550 nm OXEBRHTE. ZHENv 27530 RHERL
TOHENAREL WS Z 2 TH D, Er ZHWEBEOH ALY 2223, 1 AOEEENE L
BRoOTLEIZDEDRLEABEDPELS BT LESIRADLDHS. ZITERINLD
2, Fig.41. DE 5K 7 7 A NXN—L —FDREMNMEHIRECE TIEIDH R TH 5.

Erbium-doped
microresonator Carbon nanotube Signal

% (1550 nm)

Pump I |
(1480 nm) |" |h
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Table4.1. Parameters used in the simulation for this section.

Parameter Value
Cavity length L 6007 pm
Free spectral range 110 GHz
Quality factor Q 108
Modulation depth oy 107°
Nonlinear refractive index no 22 x 1072' m?/W
Effective mode area A.g 29.74 pum?
Dispersion (35 —17.7ps?/km
Saturable intensity g 15 MW /em?
Gain bandwidth f, 2.5 THz
Er concentration N, 1x10%m™3
Signal absorption cross section o 2.8 x 1072°m?
Signal emission cross section o< 4.8 x 1072° m?
Pump absorption cross section o 1.5 x 10725 m?
Pump emission cross section o 0.8 x 1072° m?
Upper-state life time 7 10 ms
Pump power Pyump 500 mW
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Fig.4.9. The setup of fiber laser. [I. Yarutkina, O. Shtyrina, M. Fedoruk, and S. Turitsyn, “Numerical
modeling of fiber lasers with long and ultra-long ring cavity,” Opt. Express 21, 12942-12950 (2013)]
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