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Optical Frequency Combs COLUMBIA
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Carrier-envelope-offset
frequency

* Direct link between optical and microwave frequencies.

Telle, et al. Keller, APB (1999); Diddams et al., Phys. Rev. Lett. (2000).
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Why an Octave-Spanning Comb? —
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® Control of the position in the comb frequencies can be achieved.
* Link between microwave & optical frequencies.

Udem et al. (1999); Telle et al. (1999).
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Applications of Frequency-Comb Technology .. .
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« Chemical/biological sensing

e Optical communications & interconnects

e Optical clockwork

e Astronomical spectral calibration

* Microwave generation

* Navigation (GPS) and distance ranging

» Tests of fundamental laws and constants (R, Lamb shift, fine-
structure constant)

* Very-long baseline interferometry

 Arbitrary-waveform generation



Comb Generation with Ultralow Powers Gb

and in Highly Miniaturized Devices JiomBL

centimeter size, <1 W

Handheld devices
WDM sources
Satellite

Menlo Systems
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Applications of Frequency-Comb Technology ..
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 Chemical/biological sensing
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Dual-Comb Spectroscopy COLUMBIA
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Reviews: Newbury, et al., Optica (2016)

Picque and Hansch, et al. Nature Phot. (2019)
Comb 1 Af Sample Molecular
Absorption
R Optlcal Spectrum
"““T"/{ 1 o  SURERE T T
Comb 2 Heterodyne S E_E =
Optical Frequency

ﬁ

Detector

RF Spectrum ‘ Af= Af,~ Af,

No moving parts = Fast acquisition speed

il

Minimum acquisition time = — RF Frequency

Af

Requires only single detector.

Suh, et al. Vahala, Science (2016).
Dutt, et al. Gaeta & Lipson, Science Adv. (2018).
Yu, et al., Lipson & Gaeta, Nature Comm. (2018).
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Fast Mid-IR Measurement of Acetone COLUMBIA
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* Measurement of acetone absorption near 2925 nmin 1 us

ﬁ ﬁﬂ Af = Af,- Af,
41111 T i
OptlcaI;requency D “ t 1 1 1

RF Frequency

08 1 1 I I I
-
06 g il
- |- Af, o £
SERREEIITE o e
11 NRERN © =
1 ERERN 2 04} obs 1 ! ! i
— — ) 2900 3000 3100
Optical Frequency 2 Wavelength (nm)

0.2

Yu, et al. Lipson & Gaeta pp—

Nature Comm. (2018) ny . . ) = s
2900 2950 3000 3050 3100

Wavelength (nm)

Real-time on-chip dual-comb spectrometer for liquid/condensed matter
phase studies
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Applications of Frequency-Comb Technology ..
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e Optical communications & interconnects
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WDM Source for Data Communications colomeia
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Multiple Lasers
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Bergman Lightwave Research Laboratory, Columbia

v

100 Tb/s => 10,000 lasers (10-GHz spacing)
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Chip-Scale Multiple Wavelength Source  corumsia
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Optical

Frequency Comb
photonic s Advantages:

chip i) Cost
M Mhd & ii) Energy efficiency
)(7 —_— H iif) Scalability and flexibility
CoupledRings . iv) Ease of integration
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Levy, et al., Gaeta & Llpson Nature Photon. (2010). Dlstmncs fk

Levy, et al., Gaeta & Lipson, PTL (2012). Fllop, et al., Opt. Express (2017).

Fulop, et al., Nature Comm. (2018).
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» Optical clockwork and frequency synthesis
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UCSB / NIST / Caltech /EPFL / UVa / Aurrion

b
a 107 Laser tuning
Laser = 0+
-D -
? g —20—_ SIO2
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: fclk -40 4
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i T -50
Sio, i i ]
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1
1
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Spencer, et al., Nature (2018)
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Nonlinear Optics in (@

Chip-Based Nanowa Vegl,lides COLUMBIA
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(SiN: n ~2.1)
Absorption edge: Silicon =>~ 1.1 ym SisN, => ~400 nm
* Nonlinearity of Silicon 100X (SisN,: 10X) silica
® Losses: Silicon — 1 dB/cm (SizN, — 0.01 dB/cm)

* Light confined to a region < than a wavelength.



Nonlinear Optics in (@

Silicon-Based Nanowavegquides COLUMBIA

UNIVERSITY

(SiN: n ~2.1)
Absorption edge: Silicon =>~ 1.1 ym SisN, => ~400 nm
* Nonlinearity of Silicon 100X (SisN,: 10X) silica
® Losses: Silicon ~ 1 dB/cm (SizN, — 0.01 dB/cm)
* Light confined to a region < than a wavelength.

* Dispersion can be engineered.
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Si;N,
150 | ' R TEO7l30nm>;1200nlm-
—— TE, 7380 nm x 1600 nm
—— TE, 730 nm x 2000 nm
100 F ---- Bulk SiN, {1anomalous
C
O wof t
(9]
—
o
Q.
D ,
D -50 | ,’, v
/" bulk
ook g normal

1000 1200 1400 1600 1800 2000 2200

Wavelength (nm)

Foster, Turner, Sharping, Schmidt, Lipson, and Gaeta, Nature 441, 960 (2006).
Turner, et al. Gaeta, and Lipson, Opt. Express 14, 4357 (2006).
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Chip-Based Comb Generation COLOMBIA
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Dispersive Wave (DW) Formation COLUMBIA
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®* Phase matched process that relies on higher-order dispersion
Dudley et al., Rev. Mod. Phys. (2006); Efimov, et al., PRL (2005).

® Position of DW’s given by dispersion operator

dispersion
w
z ,Bn( 0) — W) =0

\

0.5
. pump frequency

0.
E
g 03 Energy transfer from soliton (anomalous GVD)
8 05 B to narrowband resonance (normal GVD)
o

0.1

0 :
600 800 1000 1200
Wavelength (nm)

Dudley, et al. Rev. Mod. Phys. (2006).
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Outline: Chip-Based Comb Generation COLUMBIA
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Supercontinuum Generation

Mode-locked
laser

Review Article: Gaeta, Lipson, and Kippenberg, Nature Phot. (2019)
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SCQG in Integrated Photonic Waveguides COLUMBIA
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S'O: 200 nm

Amorphous silicon

Dave, et al., Opt. Express (2013).
Safioui, et al., Opt. Express (2014).
Leo, et al., Opt. Express (2014).

QUANTUM & NONLINEAR
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Silicon nitride

Halir, et al., Opt. Lett. (2012).

Chavez Boggio, et al., JOSA B (2014).
Wang, et al., LPR (2015).

Liu, et al., Opt. Lett. (2016).

Carlson, et al., Opt. Lett. (2017).
Porcel, et al., Opt. Exp. (2017).

Guo, et al., Nature Photon. (2018).

Chalcogenide

Lamont, et al., Opt. Exp. (2008).
Lee, et al., Opt. Lett. (2014).

Referen®® _

Hydex glass Diamond
Duchesne, et al., Opt. Exp. (2010). Shams-Ansari, et al., Opt. Lett. (2019).

Silica Aluminum nitride
Oh, et al,, Opt. Lett. (2014). Silicon germanium Hickstein, et al., P.R. Appl. (2017).
Sinobad, et al., Optica (2018).

800 nm
I

i

Silicon
Hsieh, et al., Opt. Exp. (2007).

Yu, et al., Opt. Lett. (2019).
Lau, et al., Opt. Lett. (2014). . . .
. Leo, et al,, Opt. Lett. (2015). Aluminum gallium arsenide Lu, et al., Opt. Lett. (2019).

Kuyken, et al., Opt. Exp. (2015). Kuyken, et al., Opt. Lett. (2020). Jankowski, et al., Optica (2020).

Lithium niobate




% Si;N, - Flexibility in Operation Wavelength  coiumsia
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Power (dB)

OOOOOOOOOOOOO

input pump

Lo |
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

®* 5-cm SizN, waveguide, 730 X 1500 nm cross section
® 1560 nm pump, 100-fs pulse duration, 10 mW coupled power (80 MHZ)
® > 2 octave spanning comb

* Wide transparency (400 — 4600 nm) visible to mid-IR



Coherence Characterization of @
COLUMBIA

Supercontinuum Spectrum (Experiment)  universiTy

Yb:CALGO ‘
0 —ne=

*  Pump with 100-fs, 1-GHz repetition rate, 1055 nm secn | \0\" \
[A. Klenner et al., Opt. Express (2014).] output

* Collaboration with Keller Group (ETH Zdrich) 1-GHz cavity [j;b

multimode
pump diode

coupler

* 7.5 mm SizN4 waveguide, 690 X 900 nm

:-é\ 100 | | I | | | ]
1S
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o |
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D -30 ¢ f

— _40 - _

2 24 pJ
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600 800 1000 1200 1400 1600

Wavelength [nm]
Johnson, et al. Keller, Lipson, & Gaeta, Opt. Lett. (2015);
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Coherence of SCG COLUMBIA
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®* Measure fringes in asymmetric Michelson interferometer
[F. Lu et al., Opt. Express (2004).]

® Extract visibility and coherence
[J W. Nicholson et al., Opt. Express (2004); X. Gu et al., Opt. Express (2003)]

A A V(DI L(A) +1,(A)
V( )\«) max( ) mln( ) gl(;) A ‘ [ ]
L (A + 1 (A) 2[L(mL ]

o/ | | Jogye, 'I‘\'.%f:‘*.*é]‘ oo LR [......,...,,‘,,,.,.......'I. 1.0 _
m -60p 'l'r. : .': ; :'. i A 108 ©
S I " O nnnw”“""m“"”'*M Iy 0 6 8
® 20 670 600 710+ : soPVW A T 0.4 g
§ y 401\Vu ”""'H'HH lon 5
1340 1380 1420 O

1 J 1 1 1 0

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Johnson, et al., Lipson & Gaeta, Opt. Lett. (2015).



Comb-Offset Detection and Stabilization @
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Using SCG in Si;N, UNIVERSITY
ST
o ° e | '
5_20 i V \/\/\ i
. P 7
® (Carrier envelop offset frequency S — | simutation .
(f.co) beatnote from fto-2f %““’ | o eriment §S$‘,’Q)) m
Interferometry 60 600 860 1,0100 1,2l00 1,4IOO 1,6IOO 1,8I00 2,000
Wavelength (nm)
* Coupled pulse energy = 36 pJ °[ ] RBW=30kHz f,=1.025 GHz
Peak power = 034 kW —10 fCEO,1‘ fCEo,z

-30} > 40 dB
* f., Signal-to-noise ratio 40 dB

amplitude (dBc)
A
o

0 02 04 06 08 1

frequency (GHz)
Mayer, et al., Lipson, Gaeta, Keller, Opt. Express (2015).
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Effective Index

Simultaneous SHG and SCG with Si3N4 COLUMBIA
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spectrum
spectrum
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Fundamental Wavelength (nm)
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175 Levy, et al. Gaeta & Lipson, Opt. Express (2011).

1.7
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Second Harmonic Wavelength (nm)



fceo Detection via Simultaneous . (19
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* Si;N, can exhibit ¥ response due to symmetry breaking at waveguide

interface, high film stress, or electromigration
Lettieri, et al. (2002); Levy, et al. (2011); Khurgin, et al. (2015); Billat et al. (2017).

20FT 1 - | | | ! | =
SH

® 2-cm-long SizN, -40
waveguide -60
-80

* 200-fs pulse o5
-40
-60
-80
-20
-40
-60
-80
-20
-40

ooV 5
-80 : 1 I I I 1 I : |

600 800 1000 1200 1400 1600

Power (dB)

: . Wavelength (nm)
Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2018).
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-20 T | | I | | =
-40 4
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& 1460 nm Pump <
= 1 | ! L 1 | =
o =3
% 20F | | | | | 0‘2
% 0t L
-60 W 1510 nm Pump
-80 ) ! ! | | ] | | | |
600 800 1000 1200 1400 1600 0 20 40 60 80 100
Wavelength (nm) Frequency (MHz)

®* Measured f.go beatnote with 27 dB signal-to-noise ratio.

® Carrier envelope offset frequency detection in a single device!

Okawachi, et al., Lipson & Gaeta, Opt. Lett. (2018).
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Devices fabricated
by Loncar Group

Lithium Niobate (LN) for SCG and SHG COLUMBIA

UNIVERSITY

Modelocked 90-fs pulses at 1560 nm
5-mm-long LN waveguide

TE mode to access largest y® nonlinear tensor
component

|
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400 600 800 1000 1200 1400 1600
Wavelength (nm)



Power (dB)

On-Chip f-2f Interferometry dﬂ

s . C
for foco Stabilization VERSIT
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400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)

Octave-spanning spectrum (700 — 2200 nm) with 107 pJ pulse energy

Direct detection of frgo with silicon avalanche photodiode
(400 — 1000 nm wavelength range)



On-Chip f-2f Interferometry (19
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for fCEO Stabilization UNIVERSITY

Power (dB)

400 600 800 1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)
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Frequency Offset (kHz)

* fsgo phase locked to rubidium frequency standard

®* Feedback loop with phase detector and PID controller
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* f-go has 3-dB bandwidth of 1 Hz (resolution limited)
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* f-go has 3-dB bandwidth of 1 Hz (resolution limited)

®* >100 dB/Hz reduction of phase noise at 10 Hz

Okawachi, et al. Optica (2020).
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* f-go has 3-dB bandwidth of 1 Hz (resolution limited)
®* >100 dB/Hz reduction of phase noise at 10 Hz

® Qut-of-loop f.go measurement using conventional Ff2finterferometer
Okawachi, et al. Optica (2020).
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Outline: Chip-Based Comb Generation COLUMBIA
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Kerr-Comb Generation

Review Article: Gaeta, Lipson, and Kippenberg, Nature Phot. (2019)
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Theoretical Model for Comb Generation COLUMBIA
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® Lugiato-Lefever model: NLSE with ring-resonator B.C.

Lugiato and Lefever, (1987); Haelterman, et al.(1992); Leo, et al. (2010); Matsko, et al.(2011); Coen, et al. (2013)
Chembo and Menyuk (2013); Lamont, Okawachi, & Gaeta (2013).

2
iA=—(oc+ic3)A—i L9 Ij+i L | A" A+nE
ot L. .01 L "

DS NL

Cavity loss  Dispersion  Nonlinearity =~ Pump
& detuning

Dissipative soliton solutions exist

A(t)~C, + Czisech[(f -7,)/ To:|

J=1

Haelterman, Trillo, and Wabnitz, Opt. Commun. (1992).
Wabnitz, Electron. Lett. (1993).

Nakazawa, et al. (1988).

Herr, et al., Kippenberg, Nature Phot. (2014).
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& bus waveguide
‘\<°

silica CaF,, MgF,, & quartz high-index glass
Del’ Haye, et al., Nature (2007) Savchenkov, et al., PRL (2008) Razzari, et al., Nature Photon. (2010).
Agha, et al., Opt. Express (2009) Liang, et al., Opt. Lett. (2011) Pasquazi, et al., Opt. Express (2013).
Li, et al., PRL (2012) Papp & Dlddams PRA (2011)
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Review:
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20 dB/div

Modelocking & Dissipative Solitons GLQ

COLUMBIA

in Microresonators UNIVERSITY

20 dB/div

1520

1540

1 Soliton

Wgn~ 386 THz , THz

1560 1580 nm

0 _ 100

=100
kHz + 352 GHz 1

W, o~ 386 THz |, THz

20 dB/div

transmission

u.7 4

Wy~ 386 THz, THz

1580 nm 60 aelay, ps

Transmission

A Triangular resonance

X ”\‘ 7

Wavelength

1 2 3 4
Scan time (ms)

Herr, et al., Kippenberg, Nature Phot. (2014)



Pump Detuning Control in Gb

- COLUMBIA
Microresonators UNIVERS Ty
QU:NTI.IM & N%NLINEAR
Sing|e- Si-based
frequency Microresonator ¢ *
>
puUMp laser sy B
()
: S ETTRAAHHIT
o >
[ -
@
| >
0
single- Si-based
frequency Microresonator i

PUMP 1aSer sy

L

spectrum

| »
»

spectrum

thermal/electronic
control



87,

Experimental Setup COLUMBIA

UNIVERSITY

QUANTUM & NONLINEAR
PHoTONICS GROUP

Tungsten Probe Tips

g m

Current Source

Fast

Photodiodes @
>12.5 GHz RF Spectrum Analyzer

Narrow Linewidth
(1 kHz)
1559.79 nm
Fixed Frequency Laser

Oscilloscope

— MMMM(VWUM.M

Optical Spectrum Analyzer

200 GHz FSR Silicon Nitride Microresonator
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* Step-like features characteristic of soliton modelocking, similar to pump
tuning Herr, et al. Nature Photon. (2014)
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* High pump-to-comb conversion efficiency (40%)

Yu, et al., Lipson & Gaeta, Optica (2016)
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® Natural drift rate is 2 MHz for both cases.
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Stern, et al. Gaeta & Lipson, Nature (2018)

Recent work: Shen et al., Kippenberg, Vahala, & Bowers, Nature (2020)
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