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Diode

Kerr comb in microcavity system
Photonic Structure Group, Keio University

Convert CW laser to ultrashort pulse train w/ >600 GHz repetition rate

SiO2 WGM μ-cavityCW input Pulsed output

Kerr comb generation w/ 
strong confinement of light
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Kerr comb in a silica toroidal microcavity
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Experimental setup

FWM only Raman (Pump:1556.4 nm, 250 mW

Hybrid (FWM+Raman) (Pump:1557.3 nm, 580 mW)



Motivation
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1. Understanding the effect of SRS is important for Kerr comb generation because these 
processes compete with each other inside a microcavity.

2. Coherent Raman combs can be used for sensors, microwave generators, and small 
pulse laser sources.

☞We study Raman comb formation inside silica WGM microcavities

Rod

Photonic Structure Group, Keio UniversityIntroduction

Toroid

Silica has broadband Raman gain
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Kerr comb in a silica toroidal microcavity
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Four-wave mixing gain
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・detuning from a cavity mode

ߛ : nonlinear coefficient
ଶߚ : second-order dispersion

଴ߜ : detuning of input 

Selection of proper input power is needed to achieve gain in a desired frequency.
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Competition between Raman & FWM gain

Input power
low

high

FWM gain Raman gain

Raman dominated condition

1-FSR FWM

Raman scattering

2-FSR FSR

pump

medium
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1-FSR comb

2-FSR comb

Raman dominant



Steady-state analysis of gain transition
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Only Raman gain Δ ୧ܲ୬ ൌ ଶܲ୊ୗୖ െ ଵܲ୊ୗୖ

 Under coupling condition
 Large cavity FSR (small diameter)For large margin ઢܖܑࡼ (Raman region) 

Photonic Structure Group, Keio UniversitySRS vs. FWM



Simulation/Experiment results
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Simulation (Lugiato-Lefever equation) Experiment

Pin = 2.5 mW

Photonic Structure Group, Keio UniversitySRS vs. FWM

Pin = 10 mW

Pin = 40 mW
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No mode interaction

Transverse mode interaction

Experimental observation of mode interaction via SRS
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T. Kato, et al., Opt. Express 25, 857 (2017).

Generation of SRS comb



SRS threshold
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T. J. Kippenberg, et al., IEEE J. Sel. Top. Quantum Electron. 84, 1219 (2004).

SRS threshold power
௣: pump wavelengthߣ
ோ: SRS wavelengthߣ
݃: nonlinear coefficient
ܸୣ ୤୤: nonlinear mode volume
ܳ௘௉: external Q factor of pump mode
்ܳ௉: total Q factor of pump mode
்ܳோ: total Q factor of Raman mode

Photonic Structure Group, Keio University

pump:TE00

Raman: TE01

Raman:TE00

SRS

୲୦ ଴଴ ଴଴

୲୦ ଴଴ ଴ଵ

Transverse mode interaction

Same mode family

pump: TE01

Pump Raman

Mode
interaction

Generation of SRS comb



Analysis of transverse mode interaction
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T. Kato, et al., Opt. Express 25, 857 (2017).

ܳ୘୉଴ଵ ൌ 5.0 ൈ 10଺
(fixed)

Q dependency (analytical)
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Generation of SRS comb
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Experiment: Transverse mode coupling via SRS
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T. Kato, et al., Opt. Express 25, 857 (2017).

ܳ ൌ 4.7 ൈ 10଺ ܳ ൌ 5.2 ൈ 10଺

ܳ ൌ 1.9 ൈ 10଻
ܳ ൌ 1.6 ൈ 10଻

ܳ ൌ 3.1 ൈ 10଺

Generation of SRS comb



Beat signals of Raman combs
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w/ transverse
mode coupling

Single transverse mode



Raman comb formation in silica rod microcavity
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Silica fiber

R. H. Stolen et al., JOSAB 1, 652 (1984)

Silica microcavity

Raman comb offset was at Peak2 with a small detuning (high intracavity power),
which is similar behavior to that observed in silica fibers.

Photonic Structure Group, Keio UniversityGeneration of SRS comb

Peak 1

Peak 2
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Third-harmonic generation in toroid microcavity
Photonic Structure Group, Keio UniversityBroad bandwidth visible light via SRS & THG



Visible light generation with soliton pulse

Efficient third-harmonic generation THG with pulsed mode

0.0 0.5 1.0 1.5

0.5

1.0

 

 

Delay (ps)

SH
G

 (a
.u

.)
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T. Carmon & K. Vahala, Nat. Phys. 3, 430 (2007).

Potential for improving THG efficiency

Soliton pulse

CW mode

THG generation
with soliton pulse
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Phase-matching condition for THG
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1. Momentum conservation 2. Energy conservation

ࡳࡴࢀ࢑ ൌ ૜࢖࢑ ࡳࡴࢀ࣓ ൌ ૜࣓࢖

Dispersion induced resonance mismatch
ઢ࣓ ൌ ૜࣓࢖ െ ࡳࡴࢀ࣓ → ૙

S. Fujii, et al.,  Opt. Lett. 42, 2010 (2017).

1st
2nd

25th

Phase‐matched TH mode 
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A. C.-Jinnai, et al., Opt. Express 24, 26322 (2016).

Broad bandwidth visible light via SRS & THG
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Pump

1/1660+1/1768+1/1794

Green, Orange, Red light generation w/ SRS assisted THG

Photonic Structure Group, Keio UniversityBroad bandwidth visible light via SRS & THG

S. Fujii, et al.,  Opt. Lett. 42, 2010 (2017).



Third-harmonic generation wl FWM and SRS
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1. Multi-color emission
 Yellow, Orange, Red light

emission via TSFG of SRS

2.     Comb-like spectrum
 THG and TSFG via

pump and SRS 

3.     Broad bandwidth THG
 THG and TSFG via

FWM and SRS

A. C-Jinnai, et al.,  Opt. Express 24, 26322 (2016).
S. Fujii, et al.,  Opt. Lett. 42, 2010 (2017).

Broad bandwidth visible light via SRS & THG Photonic Structure Group, Keio University

Raman comb
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Summary
Summary

1. Competition between SRS and FWM
 Controlling the pump allows us to selectively use SRS 

and FWM

2. Transverse mode coupling w/ SRS
 Transverse mode coupling occurs when we pump in the low Q 

mode.
 Good coherence is observed by exciting an SRS comb in the 

same transverse mode

3. Broad bandwidth visible light via SRS & THG
 Better wavelength tuning achieved via SRS

Photonic Structure Group, Keio University
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