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2 Kerr frequency comb

Ti:Sapphire laser Fiber laserMicrocavity

Large size & High cost
https://www.aist.go.jp/index_ja.html

𝑃𝑃threshold ∝ 𝑉𝑉/𝑄𝑄2
𝑉𝑉 ： Mode volume
𝑄𝑄： Quality factor

Threshold pump power of 
four-wave mixing

 Small size & Low cost
 High repetition rate 

(10GHz-1THz)
 Large bandwidth
 Low threshold power

Conventional frequency comb sourcesKerr comb
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3 Generation scheme & Effects with Kerr comb

Non-Degenerated FWM

f

Degenerated FWM

pump comb lines

Cascaded FWM occurs by pumping the microcavity with CW laser

Microcavity
Wavelength

Laser
scan

The strong optical confinement simultaneously causes other effects

reflection
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4 Raman scattering

Raman scattering results from the delayed 
molecular response of the host medium

⁄Ω𝑅𝑅 2𝜋𝜋~ 13 THz

Typical experimental result

Experimental setup

G. Agrawal, “Nonlinear Fiber Optics”, Academic Press

Raman gain spectrum
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Silica toroid
Q ~ 107

Silica：

Raman scattering



5 Motivation

However, these effects have almost been investigated separately.

Microcavity with χ(3) causes Kerr and/or  Raman effects
when the cavity is pumped above a threshold power.

𝑡𝑡R
𝜕𝜕𝐸𝐸
𝜕𝜕𝜕𝜕

= − 1
2
𝛼𝛼i + 𝛼𝛼c − 𝑖𝑖𝛿𝛿 + 𝑖𝑖𝑖𝑖 ∑𝑘𝑘≥2

𝛽𝛽𝑘𝑘 𝑚𝑚
𝑘𝑘!

𝑖𝑖 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑘𝑘
𝐸𝐸 + 𝑖𝑖𝑖𝑖𝐿𝐿𝑁𝑁 + 𝛼𝛼c𝐸𝐸in

𝑁𝑁 = 𝐸𝐸 2𝐸𝐸
cavity loss detuning dispersion coupling

Nonlinear Schrödinger equation

We added Raman effect to the simulation model of Kerr comb

𝑁𝑁 + (Raman effect)

Kerr

Raman scattering



6 Calculation with Raman
Nonlinear Schrödinger equation + Raman effect

Coupling 𝛼𝛼c

intrinsic loss 𝛼𝛼i

Input 𝐸𝐸in Output

Microcavity
length: L

Intracavity 𝐸𝐸

𝑁𝑁′ = 1 − 𝑓𝑓R 𝐸𝐸 2𝐸𝐸 + 𝑓𝑓𝑅𝑅𝐸𝐸�
−∞

∞
ℎR 𝑡𝑡′ 𝐸𝐸 𝑡𝑡 − 𝑡𝑡′ 2 𝑑𝑑𝑡𝑡′
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𝑡𝑡R: roundtrip time, 𝛿𝛿0: detuning, 𝛽𝛽𝑘𝑘: kthorder dispersion, 𝛾𝛾 : nonlinear coefficient
𝑓𝑓𝑅𝑅: contribution of delayed Raman response, ℎ𝑅𝑅: Raman response function

Kerr Raman

Raman scattering (1)

𝑡𝑡R
𝜕𝜕𝐸𝐸
𝜕𝜕𝜕𝜕

= − 1
2
𝛼𝛼i + 𝛼𝛼c − 𝑖𝑖𝛿𝛿 + 𝑖𝑖𝑖𝑖 ∑𝑘𝑘≥2

𝛽𝛽𝑘𝑘
𝑘𝑘!

𝑖𝑖 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑘𝑘
𝐸𝐸 + 𝑖𝑖𝑖𝑖𝐿𝐿𝑁𝑁′ + 𝛼𝛼c𝐸𝐸in

cavity loss detuning dispersion coupling
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3×107

𝑄𝑄𝑐𝑐 = 
7×107

𝑄𝑄𝑐𝑐 = 
1.6×108

coupling weakstrong

FWM is dominating Coexisting FWM
& Raman scattering

Raman scattering is dominating

Coupling control enables to generate FWM or Raman scattering selectively.

𝑄𝑄𝑐𝑐 ∝ 𝛼𝛼𝑐𝑐−1

Calculation results
Raman scattering (1)



8 Experimental results
TypeⅠ TypeⅡ

Stimulated Raman scattering had two types of formation.
However, we could not reveal the condition to decide the type.

Pump
~ 500 mW

Raman scattering (2)

Raman caused in different
mode family of pump

Raman caused in 
pumped mode family



9 Calculation with Raman and XPM (two modes)

𝑡𝑡R
𝜕𝜕𝐸𝐸(1)

𝜕𝜕𝜕𝜕
= − 1

2
𝛼𝛼i 1 + 𝛼𝛼c 1 − 𝑖𝑖𝛿𝛿 1 + 𝑖𝑖𝑖𝑖 ∑𝑘𝑘≥2

𝛽𝛽𝑘𝑘(1)

𝑘𝑘!
𝑖𝑖 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑘𝑘
𝐸𝐸(1) + 𝑖𝑖𝛾𝛾(1)𝐿𝐿𝑁𝑁(1) + 𝛼𝛼c(1)𝐸𝐸in

𝑡𝑡R
𝜕𝜕𝐸𝐸(2)

𝜕𝜕𝜕𝜕
= − 1

2
𝛼𝛼i 2 + 𝛼𝛼c 2 − 𝑖𝑖𝛿𝛿 2 + 𝑖𝑖𝑖𝑖 ∑𝑘𝑘≥2

𝛽𝛽𝑘𝑘(2)

𝑘𝑘!
𝑖𝑖 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑘𝑘
𝐸𝐸(2) + 𝑖𝑖𝛾𝛾(2)𝐿𝐿𝑁𝑁(2)

𝑁𝑁(1) = 1 − 𝑓𝑓R 𝐸𝐸(1)
2 + 2𝐵𝐵 𝐸𝐸(2)

2 𝐸𝐸(1) + 𝑓𝑓𝑅𝑅
𝐸𝐸 1 ∫−∞

∞ ℎR 𝑡𝑡′ 𝐸𝐸 1 𝑡𝑡 − 𝑡𝑡′ 2 𝑑𝑑𝑡𝑡′

+𝐸𝐸 1 𝐵𝐵 ∫−∞
∞ ℎR 𝑡𝑡′ 𝐸𝐸 2 𝑡𝑡 − 𝑡𝑡′ 2 𝑑𝑑 + 𝐸𝐸 2 𝐵𝐵 ∫−∞

∞ ℎR 𝑡𝑡′ 𝐸𝐸 1 𝑡𝑡 − 𝑡𝑡′ 𝐸𝐸 2
∗ 𝑡𝑡 − 𝑡𝑡′ 𝑑𝑑𝑡𝑡′

𝑁𝑁(2) = 1 − 𝑓𝑓R 𝐸𝐸(2)
2 + 2𝐵𝐵 𝐸𝐸(1)

2 𝐸𝐸(2) + 𝑓𝑓𝑅𝑅
𝐸𝐸 2 ∫−∞

∞ ℎR 𝑡𝑡′ 𝐸𝐸 2 𝑡𝑡 − 𝑡𝑡′ 2 𝑑𝑑𝑡𝑡′

+𝐸𝐸 2 𝐵𝐵 ∫−∞
∞ ℎR 𝑡𝑡′ 𝐸𝐸 1 𝑡𝑡 − 𝑡𝑡′ 2 𝑑𝑑 + 𝐸𝐸 1 𝐵𝐵 ∫−∞

∞ ℎR 𝑡𝑡′ 𝐸𝐸 2 𝑡𝑡 − 𝑡𝑡′ 𝐸𝐸 1
∗ 𝑡𝑡 − 𝑡𝑡′ 𝑑𝑑𝑡𝑡′

Raman scattering (2)
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103  Pump mode Q(1)=2*107

 Higher Q mode Q(2)=8*107
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When the highest Q mode (fundamental mode) is pumped,
mode family of pump and Raman scattering is always the same
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10 Experimental results

Taking the simulation result into account,
Highest Q mode (fundamental mode)

was pumped Low Q mode was pumped

Raman scattering (2)

TypeⅠ TypeⅡ
Raman caused in different
mode family of pump

Raman caused in 
pumped mode family

Pump
~ 500 mW



11 Third harmonic generation (THG)

reflection

THG

Experimental setup

Microscope image THG

1550/3 nm15
50

 n
m

toroid

Infrared input

THG allows emission at three 
times the pump frequency

Silica toroid
Q ~ 107

THG



12 Previous research of THG & Motivation
T. Carmon and K. J. Vahala, Nature Physics 3, 430 (2007)

Infrared CW light

Visible CW light

conversion

THG

Infrared two CW lights

Visible CW light

conversion

- Sum frequency generation

- THG

Motivation of our research:
Can Kerr comb cause (THG and) sum frequency generation
by pumping with only one CW light?



13

180 190 200 210

-40

-20

0
1667 1579 1500 1429

550 560 570 580 590 600 610 620
10-2

10-1

100
545 536 526 517 508 500 492 484

Experimental result

Frequency (THz)

TH
G

 p
ow

er
 (a

.u
.)

O
pt

ic
al

 p
ow

er
 (1

0 
dB

/s
ca

le
)

ω ω+Δω-Δ
f

Frequency (THz)

3ω+3Δ3ω-3Δ 3ω
f

THGinfrared visible

infrared visible~ 4.4 THz
~ 4.4 THz

Predicted
THG lines

Kerr comb assists the generation of visible emission
having multiple wavelengths with equal spacing

~23 THz
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14 Summary of the THG result

- Previous research
Pumping by two CW lights
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In order to generate sum frequency generation

- This research
Pumping by one CW light
Kerr comb assists the generation of visible emission
having multiple wavelengths with equal spacing

THG



15 Conclusion

① Model with Raman factor
Coupling control enables to generate  FWM or Raman scattering 
selectively.

② Model with Raman and XPM factors for two modes
Mode family of pump and Raman scattering is always the same 
when the highest Q (fundamental) mode is pumped.

③ Kerr comb assists the generation of visible emission having multiple 
wavelengths with equal spacing

Raman scattering

THG

① ② ③
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