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Nobel Prize Physics 2005:

"for their contributions to the development of laser-based precision
spectroscopy, including the optical frequency comb technique”
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Universal formation dynamics and noise of
_ 1 Kerr -frequency combs in microresonators

T. Herr', K. Hartinger'?, J. Riemensberger, C. Y. Wang'?, E. Gavartin', R. Holzwarth?3,
M. L. Gorodetsky* and T. J. Kippenberg'**
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Dissipative Kerr solitons in avery
- L] full po
optical microresonators and
Tobias T, Kippenbers'®, Alexander L. Gaeta®, Michal Lipson”, Michael L, Gorodetsky ™ tl:fl--;'-*
have 3

The development of compact, chip-scale optical frequency comb sources (microcombs)
based on parametric frequency conversion in microresonators has seen applications
in terabit ootical coherent communications. atomic clocks. ultrafast distance

ot

Science 361, 567 (2018)
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HanpagJjieHUus ucc/ie0BaHuil Jadoparopuu
KOT€PEHTHOM MUKPOONTHKHU U PAAUOPOTOHUKHU

HccnenoBaHue HEJIMHEMHOW TUHAMUKA MUKPOPE30HATOPOB U J1a3€POB.
['eHepanysi COMUTOHOB, TUIATUKOHOB,
JIUCIIEPCUOHHBIEC BOJIHBI, COJIMTOHHBIE KPUCTAJLJIBL. . .

HccnenoBanre HOBBIX MaT€pHaJIOB M TEXHOJIOTUM U3TOTOBIICHUS BBICOKOIOOPOTHBIX
MUKPOPE30HATOPOB

Pa3paboTka yCcTpoiCTB HA MUKPOPE30HATOPAX: Y3KOIOJIOCHBIE JIa3€phbl, MOAYISATOPHI,
HCTOYHHMKH TPEOCHOK, T€HEePATOPhl HEKJIACCUYECKHUX COCTOSIHUMN CBETA.

MuKpOpE30HATOPHI U METPOJIOTHS: BTOPUYHBIE CTAHAAPTHI YaCTOTHI

Bunenko U.A. ons Jlaboparopuu KsantoBoit Uadopmarmm ~ 16.04.2019 12:41 14
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ﬁﬁ Ultra-high Q WGM - Self injection locking

Narrow line requires:
1. Sophisticated frequency locking electronics
(usually requires modulation — demodulation)
2. Narrow line single frequency pump laser
(usually low power, requires additional bulky expensive EDFA to amplify)
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_ ﬁ Ultra-high Q WGM - Self injection locking

Narrow line requires:
1. Sophisticated frequency locking electronics
(usually requires modulation — demodulation)
2. Narrow line single frequency pump laser
(usually low power, requires additional bulky expensive EDFA to amplify)
Way to avoid the 1. : Rayleigh backscattermg and self-injection locking

Quuniim Elecir -y 26{8) 657 - 658 11996) 1996 Kvamovaya klekironika and Turpion Lid |
LETTERS 7O THE EDITOR [F|1[||;-\ Commimumicanions 158 (199K) 305-312
High-coherence diode laser with optical feedback Narrow-line-width diode laser
via a microcavity with ‘whispering gallery’ modes with a high-Q microsphere resonator
V ¥ Vasiley, V L Velichanskil, M L Gorodetskl, V'S Ilchenko, V.V, Vassiliev **, V.L. Velichansky *, V.S. lichenko *, M.L. Gorodetsky ",
L Hollberg, A V Yarovitskil L. Hollberg *, A.V. Yarovitsky *
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M. L. Gorodetsky, A. D. Pryamikov, and V. S. llchenko,
JOSA B17, 1051 (2000).
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Resonant feedback
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Analogous to Lang-Kobayashi equations,
Journ. Quant. El. 16, 347 (1980)

Stationary solution: _
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N.M.Kondratiev et al. Optics Express, 25, 28167 (2017)
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-_.ﬁ Ultra-high Q WGM - some problems

Narrow line requires:
1. Sophisticated frequency locking electronics
(usually requires modulation — demodulation)
2. Narrow line single frequency pump laser
(usually low power, requires additional bulky expensive EDFA to amplify)
- Is it still important?
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ﬁ:jSelf injection locking with a multifrequency diode

Narrow line requires:
1. Sophisticated frequency locking electronics
(usually requires modulation — demodulation)
2. Narrow line single frequency pump laser
(usually low power, requires additional bulky expensive EDFA to amplify)
- Way to avoid the 1 AND 2. : lock a cheap multifrequency diode!

NKT Koheras Boostik: A semiconductor laser diode:
- Single frequency, tunable - Multifrequency

- 1 kHz linewidth - > 10 nm linewidth

- > 100 mW - >100 mW

- $ 30k - $30

can produce singe frequency, narrow line
generation when self-injection locked.
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ﬁ}rﬂ Self-injection locking with a multifrequency diode

—||_| |OSA

laser diode lens prism lens lens PD , \
») ’ j D osc

/i\ Y[ | |ESA

Diode: InP, A=1535 nm, spectrum width 10 nm (=50 lines), Af = 17.6 GHz, P =200 mW max
Microresonator: MgF,, Q = 10°, FSR =12.5 GHz
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ﬁtfj Multimode laser gnd resonator interaction
bt in depth

The standard multimode laser model: : I N
N= 2- . 2 Gl(l)Sl'
Sy = (G, —Gw)S + NF,
For the gain: G =G~ GVS, — z Ggey + Gugiy ") Sk
k+l

GV = 0(N = Ny — D(A; = Apear)?),

Bogatov model: variations of n, caused by the dynamic inhomogeneity of the electron density
due to the stimulated emission of the excited electrons under the influence of mode interference

creates a temporal phase lattice. 1 3
3 — + 7 6S + an(k)
GBogatov — —QZ(N —N ) ls
L(k) 4 9’"1 3 ,

— 4 = 2
(- +765)% + 0y

The numerical model based on the Bogatov model and Lang-Kobayashi equations was
developed. To simplify the analysis, we assumed that each laser mode interacts efficiently with
only one mode of the microresonator

R. R. Galiev, N. G. Pavlov, N. M. Kondratiev et al.
Optics Express, 26, 30509 (2018)
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e Spectrum collapse and Bogatov effect
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LA Several-frequency radiation of the 'q'

- self-injection locked laser
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Optical spectrum of the several-frequency radiation of the self-injection locked laser
blue — experiment, red — model

« Effect was observed on many different resonators
« Usually frequency interval between locked modes is a least common multiple of the FSRs

» Sometimes it isn’t — locking to different family of modes? Need future investigation.
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i_’j Photonic integrated sobliton microcomb

Laser diode chip Si,N,
microresonator
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FSR <100 GHz .
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A. S. Raja, A. S. Vo/oshin, H. Guo et.a/., % Single stable DKS state aln 8

s
arXiv:1810.03909 (2018) : | —

(accepted to Nature Communications) e
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Letter Vol. 5, No. 12/ December 2018 / Optica 1525

Billion Q-factor in silicon WGM resonators

A. E. Suimkov,'? I. A. BiLenko,"** N. M. Konpramey,> @ V. E. Loeanov,? A. MARKOSYAN,® AND
M. L. Gorobpersky™? : . . . ;
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https://doi.org/10.1038/541586-018-0598-9
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18 OCTOBER 2018 | VOL 562 NATURE | 401
© 2018 Springer Nature Limited. All rights reserved.

Battery-operated integrated frequency comb
generator

Brian Stern'?, Xingchen Ji'%, Yoshitomo Okawachi®, Alexander L. Gaeta® & Michal Lipson®*
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Generatlon of multiphoton entangled
quantum states by means of
integrated frequency combs

Christian Reimer,"* Michael Kues, ™1 Piotr Roztocki,! Benjamin Wetzel, ™™
Fabio Grazioso,! Brent E. Little,® Sai T. Chn,* Tudor Johnston,! Yaron Bromberg,
Luda Caspani,®§ David J. Moss,”|| Roberto Morandotti™®+

Science v.351 2016
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M) Research Article Viol. 26, No. 2| 22 Jan 2018 | OPTICS EXPRESS 1825 | ISI S.aul e
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50-GHz-spaced comb of high-dimensional Z
frequency-bin entangled photons from an .g 250 §
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