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- Whispering gallery modes

P / S 34 -

WGM resonators are multimode ones in essence. If absorption
and scattering are reduced — Q factor can be very high!

Yenabunck-2024 bunenko 1. A. 23.10.2024 2



Center

.u%-— Whispering gallery modes — l'j RQC | &
a retrospective
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Vladimir Braginsky
(1931-2016)

1986: “We managed to made a microwave WGM
resonators with Q>108. Why non to try optics?”
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a retrospective
Ultimate Q of optical microsphere resonators

¢

M. L. Gorodetsky, A. A. Savchenkov, and V. S. lichenko

We demonstrate the quality factor @ = (0.8 = 0.1) X 10 of whispering-gallery modes in fused-silica
microspheres at 633 nm, close to the ultimate level determined by fundamental material attenuation as

0o 5 10
t,ps
Fig. 1. Mode energy damping curve for a WG mode in

a 750-um sphere. Estimated damping time 7 = 2.7 us;
A =633 nm.

Optics Letters 21(7), 453-455 (1996)
Cited: 1409
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Center

a retrospective
Ultimate Q of optical microsphere resonators
M. L. Gorodetsky, A. A. Savchenkov, and V. S. lichenko
We demonstrate the quality factor @ = (0.8 = 0.1) X 10 of whispering-gallery modes in fused-silica
microspheres at 633 nm, close to the ultimate level determined by fundamental material attenuation as
o 5 10
t,us
Fig. 1. Mode energy damping curve for a WG mode in
a 750-um sphere. Estimated damping time 7 = 2.7 us;
A =633 nm.
Optics Letters 21(7), 453-455 (1996) If a childfen's swing had a quality
Cited: 1409 factor Q ~ 10°,once pushed one

could swing for 30 years!
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Y= Volumetric resonators: ) RQC | &
crystals and glasses

Made by diamond cutting and asymptotic polishing or by melting
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9 Integrated high-Q ) RQC | ==
R resonators

Materials:

1. SiO2 (etching + reflow)
2. CMOS comparable:
a. Si(but TPA at 1.55 um)

b. SizN,
c. AIN
d. SiGe
3. InP (no high-Q but emitter epi-Si A
complementarity) 3 o
4. LiNbO3
5. Combinations, others. o.sum[

@ SiN-Chip
Si substrate InFShig
Au cross-section

s SisN,

= LiNbO3 )

— Si02 / = SiN
sio,

vertical
alignment Au-paste
stop [z
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w9 Integrated high-Q 3 RQC | &
- resonators

Materials:

1. SiO2 (etching + reflow)

2. CMOS comparable:
a. Si(but TPA at 1.55 um)
b. Si;N,—n=2,4-0.4 pum
transparency, mature
technology for
applications and mass epi-Si
productions

a. AIN

flip-chip integration

um

3. InP (no high-Q but emitter - -
complementarity) Si substrate InP-Chip
4- Lle03 S— éi':m cross-section
i i s [iNDO; .
5. Combinations, others. et 10, /“ — SN
vertical Sio,
alignment Au-paste

stop = e
L b {
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ﬁ%—— Si;N, integrated high-Q 'j RQC | &
resonators

B
1;-'_:1. R,
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llll Illl'l
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mmur lll'
‘lI
HME)

FAH LIGENTEC

INME (Russia) Ligentec (Swiss) SUSTech (Chlna)

Thickness 250 — 1000 nm 300-800 nm 80-300 nm

Quiality factor 3 x 10° 5% 10%3 x 107 2 x 107
ATIEEIE Yes Yes Neo Yes
heaters
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ﬁ%—— Si;N, integrated high-Q 'j RQC | &
resonators

B
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mmur ".'
T,

HM3

FAH LIGENTEC

INME (Russia) Ligentec (Swiss) SUSTech (Chlna)

Thickness 250 — 1000 nm 300-800 nm 80-300 nm

Quiality factor 3 x 10° 5% 10%3 x 107 2 x 107
ATIEEIE Yes Yes Neo Yes
heaters

Joint research of SUSTech and RQC supported by the RSF-NSFC grant for 2023-2025
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*ﬁ Crystalline vs integrated resonators ' ROC | &

Q > 107 (high
confinement)
Q ~ 2x108 (low
confinement)
Q>10°

PRO: PRO:

» Superior Q-factor » Mass production ready

* Available from mid IR to * Reproducibility

UV wavelengths « Single mode

» Tunable coupling » Flexible and scalable design

Yenabunck-2024 bunenko 1. A. 23.10.2024
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nature - e
photonics rrayes-

— ARTICLES nature .
photonics

Universal formation dynamics and noise of
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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M. A. Topoaeukuin

Dissipative Kerr solitons in
optical microresonators

Tobias J, Kippenberg'®, Alexamler L. l:'.afln", Michal T.|[|§¢‘|l", Michad L, Gorodetsky™ " |

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

\

'globainnpeﬁm«a«ea B
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o) Self-injection locking (SIL) J RQC | &=
effect

Resonant Rayleigh back scattering tunes
laser exactly on the WGM resonance

- _ Tuning curve in Linear SIL model
:'é‘ 10 T T T T ! T T T ?q T

:l i € in the locking range 5
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Laser cavity-microresonator
detuning & (in /2 units)
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o Optimization of the SIL 'j RQC |
regime

(a) | (b)
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Laser line can be narrowed up to 100 times better!

REVIEW: Kondratiev, N. M., Lobanov, V. E., Shitikov, A. E., Galiev, R. R., Chermoshentsev,
D. A., Dmitriev, N. Y., ... & Bilenko, I. A. Recent advances in laser self-injection locking to high-
Q microresonators. Frontiers of Physics, 18(2), 21305, 2023.

Yenabunck-2024 bunenko 1. A. 23.10.2024 14



«x?)  Generation of Kerr microcombs in [ j RQC |-
\ -
microresonators

Vin
Degenerate four wave mixing threshold: Pepyr & 02
A Tunable ) Optical Microresonator Phot?iiode
Lcw-laser | amplifier L, /\ & [
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P. Del'Haye et al., 2007 (MPQ) e
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t9 Effect of cubic nonlinearity: 3 RQC | &

H-' - Center
a non-linear SIL

Resonator non-linearity drastically changes
the SIL dynamic:

SPM

E g g

IN

—— =In = =N = Ngil Al

dt K0

dA; (.. , K1 it N g - i) (1)
dA+ K (1)

# _ __J'J _ = 2 + = - "'-;. + . oy T )E.U.)! t J'_lg2 (r_ts)
_('[T = o idru )Ap+{)8ﬂ‘4p+"5.usp KWGRE * 5”#/4‘5(' ! ,
dA7, K

f (L5 ) A g AT i3S
P idx )Aﬂ+:ﬁﬂAﬂ+r{gpSﬂ.

Kondratiev, N. M., Lobanov, V. E., Lonshakov, E. A., Dmitriev, N. Y., Voloshin, A. S., &
Bilenko, I. A. Numerical study of solitonic pulse generation in the self-injection locking
regime at normal and anomalous group velocity dispersion. Optics Express, 28(26), 2020.
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D) Effect of cubic nonlinearity: 3 RQC | &

a non-linear SIL

Resonator non-linearity drastically changes
the SIL dynamic:

> Nonlinear SIL model
) T T T T T
% b T T T T
Q =|DFB diode Single DKS
15
¥ = spectrum h2 fit
£ :
s “g 30dB width =36.5nm
%0 Of 7 > § Psoliton =14 mW
F (T T T " ]
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© ; Linear SILf=01 2 -
4 4 ' Nonlinear SILf = 2 =
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é’ ) g [} soliton existence a
“ 3020 10 O 10 20 30 ]
Laser cavity-microresonator
detuning & (in k/2 units) |

ST T
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Voloshin, A. S., Kondratiev, N. M., Lihachev, G. V., Liu, J., Lobanov, V.
E., Dmitriev, N. Y., ... & Bilenko, I. A. Dynamics of soliton self-injection
locking in optical microresonators. Nature communications, 12(1), 1-

10, 2021.
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Raman solitons and platicons in

Si;N, integrated microring resonators

.Tunable

laser

1520 -1570 nm

~100 mW

Detector

400 kHz

Detector

45 GHz

OSA

osC

ESA

(d)

Res depth vs. A

(e)

Q vs. A (Lorentz split)

(9)

Res depth vs. A

"3 RQC

(h)

Russian
Quantum
Center

Q vs. A (Lorentz split)
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‘i’j Raman solitons and platicons in J RAC | &
Si;N, integrated microring resonators
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With Raman comb generation

SSB Phase Noise, dBc/Hz

Raman solitons and platicons in

3 RQC

Si;N, integrated microring resonators

ESA, Lorentz Width=57.371 kHz RBW=20 kHz
T T

ESA, Lorentz Width=5.8667 kHz RBW=10 kHz

Frequency, MHz

— Toptica + DualSIL
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Laser Four-Wave Mixing ) RQC | &

SisNs microresonator 10
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Sokol D.M. et al,. “Four-wave mixing in a laser diode gain medium induced by the feedback
from a high-Q microring resonator”, Optica Open, (2024)
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Laser Four-Wave Mixing J RQC &

a) Spectrogram, Kqo/Km = 5.84, o = 0.17n
o =20
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Sokol D.M. et al,. “Four-wave mixing in a laser diode gain medium induced by the feedback
from a high-Q microring resonator”, Optica Open, (2024)
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=) Effects of cubic nonlinearity — ' ) RAC &=
quantum squeezing

Parametric oscillation can be used for quadrature squeezing:
Weak signal - distributions still gaussian!

=V
= V

Yenabunck-2024 bunenko 1. A. 23.10.2024 23



ﬁt Effects of cubic nonlinearity - ("§ RQC | &=
| self phase modulation:
Possibility to obtain “true” non-classical states

SPF in y® media could produce a bright “banana” state with non-gaussian distributions

X, X A

SPM

» BE=EN— DI

.@

=V
=
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i A . X
s Lumped single mode system — ' J RAC &
Hamiltonian model

¢

-~

At A ~t2 A
H.y, = hwa'a + hya'” a?

Assuming the initial state is a coherent one |a) with the amplitude

a=+Vn>»1
rotating wave approximation (mean shift due to the self-phase modulation is 2y a?):

a(t): = a(0)eilw+zva’)t
Effective Hamiltonian for the bright state:
H=hy (a*zaz - ZaZaTa)

Linearized, lossless case, U = 2Tl'a?, T =yt

2

a 3 _
@2 = stz Soats, (Bt <R

Yenabunck-2024 bunenko 1. A. 23.10.2024
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‘. P < Russian
ﬁfﬂ ‘ RQC | &

@7 The complete analysis gives

40°(1—-n) +1/n _
(An)z = na2 yRYn 1/;7 \/(Anmin)z < n1/3

Here n < 1is a quantum efficiency.

b
& W(x.p) S W(x.p) 0100, ©
4_
/ 0.30 025 £ 0.010
£
0.25 020 £
27 0.20 015 &%
0.15 010 =
< 5 107
-0.10 005 S
0t g
-0.05 —0.02 2 08|
—0 —0 2
<T
" ——1.x1077 -—0.02 10
-—-2.x1077 —0.08
. . . F . . . . 1077} E
3 4 5 8 3 4 5 6 0.0 0.5 1.0 15 2.0
X X ra2

ra?=1
Wigner function

Balybin, S. N., et al. Physical Review A 106.1 (2022): 013720.

Yenabunck-2024 bunenko 1. A. 23.10.2024 26



A Effects of cubic nonlinearity — ("% RQC | &
-- cross phase modulation:
way to photon number QND measurements

L2 2

| \

-

Ap
¢p(t) — ¢p + FSnp + Fan ,
Ps(t) = ¢g + Ing + [xn, Isx = VsxT

Agps pert — 1-‘XAn'p

B

Yenabunck-2024 bunenko 1. A. 23.10.2024 27
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QND measurements ) RQC | &

- simplified analysis

Assume coherent initial guantum state of the probe mode:

Measure not the probe phase sift but a linear combination of its phase and photon number
to exclude SPF issue:

¢p(t) - FSnp(t) = ¢p + Ixng,
In this case:
1
ANg meas = ZFX\/‘FTP Aps pert = Ix /1

Necessary condition for QND:

2Ty [T/ > 1

Yenabunck-2024 bunenko 1. A. 23.10.2024 28



ﬁg—i QND i_neaS!JI"ementS — 3 RQC 55535%
bt Hamiltonian model

~ nys ~ PR
H = - Z Ny (M, — 1) — hyxnyng,

X=S,p
Perform a the homodyne measurement of the quadrature )?( of the probe:

X, = 1 la, (e +h.c.| = 1 lei(rsﬁP”X'ﬁS“)& + h. c.]

¢ N J2 p

In the case of weak non-linearity and strong probe field we can assume that
Il -0, n, = o, but Isn,remains finite
1
(AXg) = 5 — [sn,sin2¢ + 2Té npsm ©

QY = Fsﬁp + FXTLS + (
In the presence of loss:

1 2 [ |1—
ﬁzc;pt = (Anszrjrfin) = i !
2l /n(1 —n) ’ I n

Yenabunck-2024 bunenko 1. A. 23.10.2024
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QND measurements —

' v?) _
- steps to experiment

For a WGM microresonators:

n, h(l)oc
Iy = 2T = 2Q10qa —
No Veff
Material n,, 10716 Qunioad BW, 10° rad/s y, rad/s
cm 2 /W
Al ,0 , 2.8 2 x 10° 0.63 0.06
CaF, 3.2 3 x 10t 0.004 0.4
MgF , 0.9 (e,0) 6 x 10° 0.3 0.03 (e,0)
Quartz 3.4 5x 10° 0.25 0.1
Fused silica 2.6 9 x 10° 0.14 0.08
LiNbO ; 20 (0) 10° 1.25 0.26 (0)
SisN, 25 2 x 108 15.7 0.39
Si 100 10° 1.25 0.5

‘ Russian
Quantum
<4 Center

K1, dB
12.8

12.5
11.6
11.3
12(0)
14
11.6

Yenabunck-2024 bunenko 1. A. 23.10.2024
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QND measurements — ﬂ' RQC |
steps to experiment S

Center

1 '
i s

For a WGM microresonators:

n, hwgyc
I‘X - 2I‘S 2Qload v
No Verr
Material n,, 1071 Qunioad BW, 10° rad/s y,rad/s K~1 dB
cm 2 /W
Al 0, 2.8 2 x 10° 0.63 0.06 12.8
CaF , 3.2 3 x 1011 0.004 0.4 8
MgF , 0.9 (e,0) 6 x 10° 0.3 0.03 (e,0) 125
Quartz 3.4 5x 10° 0.25 0.1 11.6
Fused silica 2.6 9 x 10° 0.14 0.08 11.3
LiNbO 4 20 (0) 10° 1.25 0.26 (0) 12(0)
SizN, 25 2 x 108 15.7 0.39 14
Si 100 10° 1.25 0.5 11.6
. . _opt ~ 4 6 2 2
: X 10 opt N 5 SQL\* _ 1 né6
QND is possible: n, (Angh ) =~ 2% 10% < (Ang =10
hwgn,
2Qload

Yensa6unck — 2024 Busnenko M. A. 23.10.2024 31



A4 Parametric oscillations 2 RQC | &

- in dual-pumped microresonator

and quantum light squeezing

Pump 3 4 wave
mixing

Yenabunck-2024 bunenko 1. A. 23.10.2024 32



v9) - Parametric oscillations 3 RQC =
- in dual-pumped microresonator

and quantum light squeezing

Effects of cubic nonlinearity: Dual-pumped x(3) degenerate optical parametric oscillator (DOPO):

A
O LOCcll — \ 0SC \
‘ ‘ oscﬂldtor
J_I_; —pA‘

Spectral |>
Filtering

Quadrature Quadrature
degenerate Below Threshold ua raase Above Threshold

Pumps ¥ 4 wave : ) PTE o
miXing In—Phaie - - nprase

L s |3
¥ )

A 4
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A4 Parametric oscillations * RQC e

- in dual-pumped microresonator

and quantum light squeezing

Effects of cubic nonlinearity: Dual-pumped x(3) degenerate optical parametric oscillator (DOPO):
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A4 Parametric oscillations 3 RQC |
- in dual-pumped microresonator
and quantum light squeezing
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