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Introduction

Dielectric microresonators (d~30-500um) with whispering gallery modes (WGMs):

* Huge Q-factors (10°%-10%9)
* Small mode volumes

» High power densities @ a
* Very narrow spectral linewidth Er:usphere, d=80 pm

photo, IAP RAS

Many applications

* Optical filtering and switching * Precise metrology
« Ultrasensitive sensing « Spectroscopy

 Frequency stabilization « Quantum optics

* Laser linewidth narrowing » Telecommunications



Introduction: nonlinearities in microresonators

« Kerr nonlinearity

n=n,+ n,|E]

<

* Thermo-optical nonlinearity
An = (dn/dT) AT

Raman Gain (normalized)

« Raman nonlinearity

Raman gain for silica glass 1
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Introduction: nonlinearities in microresonators

 Kerr nonlinearity * Raman nonlinearity \
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 Thermo-optical nonlinearity * Acousto-optical nonlinearity
An = (dn/dT) AT (including stimulated Brillouin scattering)




Introduction: silica microspheres made of
standard telecom fiber

Silica microsphere, d = 170 um

®

Made of SMF28e¢, IAP RAS

Q~5x107

Microsphere, Q=5x10’

Whispering
gallery mode
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Introduction: Raman lasing in microresonators

Inelastic SRS

Stimulated Raman
Virtual (Stokes) scattering

energy level — w _—— -

th h(vp - AVR)
Pump Raman
wave
st excited .
vibrational state ' hA VR

Raman lasing in high-Q microresonators
Is achieved at wavelengths inside and
outside gain bands of laser media.

Veff gr — Raman gain
————— | V.,s— mode volume

Pinresn™
gr X Q* Q — Q-factor

« Raman generation was reported in liquid
microdroplets.

Qian & Chang, Phys. Rev. Lett., 56, 926 (1986)

» The first demonstration of Raman generation
in a solid microresonator was in silica glass
microsphere.

Spillane, Kippenberg, Vahala, Nature, 415, 621 (2002):
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Introduction: Raman lasing in microresonators

The dynamics of intracavity radiation under the action of inelastic stimulated
Raman scattering can be quite rich and complex even in silica microresonators.

 Multicascade Raman lasing » Stokes soliton held in the potential

of a dissipative Kerr soliton
Min, Kippenberg, Vahala, Opt. Lett. 28, 1507 (2003):

7 Yang, Yang, Vahala, Nat. Phys. 13, 53 (2017):
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Symmetric Raman lasing in a silica microsphere

Raman gain from CW pump is known to be the same in both directions [*]
[*] G.P. Agrawal. Nonlinear Fiber Optics,

ow (2) Pump B fiber taper Il 6th ed.; Elsevier: London, UK, 2019
| (—~] -.‘7 PR CLEY e :
laser S0, 5o, (a) Simplified experimental scheme. MR —
0 0 - - . .
I MR microresonator Wlth whispering gallery
T l modes; OSA — optical spectrum analyzer;
2t ® 4 MHz) Bacland RS — Raman soliton.
E 1 Sackward M (b) Typical linear resonance dip near WGM
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Experimental spectra demonstrating single-wavelength Raman lasing (RL) in forward (a) and backward (b)
directions relative to the pump direction as well as dual-wavelength Raman lasing in forward (c) and backward (d)
directions. Horizontal dashed lines at the —30 dB level are drawn for easy comparison of the correspondlng
spectral features in subplots (a) and (b) as well as in (c) and (d).
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Bidirectional symmetric Raman waves: theory

Evolution of the wave at the pump frequency: Evolution of Raman waves:
 Continuous-wave pump  Loss (limited Q-factor)

* Loss (limited Q-factor) « Raman nonlinearity (amplification by
 Frequency detuning from the exact resonance wave at the pump frequency)

« Raman nonlinearity (loss to Raman wave amplification)  Kerr self-phase modulation

 Kerr self-phase modulation  Kerr cross-phase modulation

Kerr cross-phase modulation

Raman lasing
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-~ —> Raman gain from
Raman Raman CW pump is the
wave usphere | wave same in both
(CCW) (CW) directions
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CW Raman lasing
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Only Kerr nonlinearity:
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A is the dimensionless detuning of the
pump frequency from the exact
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Bidirectional symmetric Raman soliton-like combs
with unidirectional pump

(a) pump fiber taper II
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We have experimentally demonstrate
bidirectional symmetric Raman
soliton-like combs in a WGM
microresonator with unidirectional
pump, for the first time, to the best of
our knowledge.

Andrianov & Anashkina,
Opt. Lett. 49, 2301 (2024)
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Experimental spectra demonstrating Raman solitons (RS) in forward (a) and backward (b) directions. The
horizontal dashed line at the —20 dB level is drawn for easy comparison of the corresponding spectral features in
subplots (a) and (b). (c) Spectral intensity of several spectral lines of the backward-propagating soliton as a
function of time. (d) Zoomed-in spectrum of backward-propagating solitons (solid dark blue) and sech2-shaped

envelope (dotted magenta).
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Bidirectional symmetric Raman soliton-like combs
with unidirectional pump: theory

(b)
-

——— Theoretical
Experimental

™

pump

S0 1.55 1.60 1.65 1.70 1.75
Wavelength, um

—Spectral intensity, 10 dB/div.

(a) Theoretical soliton peak power versus pump detuning for different pump
powers. Solid lines correspond to stable solitons and dashed lines
correspond to unstable solutions.

(b) Theoretical spectrum envelope of Raman soliton for P, = 9.3 in
comparison with experimental Raman spectrum.

Andrianov & Anashkina,
Opt. Lett. 49, 2301 (2024) 14



Bidirectional symmetric Raman soliton-like combs
with unidirectional pump: analytical approach

Evolution of the wave at the pump frequency:
0A,

= VP = (1+ i8)Ay, = gx == ((Al) + AGEDA, + AL PAL + 20(AP) + (AZFDA,,

7 \\\ o / / /

Evolution Pump  Loss Detuning Raman NL Kerr SPM Kerr XPM
Evolution of the Raman waves:
aAm ﬁ2 2Alﬁ y .
P = —Ap + 8R|A1;;|2A1R 2 8 - T l|AlR|2A1R + 21(|Alp|2 + <|A{2:§|2>)A1Ra
aA{r} {F) _
2 A0+ gulAy PAG — 22 ZA0 L AORAY 1 2i(1A, P + (A RlDAS

on — T e T, \
Evolution Loss Raman NL Dispersion Kerr SPM Kerr XPM
We have found solution with symmetric Ramam solitons: 1A z)? = |AR")?

P sol . 52 " sc‘:fﬁ2
= ) - 2P
Air COSh(@/QU) exp(ullt), P, = |ﬁ |/9(} , W 2 2 + |+ -

Wave at the pump frequency: Ay, =const, |A,,|* =P, Py =1/gg
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Moving to “symmetry broken” states



Auxiliary: spontaneous symmetry breaking (SSB)
for only Kerr nonlinearity (well-known)

dA
1 . . 2 . 2
—— = —AL— A Ay + A PAL + 2014, 174 + VX
d4, . o
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Theoretical study of “symmetry broken” states of
Raman waves

£
2 Ny A Ao
Frequency usphere
Ve v g 4,

Equations for waves at pump frequency v,;:
dA . . :
d_ip = (—1-id)Ay, + l[(2|A1p|2 + |A2p|2) + (2|A1R]* + 2|A2R|2)]A2p — IR z—i (A1 |? + [Azr]$) Az, + iBAL, + VX

dA . . w )
—d;p = (—1-id)A, + l[(lAlplz + 2|A2p|2) + (2|AR]* + 2|A2R|2)]A1p — IR w_}i (1A1R]* + |A2R|2)A1p + Ay +VX
Frequency Kerr self-phase Kerr cross-phase Rayleigh  Pump
Loss : : ; Raman NL .
detuning modulation modulation scattering

Equations for Raman waves at vg:
dA, . :
_dtR = —Ag + i[(21A1p]* + 2|A2p1?) + (|41 ]* + 2|42 1P)|A1r + gr (|A1p|* + |42, |%)Arg + iBA2g

dA . .
= —Aor + i[(2141p 1% + 2145p12) + QRIAsr|? + [A2z] D] A2k + gr (|A1p|? + |A2p|?)Azg + iBALR

—_ N 7 N ™S~

Rayleigh
Kerr cross-phase Kerr self-phase Raman NL _
modulation modulation scattering 18

Loss



Stationary states for Raman lasing (theoretical)

12 I I [ I I I
X=50
10 - Symmetric ~ Asymmetric

—_— — —_——— ——— N
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|

Symmetric and asymmetric stationary states of Raman wave intensities |Ag,|?> and |Ag,|?
theoretically found for X = 50. PB — pitchfork bifurcation

Andrianov, Anashkina, Opt. Lett. 50, 495 (2025) 19



Stationary states for Raman lasing (theoretical)
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theoretically found for different X. PB — pitchfork bifurcation

Andrianov, Anashkina, Opt. Lett. 50, 495 (2025) 20



Experimental results

(a)

Tunable
CW
laser

M

Signal, a.u.

-5 0 5
Frequency, MHz

Realization 1

—— ]

1.5 2.0

205 0 05 1.0

Time, ms

0"_ | T

(a) Simplified experimental
scheme. ISO — Faraday
isolator; DL — adjustable delay
line; WDM — wavelength
division multiplexer; PD —
photodiode; Ch1-4 — channels
1-4; Osc — oscilloscope.

(b) Measured and simulated (at
B =1) linear resonance for
unidirectional pump (<0.1 mW).

(c, d) Experimental signals
measured in channels 1-4
while sweeping the pump
frequency for two different
realizations; laser power was
9 mW (c) and 9.5 mW (d).

Andrianov, Anashkina,

_02 {} 0.2 04 06 08 Opt. Lett. 50, 495 (2025)

Time, ms
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How to explain experimental results...

We have propose an explanation based on back reflection of a single Raman wave,

possible due to a defect on the tapered fiber or other scheme element (fiber splices,
fiber components, etc).

dA

i = (—1-iA)Ay, + l[(2|A1p|2 + |Azpl? )+ (2]A1R1% + 2|Azg] )]AZp 9r -~ “p (|A1R|2 + |Azr|?) Az + 1A, + VX
dA .

i =(-1- m)Alp + l[(|A1p|2 + 2|A2p|2) + (24117 + 2]Azz] )]Alp 9r w_i (1A1R]* + |A2R|2)A1p + lﬁAZp +VX
dAsg

. = Airt i[(2141p1 + 2[42p1%) + (1A1r]? + 2|42k D) |Asr + gr (|A1p]? + 1425 1*)ALr + iBAsg

dA,g

2 = —App +1[(2141p 1% + 2|42p1?) + (21411 + [A2r]D) Az + gr (|A1p|?* + [42p1)Azg + iBALR

¢ is the small coefficient of the back reflection and ¢ is the phase
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Experiments vs. numerical simulations

Realization 1

(e)

(c, d) Experimental signals
measured in channels 1-4
while sweeping the pump
frequency for two different
realizations; laser power was
9 mW (c) and 9.5 mW (d).

OF_] n | 1 1 1 T
05 0 05 1.0 1.5 2.0
Time, ms

Raman wave intensities
10— |Ag,|? and |Ag,|?> numerically

d simulated at X = 20 for

< 0.6 M increasing A

< for € = 0.01, £ = 0.977 (e) and
for € =0.025 ¢ = -0.711 (f)

Andrianov, Anashkina,
Opt. Lett. 50, 495 (2025)
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Numerical simulations
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indicated in each panel.
Dash-dotted and dashed curves
correspond, respectively, to the
symmetric (sym) and asymmetric
(asym) stationary states.
Cross-hatched areas correspond
to oscillations, and envelopes
show minimum and maximum
intensity values. Inset in the
panel for ¢ = 0.5 shows
oscillogram at A = 2.

s |4l

L O L L = N = O A T =T o6 R -
I

\
\
|
T =T —1
=

il
A

> |4 Rol

2

2

s AR

(b) Numerically simulated
oscillograms for ¢ = 0.91 and
different A. These As are shown
in (a) by vertical colored arrows

110 120 130 140 150 140 150 160 170 180 in the panel for § = 0.91.
6fA=13,, .| ' Coodha=is ' N
4_. L L.

ZI/VW\/\J\MN\/W\AMNW\AM
0

100 110 1'20{1:'30 140 150 20 30 40 50 60 2




Summary

« We have experimentally found symmetric bidirectional Raman soliton-like
combs in a unidirectionally pumped silica microsphere. We have proposed a
simplified theoretical model and have obtained an analytical solution for
forward- and backward-propagating Raman sech?-shaped solitons for which
losses are compensated by Raman gain from a CW pump and dispersion is
compensated by Kerr nonlinearity.

 We have experimentally demonstrated symmetry-broken Raman lasing with
previously unreported features such as intensity switching of counter-
propagating waves and symmetry restoring during pump frequency sweeping.

« We have found theoretically symmetric and asymmetric stationary states,
but asymmetric states have proven to be unstable.

 The explanation of the experimental asymmetric Raman lasing is based on a
weak asymmetry in the scheme, which dramatically changes the dynamic
behavior of the system. This was confirmed by numerical simulations with
added back reflection for a single Raman wave.

Thank you for your attention!
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