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Microresonator frequency combs are vital for advancing optical communications and sensing,

but current methods face challenges in achieving low phase noise and flexible repetition rates
simultaneously. Here, we demonstrate forward-propagating soliton frequency combs using cascaded
Brillouin scattering in a silica resonator. This method bridges distinct resonator modes and decouples
soliton repetition rates from the Brillouin frequency shift (~10 GHz in silica). By generating soliton
pulses at 107 GHz, we show that the repetition rates can be tailored through resonator geometry
without compromising low noise. This integration of Brillouin lasing with microcombs unites stability
and design flexibility, overcoming prior limitations. The results can enable scalable photonic platforms
for applications such as LiDAR, high-capacity optical networks, and precision microwave generation.
This technique is of interest for technologies that demand both ultra-stable and customizable light

sources.

Dissipative Kerr solitons (DKS) that rely on the Kerr nonlinearity within
high-Q microresonators have received significant research interest because
of their potential use in a large number of photonic applications. Soliton
frequency combs have, in particular, garnered attention for their small
footprint and small power consumption for out-of-the-lab applications'”.
Leveraging advanced fabrication techniques across diverse optical plat-
forms, creating DKS with repetition rates spanning from several GHz to
several THz has become possible. Attainable frequency ranges cover the
microwave, millimeter-wave, and terahertz domains, leading to potential
applications like ultra-fast ranging” ', dual-comb spectroscopy'""?, high-
speed optical communications", photonic signal generation'*'*, and astro-
combs'*".

Significant progress has been made in DKS generation in recent years,
particularly through the interaction between a stimulated Brillouin laser
(SBL)'*" and the nonlinear Kerr effect. This innovative approach has been
demonstrated across multiple platforms, such as fiber Fabry-Pérot (FEP)
cavities’”!, silica microdisk resonators™ and silica wedge resonators™, silica
microsphere™, silica microtoroid™. In this concept, a pump laser generates a
Brillouin sideband, which in turn generates a Kerr soliton frequency comb.
This is an intriguing approach because the pump laser can remain on the
thermally stable blue-detuned side of a microresonator mode. An alternative
approach for stable soliton generation by balancing thermal effects has been

shown by employing dual pumping using an auxiliary laser”*”’. This con-
figuration achieves self-stabilization for thermal compensation and ensures
the robust generation of solitons™. Dual pumping has enabled comb gen-
eration with improved phase noise, comb linewidth, and timing jitter’"
compared to earlier DKS schemes.

First-order Brillouin scattering and, thus also, the generated soliton
combs are backward propagating with respect to the pump laser. To the best
of our knowledge, there is no report of SBL-Kerr soliton generation based on
higher-order stimulated Brillouin scattering, which can be co-propagating
with the pump light. Here, we introduce an implementation of dissipative
Kerr solitons that are generated by a cascaded process of forward-
propagating stimulated Brillouin scattering (SBS) within a fused silica rod*”.
The experiments are done in resonators with a free spectral range (FSR) of
107 GHz, which is not linked to the SBS frequency shift. Our results establish
the feasibility of achieving SBS-cascaded Kerr solitons with arbitrary repe-
tition rates conducted by exciting different-order Brillouin laser sidebands.
These findings could be interesting for optical communication, ranging, and
photonic microwave generation in integrated photonic platforms.

Results
Figure 1a shows the theoretical concept of the forward SBS cascaded comb
generation. If the Brillouin gain overlaps with a resonator mode and
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Fig. 1 | Schematic and experimental setup for Brillouin soliton frequency comb
generation. a Schematic diagram of the cascaded Brillouin scattering (SBS) and
comb generation process. The orange resonances represent the pump cavity mode
family, the green resonances correspond to the mode family for the 1st-order SBS
sidebands, and the cyan resonances show the mode family that overlaps with the
2nd-order SBS sideband. The pink solid curves represent the 1st-order and 2nd-
order stimulated Brillouin lasing (SBL) gain regions excited by the pump laser. fsps:
Brillouin frequency shift. f;,: the repetition rate of the comb. b Experimental setup
for the forward SBS cascaded soliton generation. TL tunable laser, EDFA erbium-
doped fiber amplifier, VOA variable optical attenuator, PC polarization controller,
PD photodiode, OSA optical spectrum analyzer, OSC oscilloscope.

surpasses the cavity losses, it undergoes strong amplification and becomes
the dominant lasing mode. In our case, both the 1st and 2nd-order SBS gain
regions overlap with cavity modes, giving rise to 2nd-order cascaded SBS.
The generated SBS sidebands can give rise to four-wave mixing (FWM)
induced optical frequency combs. By controlling the pump laser detuning,
the SBS sideband starts to generate a low noise dissipative Kerr soliton.

To realize the proposed method, we set up the experiment shown in
Fig. 1b. An external tunable laser with power and polarization control is used
as the pump source. This laser is directed toward a 0.3-mm-radius silica
microrod cavity”’ with many higher-order mode families. Many of the
modes in the different mode families have a frequency offset that matches
the SBS gain offset. The oscilloscope (OSC) captures the signals of both the
forward and backward propagation from the microrod cavity with two
photodetectors (PDs). In addition, these signals can be recorded using an
optical spectrum analyzer (OSA).

As shown in Fig. 2a, we observe forward-propagating soliton states.
The blue solid line is a fitted sech® envelope, which closely matches the
measured spectrum. Zooming into the spectrum, as depicted in Fig. 2b, the
measured FSR is around 0.87 nm (107 GHz). The spacing between the
pump cavity mode and the neighboring cavity mode for the 1st SBS side-
band is 0.09 nm. Note that the first-order SBS sideband is backwards pro-
pagating in the microresonators. Thus, the measured signal in a forward
direction in Fig. 2b only shows a weak signal for the first-order SBS sideband,
which originates from backscattering within the resonator. The spacing
between the pump cavity mode and the 2nd SBL cavity mode utilized for
generating the SBL-Kerr soliton is 0.18 nm. This mode spacing matches the
frequency shift for the 2nd-order stimulated Brillouin sideband of 22.5 GHz.
Note that the signal measured with the OSA has been attenuated by a 10-dB
optical attenuator and optical couplers.

Figure 2¢, d shows forward transmission spectra of the microrod cavity
atlow and high optical pump power. The inset of Fig. 2d provides a close-up
of the transmission of the cavity mode that overlaps with the 2nd-order SBL
gain”'. Details on the dispersion of the 3 mode families can be found in
Figure S2 of the Supplemental Material. The different mode families for the
pump laser, 1st and 2nd order Brillouin sidebands are marked with colored
circles. Moreover, the measured linewidths of the pump mode, the mode of
the 1st SBS sideband, and the mode of the 2nd SBS sideband are 13.3, 3.99,
and 1.6 MHz (see Fig. 2e), whereas their corresponding loaded quality (Q)
factors are 1.4 x 107, 4.8 x 10" and 1.2 x 10°, respectively.

o Pump Ist SBL o 2nd SBT,
a) 0 0 b
(@ o 1®
,;_:'? 220 ’ Fitting ’g 220
< 40 3
8- 8 -40
g 2
& 60 ~

-60
-80 -
1540 1560 1580 1564 1565
© Wavelength (nm) @ Wavelength (nm)
=i =]
o ¥e)
g g
iy iy
5 B
= =)
2 2
S0 |
10 0 -10 10 0 -10

(e) Frequency shift (GHz) Frequency shift (GHz)
g 0.8 0.8
8 0.6 0.6 4 b
& 0.4 0.4
2 s 399MHz | 0.210 1.6/MH
£ 0.2 12 3.99MHz | 0. 6'MHz
8 245 25 -11.85 -11.9
= Frequency shift (GHz)

Fig. 2 | Optical spectra of forward-propagating Brillouin solitons and mode
spectra of the microresonator. a Measured spectrum of a forward propagating
single soliton. The cyan-colored solid line is a sech” fit. b Close-up of the spectrum of
(a). The different mode families for the pump laser, 1st and 2nd order Brillouin
sidebands are marked with colored circles, according to the legend on top. ¢ Forward
transmission spectrum of the microrod cavity at low optical pump power. d Forward
transmission spectrum at high optical pump power. The inset is a close-up of the
2nd-order stimulated Brillouin laser (SBL) cavity mode. e Linewidth of the pump
mode (13.3 MHz), the 1st SBL cavity mode (3.99 MHz), and the 2nd SBL cavity
mode (1.6 MHz).

In order to study the SBL-Kerr interactions, we scan the tunable pump
laser across the pump mode with a power of 15 dBm. The corresponding
transmission and reflection curves are shown in Fig. 3. In contrast to a
uniform conventional thermal triangle, we can divide the transmission/
reflection curves into three parts.

In region I, the intracavity buildup is less than the threshold power for
the SBS and parametric oscillations. Consequently, only the pump laser
without sidebands is measured on the OSA in this region (see Fig. 4a). When
red-detuning the laser frequency, the overlap between the SBL gain region
and the SBS cavity mode increases. Once this overlap is sufficiently strong,
the backward propagating 1st-order SBS sideband is excited together with a
forward propagating 2nd-order SBS sideband, which can be seen as region II
in Fig. 3. Initially, the backward intensity substantially increases due to the
Ist-order SBS process. When passing through region II, the overlap of the
2nd order SBS gain region and its corresponding cavity mode increases,
which leads to a reduction in backward propagating light. Consequently, in
Region II, we can observe simultaneously the pump laser, the 1st-order
Brillouin lasing, and the 2nd-order Brillouin lasing on the optical spectrum
analyzer (see Fig. 4b).

Since the measured loaded Q factor of the 2nd-order SBS cavity mode
(1.2 x 10% is much higher than that of the pump mode (1.4 x 10), the
effective loaded Q factor in the forward direction becomes better when more
intracavity power is transferred to the 2nd-order SBS cavity mode in
region IL.
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Fig. 3 | Cavity dynamics as a function of laser detuning. Transmission (blue) and
reflection (green) of the microresonator mode when scanning the pump laser from
high to low frequencies. We observe three distinct regions in the thermally broa-
dened resonance (I, I, III). Four different comb states can be accessed and are
marked with dashed arrows: c = modulational instability comb, d = single soliton, e =
multi-solitons, f = perfect soliton crystal. SBS stimulated Brillouin Scattering, FWM
four-wave mixing.
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Fig. 4 | Comb generation dynamics. Optical spectra of (a) pump laser without
nonlinearity, b Brillouin scattering, ¢ stimulated Brillouin scattering (SBS) assisted
modulational instability comb, d SBS-assisted single soliton, e multi-solitons,

f perfect 2-free spectral range (FSR) soliton crystal. The red line fits the measurement
data, revealing that the multi-soliton state corresponds to two solitons with an
angular offset of 16.3° within the resonator.
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v
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Fig. 5 | Microscopy images of the microresonator. Front view (left) and top view
(right) of the microrod used in our experiments. The microrod resonator is marked
by the red arrow, while the tapered fiber is marked by the yellow arrow.

When we further red-detune the laser frequency, we enter region
III. Here, parametric oscillations induced directly from the 2nd-order
Brillouin lasing appear and create multiple optical sidebands. In
addition, the pump laser itself generates optical sidebands through
four-wave mixing. This can be seen as a chaotic modulational
instability comb in Fig. 4c. After traversing this chaotic region, we
reach the soliton region, starting with a single soliton shown in
Fig. 4d, a multi-soliton state shown in Fig. 4e, and eventually, a
perfect soliton crystal shown in Fig. 4f. These soliton combs are
centered around the second order SBS sideband. The faintly visible
Turing pattern comb in the background of the OSA spectra is directly
generated by the pump light and is spectrally offset from the soliton
combs. For further characterization of the multi-soliton state in
Fig. 4e, we added a fit to the measurement data. This fit reveals that
the multi-soliton state corresponds to two solitons with an angular
offset of 16.3° within the resonator. The soliton states remain stable
for several hours during our experiments. Since the exact soliton
number for the bright soliton is not predetermined, a multi-soliton is
typically observed upon entering the soliton region. However, we can
deterministically reduce the number of solitons by using the
backward-detuning method described in Ref. 32. to obtain a single
soliton state. Note that in previous work, the presence of cascaded
Brillouin scattering prevented the generation of dissipative Kerr
solitons®***. Here we show, that both processes can coexist within a
microresonator. Additional data for the SBS-induced solitons are in
the supplementary material, including reconfigurability (Fig. S1),
dispersion measurement (Fig. S2) properties in the backward direc-
tion (Fig. S3), repetition rate difference (Fig. S4), and theoretical
analysis (Fig. S5) with simulation parameters (Table S1).

Conclusion

In summary, we demonstrate a mechanism to generate forward propagating
solitons that are induced by cascaded Brillouin scattering. Our work pre-
sents stable soliton states with a repetition rate of 107 GHz using a fused
silica microrod resonator. Leveraging the abundance of different mode
families within the microrod cavity, we can overlap the SBS gain regions
with cavity modes to support the cascaded soliton generation process.
Moreover, our findings introduce an approach for generating soliton combs
in cavities with a large number of co-existing mode families. The soliton
generation happens in a different mode family, which leads to a repetition
rate that is independent of the Brillouin frequency shift. Thus, this method
has the potential to generate SBL-induced soliton combs at arbitrary repe-
tition rates by using microresonators with different diameters. In future
work, SBS-assisted comb generation could also be implemented in planar
multimode resonators or in planar resonators with sidewall modulation-
induced mode splitting. Our approach allows us to achieve low-noise
solitons via low-noise Brillouin lasing, which is essential for photonic signal
generation™ and optical atomic clock devices**””. Moreover, SBL-induced
soliton combs can have applications in optical communication, ranging, and
photonic microwave generation.
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Methods

The fused silica microresonator is fabricated by CO,-laser lathe
machining of fused-quartz rods. With this method, the microresonator
diameters can be in the range between ~150 pm and 8 mm (FSR between
440 GHz and 8 GHz). The microresonator used in our manuscript
exhibits anomalous dispersion with an FSR of 107 GHz with loaded
quality factors exceeding 10%. The front view and top view of the microrod
used in our experiments are shown in Fig. 5. We use a tapered fiber to
evanescently couple light into the microresonator. The coupling rate can
be optimized by adjusting the diameter of the tapered fiber and its
position relative to the fused silica microresonator. The coupling con-
dition can be reproduced reasonably well with a closed-loop piezo
positioning system.

Data availability
Data sets generated during the current study are available from the corre-
sponding author upon reasonable request.
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