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Highly coherent frequency comb are of crucial importance for optical synthesis and metrology,
spectroscopy, laser ranging and optical communications. Kerr combs, generated via cascaded non-
linear frequency conversion in a passive optical cavity, typically offer high repetition rates, which is
essential for some of these applications. Recently, new ways of generating Kerr combs combining
Kerr and Brillouin effects have emerged with the aim of improving some performances, especially in
the fiber cavity platform. Direct coherent pumping is replaced by lasing on specific cavity modes,
offering easily adjustable repetition rates and enhanced coherence by Brillouin purification. Here,
we investigate such a system, implemented in a nonreciprocal cavity. Highly coherent combs are
demonstrated by finely controlling the bichromatic Brillouin lasing and the Kerr comb parameters.
We provide a suitable numerical model that accounts for the interplay between Brillouin scattering,
Kerr effect, and cavity resonant feedback. Quantitative agreements with experiments reveal the
importance of the pump lasers detuning in setting the comb’s properties, through the mode pulling
effect. This phenomenon, along with multimode lasing that impedes the coherence, was not studied
in previous fiber-based demonstrations. We discuss these limitations and devise several scaling laws.

Dynamic Interplay Between Kerr Combs and Brillouin Lasing in Fiber Cavities

! Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB), UMR6303 CNRS-UB, 21078 Dijon, France

Optical frequency combs, whose broadband spectrum
is composed of equi-spaced coherent frequency tones, are
very powerful tools in a wide range of fields including
frequency metrology, microwaves generation and spec-
troscopy [I}, [2]. Various technologies can be used to gen-
erate such OFCs, such as nonlinear frequency conversion
in passive optical resonators, known as Kerr combs [3].
These combs are traditionally generated by coherently
driving an optical cavity with a continuous-wave (CW)
laser coupled into one of its resonances. The intricate
balance between dispersion, losses, and non-linearities
leads to the formation of optical patterns in the cavity
field, such as the dissipative Kerr soliton in anomalous
group-velocity dispersion (GVD) [3]. When the pattern
circulates stably in the resonator, the output pulse train
constitutes an OFC.

In this contribution, we study a hybrid system based
on a bichromatic Brillouin fiber laser to generate a Kerr
comb. Similar schemes have recently been experimen-
tally demonstrated in fiber cavities [4, [5] and microres-
onators [0, [7]. However, a detailed description of the
dynamical interplay between Brillouin lasing and Kerr
comb generation remains elusive, especially in nonrecip-
rocal fiber cavities. Here, we investigate these systems
in depth, accounting for the Brillouin gain’s complex na-
ture, and highlight the pump detuning as a key param-
eter. Most importantly, we distinguish between stable
single-frequency Brillouin lasing regimes, producing low-
noise Kerr combs, and noisy regimes, where lasing occurs
in multiple cavity modes.

Figure [Ta] presents the experimental setup and its
operating principle. The fiber cavity is closed by an
optical circulator, a typical configuration for Brillouin
lasers [8, [9]. Thus, the pump lasers propagate on a
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Figure 1: Kerr comb in fiber cavity Brillouin
laser. (a) Experimental setup. EDFA: Erbium-doped
fiber amplifier, HNLF: Highly nonlinear fiber, PD: Pho-
todiode, OPLL: Optical phase lock loop, OBPF: Opti-
cal bandpass filter, ESA: Electronic spectrum analyzer,
OSA: Optical spectrum analyzer, OSO: Optical sampling
oscilloscope (b) Principle of Brillouin-Kerr comb gener-
ation. (c) Simplified stability chart of the lasing states,
as a function of the cavity FSR relative to the Brillouin
gain bandwidth, and of the pump power.
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single pass and are not subject to any clockwise reso-
nance conditions. This allows for efficient pumps injec-
tion, while relaxing the requirements on their linewidth,
which can exceed the very high-quality factor resonances
of the fiber cavity. These pumps induce counterclock-
wise Brillouin Stokes gains, which are down-shifted by
the phonon frequency Qp/27. When the gain overcomes
losses, Stokes waves can resonate and build up to form
laser lines, which in turn produce a comb via cascaded
four-wave mixing. A highly nonlinear fiber (HNLF) is
used to enhance Brillouin and Kerr nonlinearities. More-
over, Brillouin-Stokes lasers feature a linewidth narrow-
ing relative to their pump [I0} [I1], potentially enhancing
the comb coherence.

We only consider the case of net normal cavity GVD,
where comb formation via dual pumping is possible [12],
to avoid modulation instability occurring in the anoma-
lous dispersion regime, whose random nature could in-
terfere with our discussion on the laser dynamics.

MODEL

We developed a specific model to describe our sys-
tem, based on a set of coupled equations derived from
the Tkeda map [I3], under the slow varying envelope ap-
proximation, and in the retarded frame [I4]. At each
roundtrip, two successive steps are performed. First, the
Brillouin scattering steady state is computed by solving
the equations
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Stokes powers.
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Ky = D, (5)

is the relative mode number of the cavity modes experi-
encing Stokes lasing. The index j = 1,2 accounts for each
pump, Aw, is the pumps frequency spacing and D, /27
is the cavity’s free spectral range (FSR). « is the atten-
uation coefficient and is neglected compared to the dis-
crete cavity losses ) (circulator, coupler, splices). T'p is
the Brillouin gain bandwidth, while 62 is the mismatch
between the Brillouin gain peak and the nearest lasing
mode, which can be controlled by tuning the pump laser

frequency. We solve this step numerically using a bound-
ary value problem solver [I5] initialized with an analytical
expression that assumes pump non-depletion [16]. This
provides the spatial distribution of the pump power A7(z)
for the next step. Note that other simulation techniques
are available to compute the dynamical response of the
Brillouin laser [I7, [I8]. While these methods may be
useful for modeling Brillouin gain competition and mul-
timode Brillouin operation, they may not be suitable for
incorporating dispersive effects and are more computa-
tionally intensive.

Second, the following modified Nonlinear Schrédinger
Equation (NLSE) is integrated using the split-step
Fourier method:

0A, [ a B2 5] s . 2
k= [—2—22%] AM—H%}'“A\ A]N .
0Q); < ~
+ 95(08;) |AJ(Z)|2AH6##J‘
j=1,2 2Aeff

The equation is written in the frequency domain, u rep-
resents the longitudinal mode number in the cavity. The
Brillouin gain term is applied to the pumped Stokes
modes 1, j € 1,2 (d,,,; represents the Kronecker sym-
bol). The operator F [] ,, represents the pth component
of the Fourier series.

Finally, after propagation, the out-coupling (ratio § =
1% in both cavities) and losses 7 are applied to iterate
from roundtrip n — n + 1:

ATD(0) = Vi (1-6) AJ(L) (7)

EXPERIMENTAL VALIDATION

We studied two cavities (A,B) having different length,
whose attributes are summarized in table [ To main-
tain normal net dispersion, we minimized the single-mode
fiber (SMF) introduced by the coupling components.

Cavity A B Unit
HNLF
HNLF length L 10 60 m
Brillouin gain ¢%/Aecs 3 3 dBm~'w!
Gain bandwidth I'p /27 52 47 MHz
Nonlinearity v 12.5 9 W km™?
GVD D —-2.9 —0.55 psnm ‘km™!
Global cavity parameters
Residual SMF 1.2 5 m
Total cavity length Lot 11.2 65 m
Total roundtrip loss n -1.17 -122 dB
Loaded linewidth x/27 695 128 kHz

Free spectral range D1 /27 18.39 3.15 MHz

Table I: Physical parameters of the cavities studied in
this work. GVD: Group-velocity dispersion.
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Figure 2: Brillouin laser mode pulling and emission regimes characterization. (a) Lasing threshold mea-
surement in cavity A and simulation. (b) Stokes laser spectrum evolution with the pump detuning, near threshold
(I). (c) Zoom-in on the step in showing the mode pulling effect. (d) Stokes laser spectrum evolution with pump
detuning at higher power (II). The laser is multimode around mode-hopping regions (red, M), while the detuning
range with single-mode emission (green, S) shrinks with increased power. (e) Stokes laser — pump laser beatnote in
the single-mode lasing regime. (f) Same beatnote in the multimode lasing regime. (g) Evolution of the pump detuning
range for single frequency emission (S) with the pump power for the two different cavity lengths.

Brillouin laser characterization

First, we characterize the Brillouin laser with a single
pump, thus disabling Kerr comb generation. The mea-
sured threshold of 42mW in cavity A (see fig. , is
notably larger that that of the longer cavity B (7.5 mW).

The values obtained gp/Aeg ~ 3dBW !m~! and
Qp/27m ~ 9.1GHz are in agreement with typical char-
acteristics of HNLF [19].

We then characterize the Stokes lasing frequency as a
function of the Brillouin gain detuning. To accurately
control 62, we implement an offset sideband-locking [20]
scheme, illustrated on fig. 8] Pound-Drever-Hall locking
is employed to stabilize the seed laser to the cavity in
the counterclockwise direction, while maintaining low in-
jected power in the cavity coupler to prevent crosstalk.
The Brillouin pump is generated by electro-optic mod-
ulation of the seed laser, followed by bandpass filtering
to create a single sideband, which is amplified and then
injected in the clockwise direction through the circula-
tor. Thus, the frequency of the Brillouin pump relative
to the cavity, and consequently §€2, is controlled using the
synthesizer used for sideband generation (wgyntn). Mon-
itoring the beatnote wyeat between the Stokes laser and
pump sideband then allows us to precisely track the emis-
sion frequency of the Brillouin laser, while scanning §§2.
The variation of the Stokes emission frequency can then
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Figure 3: Detuning scan in a Brillouin laser.
(a) Experimental setup for offset sideband-locking and
emission frequency monitoring. (b) Principle of the off-
set sideband-locking for the Brillouin gain detuning scan.

be expressed as Awsiokes = EAWsynth — AWbeat, Where
& = —1 since we selected the lower frequency sideband.

Figure shows the tuning of the laser frequency in



cavity A near the lasing threshold. Mode hopping is vis-
ible when the emission frequency switches from one lon-
gitudinal mode to another, stepping by one cavity FSR.
Focusing on a range sustained by a single longitudinal
mode reveals that the emission frequency shifts linearly
as a function of 62 (fig. . This phenomenon is known
as mode pulling and stems from the imaginary part of the
Brillouin gain, in agreement with the Kramers-Kronig
relations [7 21, 22]. Consequently, the laser emission
is steered toward the peak of the gain lobe. The mode
pulling slope is fitted and follows the expression [23]

Owstokes _ 1
260 1+Tp/m

=1.33 x 1072, (8)

yielding the ratio of the Brillouin gain bandwidth to the
cavity linewidth I'p/k = 74. As k was measured, we
obtain T'g/2m = 52MHz and a similar value for cavity
B, which is typical for HNLF [19].

At higher power (fig. , the laser dynamics changes
significantly around the mode-hopping transitions. The
emission goes from single mode at small detuning (S-
regime, shown in fig. [2€)), to multimode at higher detun-
ing (M-regime in fig. The energy is distributed across
several cavity modes, and the laser coherence is strongly
degraded. Note that multimode instabilities in Brillouin
lasers have been extensively investigated, depending on
the cavity parameters. They can lead to random fluc-
tuations of the laser output [24H26], or even a form of
mode-locking [27H3T] in low-finesse cavities (weak feed-
back coupling), which was not observed here.

Importantly, the detuning range where the S-mode
is maintained, gradually shrinks with increasing pump
power, as shown in fig. Beyond a critical power, the
laser operates purely in the M regime. Moreover, the
longer the cavity, the lower the power at which the loss
of stability occurs, since the number of modes under the
gain curve becomes larger and their respective gains be-
come similar, leading to simultaneous oscillations.

Comb generation

bichromatic pumping can be achieved by combining
two continuous-wave lasers or, as shown in fig. [Ta] by
means of electro-optical modulation. We use a Mach-
Zehnder intensity modulator in carrier-suppressed mode
driven by a tunable signal from a synthesizer (at 20 GHz)
to create two pumps with a tunable spacing Aw, /271 ~
40 GHz (much higher than the cavity’s FSR). We use
a programmable filter to select the first-order sidebands
and further reject the carrier. To cancel the thermal drift
of our cavity relative to the pump laser, we implement a
phase-lock loop that frequency-locks fpeat of one pump
with its Stokes laser [9].

Bichromatic pumping has the interesting feature of be-
ing thresholdless [32]. Initial parametric sidebands are

observed when the Stokes lasing threshold is reached for
both Stokes waves. The number of generated lines then
increases with the injected power, as shown in fig. [d and

fig. Be}
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Figure 4: Comb evolution with pump power. Mea-
sured comb spectra obtained in cavity A, for increasing
total pump power (indicated in the insets).

Figure [ba] shows a comb generated in cavity A, for a
total pump power of 421 mW. The pump spacing and
lockpoint were chosen to preserve coherent single-mode
emission and maximize comb bandwidth. The coherence
of the comb is assessed by measuring a narrow beatnote
at its repetition rate, and by beating the comb line —10
with an auxiliary low-noise laser. (fig. . Interestingly,
the repetition rate of the comb differs from the pump
spacing. Since the phonon frequency is wavelength-

dependent, Stokes 1 and 2 experience a different shift
n;jva

s
the effective refractive index at the pumf) wavelength \;
and va4 is the acoustic velocity. This effect amounts to
Q% — QL ~ 2MHz in the present configuration.

Using the experimental parameters in our model, with
small pump detunings (0 = 03 = —2MHz), the sim-
ulated comb agrees remarkably well with the measured
spectrum. Under normal net cavity dispersion, the tem-
poral pattern in the cavity consists of a ‘dark pulse’ con-
sisting of two switching waves [33] formed on the sinu-
soidal modulation pattern resulting from the two Stokes
fields interference, as shown in fig. The temporal
waveform measured on an optical sampling oscilloscope
(0SO) (fig. agrees well with this prediction. Note
that this latter technique can only be applied to the mea-
surement of coherent temporal periodic signals, which
further validates the comb coherence. The slight shape
mismatch is likely caused by the optical amplifier before
the OSO. Combs operating under normal dispersion are
well-known for their high conversion efficiency. In our
experiment, we measured a conversion efficiency of 22 %

from their respective pump: O, = , where n; is
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Figure 5: Comb generation in single-mode regime and comb evolution. (a) Optical spectrum of a comb

obtained in cavity A, with 40 GHz pumps separation. The simulation result is overlaid (circles).

The pump power

is 421 mW. The noise ‘pedestal’ around the center comb lines is an artifact of the OSA (Apex AP2443B). The inset
shows the repetition rate beatnote, with 100 Hz resolution bandwidth (RBW). (b) RF beatnote of comb line —10 with
a reference auxiliary laser. (¢) Simulated intra-cavity temporal intensity profile (solid), and pump interference pattern
(dotted). (d) Temporal intensity profile corresponding to the comb in[(a)} measured on the OSO. (e) Simulated pump
power sweep from 100 mW to 420 mW for 6y = 0925 = 0. (f) Simulated scan of 692 in [—D1/2, Dy /2], while 6, =0
is kept constant. The pump power is 420 mW. (g) Simulated detuning scan of §2 = 69y = §€22 in [-D;/2, D, /2] for

a pump power of 420 mW.

from the Stokes lines to the rest of the comb, which ex-
ceeds that of bright solitons. However, the global con-
version efficiency of our system, which includes Brillouin
lasing, was limited to 2.3 % due to the short cavity length
and the relatively small cavity finesse.

Our simulations highlight the importance of the gain
detuning parameters 6€2;, even if the pumps are non-
recirculating. Mode pulling changes the Stokes lasers fre-
quency, and hence changes their respective detuning from
the closest cavity mode, which is a key parameter in set-
ting the comb’s dynamics [34]. First, having asymmetric
pump detunings 0€2; » significantly affects the spectral
width and symmetry of the comb, as shown in fig. B}
To maximize the comb bandwidth, the frequency spac-
ing of the pumps Aw, must be kept commensurate with
the cavity’s FSR, similar to pulse pumping schemes [35].
Second, even when Aw,, is an exact multiple of the FSR,
increasing both detunings 0§2; » toward the red helps to
expand the comb (see fig. .

multimode lasing and limitations

Operating the Stokes lasers in the multimode regime
leads to a strong degradation in comb coherence, as de-

picted in fig. [6] The resulting comb is characterized by a
rapid decline in power per line and a higher noise floor on
the optical spectrum analyzer. The measured beatnotes
exhibit broader and multi-peaked characteristics. As the
Stokes pumps fluctuate across several cavity modes, each
comb line comprises sub-peaks spaced by the cavity’s
FSR, regardless of the cavity dispersion. This undesir-
able feature makes such a regime unsuitable for many
applications. Consequently, the simulation-experiment
agreement also deteriorates, as the chaotic behavior of
the Stokes lasers is not taken into account in our model.
We found that adding pump power and detuning fluctu-
ations into our model and averaging the resulting combs
provides a closer match to the experiments, as shown in
fig. [6d}l

Mode hopping and multimode lasing are the two main
limitations in coherent Brillouin-Kerr comb generation.
First, they limit the usable detuning range, thus re-
stricting the accessible comb states within the Brillouin
laser. For example, states (i) and (v) shown in figs.
are unrealistic in practice, since they lie at the extrema
02 = £D,/2, where mode hop occurs. Moreover,
at higher pump power, the detuning range for coherent
comb generation shrinks.

Beyond a power level Pp.x, both Stokes lasers oper-
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result from the multimode operation. (¢) Comb’s repetition rate beatnote, evidencing the low coherence. (d) Optical
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shape is due to the third-order dispersion. Red dots mark the simulated comb with static parameters (6€2; = 0). The
yellow dots are obtained by averaging 1120 spectra, computed while the power and detuning fluctuate randomly in

the range [0,225] mW and [—D;y, D;] respectively.

ate only in multimode emission. This maximum power
depends on a few factors [23] [36], the most prominent
being the cavity’s FSR compared to the Brillouin gain
bandwidth. The factor M = I'g /Dy Lyt relates to the
number of modes under the gain curve. The transition of
the Stokes laser to multimode, due to optical mode com-
petition over a common acoustic field (homogeneous sat-
uration), can be modeled with dynamical equations [37].
Hence it is difficult to devise an accurate estimate for
Phax, but a coarse scaling law can be established based
on the gain of the adjacent modes

P D;1?
I 1+ {zrl} (9)
th B
1 Aﬂ‘/ﬁ} Aﬂ‘Dl 1—17(1—(9)
Pl = 9’2 ~ [ 5 ] (10)
gB 4C 9B K&

where Ptjh is the lasing threshold [36] (assuming the gain
is on resonance, 6€2; = 0). Note that the above expres-
sion would hold for an inhomogeneous saturation, and
presently underestimates P ax, as mode competition and
hysteresis, which tend to extend single-mode operation of
an initially lasing mode, are neglected.

Figuremaps the relations in eq. @, to illustrate our
discussion. P« increases with the FSR. In our study,
we measured Ppax ~ 220mW in the 60 m-long cavity B,
and Ppax ~ 470mW in the 10 m-long cavity A. Beyond
a critical length, there is no single-mode Stokes emission.
In contrast, short cavities preserve high-coherence single-
mode operation over a wider range of power. Such cavi-
ties also enable access to a wider span of detuning, and
hence a larger variety of comb states, such as dissipative
Kerr soliton states in the anomalous dispersion regime,
which appear at relatively large detuning [38]. Our simu-

lations in the anomalous dispersion regime (same param-
eters used and 0Q; = 6, but D = 16 pskm™* nm~ 1)
indicate that soliton formation occurs for a Stokes laser
detuning larger than dwsiokes1,2 2 0.49x/2. Following
the frequency pulling eq. , and assuming the maximum
Brillouin gain detuning §€; » = D1 /2, this condition sets

a minimum cavity FSR of D; > for soliton

B
1/0.49 —1/F
formation, where F' = D;/k is the cavity finesse. With
the current parameters (assuming that F' is constant),
this corresponds to an FSR of 26 MHz, i.e. a maximum
cavity length of ~8 m. However, shorter cavities exhibit a
higher lasing threshold and a lower accumulated nonlin-
earity. Indeed, in fiber cavities, the losses are dominated
by lumped elements, such that the finesse remains limited
and the threshold increases with FSR. Microresonators
feature high finesse and nonlinearity, thus circumvent-
ing most of these shortcomings and allow soliton-based
combs [0, [7], but require the Brillouin pump to be on
resonance and precise matching of the cavity’s FSR with
the Stokes shift, which complicates fabrication, pumping
efficiency, and detuning control.

OUTLOOK

In conclusion, the generation of high repetition rate
combs in a fiber Brillouin laser cavity has multiple poten-
tial advantages in terms of reconfigurability, pump cou-
pling efficiency, and coherence. However, one must be
aware of the limitations imposed by the Brillouin laser
dynamics in terms of detuning control and coherence
degradation, especially in long fiber cavities. We be-
lieve that our modeling and observations provide valu-



able insights into the comb states reported in refs. [4] 5],
where fibers with lengths ranging from 300m to 500 m
were utilized. Interestingly, we can also extend the con-
clusions of our analysis to a greater number of pumps,
as used in ref. [B]. Preserving coherent operation in a
multi-pump scenario likely requires even more stringent
constrains on matching the pump spacing with the FSR.
Moreover, the Brillouin phonon frequency variation with
wavelength would intrinsically induce unequal pump de-
tunings, making it harder to maintain coherent opera-
tion. Further analysis of other cavity parameters, such
as the dispersion regime, will be the subject of another
publication.
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tract ANR-17-EURE-0002), and from Région Bourgogne
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