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ABSTRACT

Stimulated Brillouin scattering (SBS) in a high-Q resonator is capable for narrow-linewidth laser generation for various applications but is
limited by on-resonance pump to SBS matching from single-longitudinal lasing. In this Letter, we present a narrow linewidth laser via SBS
that is enhanced in a monolithic high-Q fiber resonator. The unique cross-polarization pump scheme based on fiber birefringence prevents
high-order SBS and ensures single-frequency Brillouin lasing with high intracavity conversion efficiency. Fundamental linewidth of 50 Hz is
achieved. Moreover, our scheme also allows precise characterization of Brillouin frequency shift and gain bandwidth of some nonlinear

materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079168

Narrow linewidth lasers with high coherence, low frequency
noise, and high spectral purity are essential for both fundamental sci-
entific studies and practical applications, such as frequency metrology,
quantum sensing, atomic clocks, and microwave photonics.l’4
Stimulated Brillouin laser (SBL) has a unique capability of narrowing
the pump laser linewidth to produce a Stokes wave with lower funda-
mental linewidth.” " Such linewidth narrowing effect can be further
enhanced in a high-Q optical cavity as long as the SBL gain spectrum
overlaps one cavity resonance. This cavity-enhanced SBL generation
can be so efficient to achieve high pump depletion and results in
higher SBL power than that of residue pump. However, in the normal
cavity enhanced SBL configuration, frequencies of pump and SBL
must be both precisely matched to that of the cavity resonances with
the same polarization, within the narrow Brillouin gain bandwidth,
which requires accurate control on cavity length. Moreover, the multi-
longitudinal SBLs will be excited inevitably at high pump power due to
the cavity enhancement between cavity modes and high-order SBL
gain. The high-order SBLs will severely restrict the generation and
application of SBL as a single-frequency laser.

Here, we study the SBL generation in a fiber Fabry-Pérot (FFP)
resonator with a quality factor (Q) up to 4.5 x 10”. The scheme of
cross-polarization SBL generation is used, involving two orthogonally

polarized cavity modes of the FFP resonator. We utilize the stress-
induced birefringence in optical fiber resulting from fiber mounting to
detune the frequency offset between the two cavity modes with orthog-
onal polarizations. Such a scheme allows the deterministic single-
frequency SBL generation in the FFP resonator with arbitrary cavity
length in principle due to decoupling of the cavity length and fre-
quency interval of resonances. Single-frequency SBL output power is
measured to be 4.7 mW with a high intracavity conversion efficiency
of 71%. The fundamental linewidth of 50 Hz is achieved, which is
characterized by a short delay self-heterodyne interferometry (SDSHI)
method.” The phase noise of the generated SBL is 20 dB lower than
that of pump laser due to the noise reduction effect of the Brillouin
process. Our scheme also provides an approach to characterize
Brillouin-related properties in some nonlinear materials such as
Brillouin frequency shift and gain spectrum profile.”"’

In previous works, whether the SBL generations were based on
fiber ring cavities, ' whispering gallery mode (WGM) resonators,'” or
Fabry Pérot (FP) resonators, ~ precise control of the cavity length is
necessary to ensure that the Brillouin frequency shift is equal to integer
multiples of the free spectral range of the resonator, as shown in Fig.
1(a). As a result, the generated SBL can cascade to high orders, thus
preventing the SBL’s applications as a single-frequency laser."* '* In
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FIG. 1. (a) Schematic of our single-frequency Brillouin lasing in the FFP resonator (lower panel), in comparison to cascaded Brillouin lasing in previous resonators (upper
panel). Our cross-polarization SBL generation scheme avoids frequency matching between cavity modes and Brillouin gain except the first order and allows frequency tuning
within Brillouin gain spectrum by changing the stress-induced frequency offset Af between two cross-polarization cavity modes. (b) Schematic of stress adjustment of optical
fiber mount. (c) Transmission spectrum of the FFP resonator by sweeping a tunable laser across the resonances around 1550 nm. The free spectrum range (FSR) is measured
to be 958 MHz. Inset, zoom-in view of one resonance whose Full width at half maximum (FWHM) is measured to be 4.3MHz, corresponding to a Q of 4.5 x 10. (d)
Schematic diagram of the experimental setup. PC, fiber polarization controller; EDFA, erbium doped fiber amplifier; FFP, fiber Fabry—Pérot resonator; PBS, polarizing beam

splitter; P1 and P2, orthogonally polarized lasers (pump and SBL).

our scheme as shown in Fig. 1(b), we utilize the two orthogonally
polarized mode families induced by the birefringence effect in the fiber
resonator instead,' > where the detuning of them can be finely tuned
by adjusting the stress on the resonator. It is worth noting that stimu-
lated Brillouin scattering (SBS) should be described as a nonlinear
interaction among the acoustic, pump, and Stokes waves. For counter-
propagating waves, if the pump and Stokes waves are linearly and
orthogonally polarized in the polarization-maintaining fibers, the
Brillouin gain will vanish. However, for a low-birefringence fiber, the
Brillouin gain will not be zero even if the polarization of Stokes wave is
orthogonal to the pump.'” This is the key to generate the cross-
polarization SBL. With pump laser and SBL gain spectrum aligned in
resonances from orthogonally polarized mode families, efficient SBL
can be generated, and most importantly, cascaded SBL is well-
suppressed due to the mismatch of cavity resonances and high-order
Brillouin gain spectra.

The FFP resonator we used in this paper is made of commercially
available highly nonlinear fiber (HNLF) with a mode field diameter of
4.2 um. The techniques based on this fiber have the natural advantage
of realizing high spectral-purity emission due to its mechanical stabil-
ity, large effective optical mode area, and high nonlinear coeffi-
cient.”>”" Both ends of the HNLF are mounted in commercial ceramic
ferrules for the convenience of handling and plug-in coupling. Fine
polishing and high-reflection dielectric coating (R > 99.5% from 1530
to 1570 nm) on the two facets ensure a narrow resonance linewidth of
4.3 MHz, corresponding to a high Q of 4.5 x 107, characterized by
sweeping the frequency of a tunable laser (Toptica CTL 1550) over the
resonances, as shown in Fig. 1(c). The FSR is measured to be
958.3 MHz, matching well with the cavity length of 104 mm. The two
orthogonal polarization mode families have a frequency offset of Af,
which are labeled as P1 and P2.

The schematic diagram of the experimental setup is shown in
Fig. 1(d). We use an erbium-doped fiber amplifier (EDFA) as pump,
which is seeded by a continuous-wave tunable laser with a linewidth of

about 5kHz. A fiber polarization controller is used for optimizing the
polarization of the pump to match one polarization axis of the FFP
resonator. The single-mode fiber (SMF) from the isolator is low-loss
spliced with a HNLF to optimize the plug-in coupling to the FFP reso-
nator. The FFP resonator is mounted in a thermally conductive
double-closure metal housing for precise temperature control, which
integrates an adjustable stress controller used to change the birefrin-
gence of the FFP resonator, thus the frequency offset (Af) of two polar-
ization mode families. The polarization controller is made of
aluminum alloy by machining and has no electronic circuitry or power
supply component. It includes a mechanical locking mechanism to
keep the stress stable when it is tuned to a suitable position. So for the
cavity, it adds no additional noise. The fiber polarization controller
and polarizing beam splitter (PBS) after the FFP resonator are used to
separate the orthogonally polarized residual pump laser and generated
SBL. Subsequently, the output SBL is divided into two channels: one is
for optical spectrum measurement and the other is combined with the
pump laser to generate a beat signal for RF measurement.

For the SBL generation, the pump laser is tuned into a resonance
around 1562nm on the blue-detuned side. The pump laser can be
thermo-locked on the blue side of the resonance.”” The decrease in
intensity or wavelength of the pump will reduce the cavity tempera-
ture, and the resonance will be blue-shifted closer to the pump to com-
pensate for thermal dissipation, achieving a negative feedback
mechanism, and vice versa. In this case, the resonator can overcome
the power and frequency perturbation caused by the pump laser. By
finely tuning the stress applied on the FFP, we can continuously
change Af to probe the gain spectrum of the cross-polarization stimu-
lated Brillouin scattering. Once one of the cross-polarization resonan-
ces is close to the Brillouin gain spectrum centered at fszs, the beat
signal between the SBL and the pump can be detected by a fast photo-
detector (EOT ET-5000F) and measured by an electric spectrum ana-
lyzer (ESA, Rohde & Schwarz FSV30), as shown in Figs. 2(a) and 2(b).
The combination of the output spectrum and the clear single line in
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the RF spectrum indicates a single frequency SBL oscillation. The beat-
note frequency changes linearly with Af when the cross-polarization
resonance sweeps over whole Brillouin gain spectrum, as shown in
Fig. 2(c). We also record the transmitted SBL intensity as a function of
the beatnote frequency, as shown in Fig. 2(d). Full width at half maxi-
mum (FWHM) of 79.2 MHz and center frequency of 9.249 GHz can
be extracted from the Lorentz fitting, which match with the Brillouin
gain bandwidth and frequency shift in highly nonlinear fiber, respec-
tively.”*”° The stress adjustment component in the experiment needs
to be operated manually, which limits the modulation speed and accu-
racy of the SBL frequency. It can be further improved to be faster and
more precise by utilizing piezo control techniques.

In the following study, the Af is optimized for taking advantage
of the maximum Brillouin gain. The threshold of SBL is measured to
be 26 mW. With the increasing of pump power, the intracavity

conversion efficiency of SBL grows rapidly and reaches 71% with a
pump power of 273 mW, according to the 3.9 dB intensity contrast on
optical spectrum analyzer (OSA) spectra measured before PBS, as
shown in Fig. 3(a). It is worth noting that even the pump power is as
high as ten times the threshold, no higher-order Stokes wave is gener-
ated as we predicted. The output power of SBL as a function of that of
the pump is shown in Fig. 3(b) with a slope conversion efficiency of
1.4%. We expect that the low total conversion efficiency is caused by
the high-reflection dielectric coating.

The linewidth of the SBL in a high-Q resonator can be com-
pressed by several orders of magnitude compared to the pump. The
reason is that the narrow linewidth of the cavity resonance compared
with the spectral width of the Brillouin gain allows suppressing the
transmission of phase diffusion from pump to Stokes.”” The theoreti-
cal fundamental linewidth of the SBL in the fiber is given by

FIG. 3. (a) Output spectrum of the pump
and SBL at a pump power of 26.6 and
273 mW, respectively. (b) SBL output
power as a function of the pump power.
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where I'5, T'c, Avy,, and Av; represent the bandwidth of Brillouin gain,
the linewidth of the FFP resonator, the linewidth of the pump and
SBL, respectively. We assume I'y = 79.2MHz, I'c = 4.3 MHz, and
AVp = 5kHz, thus the linewidth of SBL is calculated to be 13.2 Hz
with a linewidth reduction factor of 377 from pump laser. For such
narrow linewidth laser, the conventional linewidth measurement
methods like delayed self-heterodyne/homodyne interferometry”**’
that require the fiber delay length to reach ~100 km for a decoherence
operation are obviously unpractical in experiment. To solve this prob-
lem, a new method for solving the numerical solution of ultra-narrow
laser linewidth under the condition of insufficient delayed fiber length
is proposed recently.” The contrast difference between the second peak
and the second valley (CDSPST) of the strongly coherent envelope of
the power spectrum measured from the short delay self-heterodyne
interferometer (SDSHI) can be used as a basis for laser linewidth fit-
ting for a given delayed fiber length.

Here, we characterize SBL linewidth by fitting the strong
coherent envelope through self-coherent detection. The setup is
shown in Fig. 4(a), consisting of an all-fiber unbalanced
Mach-Zehnder interferometer with a 1km delay fiber and a
40 MHz acousto-optic modulator (AOM). After amplified in an
EDFA, the SBL is divided into two arms by a 50/50 fiber coupler.
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The SBL in one arm goes through the optical fiber delay and the
SBL in another arm goes through the AOM to produce a 40 MHz
frequency shift. These two arms are recombined by another 50/50
fiber coupler. Their beating signal is then detected by a photodetec-
tor (PD) and measured using an ESA. Figs. 4(b) and 4(c) plot the
measured results (red dot plots) and the fitting profiles (blue curve)
obtained using the algorithm described in reference for the pump
and SBL, respectively. The CDSPST of the SBL is 33dB, corre-
sponding to a linewidth of 50 Hz, which is 100 times narrower
than the pump linewidth of 5 kHz. Compared with the theoretical
linewidth of 13.2 Hz, we expect the test results to be limited by the
noise caused by temperature and mechanical vibration.

The phase noise of the pump and SBL can be derived from the
same SDSHI method with a 100 m delay length,””*" as shown in Fig.
4(e). The phase noise of SBL is strongly reduced from that of pump
laser in the full measurement span. Above 10 kHz offset, the SBL phase
noise is lower by ~20 dBc/Hz compared with the pump phase noise.
In the low-frequency regime, we analyze that the fluctuation of the
SBL phase noise at the low-frequency regime is caused by the intensity
noise of the EDFA and the acoustic vibration on the resonator.
Nevertheless, comparing with the pump laser, the power spectral den-
sity (PSD) of SBL still has a certain suppression effect on phase noise
in the low-frequency range. We expect that the phase noise can be fur-
ther reduced by integrating the entire loop into a small package with
better temperature and feedback control.””*’
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In conclusion, we have demonstrated a narrow linewidth stimu-
lated Brillouin laser based on a fiber Fabry—Pérot resonator. Benefiting
from the scheme of cross-polarization SBL generation, we overcome
the limitation on the accuracy control of the cavity length and realize
deterministic single-frequency SBL generation with the high-order
Stokes emission perfectly suppressed. By tuning the frequency offset
between the two sets of birefringence cavity mode, we estimated the
Brillouin gain profile in HNLF. The SBL features a fundamental line-
width of 50 Hz, and the output power reaches milliwatt level, which is
sufficient for many applications, such as high-resolution spectroscopy,
distributed fiber sensing, and microwave photonics.“’% Lower thresh-
old and narrower linewidth of SBL can be achieved by improving the
Q of FEP, which is possible by optimizing the polishing and coating in
the FFP fabrication process. The reduction of pump power require-
ment may also allow the direct pump by a simple laser diode. Thus, a
compact and low-cost laser source with plug-play operation can be
expected based on our unique FFP resonator, which is of special inter-
est for many applications requiring field-deployable narrow-linewidth
laser source.
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