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Laser Linewidth Compression in Cascading
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Abstract—Cascaded Brillouin random fiber lasers (BRFLs) with
laser linewidth compression were theoretically and experimentally
demonstrated. Thanks to photon-phonon coupled interplay as well
as randomly distributed feedback along silica fibers, the coherent
time of cascading BRFL radiation is significantly prolonged whilst
the phase noise is further suppressed, albeit with a quantum-noise-
induced linewidth narrowing limit. To validate it, the linewidth
narrowing ratio in BRFLs, defined as the ratio of the Brillouin
pump and its sequent order of Stokes linewidth, was carried out
and exhibited a dependence on the Brillouin pump linewidth, which
is in good agreement with theoretical predictions. Furthermore, the
relative intensity noises of cascading BRFLs were also investigated
and discussed.

Index Terms—Random fiber lasers, stimulated Brillouin
scattering, Rayleigh scattering.

I. INTRODUCTION

U LTRA-narrow linewidth lasers with excellent properties of
high temporal coherence and low frequency/phase noise

play crucial roles in coherent communications [1], optical fiber
sensing [2], [3], LIDAR [4], and laser interferometer-based
gravitational wave detection [5]. For instance, the linewidth
and frequency/phase noise of the laser source in optical fiber
sensing systems determines the detection distance as well as the
sensitivity [6]. Moreover, highly coherent lasers with narrow
linewidth are beneficial to high-capacity and wide-coverage
coherent communication systems, while a laser source with a
broad linewidth will deteriorate the bit error rate in the channel
[7].

Diverse techniques have been used to achieve narrow-
linewidth lasers, including self-injection locking [8], [9], [10],
Pound-Drever-Hall frequency stabilization [11], slow-light tech-
nology [12], [13], optical phase-locked loop [14], and Rayleigh
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scattering-based feedback mechanism [15]. In particular, laser
linewidth compression with 2∼3 orders of magnitudes has been
intensively verified in Brillouin cavity lasers [16], [17]. Since
stimulated phonons with nanoseconds of lifetime decay faster
than photons in the cavity, the stimulated Brillouin scatter-
ing (SBS) gain exhibits ultra-narrow bandwidth, benefiting the
Brillouin lasers with highly coherent emission [18], [19]. To
date, fiber cavity-based Brillouin lasers have been demonstrated
to be capable of ∼10 Hz ultra-narrow linewidth via single-
frequency laser oscillation in a few meter short cavity [20].
Although the utilization of the short fiber cavity is conducive
to suppressing the longitudinal mode of Brillouin lasing reso-
nance, the laser threshold is inevitably increased and a high-
precision spectral match between Stokes wavelength and the
free spectral range corresponding to the cavity length is usually
required [21].

Compared to conventional cavity lasers, Brillouin random
fiber lasers (BRFLs), utilizing randomly distributed Rayleigh
scattering as the feedback mechanism, facilitate cavity-less las-
ing radiation with ultra-narrow laser linewidth [22], [23]. It has
been demonstrated that the laser linewidth of the BRFL pumped
by a classical cavity-based laser can be remarkably compressed
[24]. To further compress laser linewidth and upgrade laser
noise performance of BRFLs, a number of researches have been
proposed. For instance, a one-end pumping BRFL based on
tapered fibers, instead of conventional single mode fibers, was
demonstrated [25], in which Rayleigh scattering along tapered
fibers was significantly enhanced to provide strong distributed
feedback for highly efficient random lasing resonance. Alterna-
tively, distributed random feedback from fiber-optic structures
with artificially introduced disorder, e.g., random fiber gratings
[26], [27] were also used to overwhelm the traditional weak
Rayleigh backscattering, yielding the coherent time extension
of the generated laser photons with ultra-narrow linewidth. It
has been demonstrated that the BRFL eventually allows a low-
cost linewidth compressor with respect to a cavity-based pump
laser of kHz linewidth, allowing ∼75 Hz ultra-narrow linewidth
random lasing radiation with a high side-mode suppression ratio
[28]. Up to now, all previous BRFLs were investigated based on
a classical cavity-based pump laser, meanwhile, the impact of
the pump on the linewidth compression in cascading BRFLs
remains ambiguous.

In this Letter, cascading BRFLs with half-open ring cavity
structures were proposed and demonstrated. The theoretical
framework of the linewidth compression in cascading BRFLs
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was developed by equivalent treatment on the optical path of
the random cavity. Experimental results show that the linewidth
narrowing ratio of cascading BRFLs depends on the linewidth
of the Brillouin pump. Furthermore, the phase noise suppres-
sion of these cascading BRFLs was assessed by employing
an unbalanced Michelson interferometer composed of a 3 ×
3 optical coupler. The relative intensity noises (RINs) were also
characterized, exhibiting a reduced RIN transfer from the 1st to
2nd Stokes random lasing emission.

II. THEORY

Determined by nanosecond phonon lifetime, the SBS gain
in optical fiber has an extremely narrow bandwidth of 10∼20
MHz, which benefits the Brillouin fiber laser with ultra-narrow
linewidth performance. Theoretically, the linewidth of the
Stokes laser Δvs in a traditional Brillouin ring cavity can be
governed by [29]:

Δvs =
Δvp(

1 + πΔvB

−clnRc/nLc

)2′ (1)

where Δvp is the pump linewidth. Rc denotes the ampli-
tude feedback parameter. c/n represents the light velocity in
the fiber ring cavity with the length Lc. According to Eq. (1), the
linewidth of the generated Stokes laser can be several orders of
magnitude narrower than that of the pump. Note that,ΔvB is the
full-width at half-maximum (FWHM) of the natural Brillouin
gain spectrum gB(v) , which should be replaced by that of the
effective Brillouin gain spectrum ΔveffB in the case of the pump
linewidth Δvpwith a comparable or larger bandwidth to ΔvB .
In this scenario, the broadband pump eventually determines the
effective Brillouin gain bandwidth as well as the lifetime of the
provoked phonons. ΔveffB can be determined by the effective
Brillouin gain spectrum geffB (v), which is the convolution of
gB(v) and the pump power spectrum [30]:

geffB (v) = gB (v)⊗ Ppump (v)

P tot
pump

, (2)

wherePpump(v)/P
tot
pump is the normalization of the pump power

spectrum.
Considering a BRFL with Rayleigh scattered random feed-

back, its fixed cavity has been removed. Thus, the abovemen-
tioned length of the cavity Lcis not valid, which however would
be revised by the equivalent random cavity length Lr. In terms
of a BRFL with a half-open ring cavity, the Stokes laser photons
could unidirectionally propagate through the gain fiber (Lg)
in the main cavity while passing back and forth the Rayleigh
fibers (LR). Thus, the equivalent random cavity length could
be expressed as Lr = Lg + 2Leff

R , where Leff
R represents the

effective length of the Rayleigh fiber. Meanwhile, the amplitude
feedback parameterRc in Eq. (1) should be replaced by Rayleigh
random feedback parameter Rrin the BRFL.

Taking into account the intrinsic Stokes laser linewidth,
the Stokes laser linewidth would never go narrower beyond
the quantum noise limit even if the pump laser with the
linewidth tending to 0. To address this issue, a correction factor

Fig. 1. Experimental setup of the cascading BRFLs.

αΔveffB related to the effective Brillouin gain spectrum can be
introduced for the derivation of the Stokes laser linewidth [28],

ΔvBRFL
s =

Δvp + αΔveffB

β
(
1− πΔveff

B nLr

clnRr

)2 (3)

Here, the Rayleigh-induced compressed factor β is also in-
troduced since distributed random feedback from numerous
freezing Rayleigh scatters along long-span fibers can give rise
to a Lorentzian envelope over the original frequency noise [32],
benefiting salient phase noise suppression as well as an improved
linewidth compression. According to Eq. (3), when the pump
linewidth Δvp approaches close to 0, the Stokes laser linewidth
ΔvBRFL

s will tend to its limitation subject to the quantum noise
in the BRFL.

III. EXPERIMENTAL SETUP

Fig. 1 shows the schematic of the proposed cascading BRFLs,
which consists of two independent half-open cavities (i.e., BR-
FLs #1 and #2). A Laser beam from a pump (SE15, LAMDA)
with the laser linewidth of 20 kHz is amplified by a commer-
cial erbium-doped fiber amplifier (EDFA1) (EDFA-C-BA-23-B,
YIXUN PHOTON) and then passes through a polarization con-
troller (PC) and a polarization beam splitter (PBS) to deliver
a linear polarization align to its slow axis. Then, the pump
is injected into the BRFL#1 that consists of two polarization-
maintaining optical circulators (PM-CIRs), two spools of 1 km
and 500 m polarization maintaining fibers (PMFs) as Brillouin
gain and Rayleigh fibers, which aims to emit the stabilized 1st

Stokes laser against external disturbance. An isolator (ISO1)
placed after the 500-m PMFs is used to remove any Fresnel
reflection at the 1st Stokes laser output fiber surface. Afterward,
1% of the 1st Stokes laser is monitored by a 99/1 optical coupler
(OC) at Port#1while the 99% branch is subsequently launched
into the BRFL#2 as its Brillouin pump which can be boosted
by a second EDFA2 (EDFA-C-BA-23-B, YIXUN PHOTON).
In BRFL #2, another two spools of single mode fibers (SMFs)
with longer lengths of 10 km and 20 km are utilized to provide
higher Brillouin gain and Rayleigh feedback for more significant
laser linewidth compression. Ultimately, the 2nd Stokes laser can
be generated and detected at Port#2 when its pump reaches the
laser threshold.
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Fig. 2. Optical spectra of the pump, 1st Stokes and 2nd Stokes lasers. (Inset:
power stability of 1st Stokes and 2nd Stokes within 1 hour.).

IV. RESULTS AND DISCUSSION

A. Laser Optical Spectrum

By adjusting two EDFAs, the injected pump power can be
increased to overcome the laser thresholds of two stages of
BRFLs and generate the 1st and 2nd Stokes laser, respectively.
The lasing thresholds of the BRFL#1 and #2 are measured
as 24.5 mW and 7.0 mW, showing a good agreement with
theoretical calculations based on the SBS gain and Rayleigh
scattering feedback [24].

The laser spectra and power fluctuations of cascading BR-
FLs are measured by an optical spectrum analyzer (AQ6370D,
YOKOGAWA). In Fig. 2, the generated Stokes laser exhibits a
Brillouin-induced wavelength upshift of 0.08 nm with respect
to its pump. The optical signal-to-noise ratio (OSNR) of the 1st

and 2nd Stokes exceeds over 70 dB which is around 20 dB higher
than that of the pump laser. Furthermore, the power fluctuations
of the Stokes lasers are recorded in 1 h with a time step of 5
min. As shown in the inset of Fig. 2, the power fluctuation of the
2nd Stokes in the SMF-based BRFL#2 is ± 0.023 mW within 1
hour while the power fluctuation of the 1st Stokes in PMF-based
BRFL#1 is stabilized as ± 0.012 mW.

B. Laser Linewidth and Frequency Noise

To characterize the ultra-narrow laser linewidth of BRFLs
(i.e., <1 kHz), another identical random cavity was built to
generate the same Stokes random laser emission with roughly
identical phase noise as well as the linewidth. For the heterodyne
linewidth measurement, the pump was split into two branches,
between which a frequency shift of 80 MHz was introduced
through an acousto-optic modulator. As a result, the heterodyne
beat signals carrying the identical linewidth information of the
Stoke random lasers occur at the center frequency of 80 MHz. In
terms of the pump with a broad laser linewidth (>10 kHz), the
delayed self-heterodyne (DSH) with delay fibers of 50 km was
utilized for its measurement. The 3-dB linewidths are obtained
through the Lorentz curve fitting of the heterodyne beat signals,

Fig. 3. Linewidth measurement with the heterodyne method. (The inset means
the zooming in of the beat signals of the 1st and 2nd Stokes random lasers.).

as shown in Fig. 3. The 1st Stokes output from BRFL#1 exhibits
the 3-dB linewidth of 542 Hz, while its pump shows the 3-dB
linewidth of 20189 Hz. Furthermore, the 3-dB linewidth of the
2nd Stokes from the BRFL#2 is subsequently narrowed down to
36 Hz by one order of magnitude linewidth compression with
respect to that of the 1st Stokes random laser.

Thanks to the acoustic lifetime far less than the characteristic
time of Brillouin pump fluctuations in Brillouin gain medium
[29], [31], the Stokes random laser linewidth compression of
the BRFL is also confirmed with respect to the Brillouin pump.
Moreover, the Rayleigh-induced phase noise suppression in
BRFLs also benefits further linewidth narrowing to a large extent
[32], particularly, for cascading BRFLs. It should be mentioned
that the capacity of the linewidth compression is mitigated as
the narrow-linewidth 1st Stokes random laser cascading to the
2nd BRFL, due to the intrinsic limit of the BRFL laser subject to
the quantum noise, which originates from random phase noise
of photons by spontaneous emission.

To characterize the phase noise of the cascading BRFLs, an
unbalanced Michelson interferometer, composed of a 3×3 opti-
cal fiber coupler and two Faraday rotator mirrors, was employed.
The differential phase produced by the Michelson interferometer
was demodulated and the frequency noise (FN) power spectral
densities (PSDs) of different lasers were then calculated.

The FN PSDs of the pump, 1st Stokes and 2nd Stokes are shown
in Fig. 4. It can be found that the FN of the 1st and 2nd Stokes
random laser is much lower than that of the pump by over 20 dB,
suggesting the phase noise suppression of the BRFL. Especially,
the FN of the 2nd Stokes is further suppressed by cascading
the 1st Stokes laser, which shows a good agreement with the
above-mentioned linewidth measurements. Note that, the phase
noise of the cascading BRFL towards the high-frequency domain
(> 105 Hz) tends to a limitation associated with the white noise
S0 ∼10-2 Hz2/Hz. Hence, the intrinsic linewidth of the cascading
BRFL can be estimated as ΔvBRFL

s = πS0 ≈ 0.03 Hz.
According to the FN spectrum, the linewidth of lasers can be

alternatively estimated based on the β-separation line approach
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Fig. 4. The FN PSDs of the pump (red line), 1st Stokes (blue line) and 2nd
Stokes (green line), respectively. The β-separation line (black dashed line) given
by 8ln2f/π2 while the white noise limit (magenta dot-dashed line) was also
plotted.

TABLE I
THE LASER LINEWIDTH MEASUREMENT

[33]. The FWHM of the laser linewidth can be derived by:

FWHM = {8 ln (2)A}1/2 (5)

Here, A is the integral area which can be expressed as:

A =

∫ ∞

1/T0

H

(
S (f)− 8 ln (2) f

π2

)
S (f) df. (6)

H(x) is the unit step function, andT0 represents the observation
time that prevents the divergence of low frequency 1/fα below
1/T0. Thus, the linewidths of different laser emissions can be
deduced from the FN PSD curves in Fig. 4 by means of the β-
separation line approach. Here,T0 of 2 ms is universally adopted
in all laser linewidth measurements to eliminate low-frequency
divergence induced by 1/fα frequency noise [33]. The laser
linewidth comparison of the pump, 1st and 2nd Stokes lasers
obtained by the heterodyne and β-separation line approaches
are listed in Table I, respectively.

To validate the dependence of the Stokes laser linewidth
compression on the Brillouin pump, pump lasers with different
linewidths, including commercial cavity-based lasers and the
1st Stokes random laser, were individually launched into the
BRFL#2 to activate its next-order of Stokes random laser. Here,
a linewidth narrowing ratio, defined as the ratio of the Brillouin
pump to its subsequent order of Stokes linewidth, is introduced
by ηBRFL = Δvp/Δvs. In Fig. 5, the linewidth narrowing ratio
in BRFL#2 can be theoretically calculated according to Eq. (3)
with the Rayleigh feedback parameter Rr of 1.2×10-4 and ΔvB

Fig. 5. The linewidth narrowing ratio ηBRFL versus the Brillouin pump
linewidth in the BRFL.

Fig. 6. The RINs of the pump, 1st and 2nd Stokes lasers.

of 20 MHz. The linewidth correction factor α and Rayleigh-
induced factor β are set as 0.0554 and 0.0067, respectively. The
linewidth narrowing ratio ηBRFL reaches as large as around 500
when the laser linewidth of the Brillouin pump is ∼ 300 kHz,
indicating superior linewidth compression with two orders of
magnitudes. As the pump linewidth reduces towards as narrow as
100 Hz, ηBRFL tends to 1.2. Results confirm that the linewidth
narrowing ratio ηBRFL in the BRFL gradually declines as a
narrower linewidth laser is used as the Brillouin pump, showing
a good agreement with the theoretical calculation. Note that,
the output Stokes linewidth could be intrinsically convergent to
the minimum (i.e., ∼0.03 Hz) subject to quantum noise in the
BRFL, particularly, in the case of cascading BRFLs.

C. Relative Intensity Noise

The RIN characteristics of the pump and BRFLs were evalu-
ated by recording the intensity fluctuations of Stokes light and
analyzing the according PSD at the Fourier frequency range
from 101 to 106 Hz. As shown in Fig. 6, the 1st and 2nd Stokes
lasers show the average RIN increments of 5.7 dB and 5.2 dB
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Fig. 7. The RIN transfer of BRFLs from the Brillouin pump to the subsequent
order of Stokes.

than that of the commercial pump laser in the frequency range
from 100 kHz to 1 MHz, respectively. However, the RINs of both
1st and 2nd Stokes lasers show a great rise (up to 25-dB higher)
in the low-frequency region (10 Hz∼5 kHz). Although this RIN
increment is partially introduced by EDFAs, i.e.,< 2.5 dB within
the frequency domain of less than 100 Hz, it predominantly
attributes to the susceptibility of BRFLs to low-frequency exter-
nal environmental disturbance including transient temperature
variance and mechanical vibration. In particular, the BRFL#2,
pumped by the BRFL#1, was conducted with SMFs and hence
suffers from the inevitable polarization mismatch-induced Bril-
louin lasing resonance, resulting in ∼10-dB higher RIN than
that of BRFL#1 in the frequency range around 1 kHz.

In Fig. 7, the RIN transfer between a cavity-based pump
laser and its corresponding 1st Stokes random laser exhibits a
remarkable increment in the frequency range below 103 Hz,
resulting from the natural superposition of the low-frequency
intensity noise on the cavity-free BRFL. On the other hand,
the 2nd Stokes laser shows a comparable low-frequency inten-
sity noise to its 1st Stokes pump, leading to a reduced RIN
transfer, in particular, in the low-frequency domain from 10 Hz
to 300 Hz. It also suggests that the active physical isolation
of ambient thermal noise and mechanical vibration would be
effective for the suppression of the low-frequency RIN transfer
in cascading BRFLs. It should be pointed out that, both RIN
transfers (including pump-1st Stokes and 1st Stokes-2nd Stokes)
exhibit similar trends in the high-frequency domain of above
103 Hz, indicating an intrinsic intensity fluctuation determined
by numerous random mode competition in BRFLs, which could
be further optimized by effective dilution of the random mode
density, such as random fiber gratings [26].

To summarize, the cascading BRFLs exhibit robust frequency
noise suppression and ultra-narrow linewidth compression, al-
though the intensity noise of subsequent Stokes random laser
is incremental in the manner of the RIN transfer. To address
this issue, several approaches can be considered for further
improvement. For example, short-length random fiber gratings
with randomly distributed index modification can be utilized as

a compact enhanced random feedback to significantly reduce
random mode density, benefiting a robust RIN suppression in
random fiber lasers [34], [35]. Moreover, a self-inscribed tran-
sient population grating along unpumped Erbium doped fibers
can be also capable of stabilizing the BRFL with improved
intensity noise in the low-frequency domain [36].

V. CONCLUSION

In this work, the linewidth compression of cascading BRFLs
is theoretically and experimentally investigated. The theoretical
framework of the laser linewidth of BRFLs is developed, pre-
dicting a cascading linewidth narrowing effect on the next-order
Stokes random laser which is pumped by either a cavity-based
or a cavity-free random laser. By performing the heterodyne and
β-separation line methods, the laser linewidth and linewidth
narrowing ratio ηBRFL of the cascading BRFLs were experi-
mentally validated, corresponding well with predictions. Fur-
thermore, the RIN transfer in BRFLs was also measured and
discussed. It is believed that the proposed cascading BRFLs
would arise interest in the laser fundamentals as well as the
potential for practical applications such as long-haul coherent
communications and ultra-sensitive fiber-optic sensing.

REFERENCES

[1] T. N. Huynh, F. Smyth, L. Nguyen, and L. P. Barry, “Effects of phase
noise of monolithic tunable laser on coherent communication systems,”
Opt. Exp., vol. 20, no. 26, pp. B244–B249, 2012.

[2] X. Hu, W. Chen, X. Tu, Z. Meng, and M. Chen, “Theoretical and ex-
perimental study of suppressing stimulated Brillouin scattering and phase
noise in interferometric fiber sensing systems with phase modulation,”
Appl. Opt., vol. 54, no. 8, pp. 2018–2022, 2015.

[3] Y. Li et al., “Thermal phase noise in giant interferometric fiber optic
gyroscopes,” Opt. Exp., vol. 27, no. 10, pp. 14121–14132, 2019.

[4] P. Benoit, S. Le Méhauté, J. Le Gouët, and G. Canat, “All-fiber laser
source at 1645 nm for lidar measurement of methane concentration and
wind velocity,” Opt. Lett., vol. 46, no. 1, pp. 126–129, 2021.

[5] C. Cahillane, G. L. Mansell, and D. Sigg, “Laser frequency noise in
next generation gravitational-wave detectors,” Opt. Exp., vol. 29, no. 25,
pp. 42144–42161, 2021.

[6] J. Qin et al., “Ultra-long range optical frequency domain reflectometry
using a coherence-enhanced highly linear frequency-swept fiber laser
source,” Opt. Exp., vol. 27, no. 14, pp. 19359–19368, 2019.

[7] K. Kikuchi et al., “Characterization of semiconductor-laser phase noise
and estimation of bit-error rate performance with low-speed offline digital
coherent receivers,” Opt. Exp., vol. 20, no. 5, pp. 5291–5302, 2012.

[8] L. Hao, X. Wang, K. Jia, G. Zhao, Z. Xie, and S. Zhu, “Narrow-linewidth
single-polarization fiber laser using non-polarization optics,” Opt. Lett.,
vol. 46, no. 15, pp. 3769–3772, 2021.

[9] N. T. Otterstrom et al., “Backscatter-immune injection-locked Brillouin
laser in silicon,” Phy. Rev. Appl., vol. 14, no. 4, 2020, Art. no. 044042.

[10] F. Wei et al., “Subkilohertz linewidth reduction of a DFB diode laser using
self-injection locking with a fiber Bragg grating Fabry-Perot cavity,” Opt.
Exp., vol. 24, no. 15, pp. 17406–17415, 2016.

[11] P. Liu, W. Huang, W. Zhang, and F. Li, “Ultrahigh resolution optic fiber
strain sensor with a frequency-locked random distributed feedback fiber
laser,” Opt. Lett., vol. 43, no. 11, pp. 2499–2502, 2018.

[12] Z. Pan, Q. Ye, H. Cai, R. Qu, and Z. Fang, “Fiber ring with long delay
used as a cavity mirror for narrowing fiber laser,” IEEE Photon. Technol.
Lett., vol. 26, no. 16, pp. 1621–1624, Aug. 2014.

[13] Y. Shevy, D. Shevy, R. Lee, and D. Provenzano, “Slow light laser oscil-
lator,” in Proc. Conf. Opt. Fiber Commun., Collocated Nat. Fiber Optic
Engineers Conf., 2010, Paper OThQ6.

[14] B. N. Jiang et al., “Low noise phase-locked laser system for atom interfer-
ometry,” Appl. Phy. B, vol. 128, no. 4, pp. 1–5, 2022.



1547506 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 5, OCTOBER 2022

[15] D. Xiang, P. Lu, Y. Xu, L. Chen, and X. Bao, “Random Brillouin fiber
laser for tunable ultra-narrow linewidth microwave generation,” Opt. Lett.,
vol. 41, no. 20, pp. 4839–4842, 2016.

[16] Z. Yuan, H. Wang, L. Wu, M. Gao, and K. Vahala, “Linewidth en-
hancement factor in a microcavity Brillouin laser,” Optica, vol. 7, no. 9,
pp. 1150–1153, 2020.

[17] W. Loh et al., “Dual-microcavity narrow-linewidth Brillouin laser,” Op-
tica, vol. 2, no. 3, pp. 225–232, 2015.

[18] H. H. Diamandi and A. Zadok, “Ultra-narrowband integrated Brillouin
laser,” Nature Photon., vol. 13, no. 1, pp. 9–10, 2019.

[19] N. T. Otterstrom, R. O. Behunin, E. A. Kittlaus, Z. Wang, and P. T. Rakich,
“A silicon Brillouin laser,” Science, vol. 360, no. 6393, pp. 1113–1116,
2018.

[20] W. Loh, S. Yegnanarayanan, F. O’Donnell, and P. W. Juodawlkis,
“Ultra-narrow linewidth Brillouin laser with nanokelvin temperature self-
referencing,” Optica, vol. 6, no. 2, pp. 152–159, 2019.

[21] Y. Pang, Y. Xu, X. Zhao, Z. Qin, and Z. Liu, “Stabilized narrow-linewidth
Brillouin random fiber laser with a double-coupler fiber ring resonator,”
J. Lightw. Technol., vol. 40, no. 9, pp. 2988–2995, May 2022.

[22] M. Pang, S. Xie, X. Bao, D.-P. Zhou, Y. Lu, and L. Chen, “Rayleigh
scattering-assisted narrow linewidth Brillouin lasing in cascaded fiber,”
Opt. Lett., vol. 37, no. 15, pp. 3129–3131, 2012.

[23] M. Pang, X. Bao, and L. Chen, “Observation of narrow linewidth spikes
in the coherent Brillouin random fiber laser,” Opt. Lett., vol. 38, no. 11,
pp. 1866–1868, 2013.

[24] M. Pang, X. Bao, L. Chen, Z. Qin, Y. Lu, and P. Lu, “Frequency stabilized
coherent Brillouin random fiber laser: Theory and experiments,” Opt. Exp.,
vol. 21, no. 22, pp. 27155–27168, 2013.

[25] S. Gao, L. Zhang, Y. Xu, P. Lu, L. Chen, and X. Bao, “Tapered fiber based
Brillouin random fiber laser and its application for linewidth measure-
ment,” Opt. Exp., vol. 24, no. 25, pp. 28353–28360, 2016.

[26] Y. Xu, S. Gao, P. Lu, S. Mihailov, L. Chen, and X. Bao, “Low-noise
Brillouin random fiber laser with a random grating-based resonator,” Opt.
Lett., vol. 41, no. 14, pp. 3197–3200, 2016.

[27] Y. Xu, P. Lu, and X. Bao, “Compact single-end pumped Brillouin random
fiber laser with enhanced distributed feedback,” Opt. Lett., vol. 45, no. 15,
pp. 4236–4239, 2020.

[28] S. Huang et al., “Tens of hertz narrow-linewidth laser based on stim-
ulated Brillouin and Rayleigh scattering,” Opt. Lett., vol. 42, no. 24,
pp. 5286–5289, 2017.

[29] A. Debut, S. Randoux, and J. Zemmouri, “Linewidth narrowing in Bril-
louin lasers: Theoretical analysis,” Phy. Rev. A, vol. 62, no. 2, 2000,
Art. no. 023803.

[30] M. G. Herráez, K. Y. Song, and L. Thévenaz, “Arbitrary-bandwidth Bril-
louin slow light in optical fibers,” Opt. Exp., vol. 14, no. 4, pp. 1395–1400,
2006.

[31] A. Debut, S. Randoux, and J. Zemmouri, “Experimental and theoretical
study of linewidth narrowing in Brillouin fiber ring lasers,” J. Opt. Soc.
Amer. B, vol. 18, no. 4, pp. 556–567, 2001.

[32] B. Saxena, Z. Ou, X. Bao, and L. Chen, “Low frequency-noise random
fiber laser with bidirectional SBS and Rayleigh feedback,” IEEE Photon.
Technol. Lett., vol. 27, no. 5, pp. 490–493, Mar. 2015.

[33] G. Di Domenico, S. Schilt, and P. Thomann, “Simple approach to the
relation between laser frequency noise and laser line shape,” Appl. Opt.,
vol. 49, no. 25, pp. 4801–4807, 2010.

[34] Y. Li, P. Lu, X. Bao, and Z. Ou, “Random spaced index modulation for a
narrow linewidth tunable fiber laser with low intensity noise,” Opt. Lett.,
vol. 39, no. 8, pp. 2294–2297, 2014.

[35] Z. Zhou, P. Lu, L. Zhang, S. Mihailov, L. Chen, and X. Bao, “Thermal
and acoustic noise insensitive Brillouin random fiber laser based on
polarization-maintaining random fiber grating,” Opt. Lett., vol. 44, no. 17,
pp. 4195–4198, 2019.

[36] L. Zhang et al., “Frequency stabilized Brillouin random fiber laser enabled
by self-inscribed transient population grating,” Opt. Lett., vol. 47, no. 1,
pp. 150–153, 2022.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


