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The interaction of random laser and gain medium is important to understand the noise origin in random fiber
lasers. Here, using the optical time domain reflectometry method, the time-resolved distributed acoustic wave
generated by a Brillouin random fiber laser (BRFL) is characterized. The dynamic property of the acoustic wave
reflects the gain dynamics of the BRFL. The principle is based on the polarization-decoupled stimulated Brillouin
scattering (SBS)-enhanced four-wave mixing process, where the probe light experiences maximum reflection when
the phase match condition is satisfied. Static measurements present exponentially depleted Brillouin gain along
the gain medium in the BRFL, indicating the localized random SBS frequency change in the maximum local gain
region, which varies with time to contribute random laser noise as revealed in the dynamic measurement. The
SBS-induced birefringence change in the Brillouin gain fiber is approximately 107 to 10-%. The phase noise of the
BRFL is observed directly inside the random laser gain medium for the first time via time and spatially varied
acoustic wave intensity. By counting the temporal intensity statistical distribution, optical rogue waves are de-
tected near the lasing threshold of the BRFL. Different temporal intensity statistical distribution at high and low
gain positions is found, which is caused by the SBS nonlinear transfer function and localized gain. The distributed
characterization methods in the paper provide a new platform to study the interaction of random lasers and gain
medium, giving us a new perspective to understand the fundamental physics of the random lasing process and its
noise property. © 2021 Chinese Laser Press
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1. INTRODUCTION

Random fiber lasers have recently attracted a great deal of at-
tention due to their novel underlying physics and great poten-
tial applications [1-5]. Different from the conventional lasers
that require a cavity with a fixed length to trap light, random
fiber lasers make use of the multiple scattering of photons in a
disordered medium to provide optical feedback. Lasing occurs
when the total gain in the random cavity overcomes the total
loss. The characteristics of random lasers are determined by the

demonstrated in random fiber lasers, where the transition from
a photonic paramagnetic to a photonic spin-glass phase was
verified and indicated the glassy random fiber laser behavior
[10]. Near lasing threshold, the statistical distribution of the
random fiber laser was characterized by a power law tailed func-
tion consistent with a Lévy a-stable distribution as a universal
existence of such statistical properties in random lasing systems
[11,12]. The simple architecture of the random fiber laser has
provided a perfect photonics platform to study the fundamental

radiation buildup by multiple scattering of the disordered
medium and the light amplifying process in the gain medium,
resulting in versatile unique output properties in different ran-
dom fiber laser schemes. The first demonstration of the random
fiber laser was based on random nanoparticles scattering in col-
loidal suspension inserted in the hollow-core fiber [6], which
was then followed by the realization of the coherent random
fiber laser in a similar configuration [7]. Recent research found
the statistical turbulence signatures in the distribution of inten-
sity fluctuations in a continuous wave pumped erbium-
based random fiber laser with random Bragg grating scatters
[8,9], which provide a platform to study the challenging tur-
bulent behavior in photonics. Replica symmetry breaking was
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physics in various random systems. Since there is no need to
form a precise microcavity, the production cost of the random
fiber laser is low, which makes great potential applications in
fiber sensing [13-15] and low-noise fiber lasers [16-19].
However, for many applications, the current performance of
the random fiber laser has to be improved, especially due to
its large intensity noise [20,21]. Different from the conven-
tional fiber lasers, a large number of random modes are formed
in random fiber lasers, making it difficult to describe their dy-
namic process. Though wave kinetic theory was developed to
describe the random lasers with a large number of generation
modes [22], the fundamental physics behind random fiber
lasers remains unclear in many phenomena, such as the
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Lévy statistics [23,24], spectral correlations [25], and optical
rogue waves [26] in random fiber lasers. Stimulated Brillouin
scattering (SBS) is a major noise source in various random fiber
laser systems, especially with Raman gain medium-based ran-
dom laser, which has a higher threshold than the SBS threshold.
The stochastic behavior of the random fiber laser originated
from SBS process was studied in a random fiber laser based
on Raman gain recently [27]. At the same time, SBS can be
utilized as the gain mechanism to build the random fiber laser
[28,29], which provides a good platform to study the noise
characteristic of the SBS process enhanced by the multiple scat-
tering in disordered media. The intrinsic spectral width and
intensity dynamics of the acoustic wave in a polarized
Brillouin random fiber laser were characterized experimentally
[30]. The characterization mechanism was based on the
polarization-dependent central wavelength of the acoustic-
wave-induced dynamic grating, which was similar to the
population-inversion-based dynamic grating in an open-cavity
Yb-doped fiber laser with distributed feedback [31]. However,
the distributed spatial information of the acoustic wave still re-
mains unclear because a single-frequency continuous probe
wave was used in the previous characterization. By either lin-
early sweeping the probe light frequency (optical frequency do-
main reflectometry, OFDR) [32,33] or using the pulsed probe
light (optical time domain reflectometry, OTDR) [34,35], the
distributed spatial information can be obtained, which provides
a visual picture of acoustic wave evolution in the spatial domain
for us to further understand the acoustic wave noise properties.
The requirement of the frequency sweeping in the OFDR
technique usually takes a long time, thus hindering its dynamic
applications (up to kilohertz) in the distributed sensing. By
sending a series of probe pulses and measuring the time-
resolved traces in the oscilloscope, OTDR is a good technique
for the distributed static and dynamic detection of the acoustic
wave in Brillouin random fiber lasers.

In this paper, the acoustic wave in a Brillouin gain fiber gen-
erated by a Brillouin random fiber laser (BRFL) is measured by
the OTDR technique for the first time. A dynamic grating is
introduced by the acoustic wave, where its detection is an SBS-
enhanced polarization-decoupled four-wave mixing (FWM)
process. Based on the measurement time of one detection pro-
cess, the distributed detection can be divided into static mea-
surement and dynamic measurement. The static measurement
characterizes the time-averaged property of the acoustic wave,
in which the frequency of the probe light is swept in several
minutes. In dynamic measurement, a series of pulsed probe
lights with 10 kHz repetition rate at fixed optical frequency
under the phase matching condition is launched into the
Brillouin gain fiber, and thus the fast change of the acoustic
wave intensity is obtained. The static measurement results find
that the Brillouin gain of BRFL depletes exponentially along
the Brillouin gain fiber. In addition, the Brillouin gain depletes
more quickly at the initial part of the Brillouin gain fiber when
the photons of the probe light absorb energy from the acoustic
wave. The dynamic detection reveals that the noise source of
the BRFL first appears at the initial part of the Brillouin gain
fiber and the phase noise of the random laser induces the non-
linear change of the interference dark spots in the spatial-time

map. The distributed measurement results provide a new per-
spective to study the performance and noise properties of the
BRFL, which enhances our understanding about the funda-
mental physics behind random fiber lasers.

2. PRINCIPLE OF ACOUSTIC WAVE DETECTION

A. Theoretical Description

The BRFL makes use of stimulated Brillouin scattering as the
gain mechanism, where the pump wave and Stokes wave beat
together, giving rise to density variation associated with an
acoustic wave through electrostriction effect. The acoustic wave
introduces a moving periodically modulated refractive index
acting like a moving fiber Bragg grating (FBG) which reflects
light at its central wavelength. In the polarization-maintaining
(PM) fiber, the property of the moving grating could be de-
tected by monitoring the reflected wave from a probe wave with
orthogonal polarization when the phase matching condition is
satisfied [36,37]. The detection of the moving dynamic grating
is a polarization-decoupled FWM process [38]. The basic con-
figuration of a BRFL is shown in Fig. 1. The pump laser with
linear polarization is injected into the slow axis of the Brillouin
gain fiber, and the backward Stokes light experiences the dis-
tributed Rayleigh scattering along the 500 m PM fiber, provid-
ing feedback for the BRFLs radiation. The probe light can be
launched into the Brillouin gain fiber either from the initial end
or the tail end. In both cases, the pump wave propagates along
the +z direction and Stokes wave propagates along the -z di-
rection with the same polarization state along the slow axis, so
that the acoustic wave induced by SBS is propagating along the
+z direction. When the probe light is launched from the initial
end of the Brillouin gain fiber, the probe wave in y polarization
has the same propagation direction as the acoustic wave, and
thus a reflected wave, whose frequency is downshifted from the
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Fig. 1. Configuration of the BRFL and the operation principle of
acoustic wave detection when (a) the probe light co-propagates with
the acoustic wave and (b) the probe light counter-propagates with the
acoustic wave.
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frequency of the probe wave by an amount of one Brillouin
frequency, experiences a photon energy downconversion pro-
cess, as shown in Fig. 1(a). On the other hand, if the probe
light is launched from the tail end of the Brillouin gain fiber,
the probe wave in y polarization has opposite propagation di-
rection to the acoustic wave, and the reflected wave experiences
a photon energy upconversion process whose frequency is up-
shifted from the frequency of the probe wave, as shown in
Fig. 1(b). The interactions among the pump wave, Stokes wave,
probe wave, and reflected wave are coupled by the dynamic
density variation of the Brillouin gain fiber under the phase
matching condition, which could be considered as a polariza-
tion-decoupled FWM process. The detailed derivation of the
four coupled wave can be seen in Ref. [38]. The SBS-induced
birefringence change of the Brillouin gain fiber in the polari-
zation-decoupled FWM process can be expressed as [38]

4n,. A
ABggs = %’ (1)

s
where 7, is the refractive index in the slow axis, w; is the optical

frequency of Stokes light, and Avsgs = (v, - V) iy sps™
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between the pump wave and the probe wave induced by the
SBS process. Therefore, the SBS-induced birefringence change
can be obtained by measuring the value of Avggg in the
experiment.

B. Experimental Setup

The experimental setups are mainly composed of three parts:
pump and probe light generation part (part A), BRFL configu-
ration part (part B), and reflected light detection part (part C).
Figure 2(a) shows the acoustic wave detection setup when the
probe light propagates in the same direction with the pump
light and acoustic wave. Both the pump light and probe light
are generated from a single-frequency laser with 0.1 kHz line-
width in order to make sure that the frequency difference be-
tween the pump light and the probe light can be precisely
controlled. When the probe light propagates in the same direc-
tion with the pump light, photons of the probe light experience
the energy downconversion process. In this process, the fre-
quency of the probe light in the fast axis should be 92.9 GHz
away from the pump light in the slow axis to make the fre-
quency of the probe light be aligned to the central reflection
bandwidth of the dynamic grating. The 92.9 GHz frequency
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Fig.2. Configuration of the BRFL and the operation principle of acoustic wave detection when (a) the probe light co-propagates with the acoustic

wave and (b) the probe light counter-propagates with the acoustic wave.
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separation is determined by the birefringence of the Brillouin
gain fiber in the setup. The large frequency separation between
the pump light and the probe light is obtained by using a
40 GHz bandwidth electric-optic modulator (EOM 1) com-
bined with a 20 GHz single-sideband (SSB) modulator.
First, two light sidebands with 80 GHz separation are generated
after the narrow linewidth laser is modulated by EOM 1. Then,
the two sidebands are injected to a circulator and a 3 GHz
bandwidth FBG, after which one of the sidebands is reflected
back by the FBG and the other sideband passes through a
3 GHz bandwidth optical filter to reject light with other optical
frequencies. The light after filter 1 is the pump source for the
BRFL, which is then amplified by the erbium-doped fiber am-
plifier 1 (EDFA 1). After EDFA 1, a polarization controller
combined with the polarization beam splitter 1 (PBS 1) is used
to align polarization of the pump light to the slow axis of the
PM fiber. Before being modulated by the SSB modulator, the
light from EOM 1 is reflected back by the 3 GHz bandwidth
FBG and then passes through circulator 1. A polarizer before
the SSB modulator is used to ensure the single polarization state
of the light. The frequency of light is shifted 12.9 GHz away by
the SSB modulator, after which it is amplified by EDFA 2 and
then modulated by EOM 2 to generate 10 ns pulses with
10 kHz repetition rate. The polarizer before EOM 2 is em-
ployed to optimize the pulse extinction ratio, which is impor-
tant to reject noise during the distributed acoustic wave
detection process. The pulse after EOM 2 has single polariza-
tion state and is aligned to the fast axis of the PM fiber, which is
the probe light in the setup. The pump light and probe light are
combined together by a polarization beam combiner and then
injected to the Brillouin gain fiber of the BRFL through circu-
lator 2. SBS is initiated by the pump light in the Brillouin gain
fiber, which is a 2 km long Panda-type PM fiber with a fiber
loss of 0.296 dB/km and a mode field diameter of 6.48 pm at
the wavelength of 1550 nm. In the slow axis, the backward
Stokes light passes through PBS 2 and the 500 m PM
Rayleigh scattering (RS) fiber. The backscattered light from
the 500 m RS fiber is then injected back to the Brillouin gain
fiber to provide distributed feedback for the BRFL. In the fast
axis, the probe light is reflected by the co-propagating dynamic
grating and experiences an optical frequency redshift. The fre-
quency redshifted probe light then passes through circulator 1
and PBS 2. After PBS 2, the light is split by a coupler, after
which one of the paths is directly connected to an optical spec-
trum analyzer (OSA) to measure its spectrum property, and the
other path passes through filter 2 with 3 GHz bandwidth to
select the frequency redshifted probe light, which is then am-
plified by EDFA 3 and detected by a photodetector (PD) and
an oscilloscope. Filter 3 after EDFA 3 is used to reject the spon-
taneous emission from EDFA 3 in order to further reject noise.
For the probe light photon energy upconversion process, the
probe light propagates in the opposite direction to the acoustic
wave and pump light. The experimental setup for the probe
light photon energy upconversion process in Fig. 2(b) is similar
to the photon energy downconversion process in Fig. 2(a) ex-
cept that the probe light is injected to the other end of the 2 km
long Brillouin gain fiber in Fig. 2(b). The frequency separation
between pump light and probe light is decreased to 82.5 GHz
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in the probe light photon energy upconversion process, which
is the subtraction of 92.9 GHz and 10.4 GHz (Brillouin fre-
quency shift of the 2 km long PM fiber).

3. RESULTS

A. Distributed Static Measurement of Gain Profile

After the pulsed probe light is launched into the Brillouin gain
fiber, it is reflected by the dynamic grating which is induced
by the refractive index modulation of the acoustic wave.
Figure 3(a) shows the spectrum measured on the OSA. When
the pump laser is off, the probe light is reflected by Rayleigh
scattering and its spontaneous Brillouin scattering [blue curve
in Fig. 3(a)]. After the pump laser is turned on, most of the
reflected probe light would experience a redshift [red curve
in Fig. 3(a)]. The reflected light is detected by the PD and
oscilloscope, where the time-resolved traces on the oscilloscope
show the reflected light intensity distribution in the spatial do-
main. By sweeping the optical frequency difference between the
pump light and probe light, the distributed reflection spectra of
the dynamic grating can be obtained. Figure 3(b) shows the
three-dimensional reflected light intensity in the spatial domain
at different optical frequency separation between the pump
light and probe light. The fitting dynamic grating spectral
width is around 100 MHz, which results from the convolution
of the probe pulse spectra and the intrinsic dynamic grating
spectra, and thus a longer probe pulse can give a narrower spec-
trum and a better frequency and birefringence accuracy at the
expense of sacrificing the spatial resolution. The reflectivity of
the dynamic grating is determined by the refractive index
modulation depth (intensity of the acoustic wave) of the fiber,
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which is proportional to the Brillouin gain of the BRFL. This
provides a direct distributed gain profile measurement method
of the BRFL in the spatial domain. The averaged reflectivity of
the dynamic grating can be obtained by integrating the dy-
namic grating spectra in the frequency domain of Fig. 3(b).
As shown in Fig. 3(c), the reflectivity of the dynamic grating
decreases exponentially in the spatial domain, indicating that
the gain of the BRFL decreases exponentially in the spatial do-
main due to the pump depletion. After the position of 400 m,
almost all of the pump light is converted to its Stokes light and
the Brillouin gain nearly drops to zero. At some particular po-
sition, such as the position around 24 m, the Brillouin gain is
slightly deviated from the exponential curve due to the rela-
tively large birefringence fluctuation at those positions, as
can be seen in Fig. 3(b). This is because the linewidth of
the BRFL is of the order of subkilohertz, which is much nar-
rower than the Brillouin gain bandwidth. Any tiny birefrin-
gence fluctuation of the Brillouin gain fiber can lead to the
frequency change of the BRFL. The BRFLs have optimized
gain at the position where the central frequency of the
Brillouin gain spectrum is aligned to the operation optical fre-
quency of the BRFL, while at other positions the Brillouin gain
is decreased due to the misalignment of the local Brillouin gain
spectra with the operation optical frequency of the BRFL. The
misalignment between the local Brillouin gain spectra and the
operation optical frequency of the BRFL is one of the noise
sources for the mode hopping and laser intensity fluctuation.
At the initial 10 m of the Brillouin gain fiber, the spectra of the
dynamic grating show slight central frequency variation at dif-
ferent operation powers of the BRFL due to the SBS random
laser-induced birefringence change of the fiber. For example,
Fig. 3(d) shows that, at the position of 10 m, the maximum
central frequency change of the dynamic grating spectra is
of the order of 10 MHz, corresponding to 10~ birefringence
change of the PM fiber according to Eq. (1). Beyond the initial
10 m, the birefringence of the fiber induced by the random
fiber laser is too small to be detected due to the pump power
depletion. The average power of the probe light is around
0.25 mW. The power of the pump light is above 40 mW
to generate the random laser radiation. The probe power is rel-
atively weak compared to the pump power to ensure the mini-
mum disturbance to the BRFL.

There is a problem using the probe light photon energy
downconversion process to detect the acoustic wave in the
BRFL. Since the refractive index modulation depth of the dy-
namic grating at the beginning of the Brillouin gain fiber is
much stronger than in the latter part, it is hard to know
whether the power of the probe light is depleted or not at
the beginning of the Brillouin gain fiber. To verify this point,
the probe light is launched to the Brillouin gain fiber from the
opposite direction to the propagating direction of the pump
light. In this detection mechanism, the reflected probe light
experiences an optical frequency blueshift instead of redshift
because of the counter-propagating direction between the
acoustic wave and the probe light. Figure 4(a) shows the spectra
measured on the OSA when the optical frequency of the probe
light is aligned or misaligned to the central wavelength of the
dynamic grating, respectively. When the optical frequency of
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Fig. 4. (a) Spectrum of the reflected probe light measured on the
OSA for the probe light photon energy upconversion process.
(b) Distributed reflection spectra of the dynamic grating induced
by the acoustic wave in the BRFL. (c) Reflectivity of the dynamic gra-
ting in the spatial domain along the Brillouin gain fiber.
(d) Birefringence of the Brillouin gain fiber measured by the optical
frequency redshifted probe light and optical frequency blueshifted
probe light.

the probe light is aligned to the central wavelength of the dy-
namic grating, the blueshifted reflected light can be detected by
the OSA. Otherwise, there is no reflection of the probe light.
The three-dimensional distributed dynamic grating spectra in
the spatial domain is plotted in Fig. 4(b). Because of the quick
depletion of pump light in the Brillouin gain fiber, the reflec-
tion of the probe light can only be detected at the first 400 m
part after the pump light is launched to the Brillouin gain fiber.
Therefore, only the initial 400 m part near the pump injection
with the highest Brillouin gain is plotted in Fig. 4(b). Similar to
Fig. 3(b), the central frequency of the dynamic grating spectra,
which is determined by the birefringence of the PM fiber, char-
acterizes the distributed birefringence of the Brillouin gain fi-
ber. Because the probe light is injected from the other end of
the Brillouin gain fiber, the distributed birefringence measure-
ment result in Fig. 4(b) is the inverse of the distributed bire-
fringence value in Fig. 3(b) in the spatial domain. The
reflectivity of the dynamic grating, which is proportional to
the local Brillouin gain, is also obtained by integrating the dy-
namic grating spectra in the frequency domain of Fig. 4(b).
Figure 4(c) shows that the overall trend of the distributed
Brillouin gain exhibits an exponential increase in the spatial
domain, which confirms the exponential decrease of the
Brillouin gain measured by the probe light photon energy
downconversion process. The results manifest that the probe
light in the photon energy downconversion process is not de-
pleted because of the weak reflectivity of the dynamic grating.
The weak reflectance of the dynamic grating is caused by the
nonuniform birefringence of the Brillouin gain fiber, leading to
the result that the central reflection spectrum of the dynamic
grating written by the acoustic wave is not perfectly aligned to
the optical frequency of the probe light at most positions of
the Brillouin gain fiber. For the probe light photon energy
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upconversion process, the pump light is depleted more quickly
than the probe light photon energy downconversion process at
the initial part of the Brillouin gain fiber. This is because in the
photon energy upconversion process, the photons of the probe
light absorb energy from the acoustic phonons and pump light
photons, which makes them depleted more quickly in the spa-
tial domain. The quick depletion of pump light makes the gain
of the BRFL focus at the initial part of the Brillouin gain fiber,
leading to a large birefringence change at the highest gain part
of the Brillouin gain fiber. Figure 4(d) compares the distributed
birefringence of the Brillouin gain fiber measured by redshifted
probe light and blueshifted probe light, respectively. It can be
seen that at the initial part of the Brillion gain fiber, the bire-
fringence detected by the blueshifted probe light deviates ap-
proximately 107 from the birefringence detected by the
redshifted probe light. At the rest of the positions, the birefrin-
gence measured by the two mechanisms agrees with each other
well. This confirms the quick Brillouin gain depletion at the
initial part of the Brillouin gain fiber in Fig. 4(c), proving that
the focusing of the high gain leads to large birefringence change
of the Brillouin gain fiber.

B. Distributed Dynamic Measurement of Gain Profile
The dynamic gain profile measurement is implemented by
sending a series of probe pulses at a repetition rate of
10 kHz to measure the distributed intensity of the acoustic
wave in the BRFL. These results are also plotted in three-
dimensional figures where the x axis represents the position
and the y axis represents the time, as shown in Figs. 5(a)
and 5(b). The distributed dynamic gain profile of the BRFL
provides information on the dynamic process of mode hopping
and mode competition in the BRFL. The interference fringes of
the BRFL in the Brillouin gain fiber in the spatial domain and
in the time domain can be observed simultaneously. At a fixed
position, the intensity of the acoustic wave fluctuates periodi-
cally in the time domain which is caused by mode hopping.
Because the BRFL is easily disturbed by the environmental per-
turbation [17], the Brillouin gain profile and the feedback pro-
vided by the Rayleigh scattering are not ultra-stable. The
operating mode of the BRFL switches from one frequency
to other frequencies from time to time due to the random mode
competition in the BRFL, which is the origin of mode hopping
in the BRFL. By measuring the distributed dynamic gain pro-
file, the interference fringes of the Stokes light in the spatial
domain are also obtained at a fixed time. The fringe patterns
measured by the pulsed probe light for the photon energy up-
conversion process and the photon energy downconversion
process exhibit different characteristics in the spatial domain.
For the photon energy upconversion process in Fig. 5(b),
the pulsed probe light propagates in the same direction and
velocity as the beat pattern. For example, if the peak of the beat
signal is detected by the probe light at time 7'}, the pulsed
probe light would propagate together with the same peak along
the Brillouin gain fiber at time 7', and time 73, as shown in
Fig. 5(d). The OTDR technique uses the time-resolved trace to
discriminate the backscattered light at different positions in a
fiber. This explains why the dark spot (or bright spot) of
the interference fringes in Fig. 5(b) always appears at all of the
positions along the Brillouin gain fiber at a fixed time. The
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tic wave detection process when the probe light experiences
the photon energy downconversion process. (d) Schematic diagram
of the acoustic wave detection process when the probe light experien-
ces the photon energy upconversion process.

phenomenon proves that the mode hopping beat pattern co-
propagates with the Stokes light in the Brillouin gain fiber dur-
ing the random mode switching process. In contrast, when the
probe light counter-propagates with the Stokes light, a single
pulse can detect all of the peaks of the beat pattern that are
transmitted in the Brillouin gain fiber. For example, if a peak
of the beat signal is detected by the probe light at time 7', the
following two peaks can also be detected by the probe light in
sequence at time 7', and 773, as shown in Figs. 5(a) and 5(c).
This provides us with a method to study how the fringes evolve
dynamically in the spatial domain. In Fig. 5(a), the dynamic
distributed acoustic wave measurement shows that the fringes
always first appear at the initial position of the Brillouin gain
fiber. The initial position means the fiber end where the pump
light is first launched to the Brillouin gain fiber. The interfer-
ence fringes are the envelope of the beat signal between differ-
ent random modes of the BRFL. If there is only one dominant
lasing mode, no interference fringe can be detected. When the
gain of the light inside the random cavity is greater than the loss
at other frequencies, other random modes start to compete with
the original dominant random modes in the Brillion gain fiber
with limited Brillouin gain. As the initial part of the Brillouin
gain fiber has the highest gain, it is also the place where the
condition that the gain is greater than the loss can be first sat-
isfied. The dark spot of the fringes measured by the pulsed
probe light moves along the Brillouin gain fiber. However,
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the slope of these dark lines in Fig. 5(a) does not represent the
real moving velocity of the beat pattern. As shown in Fig. 5(c),
the time difference between two consecutive pulses is A7 =
T} - T,. During this time interval, the displacement of the
light is (7'} - 7'))c/n and N periods of the beat pattern have
passed the same position on the Brillouin gain fiber. V is the
integer of (7] - T))c/n4, and the slope of the dark lines in
Fig. 5(c) can be expressed as # = ¢/n - NA/AT, where the
A is the wavelength of the envelope. With the fixed pulse rep-
etition rate, the slope of the dark lines is determined by the
envelope of the beat pattern since the fixed pulse repetition rate
is used. Therefore, the constant linear slope of these dark lines
represents zero phase noise in the beat pattern. Longer duration
time of the linear dark lines represents smaller detected line-
width of the BRFL. The minimum detected 20 dB linewidth
of the BRFL in the experiment is 4.3 kHz, which is measured
by Fourier transform of the output intensity of the BRFL when
the beat pattern occurs, as shown in the inset curve in Fig. 5(a).
The phase noise of the beat pattern leads to nonlinear slope
changes of the dark lines in Fig. 5(a), which is caused by
the frequency change of the BRFL and nonlinear group index
change induced by the acoustic wave. Due to the Kramers—
Kronig relation, changes in the gain or loss of a medium are
always accompanied with changes in the refractive index.
Although the magnitude of the refractive index changes is rel-
atively small, it varies rapidly with the frequency of Stokes light
near the Brillouin gain peak [36]. Because the velocity of the
beat pattern is the group velocity of the envelop related to
Aw/Ak, rapid changes of the refractive index can change
the group index considerably and affect the group velocity
of the beat pattern. The distributed interference fringes mea-
sured by detecting the dynamic grating through pulsed probe
light provide us with a new method to study the phase noise
of the BRFL, which could help us to better understand the

random nature of the BRFL and to further improve its perfor-
mance in practical applications.

The peak amplitude of the acoustic wave intensity fluc-
tuation in one second is counted for the two detection mech-
anisms. Figures 6(a) and 6(b) show its statistical distribution
histograms at high gain position and low gain position, respec-
tively, when the BRFL is near the lasing threshold. The high
gain position part refers to the position of the first 10 m of the
Brillouin gain fiber and the low gain position refers to the po-
sition of 310 m to 320 m of the Brillouin gain fiber. Near the
lasing threshold, the L-shaped long-tailed histograms character-
istic of extreme value behavior are observed at both the high
gain position and the low gain position. The x axis in Fig. 6
is normalized by the corresponding significant wave height
(SWH), which is defined as the mean height of the highest
third of the acoustic wave intensity [39]. The event of the peak
amplitude more than twice the SWH can be considered as a
rogue (extreme) event. Therefore, the generation of optical
rogue wave (RW) is detected in the BRFL near the lasing
threshold. Moreover, at the high gain position in Fig. 6(a),
the highest recorded peak intensity reaches about 6 times that
of the corresponding SWH, and the occurrence proportion of
RW events is about 14%. At the low gain position in Fig. 6(b),
the highest peak intensity is only about 4 times that of the cor-
responding SWH, and the generation probability of the RW
decreases to 5.6%. The underlying physics for the RW gener-
ation is that the SBS process is initiated from the thermal noises
in the fiber. The temporal output is a mixture of amplified
noisy Stokes light and lasing Stokes light, depending on
whether or not the stochastic lasing occurs [40]. The amplifi-
cation of the thermal noise in the BRFL is similar to the modu-
lation instability seeded from noise that results in a series of
high-contrast peaks of random intensity [39,41]. The higher
proportion of the RW events at the high gain position than
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Fig. 6. Histograms of the temporal intensity statistical distribution near the lasing threshold at (a) high gain position and (b) low gain position for
redshifted probe light measurement. Histograms of the temporal intensity statistical distribution above the lasing threshold at (c) high gain position
and (d) low gain position for redshifted probe light measurement. Histograms of the temporal intensity statistical distribution near the lasing
threshold at (e) high gain position and (f) low gain position for blueshifted probe light measurement. Histograms of the temporal intensity statistical
distribution above the lasing threshold at (c) high gain position and (d) low gain position for blueshifted probe light measurement.
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at the low gain position indicates that the random intensity
initiated from thermal noise is amplified nonlinearly on the
Brillouin gain fiber. The SBS dynamics can be described by
the amplitude coupled equations among the pump wave,
Stokes wave, and probe wave [36,42,43], where higher peak
density variation of the acoustic wave leads to higher wave cou-
pling between the pump wave and the Stokes wave. The non-
linear transfer function of the SBS process modifies the
temporal intensity probability distribution of the mixing noisy
Stokes light and lasing Stokes light, leading to a higher propor-
tion of the RW events at the high gain position of the Brillouin
gain fiber. When the BRFL is far above the lasing threshold, the
temporal statistical distribution histograms at the high gain po-
sition and low gain position show a Gaussian distribution be-
cause of the stable establishment of the BRFL emission above
the lasing threshold. Because the highly coherent BRFL and
acoustic phonons are established, the thermal noise is rejected
and the optical RW cannot be detected anymore as there are no
events of the peak amplitude more than twice the SWH, as
shown in Figs. 6(c) and 6(d). However, the temporal intensity
at the high gain position exhibits more events with high peak
intensity fluctuation than that of temporal intensity at the low
gain position when the BRFL is above the lasing threshold,
which is mainly attributed to the following two reasons.
First, the nonlinear transfer function of the SBS process com-
bined with the inhomogeneous gain in the spatial domain am-
plifies intensity fluctuation nonlinearly. Therefore, a small
signal fluctuation at the position with low gain could lead
to tremendous peak intensity fluctuation at the position with
high gain. At the same time, intensity fluctuations are contin-
uously introduced into the laser dynamics during the laser am-
plification process along the Brillouin gain fiber. The peak
fluctuations at the high gain position are accumulated from
multiple intensity fluctuations on the Brillouin gain fiber,
which is the origin of the relative high peak fluctuation.
Second, the nonuniform birefringence [as shown in Fig. 4
(d)] of the Brillouin gain fiber corresponds to nonuniform gain
spectra in the spatial domain, creating various localized gain
areas since the optical frequency linewidth of the BRFL is
ultra-narrow. Because the localized gain area at the high gain
position obtains high energy due to the mode competition with
limited total Brillouin gain, it is also the place where the mode
competition is fiercest, thus inducing a relatively high peak in-
tensity fluctuation when mode competition happens. Since a
small amplitude signal at the low gain position of the
Brillouin gain fiber can be dramatically amplified at the high
gain position, the low gain position of the fiber is more sensitive
to small signal variation. For instance, Fig. 6(d) has smaller in-
tensity fluctuation at the low gain region, however Fig. 6(c)
represents larger intensity variation. Having higher gain is
not equivalent to lower intensity noise for the same pump
power; such a distributed spatial gain distribution illustrates
that relatively lower gain gives more stable power in random
SBS laser, which allows higher sensitivity sensing. The ability
of small signal amplification on the Brillouin gain fiber could
potentially improve the sensitivity of the distributed sensor
based on the BRFL. Figures 6(a)-6(d) are the results when
the probe light co-propagates with the acoustic wave and
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experiences an optical frequency redshift, while Figs. 6(e)—6(h)
are the results when the probe light counter-propagates with
the acoustic wave and experiences an optical frequency blue-
shift. The blueshifted probe light measurement results agree
with the redshifted probe light measurement results, which
confirms the optical RW detection result of the BRFL.

4. CONCLUSION

The distributed detection of the acoustic wave generated by the
BRFL is realized based on the OTDR technique for the
first time. The detection is an SBS-enhanced polarization-
decoupled FWM process where the probe light experiences
maximum reflection when phase matching condition is satis-
fied. Photons of the probe light can either give energy to the
acoustic phonons or absorb energy from the acoustic phonons,
depending on the relative propagation direction of the acoustic
wave and the probe light. In the static measurement, the dis-
tributed dynamic grating spectra are obtained by sweeping the
frequency of the probe light. The Brillouin gain depletes expo-
nentially along the Brillouin gain fiber in the BRFL. When the
photons of the probe light absorb energy from the acoustic
wave, a quick depletion of the Brillouin gain is observed in
the experiment. The SBS-induced birefringence variations
are estimated to be approximately 107 to 107° by measuring
the central frequency change of the dynamic grating spectra. In
the dynamic measurements, the intensity noise of the laser is
found to first occur at the highest gain position of the Brillouin
gain fiber. The phase noise of the BRFL leads to wavelength
variation of the beat pattern, which further leads to nonlinear
dark spot change in the spatial-time acoustic wave intensity
map. The spatial-time acoustic wave intensity map provides
a new method to characterize the phase noise of the BRFL
and to study its dynamic evolution process. Optical RW's
are found near the lasing threshold of the BRFL, where the
nonlinear transfer function of the SBS process modifies the
temporal intensity probability distribution of the mixing noisy
Stokes light and lasing Stokes light. Above the lasing threshold,
the temporal intensity at the high gain position exhibits more
events with high peak intensity fluctuation than the temporal
intensity at the low gain position, which is caused by the SBS
nonlinear transfer function and the localized gain in the BRFL.
The detection results enhance our understanding on the BRFL,
paving the way for its performance improvement in future ap-
plications in the fields of communication, high-precision met-
rology, sensing, and spectroscopy.
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