Optical rogue waves in coupled fiber Raman lasers
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For coupled linear cavity-random fiber Raman lasers, for
the first time, we demonstrate a new mechanism of
emergence of the random pulses with the anomalous
statistics satisfying optical rogue waves' criteria
experimentally. The rogue waves appear as a result of the
coupling of two Raman cascades, namely, a linear cavity
laser with a wavelength of 1.55 pm and a random laser
with wavelengths nearby 1.67 um, along with coupling of
the orthogonal states of polarization (SOPs). The coherent
coupling of SOPs causes localization of the trajectories in
the vicinity of these states, whereas polarization
instability drives escape taking the form of chaotic
oscillations. Antiphase dynamics in two cascades results
in the suppression of low amplitude chaotic oscillations
and enabling the anomalous spikes satisfying rogue waves
criteria. © 2020 Optical Society of America
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For the last two decades, the study of the statistics and
mechanisms of origin waves with anomalous amplitude (rogue
waves, RWs) have been in the focus of research in different
fields ranging from oceanography to the laser physics [1-16].
This study aims to find approaches for predicting and mitigating
the RWs' emergence . For the classification of rare events with
an anomalous amplitude as the RWs, the following criteria have
been suggested: (i) RWs should have amplitude exceeding the
standard deviation of waves' amplitude ¢ in more than eight
times; (ii) tails of probability distribution density for RWs'
amplitudes have to deviate significantly from Gaussian or
Rayleigh distributions [1].

Fiber lasers provide a unique opportunity to collect more data
on optical rogue waves for a short time in a controllable
laboratory environment. For example, the mechanisms of
optical RWs emergence have been already revealed both
experimentally and theoretically in mode-locked fiber lasers [1-
12], Raman fiber lasers with different resonators, and without

resonators (random lasers) [13-19], along with lasers with the
randomly distributed fiber Bragg gratings (FBGs) [20].

One of such mechanisms - polarization instability (PI) - has been
found in erbium-doped mode-locked fiber lasers [3-5, 10-12]. The
observed PI leads to the phase difference slip between orthogonal
states of polarization (SOPs) of the laser optical wave and
contributes to the formation of the RWs in the form of chaotic pulse
bunching (soliton rain), as well as fundamental and second-order
Akhmediev breathers- and Peregrine solitons - like spatio-
temporal structures [3-5, 10-12]. This scenario is similar to the RWs
mechanism found for the dynamics of coupled nonlinear oscillators
where desynchronization causes random relative phase slips
leading to the appearance of rogue waves [21].

In this Letter, we provide results on an experimental study
of synchronization scenario of the coupled oscillators by
using a testbed system, namely coupled fiber Raman laser
cascades - a linear cavity with 1.55 pm wavelength and a
random laser with the wavelength of 1.67 um - emitting light
at two orthogonal linearly polarized SOPs. We have found
that the interplay of the PI with the antiphase dynamics of the
1.55 um and 1.67 um cascades leads to the emergence of
anomalous power spikes with the RWs statistics.
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Fig. 1 Linear cavity and random fiber Raman lasers.

The schematic sketch of the fiber Raman laser is shown in
Fig. 1. The set-up comprises of 20 km of an SMF fiber, fiber
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Fig. 2 Fast dynamics at the 1.55 pum: a) oscilloscope trace for
P=35dBm, b) optical spectrum, c) histogram of the output power
distribution, output voltage V is normalized to standard
deviation oas Vu=(V-mean(V))/o(V).
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Fig. 3. Slow dynamics at 1.55 um for P=35 dBm: (1 pus resolution,
16 slices with 1024 points per slice): a) the output power vs
time: Ix (blue), I, (red) and I=Ix+l, (black); b) the phase
differences (red) and DOP (black) vs time; c)-e) Probability
distribution histograms for the output power Ix (c), Iy (d), and
total output power [=Ix+Iy (e). Each output power Ii (I, I 1)) is
normalized as shown in Fig. 2.

Bragg gratings (FBGs) (the central wavelength A.=1550
nm,reflection coefficient r=90%, bandwidth AArwum=0.5 nm),
and polarization controller (POC). To enable the second
cascade (1670 nm) random lasing, we use FC/APC connector
to suppress back reflection. The cavity was pumped via a
1455/1550 nm WDM by using a 1455 nm fiber laser
(Keopsys CRFL, 5 W maximum power). The lasing signal was
split into two channels (1550 nm and 1550 nm & 1670 nm)
by using optical circulator (OC) and FBG. The lasing signal at
the fast time scale (2 ns - 1ms) was measured in both
channels by using photodetectors with a bandwidth of 10
GHz (ORTEL 2860-C0O1) connected to a 500 MHz sampling
oscilloscope (Tektronix TDS 754A). There were collected
500K samples to build a histogram of the output power
distribution. Since each output voltage V is normalized to
standard deviation o as
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Fig. 4 Fast dynamics at the 1.55 um & 1.67 um for P=35 dBm: a)
oscilloscope trace, b) optical spectrum, c) histogram of the
output power distribution. Output power voltage in oscilloscope
is normalized as shown in Fig. 2.
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Fig. 5. Slow dynamics at 1.55 pum & 1.67 um for P=35 dBm: (1 ps
resolution, 16 slices with 1024 points per slice): a) the output
power vs time: Ix (blue), I, (red) and I=Ix+1, (black); b) the phase
differences (red) and DOP (black) vs time; c)-e) Probability
distribution histograms for the output power Iy (c), Iy (d), and
total output power I=Ix+ly (e). Each output power Ii (I, Iy Iy ) is
normalized as shown in Fig. 2.

Vn=(V-mean(V))/c(V), the RW criterion looks as Vn > 8.Anin-
line polarimeter (Thorlabs IPM5300) was used to record the
state and degree of polarization (SOP and DOP), respectively.
To reveal the RW emergence at the slow time scales of 1 ps -
16 ms, we used polarimeter to record 16 traces with 1024
samples in each and 1 ps sample interval. As a result, we
found the degree of polarization (DOP), output power and
normalized Stokes parameters s, sz sz which are related to
the output power of two linearly cross-polarized SOPs Ixand
Iy, and the phase difference between them A¢ as follows:

So =1 +1,, Sy =1, —1, S, = 2\ I,cos(Ap),

S.
S3 = 2|/ LI sin(Ap),s; = .

/512+522+s32
DOP =———, (i=1,2,3).

0

(1)
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Fig. 6 Fastdynamics atthe 1.55 pm for P=37 dBm: a) oscilloscope
trace, b) optical spectrum, c) histogram of the output power
distribution. Output power voltage in oscilloscope is normalized
as shown in Fig. 2.
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Fig. 7. Slow dynamics at 1.55 um for P=37 dBm (1 ps resolution,
16 slices with 1024 points per slice): a) the output power vs
time: Ix (blue), I, (red) and I=Ix+l, (black); b) the phase
differences (red) and DOP (black) vs time; c)-e) Probability
distribution histograms for the output power Ix (c), Iy (d), and
total output power I=I+ly (e). Each output power Ii (I, I, Iy ) is
normalized as shown in Fig. 2.
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Fig. 8. Fast dynamics at the 1.55 um & 1.67 um for P=37 dBm: a)
oscilloscope trace, b) optical spectrum, c) histogram of the
output power distribution. Output power voltage in oscilloscope
is normalized as shown in Fig. 2.
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Fig. 9. Slow dynamics at 1.55 pm & 1.67 um for the pump power
P=37 dBm (1 ps resolution, 16 slices with 1024 points per slice):
a) the output power vs time: Ix (blue), Iy (red) and I=Ix+1y (black);
b) the phase differences (red) and DOP (black) vs time; c)-e)
Probability distribution histograms for the output power I (c), Iy
(d), and total output power I=Ix+Iy (e). Each output power Ii (I, I,
Iy ) is normalized as is shown in Fig. 2.

The results for the pump power of P=35 dBm and P=37 dBm,
and fast and slow dynamics for the filtered channels 1.55 um
and 1.55 pm & 1.67 pm, are shown in Figs. 2-9.

The fast (2 ns - 10 us) and slow (1 ps -16 ms) dynamics for
the case of the filtered 1.55 pm channel and the pump power
of 35 dBm is shown in Fig. 2 and 3. As follows from Fig. 2,
pump power P=35 dBm corresponds to the power near the
threshold of the random lasing at 1.67 um (Fig. 2 (b)). As
follows from the set-up configuration in Fig.1, though the
output signal is attenuated to the low level, the output
dynamics in Fig. 2 (a) is affected by the detected bandwidth
limitation of the oscilloscope [16]. As a result, the
instrumental impact leads to the histogram deformation and
so the output power statistics is close to the Gaussian one
(Fig. 2 (c)) [16].

The slow dynamics shown in Fig. 3 (a, b) reveals the
polarization instability and antiphase dynamics of the

output power for horizontally- (x-component) and vertically-
(y- component)-polarized modes. Low DOP of 2 % indicates
that polarization dynamics is fast, and it takes the form of
switching between orthogonally polarized SOPs caused by
the polarization instabilities [17, 18]. As we demonstrate
further, the presence of the second cascade random Raman
laser at 1.67 um results in the skewed histogram, and, so, for
the case shown in Figs. 3 (c-d) the output power statistics is
symmetrical and close to the Gaussian one.

The fast and slow dynamics for the case of the 1.55 um &
1.67 um channel, and the pump power of 35 dBm, is shown
in Fig. 4 and 5. As follows from Fig.4 (a-c), the output
dynamics in Fig.4 (a) is effected by the amplified
spontaneous emission at 1.67 um, in addition to the dynamic
instabilities and photodetector noise. As a result, the output
power statistics is skewed (Fig. 4 (c)).



The slow dynamics shown in Fig. 5 (a, b) reveals the
antiphase dynamics of the output 1.55 pm & 1.67 um.
Increased DOP from 2 % to 20 % indicates that polarization
dynamics is fast, and it takes the form of antiphase dynamics
for each polarization mode at 1.55 pum and 1.67 pum
wavelengths. As we demonstrate further, the presence of the
second cascade random Raman lasing at 1.67 pm results in
the skewed histogram, and, so, since the output is close to the
threshold of the random lasing, the output power statistics is
symmetrical (Fig. 5 (c-e)). The locked state of polarization
and DOP=20% indicates that polarization dynamics is fast,
and the real polarization attractor has a different form [10].

With the increase of the pump power to 37 dBm, the fast
and slow dynamics is affected by the random lasing at
1.67 um as shown in Figs. 6-9.

For 1.55 pm, the fast dynamics is shown in Fig.6 (a-c). The
maximum of the spectral power of the random lasing is
attenuated by 40 dB with respect to the maximum of the 1.55
pm spectral power (Fig.6 (b)). The dynamics is shown in
Fig. 6 (a) is slightly affected by the attenuated lasing at
1.67 um, and, so, the power distribution is skewed.

The slow dynamics is shown in Fig. 7 (a-e). As follows from
Fig. 7 (a-b), the polarization instability takes the form of the
phase difference slips in & that leads to the spike in output
power for xand y components and the total power. As follows
from Eq. 1, the low DOP is a result of the fast oscillations of
the SOP with Stokes parameters changing sign. Though the
polarization instability leads to the skewed distribution of
the output power, this distribution has no tail with
normalized power V,>8.

Unlike the previous case, output power at the mixed
channel 1.55 um & 1.67 pum has fast dynamics with rare
spikes as shown in Fig. 8 (a). Increased spectral power at
1.67 um (Fig. 8 (b)) leads to the antiphase dynamics at 1.55
pm and 1.67 um that results in cleansing the oscillogram at
the mixed channel and, so, to a distribution satisfying the
rogue waves statistics (Fig. 8 (c)).

The slow dynamics is shown in Fig. 9 (a-e). As follows from
Fig.9 (a-b), the polarization instability and antiphase
dynamics at 1.55 pm & 1.67 pum results in rare phase
difference slips and, so, in rare spikes in output power for x
and y components and the total power. As follows from Eq. 1,
the increased DOP is a result of the suppression of the fast
oscillations of the SOP. As a result of the antiphase dynamics,
rare spikes have the power distribution satisfying the RW
statistics for x component (Figs. 9 (c-e)), i.e. it has a tail with
normalized power V/,>8.

In conclusion, we demonstrated the fast and slow dynamics in
the system of coupled 20 km linear cavity-random fiber Raman
lasers. We found that the antiphase dynamics of the output
power for the lasing at 1.55 um (linear cavity laser) and 1.67 um
(random laser) leads to the suppression of the fast oscillations.
The polarization instability in the form of the phase difference
slips in 7 results in the emergence of spikes in output power for
x and y components, and the total power too. As a result, the
statistics of spikes can satisfy the rogue wave's criteria.
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