Slow deterministic vector rogue waves
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ABSTRACT

For an erbium-doped fiber laser mode-locked by carbon nanotubes, we demonstrate experimentally and
theoretically a new type of the vector rogue waves emerging as a result of the chaotic evolution of the
trajectories between two orthogonal states of polarization on the Poincare sphere. In terms of fluctuation
induced phenomena, by tuning polarization controller for the pump wave and in-cavity polarization controller,
we are able to control the Kramers time, i.e. the residence time of the trajectory in vicinity of each orthogonal
state of polarization, and so can cause the rare events satisfying rogue wave criteria and having the form of
transitions from the state with the long residence time to the state with a short residence time.
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1. INTRODUCTION

Rogue wave (RWs) as a concept has been initially introduced in oceanography to describe giant waves with
amplitudes that are much larger than an average and so, despite the low probability of emergence, resulting in
destructive impact in nature and society [1-7]. The main obstacles in modeling and predicting rogue waves is in
the scarcity of events and the inability to perform full-scale experiments to cause rogue waves to appear in real-
world scenarios such as financial markets, power grids, oceans, human brains (epileptic seizures) etc. [1-5]. In
this context, mode-locked lasers (MLL) are perfect test bed systems to study RWs origin and techniques of
mitigation with potential to apply results beyond the scope of photonics [8-12]. The femtosecond/picosecond
pulsewidth range and MHz/GHz repetition rate of pulses in MLL provides an opportunity to observe more data
on rogue waves in the form of bunches of noise-like pulses (soliton rain) in the short time frame and under
laboratory-controlled conditions [8-12]. It has been found that RWs are emerging in MLL as a result of
interaction of pulses (dissipative solitons) through their tails overlapping or through the dispersive waves [8-12].
Such interaction is accompanied by recirculation of pulses in a ring cavity and so results in coupling
enhancement and creating chaotic bunching at the time scales shorter than a round-trip time [8-12]. In view of
such interaction depends on the cavity parameters, tuning such parameters enabled control of RWs statistics [8].

Unlike the previous study of RWs in MLL [8-12], we reveal theoretically and experimentally a new type of
interaction that is based on the coherent coupling of the orthogonal states of polarization (SOPs) in the cavity
and leading to the emergence of slow rogue waves. These slow rogue waves (SRWS) take the form of chaotic
transitions between orthogonal SOPS at the time scale of hundreds round trips. We demonstrate control of the
rogue wave’s statistics including RWs suppression and enhancement based on tuning polarization controller for
the pump wave and in-cavity polarization controller. In terms of the fluctuation induced escape (FIE) concept
[13-16], this type of RWs harnessing means a transformation of the double-well potential landscape to activate
polarization instability-driven trajectory escape from the state with the long residence time of trajectories in the
vicinity of this state to the state with a short residence time.
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2. THE EXPERIMENTAL SETUP

The schematic diagram of the laser and the pulse train are illustrated in Figure 1.The laser cavity comprises
1.1m of erbium-doped fiber (EDF) which is used as the amplifying element and has absorption of 80dB/m at
1530nm. Moreover, the cavity has 1.22m of OFS-980 fiber and 6.4m of SMF' 28 fiber. The whole cavity length,
including the length of the carbon nanotube (CNT) holder, was measured to be 8.8 meters. The CNT was used
as a saturable absorber. The fiber isolator labeled with the abbreviation OISO in the left side of Figure 1 was
used to provide unidirectional lasing. For the pump we use a 975nm laser diode with a maximum output power
of 300mW; this diode was coupled to the cavity via 980/1550 wavelength division multiplexer (WDM). The
fused fiber coupler with the ratio of 70:30 (“OUTPUT C” in Figure 1) was used to direct part of the signal
power out of the cavity to the detector. Two polarization controllers (POC1 and POC2) were used to control the
state of polarization of the pump wave and the birefringence.
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Figure 1. The schematic diagram of the laser (on the left) and the pulse train (on the right).

The polarimeter (Thorlabs IPM5300) was mounted on a chassis (Thorlabs TXP — 5016) and adjusted to have
a 1 ps resolution and a total temporal length of the sample of 1 ms (1024 points per measurement). This
polarimeter was used to measure the normalized Stokes parameters s;, 55, 53, the degree of polarization (DOP)
and the power of the signal. The polarimeter integrated the signal over ~20 roundtrips to assure the observation
of slow optical rogue wave patterns (SORW). The laser signal was measured using a UDP—15 —[R—2FC detector
with a bandwidth of 17 GHz; the electric signal from the detector was recorded with a Tektronix DPO7254 — 2.5
GH:z oscilloscope. The switching between the available regimes was done by changing the angle between the
control levers of POC1 and POC2. During this set of experiments both POCs were tuned to assure the regime of
SORW generation and remained fixed.

3. THE THEORETICAL MODEL

3.1 The system of equations

Evolution of the laser SOPs and population of the first excited level in Er*" doped active medium has been
modeled by using the equations developed by Sergeyev et al. [17, 18]:
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Here time is normalized to the round trip time; /u/, /v/ are amplitudes of two orthogonal linearly polarized
modes, (pump and lasing powers (/, and ful v /2) are normalized to the corresponding saturation powers 7,
and I [17, 18]; a; is the total absorption of erbium ions at the lasing wavelength, a, is CNT absorption
coefficients at the lasing wavelength, a; is the ratio of saturation powers for CNT and erbium doped fiber, a; is
the total insertion losses in cavity, £ is the birefringence strength (2=2xL/L, , L, is the beat length); y=y.LIL; (%
is the Kerr coupling constant), 6 is the ellipticity of the pump wave, e=1/7z, is the ratio of the round-trip time

&

L
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7z to the lifetime of erbium ions at the first excited level zz,; XZ(%(L) +o,Y )/o, and o,Mare absorption and
emission cross sections at the lasing wavelength; A is the detuning of the lasing wavelength with respect to the
maximum of the gain spectrum (normalized to the gain spectral width); d,= y/(m(1+4°)); functions f; (i=1,2,3)

are related to the angular distribution of the excited ions n(6) expanded into a Fourier series as follows [17-20]:

n(0) 20 +Zn1k cos(k6 +Zn2k sin(k0),

k=1

.f{=(12 jﬂcfz( ] S
@

Egs. (2) mean that the dipole moments of the absorption and emission transitions for erbium doped silica are
located in the plane orthogonal to the direction of the light propagation. Unlike more general assumption of the
3D orientation distribution of the dipole orientations [20, 21], approximation in the form of Egs. (2) allows
deriving the finite dimension system presented by Eqs. (1) where only ny, n;,, and n,; components contribute to
the vector dynamics. To analyze conditions for the emergence of RWs we use Stokes presentation of Egs. (1)
through the change of variables:

28 = =) S, =2l cos(ag). S, = 2ulvfsin(Ag)- (3)

2
=P +u
3.2 The theoretical results

We have numerically solved the Egs. (1) using the following values for the parameters: =0, a;=In(10)6.4,
a=In(10)0.5, y=3/2, A=0.1, 8=0.9, y=2x10"°, &=10"* and varying the parameter I, between 19 and 60. The
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results for /,=19, 20, 23 and 30 are illustrated in Figures 2 — 4. The numerical results of the simulation are
summarized in Table 1. In the Table one SWH means significant wave height, the Max(I) and Mean(I) are the
maximum and the mean value of the histogram (Figure 3) and 7 is the likelihood of RW events i.e. the area of
under the distribution function on the right side of the RW threshold. As follows from Figures 2A — 4A, the
trajectories are located on the circle close to the pole on the Poincare sphere and, though output distribution is
non-Gaussian, there are no rogue waves. With increased pump power (Figure 2B-4B, 2C-4C, 2D-4D),
trajectories can move between attractors located nearby poles on the Poincare sphere. As follows from Fig. 5C
and Table I, residence times nearby attractors reach the maximum asymmetry for /,=23 that coincide with the
maximum in the percentage of the rogue waves of 0.841%. Finally, in the case of high pump (/,=60) SOP is
locked and RWs disappear.

4. THE EXPERIMENTAL RESULTS

4.1 The experimental results near threshold

Since the RW events have low likelihood we took 10 frames of 1024 points each one and then merged the files
together. In that way, the whole period of observation was 10 ms. At each point, the polarimeter was integrating
the data for 1 ps. The SOP evolution for the different pump slightly exceeding the threshold is illustrated in
Figure 7. As seen in the theoretical results, the pattern changed gradually from steady state to form clusters of
pulses and then to a noisy regime. The likelihood of RW also behaved like the theoretical predictions. As the
pump power is increased, it grows fast beginning from zero (cases A, B and C in Figure 6) and then decreases
(compare Table 1 and Table 2). The evolution of the Stokes parameters on the Poincare sphere for the same four
cases is illustrated in Figure 7. The spiral-like trajectories were not observed and this can be explained by the
long integration time of the polarimeter and by the randomness of the samples obtained. Instead of either conical
sections or spiral trajectories we have observed pulsating rings (see case B and C in Figure 7) along with jumps
between points on the Poincare sphere. Statistics of the output power is shown in Figure 8. As follows from this
figure, rogue waves emergence and suppression with increased pump power follow the theoretical trend shown
in Figure 3.

4.2 The experimental results far from the threshold

The upper threshold of pump power was determined by the optical damage we induced in the saturable
absorber. The highest value of current we were able to supply to the pump diode without burning a hole in the
absorber was ~120 mA. The results we obtained for a pump current of 114.8 mA are illustrated in Figure 9. We
have observed that the laser emission was stabilizing, the histogram acquired a Gaussian shape and only one
stable attractor was observed on the Poincare sphere. The optical spectrum becomes smooth which implies the
absence of abrupt and chaotic oscillations in the system.
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Figure 2. Dynamics of the output power for two orthogonal states of polarization for different pump powers /,. A) 1,=19, B)
1,=20, C) 1,23, D) for 1,=30.
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Figure 3. Output power distribution for different pump powers /,: A) 1,=19, B) 1,=20, C) 1,=23, and D ) 1,=30.
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Table 1. The theoretical results.

1, a.u SWH, a.u Max(I), a.u Mean(]), a.u n (%)
19 13.28 26.345 6.7 0
20 14.574 37.441 9.034 0.209
23 13.418 58.766 11.114 0.841
30 23.093 70.695 15.94 0.432
60 36.736 37.007 36.704 0

Figure 4. Polarization dynamics represented on Poincare spheres in the case of low pump power: A) /,=19, B) 1,20, C)
1,=23, and D) 1,=30.
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Figure 5. The locked SOP for 1,=60.
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S. DISCUSSION

We considered theoretically and experimentally conditions for the emergence of slow rogue waves in mode-
locked fiber lasers. This type of rogue waves have a time scale from 20-20000 round trips and is similar to the
fluctuation induced escape in asymmetric double well potential [13-16]. The asymmetric potential leads to an
increased residence time in the deep well and to the emergence of rare transition events satisfying criteria of
rogue waves. Unlike fluctuation induced escape, these transitions in mode-locked fiber laser are caused by
polarization instability and leads to chaotic dynamics rather than noise induced stochastic fluctuations.
Asymmetry of the potential wells is determined by the increased ellipticity of the pump wave. Accompanied by
the increased pump power the asymmetry is increasing that finally results in the transformation of the double
well potential into the single well deep potential well and so in polarization locked regime without rogue waves.
The observed phenomena could provide a base for advancing lasers in the context of increased output power and
access to the variety of previously unexplored waveforms. This work could also influence research on RW
dynamics in numerous disciplines beyond the scope of photonics.
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Figure 6. Dynamics of the output power for two orthogonal state of polarization for different pump current i,; A) i,=71.2
mA, B) i,=73.4 mA, C) i,=74 mA, and D) i,=75.1 mA.

Table 2. The experimental results.

i, MA SWH, mW Max(I), mW Mean(l), mW n (%)
71.2 0.055 0.064 0.053 0
73.4 0.177 2.278 0.152 0.152

74 0.152 0.685 0.12 0.889
75.7 0.236 0.812 0.155 0.273
114.8 1.321 1.817 1.163 0
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Figure 7. The evolution of the Stokes parameters on the Poincare sphere near the threshold. A) i,=71.2 mA, B) i,=73.4 mA,
C) i,=74 mA, and D) i;=75.1 mA.
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Figure 8. Output power probability distribution near the threshold; A) i,=71.2 mA, B) i,=73.4 mA, C) i;=74 mA, and D)
i,=75.1 mA.
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