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We reported on the generation of dissipative rogue waves
(DRWs) induced by long-range chaotic multi-pulse inter-
actions in a fiber laser based on a topological insulator
(TI)-deposited microfiber photonic device. By virtue of the
simultaneous saturable absorption effect and high nonlin-
earity provided by the TI-deposited microfiber, a localized,
chaotic multi-pulse wave packet with strong long-range non-
linear interactions could be obtained, which gives rise to the
formation of DRWs. The results might enhance the under-
standing of DRWs in optical systems, and further demon-
strated that the TI-deposited microfiber could be considered
as an excellent photonic device with both saturable absorp-
tion and highly nonlinear effects for the application field of
nonlinear optics. © 2015 Optical Society of America

OCIS codes: (250.5530) Pulse propagation and temporal solitons;

(160.4330) Nonlinear optical materials; (140.4050) Mode-locked

lasers; (140.3510) Lasers, fiber.

http://dx.doi.org/10.1364/OL.40.004767

Rogue wave (RW) is a phenomenon in oceanography, possess-
ing unique characteristics, such as extremely high amplitude,
unpredictability, and small probability [1–3]. To date, many
researchers have made considerable efforts in investigating the
formation of RWs to avoid or reduce the huge destructive effect
induced by the RWs. As we know, the generation of RWs is
actually a nonlinear process [1]. Therefore, the RWs could be
potentially investigated in the nonlinear optics systems. In 2007,
Solli et al. first observed some extreme waves in the supercon-
tinuum generation in an optical fiber system [4]; they referred
to the extreme waves as optical RWs (ORWs). This discovery

provides new possibilities for the intensive studies of RWs
because an optical system offers a more convenient platform
compared with the ocean. Thus, we could easily adjust the
parameters of optical systems and record large volume data in
a reasonable amount of time. The successful observation of RWs
in a nonlinear optical system strongly stimulates the investigations
of RWs in optical systems. So far, the investigations on ORWs in
nonlinear optical systems, such as supercontinuum generation in
optical fibers [4–6], mode-locked Ti:sapphire lasers [7,8], and
fiber lasers [9–14], have been extensively developed. Under differ-
ent conditions, several mechanisms of RW formation have been
proposed, such as modulation instability [4,15], multi-pulse in-
teraction [9,10], and soliton collision [16,17]. The investigations
of ORWs mentioned above contributed greatly to the under-
standing of physical mechanisms of RWs. Therefore, there is
always a strong motivation to search for a new mechanism of
ORW generation in nonlinear optical systems.

On the other hand, the passively mode-locked fiber laser
offers a good platform for investigating various soliton dynam-
ics and nonlinear phenomena. A notable characteristic is that
the multi-pulse operation would occur in the mode-locked fi-
ber laser if the intracavity nonlinear effect is high enough
[18,19]. Through the nonlinear interactions among the gener-
ated multiple pulses, the multiple soliton pulses could form ver-
satile patterns, i.e., soliton molecules [20,21], soliton cluster
[22,23], and harmonic mode locking [24–26]. Recently, topo-
logical insulators (TIs), which are rising two-dimensional ma-
terials, have been found to possess both the broadband
saturable absorption effect [27–31] and large nonlinear refrac-
tive index [32]. In addition, it has been demonstrated that the
TI-deposited microfiber photonic device, because of its unique
geometry, could effectively enhance the nonlinear effect for
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pulse shaping in fiber lasers by increasing the interaction length
between the propagation light and the TIs [33,34]. Therefore,
the TI-deposited microfiber photonic device could operate as a
nonlinear-directed optical device in ultrafast fiber laser systems,
which would be beneficial for the generation of versatile multi-
pulse patterns. When the TI-deposited microfiber photonic de-
vice is incorporated into the laser cavity, it is expected that
strong nonlinear interactions induced by the large nonlinear
effect of the proposed device might occur. Thus, it would
be interesting to see if there are other new multi-pulse patterns
with chaotic status to be observed under the condition of strong
nonlinear interactions by placing such a microfiber photonic
device into the fiber laser, which would provide the
potential opportunity for the ORW generation.

In this Letter, we proposed the generation of a localized,
chaotic multi-pulse wave packet with long-range pulse inter-
actions so as to observe the ORWs in an ultrafast fiber laser
system based on a TI-deposited microfiber photonic device.
Since the mode-locked fiber laser is a dissipative system, here
the ORWs are called as dissipative rogue waves (DRWs) [9]. The
TI-deposited microfiber simultaneously provides the highly non-
linear effect and saturable absorption ability. Owing to the strong
nonlinear interactions that can be extended to several tens of
nanoseconds among the chaotic multiple pulses, DRWs could
be directly observed. It also has been found that the DRWs could
be generated from a proposed chaotic multi-pulse wave packet
under different pump power levels. Our findings indicate that
the localized, chaotic multi-pulse wave packet could be an excel-
lent platform for investigating DRWs, and demonstrate that TI-
deposited microfiber could act as a highly nonlinear photonic
device for the investigations of nonlinear dynamics, such as
DRWs in fiber lasers.

The TI:Bi2Se3 samples were synthesized by the hydrother-
mal intercalation and exfoliation method, which is the same as
we previously used [29]. To characterize the TIs samples, the
Raman spectrum was measured. As can be seen in Fig. 1(a),
three typical Raman peaks of Bi2Se3:A1

g , E2
g , and A2

1g are cen-
tered at ∼71 cm−1, ∼130 cm−1, and ∼174 cm−1, respectively,
[35]. Then the TIs were dissolved into acetone solution with a
concentration of 0.1 mg/ml. The optical deposition method
was used to fabricate the TI-deposited microfiber photonic de-
vice. First, the microfiber was prepared by drawing the standard
single-mode fiber (SMF) to be ∼9 μm with a so-called flame-
brushing technique [36]. The setup for optical deposition is the
same as that in [33]. The detailed process of fabrication of a TI-
deposited microfiber photonic device has been described in our
previous work [33,34]. The fabricated TI-deposited microfiber
photonic device was evaporated at room temperature, as pre-
sented in Fig. 1(b), from which we can see that the TIs were
deposited around microfiber. We have also measured the

nonlinear optical properties of the fabricated TI-deposited mi-
crofiber photonic device. Here, the modulation depth is 2.11%
and the nonsaturable loss is ∼47.1%.

Then the fabricated TI-deposited microfiber photonic device
was incorporated into a laser cavity to check its performance
on the DRW generation. Figure 2 shows the schematic of the
proposed EDF laser with the TI-based microfiber photonic
device. A segment of ∼7 m EDF with a dispersion parameter
of −17.3 ps∕km∕nm is used to supply sufficient gain for laser
emission. All the other fibers are standard SMF with a length of
33.85 m. Therefore, the net cavity dispersion of the fiber laser is
−0.58 ps2. The polarization state of the propagation light was
adjusted by two polarization controllers (PCs). To ensure the
unidirectional operation of the fiber laser, a polarization-
independent isolator (PI-ISO) is employed. Taken by a 10%
fiber coupler, the laser output is monitored by an optical
spectrum analyzer (Yokogawa AQ6317C) and a real-time
oscilloscope (Tektronix DSA 70804, 8 GHz) with a 12.5 GHz
high-speed photodiode detector (New Focus P818-BB-35F).

In the experiment, the multi-pulse operation appeared fre-
quently because of the highly nonlinear effect introduced by
the TI-deposited microfiber. To obtain fundamental mode lock-
ing, the pumppowerwas carefully decreasedby virtue of the pump
hysteresis phenomenon [18,19,37]. Figure 3 shows the funda-
mental mode-locking state at a pump power of 10 mW. As can
be seen fromFig. 3(a), the center wavelength and 3 dB bandwidth
of themode-locked spectrumare 1531.4 nmand2.99nm, respec-
tively. The corresponding pulse train is shown in Fig. 3(b). The
pulse repetition rate is calculated to be 5.03 MHz.

When the pump power was adjusted to be about 25 mW,
we could always achieve versatile multi-pulse patterns in the
fiber laser, such as harmonic mode locking and pulse bunching.
It should be noted that the no chaotic pulse state could be
observed in the aforementioned multi-pulse patterns.

Fig. 1. (a) Raman spectrum of the Bi2Se3 nanosheets.
(b) Microscopy image of the TI-deposited microfiber.

Fig. 2. Schematic of the proposed EDF laser with TI-deposited
microfiber photonic device.

Fig. 3. Fundamental mode-locking state. (a) Spectrum and (b)
pulse train.
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Therefore, they are not suitable for generation of DRWs. As we
know, the nonlinear interactions among the generated multiple
pulses would be stronger if the pump power level was higher,
which might lead to the generation of chaotic multi-pulse state.
To this end, we further increased the pump power to
∼100 mW. In this case, the number of mode-locked pulses also
further increased. Then the generated multiple pulses evolve
dramatically and form a localized multi-pulse bunch with cha-
otic state. Figure 4(a) shows the spectrum of the mode-locked
chaotic operation and the corresponding pulse profile at the
pump power of ∼100 mW. As can be seen here, the spectrum
is a typical mode-locked one with Kelly sidebands, indicating
the fiber laser operates in the anomalous dispersion regime.
However, in the temporal domain we can see that the multiple
pulses bunched together, where the relative velocities and the
intensities among the bunched pulses were random and even
chaotic during the experimental observation, as presented in
Fig. 4(b). For better clarity, we have also shown the single wave
packet in Fig. 4(c), in which we can see that there are about 77
pulses in the wave packet. It should be noted that the envelope
of the chaotic multi-pulse bunch could reach to tens of nano-
seconds. Therefore, the chaotic multi-pulse possesses long-range
interactions. Moreover, we could observe some freak pulses oc-
casionally. Thus, we inferred that the DRWs were generated via
the nonlinear interactions among the chaotic multiple pulses.

To check whether the DRWs were generated from our
fiber laser or not, we used the 8 GHz real-time oscilloscope
to continuously scan the multi-pulse bunch and simultaneously
recorded the peak amplitudes of each multi-pulse bunch. In
this experiment, 105 peak amplitudes are recorded to create
the intensity histogram. Here, it is important to note that the
pulse interval is large enough for the direct measurement of the
DRW generation, which is much more convenient than those
requiring dispersive Fourier transformation technique in fiber
lasers [13,14]. Figure 5 illustrates the measured intensity histo-
gram, which exhibits a long-tailed statistical distribution. The
highest recorded amplitude is about 160 mV, while the SWH is
calculated to be 40 mV. Here, we recall that the general cri-
terion of DRWs is that the highest amplitude of waves larger
than twice the SWH [10]. Thus, it is apparent that the freak
pulse could be considered to be a DRW since the maximal
amplitude is about four times that of the SWH.

To show the trend of DRW generation in this chaotic state
more clearly, Fig. 6 illustrates the evolution of the chaotic multi-
pulse bunch over several cavity round-trips. As can be seen in
Fig. 6, the chaotic multi-pulse wave packet fluctuates strongly
from time to time. Some freak pulses with high amplitude ap-
peared unpredictably and possess transient duration. Therefore,
it further demonstrated that the DRWs could be generated in
the chaotic multi-pulse wave packet. Moreover, we have also
measured the pulse train with a lower bandwidth oscilloscope
(200 MHz). Since the fine structure of the chaotic pulse wave

packet could not be resolved, the measured pulse train mostly
reflects the total bunch energy. In this case, no evident fluctua-
tions on the amplitudes of the pulses could be observed,
indicating that the generation of DRWs comes from the redis-
tribution of the energy within the chaotic wave packet [10].
From the experimental observations, it is believed that the
strong nonlinear interactions among the chaotic multiple pulses
contribute greatly to DRW formation, which was introduced
by the TI-deposited microfiber photonic device.

In the following, we investigated the characteristics of
DRWs under the conditions of different pump powers. Note
that, in the experiments, the recorded events for each histogram
of rogue waves were fixed to be 105. Typically, Fig. 7 presents
the pulse profiles and the corresponding intensity histograms at
the pump power of 128 and 171 mW. As can be seen from
Figs. 7(a) and 7(c), the pulse number inside the multi-pulse
wave packet increased with the increased pump power.
From Figs. 7(b) and 7(d), both the intensity histograms at the
pump powers of 128 and 171 mW have the long-tailed stat-
istical distribution. The SWH in Fig. 7(b) is calculated to be
46 mV, and the recorded highest amplitude is 196 mV, about
4.3 times larger than the SWH. Meanwhile, the highest am-
plitude in Fig. 7(d) is 194 mV, and reached 3.7 times as high
as SWH 53 mV. It should be noted that DRW generation in
the chaotic multi-pulse wave packet could be also obtained at
other pump power levels or orientations of PCs. Therefore,
the DRWs could be generated in a large range of the cavity

Fig. 4. Mode-locked chaotic multi-pulse bunch: (a) spectrum,
(b) corresponding pulse train, and (c) single wave packet.

Fig. 5. Intensity histogram on log scale of chaotic multi-pulse
bunch. SWH is 40 mV.

Fig. 6. Evolution of chaotic multi-pulse bunch over several cavity
round-trips.
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parameter selections, which demonstrated that the localized,
chaotic multi-pulse wave packet with long-range pulse inter-
actions could be an efficient medium to investigate DRWs
in optical systems. In addition, we have also constructed the
fiber lasers mode locked by nonlinear polarization rotation
or nonlinear amplifying loop mirror techniques to investigate
the DRW generation. Generally the DRWs could be observed
only in the noise-like pulse regime, which is similar to the pre-
vious results [10,12,14]. However, in the current fiber laser,
because of the unique nonlinear optical response of the micro-
fiber device, the localized chaotic multi-pulse wave packet
could be readily observed, which was demonstrated to be an
alternative platform for investigating the phenomenon of DRWs.

In conclusion, we demonstrated that the DRWs could be
observed in a localized, chaotic multi-pulse bunch in an ultra-
fast fiber laser system based on a TI-deposited microfiber pho-
tonic device. By virtue of the saturable absorption and the
highly nonlinear effect introduced by the TI-deposited micro-
fiber, the strong nonlinear interactions among the chaotic
multiple pulses up to several tens of nanoseconds lead to the
direct observations of DRWs from the fiber laser. In addition,
the DRWs could be observed in a large parameter range of the
optical laser systems. All these results illustrate that the local-
ized, chaotic multi-pulse wave packet with long-range pulse
interactions could act as a good platform for the investigations
of DRWs. Moreover, it is also suggested that the TI-deposited
microfiber photonic device could find important applications
in the future investigations of nonlinear dynamics, such as
DRWs in ultrafast fiber lasers.
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