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a b s t r a c t

Multi-pulse dynamic patterns have been experimentally observed in an Ytterbium-doped fiber laser
passively mode locked by a topological insulator (TI) Bi2Te3 saturable absorber (SA). The fundamental
mode-locking operation with a repetition rate of �1.10 MHz was achieved under a pump power of
�160 mW with an appropriate setting of the polarization controller (PC). It was found that through
either changing the pump power or rotating the orientation of intra-cavity PC, several characteristic
modes have been experimentally observed, including disordered multi-pulses, bunch of pulses, and
soliton rains. Simultaneously, quasi-square pulses have also been observed in the laser cavity. Our
systematic study clearly demonstrated that TI could be developed as an effective SA for the generation of
different pulse operation states in a passively mode-locked all-normal-dispersion Ytterbium-doped
fiber laser.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Passively, mode-locked fiber lasers have attracted much atten-
tion as a useful tool for the investigation of multi-soliton nonlinear
dynamic [1–4]. It has been shown that various mechanisms had be
proposed to interpret the formation of multi-solitons in an
anomalous dispersive cavity, including the soliton shaping of
dispersive waves, the effective spectral filtering effect, the wave-
breaking effect and the soliton peak clamping effect. Indeed,
various modes of multi-soliton operation have be observed in
previous experimental, including bound solitons [5,6], disordered
bunched multi-soliton [7,8], soliton rains [9–11], high-order har-
monic mode-locking (HML) [12,13].

In compare with the erbium-doped fiber lasers, it was more
difficult to achieve the formation of multi-pulses in the ytterbium-
doped fibers due to its relatively larger spectral gain bandwidth in [2],
but multi-pulses could be still obtained if the pump power was higher
than some value [14,15]. However, most of the previous experimental
studies on the multi-soliton operation states were concentrated on
fiber lasers passively mode-locked with nonlinear amplifying loop
mirror (NALM) [16] and the nonlinear polarization rotation (NPR)
technique [12]. The usage of real passive saturable absorber (SA)
seemed to be more advantageous for the development of commercial

mode-locked sources because NPR and NALM mode-locked laser
were environmentally more sensitive, and it would be important to
investigate multi-soliton characteristics in fiber lasers passively mode-
locked based on a SA, such as semiconductor saturable absorbers
(SESAM) [17], single-walled carbon nanotube (SWNT) [18–21] and
graphene [22–30]. However, SESAMs had a narrow broadband
response (a few tens of nanometers) and required complex fabrica-
tion process including integration and packaging. Moreover, SWNTs
always resulted in non-saturable loss, and restricted its applications
due to its response spectral range that was determined by the
diameter and chirality. Although graphene had the broadband
response, it had a relatively low damage threshold and low saturation
intensity, which may further limit the pulse energy.

Mostly recently, a new type of Dirac nanoscale material named
“topological insulator (TI)” [31–36], which has been successfully
demonstrated as an effective saturable absorber material for the
passive Q-switched or mode-locking in fiber lasers or solid-state laser
at different wavelengths [37–47]. Those experimental results demon-
strated that TI-SA had a broadband response wavelength range of
saturable absorption, large modulation depth, high damage threshold
and strong saturation intensity. It was demonstrated that introducing
proper high nonlinear effect into the laser cavity was favorable for
generating multi-solitons [48], and TI was experimentally found to
show very large nonlinear refractive index (a value of 10�14 m2/W)
[49]. This indicated that TI played an important role on the formation
of multi-soliton in mode-locked fiber lasers. Chen et al. have experi-
mentally studied the formation of various multi-soliton patterns in a
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mode-locked Erbium-doped fiber laser based TI:Bi2Te3 SA [50]. How-
ever, no previous work reported the multi-pulse in a TI:Bi2Te3 based
mode-locked ytterbium-doped fiber laser, and the corresponding
formation behavior of multi-pulse in such lasers still needed to be
explored.

In this paper, we reported on the generation of multi-pulse
operation states from all-normal dispersion ytterbium-doped fiber
ring laser passively mode-locked by TI:Bi2Te3 SA, which was sand-
wiched between two optical fiber connectors through the optical
deposition approach [51–53]. The fundamental mode-locking opera-
tion was achieved under a pump power of �160 mW with an
appropriate setting of the polarization controller (PC). By adjusting
the pump power and the orientation of the PC, it has been found that
multi-pulse operation exhibited several characteristic operations
from disordered multi-pulse, bunch of pulses, and soliton rains.
Besides the above mode-locking operation states, quasi-square
pulses could be also observed in the cavity under appropriate pump
power and orientation of the PC.

2. Sample preparation and experimental setup

The layered Bi2Te3 nano-sheets were synthesized by the liquid
exfoliation approach, which had been elaborated in Ref. [37], and
the inter-band relaxation time of Bi2Te3 was �0.5 ps [54]. The
corresponding scanning electron microscope (SEM) image was
shown in Fig. 1(a), it could be obviously seen that the TI nano-
material had a quasi-two-dimensional structure with regular hex-
agonal shape. The X-ray diffraction (XRD) pattern of TI nanosheets
(PDF Card: 15-0863) showed a high [0 0 6] orientation and some
characteristic peaks [0 1 5 and 0 0 1 5], as shown in Fig. 1(b).

Then Bi2Te3 nano-sheets were dissolved in distilled water and
leading to an efficient dispersion through 3 h of ultra-sonication. The
uniform dispersion of Bi2Te3 nano-sheets was suitable for optical
deposition. In the following, a continuous wave (CW) single mode
laser diode (LD) with central wavelength of 975 nm and maximum
power of 500 mW spliced with a standard fiber connector (FC–PC)
was used as the laser source for optical deposition, then light exiting
from the fiber connector end-facet could be directly injected into the
dispersion solution. The corresponding experimental setup was
shown in Fig. 2. After 2-min light illumination under a pump power
of 60 mW, Bi2Te3 nano-sheets could be gradually adsorbed and
deposited onto the fiber connector end-facet due to optical trapping
force and heat convention effects. After being dried in ambient
environment for one day, the fibered topological insulator based
optical device was fabricated after connecting with another clean and
dry fiber connector. The inset of Fig. 2 showed that part of the fiber

connector end-facet, and it could be clearly seen that the fiber
connector core area was fully covered by the TI sample.

The saturable absorption property of the TI:Bi2Te3 sandwiched
between optical fiber connectors was shown in Fig. 3. The laser
source used was home built mode-locked laser oscillator with a
repetition rate of 5 MHz and 150 ps operating at �1064 nm. The
date obtained from the experiment was then fitted according to

α Ið Þ ¼ α0 1þ I
Isat

� ��1

þαns ð1Þ

where I was the input laser intensity, Isatwas the saturation
intensity (the intensity with the absorption coefficient of half the
initial value), αðIÞ was the intensity-dependent absorption coeffi-
cient, and α0 and αns were the modulation depth and the non-
saturable loss, respectively. The results gave a saturation intensity
of �24.6 MW∕cm2, modulation depth of �16.2%, and non-
saturable loss of �22.8%.

Our fiber laser was schematically shown in Fig. 4. The laser was
pumped by a 976 nm pump laser through a wavelength division
multiplexer (WDM), and the output of the laser was coupled
through a 10% fiber optical coupler (OC). A segment of �3.4 m YDF
with absorption of 250 dB/m@975 nm was used as the gain
medium. A polarization independent isolator (ISO) was used to
ensure the unidirectional operation of the ring laser cavity, and a
three-spool polarization controller (PC) was employed to adjust
the cavity birefringence. A bandwidth filter with a central wave-
length of 1064 nm and 3 dB bandwidth of �5 nm was inserted
into the cavity. A total length of �180 m HI-1060 Flex single mode
fiber (SMF) was also incorporated to the cavity. The total cavity
length was �185 m. The monitoring of the output temporal pulse
trains and optical spectrum were performed using a 20-GHz
mixed signal oscilloscope (Tektronix MSO72004C) with a 45-GHz
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Fig. 1. (a) SEM image of the Bi2Te3 nano-sheets. (b) The corresponding XRD diffraction pattern.
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Fig. 2. Schematic diagram of optical deposition for TI:Bi2Te3. Inset: Optical image of
the fiber connector end-facet after deposition.
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photo-detector (Newport 1014) and an optical spectrum analyzer
(OSA, AQ6370B) with a minimum resolution of 0.02 nm, respec-
tively. The pump power and output power were monitored by a
photodiode power meter (COHERENT).

3. Experimental result and analyses

3.1. Fundamental mode-locking

The laser threshold pumping power for CW operation was
�110 mW. At the pump power of �160 mWwith an average output
power �1.41 mW, the fundamental mode-locking operation was
achieved by appropriately adjusting the orientation of PC. As shown
in Fig. 5(a), the pulse train had a cavity round-trip time of �905.6 ns,
corresponding to the fundamental repetition rate of �1.10 MHz and
the total cavity length of �185 m. The Fig. 5(b) showed that the full
width at half maximum (FWHM) of the single pulse profile was
�1.11 ns. The corresponding optical spectrum was also measured, as
shown in Fig. 5(c). It had a central wavelength of �1064.3 nm and
a 3-dB spectral bandwidth of �1.38 nm. In addition, the optical
spectrum showed the typical steep spectral edges was a result of
shock wave resonance in all-normal dispersion fiber lasers, indicating
that the mode-locked pulses had been shaped to dissipative solitons
[55]. The corresponding radio frequency (RF) spectrum was mea-
sured by a Mixed Domain Oscilloscope (Tektronix MDO4034B-3).
Fig. 5(d) showed the fundamental frequency with a signal-to-noise
ratio (SNR) of �64 dB, and it was clearly shown that the repetition
rate of the pulse train was �1.10 MHz (the resolution bandwidth
(RBW) was 2.50 kHz).

3.2. Disordered multi-pulses

By carefully tuning the orientation of PC, pulse splitting was
found to occur owing to the peak power-limiting effect [3]. The
corresponding pump power and average output power were
�185 mW and �2.24 mW, respectively. Disordered multi-pulses
had been observed at this pump power, in which pulses were

randomly distributed in the cavity. Fig. 6(a) showed a typical
example, where two individual pulses coexist in the cavity. These
two pulses were unequally separated. It was worth mentioning
that this operation state was steady and static. Another type of
disordered multi-pulse state could be also observed by adjusting
the PC, as shown in Fig. 6(c). More and more new pulses occupied
either the entire or part of the space within the cavity. It was found
that the pulses randomly moved with respect to each other in the
cavity. In order to understand its origin, the corresponding optical
spectra were measured as shown in Fig. 6(b) (corresponding to the
pulse trains of Fig. 6(a) and (d)) (corresponding to the pulse trains
of Fig. 6(c)). It was clearly seen that there were CW spectral
component appeared on the optical spectrum. The existence of
CW spectral component also played an important role in the
formation of the disordered multiple pulses. The CW component
could introduce a kind of global pulse interaction forces that link
with all the pulses.

Since different pulses were located at different wavelengths,
the pulse trains would have different group velocities and
round-trip times because the cavity dispersion was nonzero. In
other words, the distribution of these pulses along the cavity
became disordered and the pulses were in constant motion with
respect to each other [56]. In addition, as could be also clearly
seen in Fig. 6(a)–(d), the CW component was represented by the
appearance of background noise, just liked the report in Refs.
[57,58]. Increasing the strength of the CW component, the
instability of the pulse trains became more obvious, and conse-
quently the noise background disappeared from the oscilloscope
trace as shown in Fig. 6(c). It would be formed as a stable
irregular distribution pattern without the noise background in
the cavity (as shown in Fig. 6(a)).

3.3. Bunch of pulses

To form the state of bunch of pulses, the pump power needed to
be increased to �190 mW with an output power of �2.33 mW.
Fig. 7(a) showed the oscilloscope trace in which two optical pulses
were grouped in a tight packet, and the bunch repeated with a
fundamental repetition rate of �1.10 MHz. The corresponding optical
spectrum was shown in Fig. 7(d). In compare with Fig. 6(d), it was
clearly shown that the CW spectral component still appeared on the
spectrum, but the strength decreased. In addition, we found a
noticeable phenomenon that the number of pulses in the bunch
would be increased from 2 to 6 by fixing the orientation of the PC but
further increasing the pump power slightly. There were 3, 4, 5 and
6 pulses coexisting in the bunch at the pump power of �198 mW,
�204 mW, �209 mW and �213 mW, respectively. The correspond-
ing output power was �2.49 mW, �2.67 mW, �2.75 mW and
�2.83 mW, respectively. Fig. 7(b) and (c) showed the corresponding
oscilloscope traces at a pump power of �198 mW and �213 mW.
On the other hand, an inverse progress has also been explored: the
pulse number could be decreased one by one by slightly decreasing
the pump power. There were two pulses coexisting in the bunch if
the pump power was decreased down to �186 mW. Eventually, the
fundamental mode-locking state could be maintained at a pump
power of �155 mW, which was below �160 mW due to hysteresis
phenomena [59,60].

3.4. Soliton rains

If the pump power was further increased by adjusting the PC in
an appropriate position, an interesting dynamic pattern state
could be obtained in the cavity, which was called soliton rain.
The typical case with a pump power of �288 mW was given in
Fig. 8(a), and the corresponding output power was �6.16 mW. It
could be found that some small drifting pulses drifted (right to
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left) toward the so-called condensed phase, collided with it, and
spontaneously and randomly arose from the noisy background
again after the collision. This behavior was similar to that reported
in [9–11]. The condensed state span was a single pulse with the
FWHM of �5.96 ns, and the whole process could repeat in a quasi-
stationary state while keeping the experimental conditions
unchanged. The corresponding optical spectrum had a center
wavelength of �1062.79 nm and a 3-dB bandwidth of

�0.82 nm, as given in Fig. 8(b). In this operation state, we also
found three noticeable phenomena. The first was that the con-
densed phase would disappear with an appropriate orientation of
the PC. This typical case with the same pump power of �288 mW
was given in Fig. 8(c), the condensed phase disappeared but
drifting pulses existed, and the drifting direction was unchanged.
However, compared with media 1, the drift speed of the drifting
pulses here was much slower. The second phenomenon was that
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the number of drifting pulses could be controlled depending on
the orientation of the PC and the pumping power, as shown in
Fig. 8(d). The condensed phase existed and the drifting direction
was also unchanged. However, the number of drifting pulses was
only one, and the drifting pulses drifted much faster than the
above two operation states. In this states, the pump power was
�293 mW with the output power of �6.50 mW. The last phe-
nomenon was that the condensed phase could be changed from a
single pulse to a bunch by adjusting the PC carefully with the
pump power of 293 mW. Fig. 8(e) showed this case, two pulses
could bunch together, and the two pulses had the same peak
powers and stable relative positions in the bunch. The number of
drifting pulses was also only one, and the drift speed of the
drifting pulses here (right to left) was the same as the third
phenomenon.

3.5. Quasi-square pulse

In our experiment, besides the fundamental mode-locking, a train
of mode-locked quasi-square pulse could be also observed at the
pump power of �164mW with an appropriate PC setting. Fig. 9
(a) showed the typical oscilloscope trace under the pump power of
�180mW. As exhibited in the inset (left) of Fig. 9(a), indicating that
the pulse had a quasi-square profile structure, with a FWHM of
�8.22 ns. The corresponding optical spectrum of the quasi-square
pulse was shown in the inset (right) of Fig. 9(a), it could be seen that
weak CW spectral component appeared in the spectrum. The evolu-
tion of quasi-square pulse had also been experimentally investigated.
The duration of quasi-square pulse could be changed by increasing the
pump power while keeping the PCs unchanged. The evolution of
single pulse width with respect to pump power was given in Fig. 9(b).
At the pump powers of 170 mW, 220mW, 260mW, 300mW and
320mW, the corresponding pulse durations were �7.76 ns,
�12.98 ns, �21.57 ns, �27.60 ns and �33.74 ns, respectively. It was
clearly seen that the output pulse duration became broader with the
increase of pump power. The corresponding evolution of the optical

spectra exhibited that the spectral intensities increased slightly, and
the weak CW spectral component would disappear with the increase
of pump power, as shown in Fig. 9(c). In order to better show the
characteristics of quasi-square pulses, Fig. 9(d) showed the variations
of quasi-square pulse duration and output power with respect to the
pump power. We found that both of them monotonically increase
with the pump power. The narrowest pulse was �5.92 ns at the
pump power of �164mW, while the maximum pulse duration was
�33.74 ns at the pump power of �320mW. The largest output
power was �7.99 mW at the pump power of �320mW. The output
pulse energy with respect to the pump power was given in Fig. 9(e).
The pulse energy also increased with the pump power, and the largest
output pulse energy was 7.23 nJ under the pump power of �320mW.
The above behavior was similar to the dissipative soliton resonance
which reported in [61,62]. The theory of dissipative soliton resonance
indicated that, if the parameters were chosen closer to the resonance
point, the pulse energy could be enhanced to an infinitely large value
and the pulse duration could increase with the pump power, whereas
the pulse amplitude converged to a given plateau value. Several
experimental observations of dissipative soliton resonance in fiber
lasers have been reported [63–65]. The square-profile dissipative
solitons whose energy could increase to a very large value without
pulse breaking were obtained in their experiment. However, the quasi-
square pulses here would be suffered pulse break up at a higher pump
power. In addition, the pump was increased, the pulse durations were
increased and the pulse energy was also increased almost 6 times, but
the pulse amplitude did not change or change very little.

Under strong pumping, the positive cavity feedback of the laser
became strong. In the case, the bright pulses formed in a mode-locked
fiber laser would have the tendency of bunching together. As shown in
Fig. 9(a) and (b), it is clearly that the non-uniform modulation
appeared on top of the pulse. Although the pulse duration of the
single pulse is equal to 1 ns, it is also uncertain that the structure with
such duration can be accurately measured on the top of the pulse
bunch by ordinary speed oscilloscope and fast photo-detector if the
spacing of the pulses was much closer. It may be clearly observed if
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the pulses are detected by a much higher speed oscilloscope and a
much faster photo-detector. Based on these, we believe this was not a
single pulse, but rather the plenty of pulses tightly bound together and
their number predictably increased with pump rate.

In the all-normal-dispersion cavity, we incorporated the extra fiber
of �185m into the cavity, which meant introducing into more
additional linear dispersion and nonlinearity, and it is required for
the extreme pulse broadening [66,67]. Thus it could explain why the
fundamental mode-locking regime here was larger than 1 ns.

Because we are devoted to the experimental research of multi-
pulse dynamic patterns, some pulse compression mechanisms were
not applied in the cavity. If pulse compression mechanisms were
applied, we need shorter cavity lengths or standard compression
formats, such as photonic crystal fibers or bulk gratings. However, the
main purposes of these above measures are to decrease linear
dispersion and nonlinearity, which are not conducive to obtain
multi-pulses. It was demonstrated that introducing proper high non-
linear effect into the laser cavity was favorable for generating multi-
pulses [48]. Due to the highly nonlinear effect of TI SA, it has been
obtained one kind of multi-pulse operation states in an erbium-doped
fiber laser with a microfiber-based TI SA in Ref. [68]. By properly

adjusting the cavity parameters, the different dual-wavelength har-
monic mode locking (HML) orders were achieved there. However,
besides the highly nonlinear effect of TI SA, the long cavity and the
insertion of the 5-nm narrow bandwidth filter also played an
important role in the formation of the multi-pulses in our experiment.
The �185m long laser cavity here introduced into more additional
linear dispersion and nonlinearity, which leaded to higher single pulse
energy in the mode-locking state with a certain pump power
compared with the case using a short laser cavity. Therefore, in the
long laser cavity, the multi-pulses would be relatively easy to obtain
due to the peak power clamping effect [3] and soliton energy
quantization [69]. In fact, compared with erbium-doped fiber laser, it
was difficult for ytterbium-doped fiber ring laser to show the gain-
limiting effect due to the broader gain bandwidth of ytterbium and the
larger gain saturation power. Hence the insertion of the 5-nm narrow
bandwidth filter played an important role in the formation of the
multi-pulses [2]. The single-pulse energy would be restricted when
the gain bandwidth was limited by a bandwidth filter, which would
induce the pulse to break under the higher pump powers. Addition-
ally, the effective gain bandwidth of the laser also depended on the
artificial fiber birefringence filter [70–72]. Usually, the cavity
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birefringence-induced artificial birefringence filtering effect could
normally be ignored due to the large filtering bandwidth in the
weakly birefringent fiber cavities. However, strong cavity birefringence
could be introduced into our fiber laser, meaning that the artificial
birefringence filter effect of the laser cavity was no longer ignorable.
The strength of the cavity birefringence could be changed by tuning
the intra-cavity PCs, resulting in the change of the effective cavity
transmission bandwidth, which could be viewed as variation in the
bandwidth of the gain in the laser. Hence the effective gain bandwidth
of the laser could be determined by both the 5-nm bandwidth filter
and the artificial fiber birefringence filter. As a result, different
operation states could be obtained by changing the pump power
and the PCs.

4. Conclusions

In conclusion, we reported on the generation of multi-pulse
operation states from an all-normal dispersion ytterbium-doped

fiber ring laser by TI:Bi2Te3 SA that was sandwiched between
optical fiber connectors through the optical deposition approach.
We not only experimentally studied the fundamental mode-
locking and multi-pulse dynamic patterns, but also investigated
the formation of the quasi-square pulses. The quasi-square pulses
had the maximum pulse duration of �33.74 ns and the largest
output pulse energy of 7.23 nJ at the pump power of �320 mW.
Our work has verified that TI might be developed as a saturable
absorber device for the generation of various multiple pulse
operation states in an all-normal dispersion laser.
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