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We report the “periodic” soliton explosions induced by intracavity soliton collisions in a dual-wavelength mode-
locked Yb-doped fiber laser. Owing to the different group velocities of the two wavelengths, the mode-locked
solitons centered at different wavelengths would periodically collide with each other. By using the dispersive
Fourier transformation technique, it was found that each collision would induce soliton explosions, but none
of them would be identical. Therefore, this phenomenon was termed as “periodic” soliton explosions. In addition,
the dissipative rogue waves were detected in the dual-wavelength mode-locked state. The experimental results
would be fruitful to the communities interested in soliton dynamics and dual-comb lasers. © 2020 Chinese

Laser Press

https://doi.org/10.1364/PRJ.377966

1. INTRODUCTION

As efficient pulse sources, ultrafast fiber lasers have been applied
to many fields such as laser processing and optical communica-
tion [1,2]. In addition, due to the dissipative feature of ultrafast
fiber lasers and they have been regarded as great platforms to
investigate nonlinear phenomena and soliton dynamics. So
far, by selecting cavity parameters, various types of soliton dy-
namics have been observed in ultrafast fiber lasers, such as
dissipative soliton resonance [3–6], harmonic mode-locked
solitons [7,8], and vector solitons [9–13]. Most of these soliton
dynamics in ultrafast fiber lasers are stationary or quasi-stationary
states. Besides that, the fiber laser could also operate in the
transient states with some certain cavity parameters. Since the
dispersive Fourier transformation (DFT) technique was intro-
duced into soliton dynamic research as a real-time spectroscopy
technique, soliton transient dynamics have gained more and
more attention because of their fruitful nonlinear phenomena
and potential practical applications. Indeed, by using the
DFT technique, versatile soliton transient dynamics have been
observed in fiber lasers, such as soliton buildup [14–18], evolving
soliton molecules [19,20], rogue waves [21,22], soliton explo-
sions [23–25], and pulsating solitons [26,27].

Among them, soliton explosions could be regarded as one of
the most fantastic phenomena, in which solitons intermittently
suffer explosive instabilities and then recover to their original
status after each explosion [28–31]. Until now, many efforts
have been devoted to investigation of the soliton explosions.

The earlier numerical results have demonstrated that the
higher-order effects play important roles in the generation
and characteristics of soliton explosions [30,32]. In 2015 the
real-time dynamics of soliton explosions were first observed
in a fiber laser by using the DFT technique [23], and the ex-
perimental investigations on soliton explosions were greatly
stimulated. Soliton explosions have been demonstrated to exist
in different operation wavebands with different mode-locking
techniques [23–25,33–37]. In general, the phenomenon of sol-
iton explosion in fiber lasers is related to the cavity nonlinear
effect, which could be regarded as a transition state between
a stable state and a noise-like state. The typical characteristic
of soliton explosion is the abrupt collapse of the soliton spec-
trum and the recovery of the stable state soon after that. In
some cases, the temporal shift of pulse, Raman components,
and dissipative rogue waves (DRWs) would occur accompany-
ing the soliton explosion [23,24]. The duration of soliton ex-
plosion could vary from several to thousands of round-trips
with certain cavity parameters. Up to now, most of the reports
have been focused on the explosion of single soliton. As for the
explosion of multi-solitons, Yu et al. found that explosion
of one soliton could be ignited by another one through the
soliton interactions mediated by the transient gain response
of an erbium-doped fiber [36].

So far, all the soliton explosions mentioned above appeared
randomly and were observed in single-wavelength mode-locked
fiber lasers. As we know, dual-wavelength mode-locked solitons
would periodically collide with each other due to the different

246 Vol. 8, No. 3 / March 2020 / Photonics Research Research Article

2327-9125/20/030246-06 Journal © 2020 Chinese Laser Press

https://orcid.org/0000-0001-8893-0664
https://orcid.org/0000-0001-8893-0664
https://orcid.org/0000-0001-8893-0664
https://orcid.org/0000-0003-1692-2678
https://orcid.org/0000-0003-1692-2678
https://orcid.org/0000-0003-1692-2678
mailto:xuwch@scnu.edu.cn
mailto:xuwch@scnu.edu.cn
mailto:xuwch@scnu.edu.cn
mailto:zcluo@scnu.edu.cn
mailto:zcluo@scnu.edu.cn
mailto:zcluo@scnu.edu.cn
https://doi.org/10.1364/PRJ.377966


group velocities of different wavelengths. It has been demon-
strated that the soliton collisions that happened in ultrafast fiber
lasers exhibited various fantastic behaviors such as soliton mol-
ecule formation, soliton fusion or annihilation, and energy ex-
change [38]. In addition, it has been theoretically confirmed
that soliton collisions would induce soliton explosion in the
framework of two coupled cubic-quintic complex Ginzburg–
Landau equations for counter-propagating waves [39]. Then
it is interesting to see whether a soliton collision in dual-
wavelength fiber lasers could induce soliton explosion and
whether the periodic collisions of dual-wavelength solitons
would lead to periodic soliton explosions. On the other
hand, dual-wavelength mode-locked fiber lasers have potential
applications in many fields such as optical instrumentation,
wavelength-division multiplexing (WDM) networks, and opti-
cal sensing. Furthermore, they could be regarded as a promising
optical source for dual-comb spectroscopy [40,41]. However,
the inevitable soliton collisions in the laser cavity may have
great influence on the performance of the dual-wavelength
mode-locked fiber laser. Therefore, it is meaningful to investi-
gate the dynamics of dual-wavelength solitons in ultrafast fiber
lasers.

In this work, we conducted a dual-wavelength Yb-doped
fiber (YDF) laser mode locked by a semiconductor saturable
absorber (SA). The two wavelengths are ∼1061.38 nm and
∼1063.16 nm. By employing the DFT technique, the “peri-
odic” soliton explosions could be observed just after each col-
lision. Both solitons would experience “periodic” explosions,
but none of the explosions would be identical. During the
dual-wavelength mode-locked state, extremely high-amplitude
waves, which were also confirmed as DRWs, appeared with
small probability after the DFT process. These results could
not only shed new light on the dynamics of soliton explosions
and soliton collisions but also be of great significance in the
fields of both physical research and industrial applications.

2. EXPERIMENTAL SETUP

The schematic of the YDF laser is shown in Fig. 1. As the gain
medium, a piece of ∼1 m YDF (Nufern SM-YSF-HI) is
pumped by a 975 nm laser diode through a 980/1060 nm
wavelength-division multiplexer. The other fibers in the laser
cavity are ∼71 mHI-1060 fiber. Thus, the whole cavity length
is about ∼72 m.

In order to obtain stable mode-locking operation in the
all-normal-dispersion regime, a fiber-pigtailed bandpass filter

(BPF) centered at 1060 nm with a bandwidth of 5 nm is
inserted into the cavity [42]. The unidirectional operation is
ensured by a polarization-independent isolator (PI-ISO). A
polarization controller (PC) is employed to adjust the polariza-
tion state of the circulating light. The mode-locking operation
is realized by a commercial semiconductor SA (BATOP 1064-
26-37ps). The laser output is taken by a 20% fiber coupler,
which is simultaneously measured by an optical spectrum ana-
lyzer (OSA, Anritsu MS9710C) and a high-speed real-time
oscilloscope (Tektronix DSA-70804, 8 GHz) with a photo-
detector (Newport 818-BB-35F, 12.5 GHz). In addition, a
∼15 km standard single-mode fiber (SMF) is placed between
the oscilloscope and the output coupler (OC) to realize the
DFT technique. Then the real-time spectral characteristics
of the solitons with a spectral resolution of ∼0.29 nm
[43–45] could be observed.

3. EXPERIMENTAL RESULTS

By virtue of the saturable absorption of the semiconductor SA,
the self-mode-locking operation could be easily achieved by
increasing the pump power to 125 mW. Figure 2 summarizes
the performance of stable single-wavelength mode-locked
state. Due to the all-normal cavity dispersion, a typical rectan-
gular spectrum of the dissipative soliton could be obtained
in our fiber laser as shown in Fig. 2(a). The center wavelength
and 10 dB bandwidth of the mode-locked spectrum are
∼1061.38 nm and ∼2.57 nm, respectively. Figure 2(b) shows
the corresponding pulse train, whose pulse interval is
∼351.43 ns. The pulse duration is measured to be ∼86 ps
by an autocorrelator as presented in the inset of Fig. 2(b).
Moreover, the radio frequency (RF) spectrum of the mode-
locked soliton was measured as shown in Fig. 2(c). The peak
located at the frequency of 2.8455 MHz represents the funda-
mental repetition rate, which has a signal-to-noise ratio of
>70 dB. In order to verify the stability of the mode-locking
operation, the shot-to-shot spectra with 1000 round-trips were
measured by virtue of the DFT technique as presented in
Fig. 2(d). Here we can clearly see that the intensities and pro-
files of the shot-to-shot spectra remain almost unchanged. The
results demonstrated that the laser was operating in the stable
single-wavelength mode-locked state.

As we know, the spectral filter effect could be generated
by the combination of the intracavity birefringence and the
polarization-dependent loss [46]. By adjusting the PC and
pump power, the parameters of the spectral filter, such as the
transmission peaks at different wavelengths and free spectral
range, could be changed. Therefore, in our experiments, dual-
wavelength operation could be achieved by adjusting the PC
and pump power. The red solid line in Fig. 3(a) shows the spec-
trum of the dual-wavelength mode-locked state at the pump
power of 131.5 mW. The two lasing wavelengths are estimated
to be at ∼1061.38 nm and ∼1063.16 nm, respectively, since
there is a small overlap between the two spectra. The corre-
sponding pulse trains are presented in Fig. 3(b), where we can
see that there are two sets of pulse trains with different inten-
sities. By carefully analyzing the pulse trains in Fig. 3(b), the
pulse train with higher intensity is at ∼1061.38 nm, while
the other one is at ∼1063.16 nm. Figure 3(c) provides theFig. 1. Schematic of the Yb-doped fiber laser in this experiment.
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RF spectrum in this state, where there are two peaks with an
interval of ∼40.81 Hz. The autocorrelation trace measured in
this state shows that the pulse duration is ∼108 ps. Since differ-
ent wavelengths have different group velocities, the dual-
wavelength mode-locked solitons would periodically collide
with each other. The collision period Δt can be calculated
by Δt � 1∕Δf , where Δf is the difference of the two funda-
mental repetition rates at two wavelengths. Then the collision
period is calculated to be ∼24.50 ms. In order to investigate the

soliton collision evolution, we recorded the pulse trains before
and after the DFT process during the whole collision process
by an oscilloscope as shown in Figs. 3(d) and 3(e). The corre-
sponding pulse evolutions can be found in Visualization 1 and
Visualization 2. Moreover, in order to present the evolution
more clearly, Fig. 4 shows the pulses of several typical round-
trips before and after DFT during the soliton collision process.
Here the horizontal axes in Figs. 3(e) and 4(b) are time, rather
than wavelength, which is because there are two pulses with

Fig. 2. Single-wavelength mode-locking operation. (a) Spectrum; (b) pulse train, inset: autocorrelation trace; (c) RF spectrum; (d) shot-to-shot
spectra with 1000 round-trips.

Fig. 3. Dual-wavelength mode-locking operation. (a) Spectrum; (b) pulse train; (c) RF spectrum; (d) pulse evolution before the DFT process (see
Visualization 1); (e) stretched pulse evolution after the DFT process (see Visualization 2), inset: pulse energy.
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evolving pulse intervals. However, Figs. 3(e) and 4(b) can still
represent the spectral evolution of the two solitons due to the
DFT technique. Moreover, it should be noted that in this ex-
periment, ∼15 km SMF was used to realize the DFT tech-
nique, which led to ∼198 round-trips difference between
the pulses before and after the DFT process. Namely, when
the pulses before and after the DFT process were recorded si-
multaneously by the oscilloscope, the pulse at the first round-
trip corresponded to the DFT-stretched pulse at the 199th
round-trip. In Figs. 3(d) and 3(e), the round-trip difference in-
duced by the DFT process has been corrected. However, in
order to show the whole collision process, the DFT-stretched
pulses from the −197th to the zeroth round-trip are also
provided here.

As we know, if soliton interaction occurs, it will be reflected
on the pulse intensity and the variation in pulse energy of one
round-trip. From the real-time dynamics in Figs. 3(d) and 3(e),
it can be found that at first the two solitons move towards each
other without interaction from the first to the ∼195th round-
trip. In Fig. 3(e), from the −100th round-trip on, there is an
overlap between the spectra of the two lasing wavelengths; how-
ever, it is just the intensity superposition without interaction.
The reason is that from the ∼ −100th to the ∼195th round-
trip, the interval between the two solitons was still too large
for interaction, which can be identified by the corresponding
pulse evolution in Fig. 3(d). In the inset of Fig. 3(e), it can be
seen that the energy remains constant during the −197th to the
∼195th round-trip, which further confirms that no evident
interaction exists in this stage.

Then the two solitons entered the interaction regime. Since
the ∼195th round-trip, the intensity of the pulse at
∼1063.16 nm decreased slightly, as well as the whole energy.
The collision between two solitons happens at the ∼304th
round-trip. In the spectral domain, after the soliton collision,
the spectrum collapsed into many spikes, which could be attrib-
uted to the perturbation induced by the soliton collision. Then
the spectral spikes evolve randomly with changing intensities
and numbers. After the ∼420th round-trip, the spectra began
to restore their structures slowly. The bandwidth of the spec-
trum at ∼1063.16 nm shows obvious variation during the

restoration process. Until the ∼770th round-trip, the two
solitons totally recover their initial states. In the time domain,
just after the collision, the intensity of the soliton at
∼1063.16 nm is slightly lower than that of the other soliton
as shown in Visualization 1. Then the two solitons experience
two energy-exchange processes. In the first one, from the
∼339th to the ∼365th round-trip, the intensity of the soliton
at ∼1063.16 nm gradually exceeds that of the other soliton.
From the ∼365th to the ∼770th round-trip, the two solitons
exchange their energy again, and finally the soliton with higher
intensity is at ∼1061.38 nm and the lower one is at
∼1063.16 nm, which is consistent with the corresponding
intensities of the two solitons at the first round-trip. It is fas-
cinating that the two solitons can be totally restored to their
stable initial intensities after the drastic collision, which might
contribute to the self-organization effect. In addition, the en-
ergy evolution in the inset of Fig. 3(e) shows that the energy
increases quickly from the ∼304th to the ∼390th round-trip,
then sharply decreases to the level (∼440th round-trip) slightly
below the stable state, and at last the energy returns to the stable
energy level after a small oscillation. The two solitons, which
have exactly the same parameters as the initial state, propagate
stably in the laser cavity after all the processes. Considering all
the evolution processes, the spectra of the two solitons experi-
enced a stable state, a spectral collapse, and finally a recovery of
the stable state, which is in agreement with the characteristics
of the soliton explosion phenomenon. Therefore, it could be
identified that the soliton explosion induced by the soliton col-
lision was observed in the dual-wavelength mode-locked fiber
laser. Moreover, it should be noted that the phase shift induced
by the soliton collision process could not be identified in our
experimental observations.

Since there is fixed group velocity difference between the
two solitons, periodic collisions will happen. Figure 5(a) offers
a pulse train after the DFT process with large time range, where
it can be seen that the collisions indeed happen within a period
of ∼24.5 ms. Then it is interesting to see whether each soliton
collision can lead to the soliton explosion. We recorded several
collision processes, and two of them are shown in Figs. 5(b)
and 5(c). It can be seen that soliton explosions will appear after
each soliton collision; however, the explosion details are not
identical. It is further confirmed that the phenomenon is a sol-
iton explosion. Although the soliton explosions are not the
same as each other, an explosion will certainly appear after every
periodic soliton collision. Therefore, we can term it “periodic”
soliton explosion.

On the other hand, as mentioned above, in some cases the
DRWs appear accompanying the soliton explosions [33]. In
our experiments, the extremely high-amplitude waves can be ob-
served on the oscilloscope occasionally after the DFT process.
Then, for the purpose of verifying whether these waves are
DRWs, we recorded 100,000 peak amplitudes of the shot-to-shot
DFT-stretched nanosecond pulses at the dual-wavelength mode-
locked state and added them to a histogram. Note that the record-
ing process took almost 6 h. Figure 6 displays the statistical dis-
tribution histogram recorded for the amplitude fluctuations in
a dual-wavelength mode-locked state. The distribution exhibits
a long-tailed distribution, meaning that the majority of the

Fig. 4. Pulses (a) before and (b) after the DFT process of several
typical round-trips during the soliton collision process.
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amplitude events are concentrated in a lower intensity and the
extremely high amplitudes appear rarely. In the histogram, the sig-
nificant wave height (SWH) is calculated to be∼0.219 V, and the
highest recorded amplitude is about 1.07 V, which reaches ∼4.88
times that of the SWH. It should be noted that each recorded peak
amplitude is the highest value of both solitons. Therefore, it could

be confirmed that the DRWs have been generated from the dual-
wavelength mode-locked fiber laser [21,33,47].

4. DISCUSSION

In our experiment, due to the group velocity difference, the two
solitons at different wavelengths periodically collided with each
other. The soliton collisions further induced soliton explosions.
Although the exploding process never repeated itself exactly, it
still could be termed “periodic” soliton explosion due to the peri-
odic occurrence of the soliton collision. In fact, the soliton col-
lision could lead to energy variation, which further influences the
cavity nonlinear effect of each soliton. Then the stable solitons
experienced instability and exploded. Finally, after the collision,
due to the self-stabilization effect, the solitons recovered to their
initial states and remained stable until the next collision hap-
pened. During the soliton explosion, the spectra collapsed into
many spikes, as well as the pulses. The broken small pulses in-
teracted with each other, which rarely generated waves with
extremely high amplitude, namely, DRWs.

As we know, dual-wavelength mode-locked fiber lasers
have been regarded as optical sources for many applications.
However, the inevitable soliton collisions together with soliton
explosions actually have negative influence on the performance
of dual-wavelength fiber lasers. In addition, the DRWs gener-
ated during the soliton explosions are detrimental to laser sys-
tems since the waves with extremely high amplitude might
burn out the fiber devices, especially in high-power pulsed
laser systems. Therefore, more efforts need to be made in
dual-wavelength mode-locked fiber lasers. In addition, the
dispersion of the fiber laser is essential to the laser’s perfor-
mance. In this work the soliton collision happens in the
YDF laser with all-normal dispersion, and further laser cavity
design with anomalous dispersion or dispersion management
for dual-wavelength mode-locked solitons is required to fully
unveil the dynamics of soliton collisions.

5. CONCLUSION

In summary, we demonstrated that “periodic” soliton explosions
are induced by the periodic soliton collisions in a dual-wavelength
mode-locked YDF laser. None of the soliton explosions repeat
themselves exactly in successive collision periods. By analyzing
the statistical intensity histogram in dual-wavelength mode-locked
state, the DRWs have been proved to be detected in our fiber laser.
These results could enhance our understanding of soliton explo-
sions, soliton collisions, and DRWs.
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