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Soliton explosions, among the most exotic dynamics, have been extensively studied on parameter invariant sta-
tionary solitons. However, the explosion dynamics are still largely unexplored in breathing dissipative solitons as a
dynamic solution to many nonlinear systems. Here, we report on the first observation of a breathing dissipative
soliton explosion in a net-normal-dispersion bidirectional ultrafast fiber laser. The breathing soliton explosions
could be stimulated by the soliton buildup process or alteration of polarization settings. Transient breathing
soliton pairs with intensive repulsion that is sensitive to initial conditions can also be triggered by multiple soliton
explosions in the soliton buildup process instead of being triggered by varying polarization settings. The high
behavior similarity also exists in the breathing soliton buildup and explosion process owing to the common gain
and loss modulation. In addition, dissipative rogue waves were detected in the breathing soliton explosion, and
the collision of breathing soliton significantly enhanced the amplitude of rogue waves, which is characteristic of
the breathing solitons in a bidirectional fiber laser. These results shed new insights into complex dissipative
soliton dynamics. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.399998

1. INTRODUCTION

Solitons, as localized wave packets, result from the balance be-
tween nonlinearity and dispersion in the medium [1]. The sta-
bility of dissipative solitons stems from the dynamic attractors
in dissipative systems. However, beyond fixed-point attractors,
dissipative systems possess a wide range of nonlinear dynamics,
including breathing and chaos [2]. Ultrafast fiber lasers, as typ-
ical dissipative systems, are particularly convenient for investi-
gating versatile dissipative soliton dynamics, such as soliton
buildup [3,4], soliton molecules [5,6], soliton explosions [7,8],
rogue waves [9,10], and breathing solitons [11,12]. Among
them, the soliton explosion is one of the fascinating localized
structures in nonlinear systems, which has recently attracted
significant research interest. In the soliton explosion regime,
the dissipative soliton can explode into pieces under certain
conditions and then recover to its original state later. Until
now, numerous efforts have been devoted to investigating
the soliton explosions. The earlier numerical result identified
soliton explosions as a class of chaotic localized solutions of
the complex cubic-quintic Ginzburg–Landau equation; further,
high-order effects play important roles in the generation and
characteristics of soliton explosions [13–15]. The first experi-
mental evidence of soliton explosions was demonstrated in a
Ti:sapphire laser and detected by a diffraction grating and an
array of six detectors [16]. In 2015, the real-time dynamics of a
soliton explosion was observed in a fiber laser by using the time-

stretch dispersive Fourier transform (TS-DFT) [7]; afterward,
the experimental investigations on soliton explosions were
greatly stimulated, including successive soliton explosions
[17], vector incoherent soliton explosions [18], mutually
ignited soliton explosions [19], etc.

However, the soliton explosions were limited in the station-
ary soliton regime and are still largely unexplored in the breath-
ing dissipative soliton regime, which experiences periodic
evolution of energy and spectra. Breathing dissipative solitons
constitute an important context of nonlinear science and have
been investigated in various physical systems [20–23]. On the
other hand, breathing solitons have important practical appli-
cations, e.g., increase of the resolution in a dual-comb source
[20]. Therefore, it is of fundamental significance to explore the
condition to trigger a soliton explosion in breathing solitons,
akin to stationary solitons. In addition, a soliton explosion is
also related to the soliton collision, which has been theoretically
predicted [24]. It is interesting to see whether a soliton explo-
sion can be generated in a bidirectional ultrafast fiber laser in
which counterpropagating breathing solitons collide in each
roundtrip. Continuous interest in bidirectional mode-locking
has also reinforced their practical application, such as ultrafast
laser ring gyroscopes [25] and coherent dual-comb spectros-
copy [26]. However, the lack of underlying research on soliton
dynamics poses significant limitations to the development
of bidirectional ultrafast laser applications. Therefore, it is
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meaningful to investigate the exotic dynamics of breathing dis-
sipative solitons in bidirectional ultrafast fiber lasers.

In previous reports of bidirectional fiber lasers, the soliton
dynamics highly depends on the net cavity dispersion. The sim-
ilarity in the spectrum and temporal characteristics has been
observed in the buildup of stationary counterpropagating sol-
itons in a net-normal dispersion bidirectional laser [27].
However, in the anomalous dispersion regime, the counterpro-
pagating pulses experience independent buildup dynamics
[28]. For the breathing soliton with net cavity dispersion close
to zero, it is still worth exploring whether there exists behavior
similarity in the transient instability such as the buildup and
explosion process in counterpropagating solitons. The bidirec-
tional breathing solitons colliding in each roundtrip may dis-
play different dynamics. In addition, the stable performance of
bidirectional mode-locked fiber lasers is important for many
applications. However, the soliton explosions and rogue waves
associated with the inevitable soliton collision pose a negative
influence on the performance of bidirectional fiber lasers,
e.g., burnout of the fiber device. Therefore, more efforts need
to be made in investigating the soliton dynamics of bidirec-
tional mode-locked fiber lasers.

Currently, carbon nanotube (CNT) as a saturable absorber
(SA) has been widely applied for mode-locking due to its ad-
vantages of the ultrafast recovery, cost-effective production, and
ease of fiber integration. Besides, novel 2D materials, e.g., Ag2S
nanosheets and graphdiyne, have also been demonstrated as
promising SA for the ultrafast fiber laser [29,30]. Here, we re-
port on the first observation of the breathing dissipative soliton
explosion in a CNT mode-locked bidirectional ultrafast fiber
laser operating in the net-normal-dispersion regime. The
breathing soliton explosion could be induced in the soliton
buildup process or by varying the polarization setting.
Transient breathing soliton pairs with intensive repulsion that
is sensitive to the initial condition can also be triggered by
multiple soliton explosions in the soliton buildup process rather
than the polarization. In the transient instability regime, the
breathing solitons from the clockwise (CW) and counterclock-
wise (CCW) directions possess high behavior similarity owing
to the common gain/loss modulation [27]. Moreover, rogue
waves (RWs) are observed during breathing soliton explosions.
The collision of breathing solitons significantly enhances the
amplitude of RWs that characterize the breathing soliton in
the bidirectional fiber laser in contrast with the unidirectional
fiber laser. These results shed light on further understanding of
the nonlinear dynamics of a breathing soliton explosion in dis-
sipative systems.

2. EXPERIMENTAL SETUP

The experimental setup for bidirectional breathing soliton gen-
eration was a passively mode-locked Er-doped fiber laser based
on the CNT as the saturable absorber (Fig. 1). The fiber cavity
included an 11.5 m erbium-doped fiber (EDF, M12-980-125)
with a group-velocity dispersion (GVD) parameter of about
18.5 ps2∕km and a 3.7 m SM28-e fiber with a GVD parameter
of ∼ −22 ps2∕km, operated in a normal dispersion regime with
a net cavity dispersion of ∼0.13 ps2. The length of the whole
laser cavity was around 15.2 m, suggesting a repetition rate of

13.2 MHz. Two polarization controllers were inserted into the
cavity to optimize the polarization state. A coupler with a 10/90
splitting ratio was used to extract 10% of pulse power in each
direction for measurement. A 50/50 coupler combined coun-
terpropagating pulses for consistent and synchronous analysis.
A proper delay was introduced at the input ports of the 50/50
coupler to avoid temporal overlap. The temporal information
was detected by a 20 GHz photodiode (PD2, Agilent 83440 C)
and digitized by a 20 GHz real-time oscilloscope (Lecroy SDA
820Zi-B), while the spectra were detected by an optical spec-
trum analyzer (OSA, Yokogawa AQ6370D) and TS-DFT tech-
nique simultaneously. The DFT branch was composed of a
spool of dispersion compensating fiber (DCF) with
−577 ps∕nm dispersion and detected by a 12 GHz photodiode
(PD1, New Focus 1544-B). The temporal and spectral resolu-
tion was 50 ps and 0.17 nm, respectively [31].

3. RESULTS AND DISCUSSION

The laser operates in different states when the pump power is
changing. At the particular polarization setting, the breathing
dissipative solitons can be directly generated in the mode-
locking buildup process at a pump power of 15 mW. The stable
breathing solitons are shown in Fig. 2 at a pump power of
17.5 mW. The solitons spectra for both CCW and CW pose
the same center wavelength of 1595 nm [Fig. 2(a)] but with

Fig. 1. Schematic illustration of the fiber laser cavity and measure-
ment setup.

Fig. 2. Stable breathing soliton state. (a) Average spectra recorded
by an OSA. (b) Temporal evolution. (c) RF spectrum. (d) Spectral
evolution.
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distinguishable bandwidth (18.7 nm for CCW pulse, and
15 nm for the CW pulse). The CW pulse possesses higher en-
ergy and amplified spontaneous emission (ASE) noise that
attributes to the asymmetric pump structure of the EDF.
The CW soliton separates from the CCW soliton with a con-
stant temporal distance of 28.3 ns, suggesting an identical
repetition rate in both directions [Fig. 2(b)]. The radio fre-
quency (RF) spectrum [Fig. 2(c)] suggests a frequency differ-
ence of 167 kHz between the satellite component (induced by
the breathing) and the fundamental repetition frequency of
13.19 MHz, which agrees well with the breath period of
79 roundtrips (RTs). Furthermore, there is only one funda-
mental frequency and satellite peak frequency, which further
demonstrates the synchronization and the same breathing
period of solitons in both directions. Figure 2(d) shows the
spectrum evolution of counterpropagating solitons with clear
breathing behavior corresponding to the same breathing period
of 79 RTs. It should be noted that the breathing solitons of
opposite propagating directions collide in the cavity every
roundtrip. The collision point in the cavity is inferred as the
location of the CNT, which leads to a good temporal synchro-
nization of counterpropagating pulses. The CNT produces
equivalent loss modulation for the solitons as the common trans-
mission path through the CNT simultaneously. Therefore,
the bidirectional breathing dissipative solitons exhibit similar
performance in this laser system, e.g., the same breathing
period, spectral center wavelength, and repetition rate.

The breathing soliton explosion could be triggered in the
soliton buildup process or through polarization manipulation,
different from the one by decreasing pump power [20]. The
buildup process of breathing solitons suggests the frequent oc-
currence of multiple soliton explosions. The number of soliton
explosions can also be increased by increasing the initial pump
power for mode-locking. Figures 3(a) and 3(b) show the tem-
poral evolution along with the CW and CCW directions, re-
spectively. Note that the seed pulses always occur in pairs,
and the soliton buildup and explosion behavior along both

directions happen almost simultaneously. The characteristic
temporal shift appears in the soliton explosion process
[Figs. 3(a) and 3(b)] [7,18]. Although the soliton energy varied
dramatically during the evolution, the temporal separation of
counterpropagating solitons remains constant. The breathing
soliton buildup in both directions also suggests similar spec-
trum evolution [Fig. 3(c)] from the background noise. As
the energy dramatically increases, the spectrum broadens until
quasi-stable mode-locking is reached in the breathing soliton.
In the soliton explosion regime, an abrupt spectral collapse oc-
curs during the breathing soliton mode-locking, and the peri-
odic spectral evolution in dual directions is disrupted by wide
and chaotic spectra. The duration of the soliton explosion in
both directions is about 900 RTs; then, the solitons recover
quasi-stable breathing operation. The energy (integration of
spectral density) evolution follows the same trend for counter-
propagating breathing solitons [Fig. 3(d)]. In both the buildup
and explosion processes, the soliton energy exhibits a dramatic
increase and fall-off, and then reverts to the oscillating state.
The apparent energy oscillation demonstrates the breathing dy-
namics of dissipative solitons [inset in Fig. 3(d)].

Figure 4 shows two typical intermittent breathing soliton
explosions induced by the soliton buildup at a mode-locking
pump power of 26 mW. Figures 4(a) and 4(b) show the spectral
evolution of breathing soliton explosion with five aperiodic and
intermittent explosion events. Specifically, when an explosion
occurs, the spectrum experienced a complete collapse and final
return to the breathing soliton state. This feature is significantly
different from the multiple soliton explosion that occurs in a
nonlinear amplifying loop mirror (NALM) mode-locked fiber
laser, for which the spectrally broad dissipative soliton partially
collapses into a narrower spectrum with enhanced amplitude
[7]. In addition, the spectrum evolution for counterpropagating
breathing solitons is quite similar in the multiple soliton explo-
sion. Figures 4(c) and 4(d) show the soliton energy evolution
corresponding to the spectra in Figs. 4(a) and 4(b), respectively.
The energy evolution suggests that none of the soliton explo-
sions would be identical for the breathing soliton explosion
events. For the explosion in the dashed rectangle of Fig. 4(d),
the soliton energy periodically oscillating characterizes the
breathing behavior before the soliton explosion takes place.
Then, the soliton energy dramatically increases, followed by
a sharp decrease to a low value, which is smaller than that
of the quasi-stable state, suggesting a total collapse of the spec-
trum. The second pair of a fast rise and decrease of the soliton
energy corresponds to the recovery of the breathing soliton, and
the similar feature of the mode-locking rebuilding has been ob-
served in the net normal dispersion mode-locked fiber laser
[32]. For another explosion in the dashed rectangle of
Fig. 4(c), the second swift rise and decrease in the soliton en-
ergy is similar to the explosion event shown by the dashed rec-
tangle in Fig. 4(d). However, the difference is that, when the
soliton explosion occurs, the soliton energy first dramatically
increases, followed by a dip (partial decrease) in the energy;
then, soliton energy rapidly recovers and eventually decreases
to a low value that corresponds to the total spectrum collapse.
Figures 4(e) and 4(f ) show the spectrum evolution correspond-
ing to the dashed rectangle in Figs. 4(c) and 4(d), suggesting

Fig. 3. Buildup and soliton explosion of breathing soliton.
Temporal evolution in (a) CW and (b) CCW directions. (c) Shot-
to-shot spectral evolution. (d) Energy evolution.
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distinguishable soliton explosion behavior for different soliton
energy evolution dynamics.

The spectral behavior for the breathing dissipative solitons
[Figs. 4(e) and 4(f )] was further compared through cross-
correlation [Figs. 4(g) and 4(h)] between single-shot spectra
from opposite directions. For every roundtrip with index N
from 1950 to 2950 propagating in the CW direction, the spec-
trum cross-correlation with RTs fromN − 50 toN � 50 in the
CCW direction is calculated. In Figs. 4(g) and 4(h), the cross-
correlation magnitude reveals similarity in the two single-shot
spectra from opposite directions. Notably, the spectra show
an insignificant change in the quasi-stable state. For each

roundtrip from the CW direction, many RTs from the
CCW direction share a high spectral similarity. The high
spectral similarity could also be found in the most variant part
of the soliton explosion. In contrast with the behavior similarity
in the stationary soliton process [27], the behavior similarity of
solitons in both directions also exists in the breathing soliton
explosion process. This finding has been further corroborated
by the observation of the energy and spectrum evolution in
both directions for more soliton explosion events.

In addition, transient breathing soliton pairs with intensive
repulsion can also be triggered by multiple soliton explosions in
the soliton buildup process. Figure 5 shows the transient
breathing soliton pair generation induced by soliton explosion
corresponding to mode-locking pump power of 20 mW.
Figures 5(a) and 5(b) show the temporal and spectral evolution
along with CW and CCW directions, respectively. When sol-
iton explosion occurs, a weak leading pulse and a stronger in-
tensity trailing pulse are generated in the breathing soliton
recovery process in the CW and CCW directions. However,
the transient breathing soliton pair is not stable. The dual
breathing solitons repel each other once they are generated.
The leading pulse becomes weaker and finally disappears, re-
sulting from the mode-locking mechanism that imposes the in-
tensity-dependent transmission coefficient on the pulses,
namely, the weak pulse undergoes higher loss. The correspond-
ing temporal separation of leading and trailing pulses is 0.7 ns
between solitons in both directions when leading pulses disap-
pear at RTs of 16,080 [Fig. 5(a)]. Figure 5(c) is a closeup view
of Fig. 5(b) to show the weak leading pulse possesses more ob-
vious breathing behavior compared with the stronger trailing
pulse. In the dual-soliton repulsive process, the spectrum of
the leading pulse gradually narrows and disappears at RT of
16,080, and the spectrum of the trailing pulse gradually wi-
dens. The counterpropagating solitons energy evolution follows
the same trend [Fig. 5(d)]. The inset in Fig. 5(d) further sug-
gests obvious energy oscillation in the breathing dynamics of
bidirectional solitons.

Besides the buildup process, the breathing soliton explosion
can also be triggered by varying the polarization at critical
mode-locking pump power (Fig. 6). In contrast with a frequent
soliton explosion in the buildup process, the explosion of the
breathing soliton only takes place once in a long duration of
84,000 RTs [Fig. 6(a)]. A closeup view [Fig. 6(b)] shows better
detail of the soliton explosion marked by the dashed rectangle
in Fig. 6(a). The dashed rectangle in Fig. 6(b) suggests a narrow
peak generated in the breathing soliton spectrum, which indi-
cates the soliton will enter the chaotic soliton explosion regime,
consistent with the theoretical prediction [33]. After the recov-
ery of stable breathing, the narrow peak in the spectrum dis-
appears. Three representative real-time spectra at different RTs
are given, corresponding to the stages of stable breathing soliton
mode-locking [Fig. 6(c)], i.e., the soliton explosion when the
soliton energy rises to maximum [Fig. 6(d)] and soliton energy
decreases to the valley [Fig. 6(e)], respectively. These transient
spectra further demonstrate the behavioral similarity of coun-
terpropagating solitons in the soliton explosion process.

In the breathing soliton explosion, extremely high-
amplitude waves have also been observed, suggesting the

Fig. 4. Intermittent soliton explosions in breathing soliton buildup
process. (a), (b) Spectral evolution of two typical intermittent breath-
ing soliton explosions. (c), (d) Energy evolution corresponding to (a)
and (b), respectively. (e), (f ) Spectral evolution corresponding to
dashed rectangle in (c) and (d), respectively. (g), (h) Spectral cross-cor-
relation map corresponding to (e) and (f ), respectively.
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emergence of optical rogue waves (RWs) in the soliton explo-
sion. This is corroborated by recording the shot-to-shot DFT
stretched pulse sequence. The statistical histogram for the am-
plitude fluctuations in the breathing soliton explosion for
80,000 peak amplitudes suggests a long-tail distribution
(Fig. 7), and the majority amplitude events are concentrated
at lower intensity, while the extremely high amplitude events
appear rather rarely. The significant wave height (SWH), de-
fined as the average amplitude of the highest third of waves,
is calculated to be ∼0.079 V (dashed line in Fig. 7); further,
the highest recorded amplitude is about ∼0.98 V, which
reaches 12.4 times that of the SWH. It should be noted that

each recorded amplitude is the highest value of solitons along
both directions. The statistical criterion to evaluate RW gener-
ation is that the highest measured amplitude should be larger
than twice the SWH. Therefore, it could be confirmed that
RWs have been generated in the breathing soliton explosion.
In some typical RWs generation events in fiber lasers, the
maximum optical amplitude exceeds ∼4 times the SWH
[18,20,34]. The highest amplitude events of around 12 times
the SWH in this experiment suggest a dramatic increase in the
amplitude of the extreme event owing to the collision of bidi-
rectional breathing solitons in the CNT, consistent with theo-
retical research [35,36].

In this CNT-based bidirectional mode-locked fiber laser,
counterpropagating breathing solitons share the same

Fig. 5. Transient breathing soliton pair induced by soliton explosion. (a) Temporal evolution in CW and CCW directions. (b) Shot-to-shot
spectral evolution. (c) Zoom-in plot of (b). (d) Energy evolution.

Fig. 6. Breathing soliton explosion maneuvered by polarization.
(a) Spectral evolution. (b) Zoom-in plot of dashed rectangle in (a).
(c)–(e) Example spectra at RTs of 32,000, 33,820, and 34,020.

Fig. 7. Intensity histogram of the breathing soliton explosion.
Dashed line indicates the SWH.
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dispersion and optical path but in the opposite direction.
Meanwhile, the breathing bidirectional solitons pass through
the CNT together with the same cavity loss and similar gain
profile. Therefore, the solitons in the buildup process and sol-
iton explosion regime naturally synchronize in time and possess
high behavior similarity. The breathing soliton explosion could
be induced by the buildup process or variation in polarization
and is also related to the breathing soliton collision in the CNT.
In the soliton buildup process or polarization variation, the sys-
tem parameter experiences a dramatic change, further affecting
the energy evolution and nonlinearity in the cavity for each
soliton. Therefore, breathing solitons encounter instability
and explosion, and then recovery to a breathing soliton state
due to the self-stabilization. In addition, the more complex
multisoliton dynamics like the formation of a soliton molecule
in a bidirectional ultrafast fiber laser can be further explored by
fine design of the net cavity dispersion and adjustment of the
pump power.

4. CONCLUSION

In conclusion, the breathing dissipative soliton explosion can
be triggered by the soliton buildup process or varying polari-
zation settings in a CNT-based bidirectional ultrafast fiber la-
ser. The transient breathing soliton pairs with intensive
repulsion can also be observed in multiple soliton explosion
processes. The counterpropagating breathing solitons exhibit
high behavior similarity in the soliton buildup and explosion
process owing to common gain/loss modulation. The RWs
were also generated in our fiber laser owing to the breathing
soliton explosion, and the amplitude of RW was significantly
enhanced by the collision of the bidirectional breathing soliton.
We anticipate our work will stimulate further studies of breath-
ing soliton explosions and RWs in various dissipative systems.
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