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Solitons are revealed to undergo sudden structural collapse upon nonlinear propagation and robust
recurrence to the original state afterwards. Such fascinating dynamics, termed soliton explosions, are
ubiquitous in dissipative systems, but, surprisingly, are, so far, found exclusively in parameter-invariant
stationary solitons. Many nonlinear systems support dynamic solutions, such as breathing dissipative
solitons (DSs), the energy and duration of which experience periodic evolutions. It is of fundamental
importance to unveil whether breathing DSs also exhibit explosive dynamics. Here, we report on experi-
mental observation of breathing DS explosions in mode-locked fiber lasers. A bifurcation diagram clearly
shows how different laser regimes, including breathing DS explosions, breathing DSs, and continuous-
wave mode locking, are switched by varying the pump power. While soliton explosions are found above
the pump power for generating stable solitons, breathing DS explosions occur under the pump power to
support stable breathing DSs. Nonlinearity-mediated giant Q-switching is critical to stimulate breathing
DS explosions. Moreover, rogue waves are observed during breathing DS explosions. A correlation anal-
ysis shows that the spectral correlation evolves during breathing DS explosions from a low value at the
explosion phase to a high one at the revival phase. Our results can contribute to the design of ultrafast

lasers and are conducive to understanding the complex dynamics of nonlinear systems.
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I. INTRODUCTION

The investigation of wave instabilities in mode-locked
lasers is a fast-growing field, which can advance our gen-
eral understanding of complex nonlinear systems [1—6].
Although a dissipative soliton (DS) can propagate without
changes in dispersion and diffraction media, under certain
conditions, it can explode into pieces, but recover to its
original state later. This striking phenomenon is dubbed
a soliton explosion, which was first predicted in 2000
[7]. Cundiff et al. first experimentally observed soliton
explosions in a mode-locked Ti:sapphire laser [8].

In contrast to parameter-invariant stationary solitons, the
energy and duration of breathers experience periodic evo-
lutions. In the case of dissipative systems, the term breath-
ing dissipative soliton is introduced [9]. In fact, real-world
physical systems are generally dissipative. Breathing DSs
have been investigated in various physical systems, such
as optics [2,9—14], water waves [15—17], acoustics [18],
and plasmas [19]. Breathing DSs constitute an important
context of nonlinear science. They are strongly linked with
the Fermi-Pasta-Ulam recurrence [11,20] and rogue waves
[2]. Akin to solitons, multiple breathing DSs can also form
molecules (breather wave molecules) [21]. Breathing DSs
such as Peregrine solitons [22] are regarded as prototypes
of rogue waves. Rogue waves with even larger amplitudes
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can be generated via breathing DS collisions [23-25].
From points of view in fundamental physics, breathing
DSs link two distinguished regimes of nonlinear propa-
gation: plane-wave modulation instability and high-power
pulse propagation [13,26]. Continuous interest in breath-
ing DSs is also stimulated by their practical applications.
For instance, breathing DSs can increase the resolution of
a dual-comb source [27].

It is of fundamental significance to know whether
breathing DSs exhibit explosive dynamics akin to solitons.
So far, only solitons are found to exhibit explosive dynam-
ics. The lack of observation of explosions of any other
nonlinear waves raises the significant question of whether
explosion is a unique characteristic of solitons. Breath-
ing DSs provide an opportunity to address this question.
The lack of observations of breathing DS explosions is
because of two reasons. First, studies on soliton explosions
imply that dissipation plays an important role. Previous
investigations on breathing DSs were generally conducted
in conservative systems where dissipation was negligible.
Second, explosions are nonrepetitive fast events, while
standard measurement tools are too slow to record such
fast dynamics.

Here, we report on the first observation of breathing
DS explosions in a dissipative system: a mode-locked
fiber laser. Breathing DSs periodically change their spec-
tra over consecutive roundtrips (RTs) of the laser. How-
ever, they suddenly collapse, but revive after certain RTs.
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In contrast to soliton explosions, which emerge when
the pump level of a laser is higher than that for stable
solitons, breathing DS explosions occur when the pump
level is lower than that for breathing DSs. Nonlinearity-
mediated giant O-switching is the mechanism that trig-
gers breathing DS explosions. Furthermore, breathing DS
explosions can generate rogue waves. A spectral corre-
lation analysis method previously developed for random
lasing [28] is used here to characterize the evolution of
spectral correlation during breathing DS explosions. These
transient dynamics are observed by virtue of real-time
spectral measurements, dispersive Fourier transformation
(DFT) [29].

II. RESULTS

A. Experimental setups

Figure 1 shows the configuration of the laser. The laser
has a length of 10.5 m. It consists of three types of
fibers: a single-mode fiber, a DCF, and an EDF. The laser
has a net normal dispersion. The laser output is divided
into two ports via an optical coupler. One port (without
stretching) is to record the evolution of the instantaneous
intensity, /(f), realizing spatiotemporal intensity measure-
ments [30,31]. The other port contains a long dispersive
fiber (approximately 11 km in our experiments) to imple-
ment DFT measurements [29,32]. DFT utilizes dispersion
to map the spectrum of a pulse to a temporal waveform,
which imitates the pulse spectrum. Therefore, DFT can
record the spectrum in real time. DFT has a wide range of
applications in diverse fields [33]. For example, DFT helps
to reveal the build-up of mode locking [5,6,34] and soli-
ton molecules [35,36], internal motion of soliton molecules
[3,4], triple-state dissipative soliton switching [37], and

soliton explosions [38—41]. Two identical photodetectors
with a bandwidth of 50 GHz (PD1, PD2) are employed
and the signals are measured by a real-time oscilloscope
with a sampling rate of 80 GSa/s and 33 GHz bandwidth.
Synchronous measurements of the spectral and temporal
intensities of the output pulses are realized by measuring
the delay between the two photodetectors.

B. Experimental observation of breathing DS
explosions

The fiber laser is mode-locked through the standard
mechanism of nonlinear polarization rotation. After initi-
ating mode locking by rotating the polarization controllers
under an appropriate pump level, we reveal the mode-
locking dynamics by varying the pump levels. The laser
can work on three typical mode-locking regimes: stable
mode locking, breathing DS mode locking, and breath-
ing DS explosions. Starting from the stable mode-locking
regime, decreasing the pump power can make the laser
switch to the breathing DS mode-locking regime. An opti-
cal spectrum analyzer (OSA) is not able to resolve the fast
dynamics of breathing DSs. DFT can measure optical spec-
tra in real time. Figure 1(b) shows the roundtrip-resolved
spectra of the breathing DSs measured by DFT, which
evolve periodically. The accuracy of DFT is confirmed by
comparing the averaged DFT spectra (black) with the one
measured by OSA (red), as shown in Appendix A. The
related pulse energy also exhibits periodic evolution, as
shown in Fig. 1(b) (white line). Figure 1(c) is a magnified
version of Fig. 1(b), which is discussed in Sec. II C.

Remarkably, by decreasing the pump power from
the breathing DS mode-locking regime, breathing DS
explosions emerge. It is beyond the resolution of the
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photodetector to resolve the fine structures of the exploded
breathing DS in the temporal domain. Alternatively, such
events can be identified in the spectral domain by virtue of
DFT, as widely used in unveiling the dynamics of soliton
explosions [38—41]. The spectral evolution of the breath-
ing DS explosion regime measured by DFT is depicted in

Fig. 2(a). In contrast to stable breathing DSs [Fig. 1(b)],
Fig. 2(a) shows vastly different dynamics. In this case, the
instabilities of breathing DSs can be clearly observed. Peri-
odic spectral evolution of breathing DSs are disrupted by
wide and chaotic spectra, which evidence explosions of
breathing DSs. Weak and narrow spectra lie between them.
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FIG. 2. Breathing DS explosions. (a) Spectral evolution over consecutive roundtrips. (b) Synchronous temporal intensity evolution;
the white line shows the energy evolution. (c) A close-up of (a). (d) A close-up of (b). () Five representative cross sections in (c), at
roundtrip numbers of 300, 500, 600, 616, and 620. (f) Five representative cross sections in (d).
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The synchronous temporal intensity evolutions are shown
in Fig. 2(b).

To investigate breathing DS explosions in detail,
Figs. 2(a) and 2(b) are magnified from RT numbers of 0
to 1000, as shown in Figs. 2(c) and 2(d). The spectral and
temporal intensities change significantly, as illustrated in
Figs. 2(c) and 2(d). Five typical spectral and temporal pro-
files are shown in Figs. 2(e) and 2(f), which are the cross
sections of Figs. 2(c) and 2(d) at RT numbers of 300, 500,
600, 616, and 620. The spectrum is quite broad at a RT
number of 300. There are nearly no spectral components
at a RT number of 500 [Fig. 2(e)], which is also confirmed
by the corresponding nearly zero temporal intensity at that
RT [Fig. 2(f)]. However, the weak pulse grows gradually
thereafter, giving rise to a stronger pulse at a RT num-
ber of 600 [Figs. 2(e) and 2(f)]. This pulse is unstable
and explosions start at around a RT number of 616. Two
representative spectral profiles referring to explosions are
shown at RT numbers of 616 and 620. The chaotic spec-
tra then gradually narrow to coherent ones (RTs 600—900);
this indicates the revival of breathing DSs.

Nonsymmetrical temporal intensity profiles are observed
during breathing DS explosions. Two examples are shown
in Fig. 2(f) at RT numbers of 616 and 620. The asym-
metric temporal intensity profiles may be understood as
follows. Since the pulse is positively chirped (a char-
acteristic of mode-locked normal-dispersion fiber lasers),
the pulse leading edge has a lower frequency component.
These components travel faster than the higher frequency
components because the net dispersion of the laser is nor-
mal, resulting in a long tail. Figure 2(b) shows that there
are temporal shifts in breathing DS explosions. The breath-
ing DS shifts by 80 ps over 5000 RTs. The temporal shift
arises from the weak pulse, which can be observed from
RT numbers of 400 to 600 [Fig. 2(d)], as denoted by the
white arrow. Temporal shifts are also observed in soliton
explosions [38,39].

Energy evolutions give further insights, as shown in
Fig. 2(b) (white line). The energy decreases to a stationary
value for weak pulses [RTs 400—600, Fig. 2(c)]; however,
it suddenly increases to a maximum value once breathing
DS explosion takes place at around 600 RTs. The energy
decreases in the late stage of breathing DS explosions (RTs
600—860). The energy decrease arises from two dissipa-
tive effects. First, the spectra of the exploded breathing
DSs are quite broad in the beginning (42 nm, from 1544
to 1586 nm), as shown in Fig. 2(e) (RT 620); thus, the
EDF with a narrow-gain bandwidth dissipates the pulse
energy by filtering. This mechanism is supported by the
fact that the spectral bandwidth of the pulse decreases
gradually during breathing DS explosions [RTs 600—860,
Fig. 2(c)]. Second, an explosion means a pulse explodes
into many pieces temporally [7], although it is beyond the
resolution of the detector to resolve these pieces over the
time domain of our experiments. Therefore, these weak

pieces experience loss from the saturable absorber, which
has higher losses for weak pulses. A similar mechanism is
observed in the build-up of mode locking in a fiber laser in
which only the stronger pulse survives [6].

The detailed dynamics of each explosion event is similar
in Figs. 2(a) and 2(b). The origins of breathing DS explo-
sions are clear. Breathing DSs present periodic energy
variations. In the phase of decreasing energy, the mode-
locking mechanism imposes a large loss on the pulse,
leading to a significant decrease in the pulse intensity in
the cavity, as shown in Fig. 2(c) (RTs 400—600). There-
fore, population inversion accumulates in the cavity, lead-
ing to a large Q-switching pulse in the laser [42]. The
energy of the O-switching pulse is so high that it results
in broad chaotic spectra due to self-phase modulation
(SPM). The development of SPM can be seen by magni-
fying the dashed box of Fig. 2(c), as shown in Fig. 3(a).
Two cross sections are shown in Fig. 3(b) at RT num-
bers of 605 (black) and 615 (red). As the energy goes
up, the spectrum becomes structured, as shown in the red
curve [Fig. 3(b)]. Such structures are typical products of
SPM [43,44]. The spectra collapse over the next RTs,
meaning the occurring of breathing DS explosions. The
O-switching here is rather different from that of standard
O-switching because SPM is involved in the pulse dynam-
ics. For standard Q-switched mode locking, nonlinear opti-
cal effects, such as SPM, are not involved in the laser
dynamics [45].

A bifurcation diagram is conducive to identifying the
transitions between different laser regimes. A well-known
bifurcation in mode-locked lasers refers to the transition
from Q-switching to continuous-wave (CW) mode lock-
ing, which is also confirmed by theoretical analysis [46].
Figure 4 is the bifurcation diagram showing the transi-
tions between different regimes, including breathing DS
explosions, stable breathing DS, and CW mode locking.
The period of the breathing DS explosion regime refers to
the period of explosion events. For CW mode locking, the
period is zero. Real-time spectral evolutions of the pulses
referring to the red points (a, b, ¢, and d) in Fig. 4 are
shown in Appendix B. Real-time spectral evolutions of the
pulses referring to the blue points in Fig. 4 are depicted in
Figs. 1(b) and 2(a). The bifurcation diagram indicates how
to enter different laser regimes by changing only the pump
power.

C. Rogue waves in breathing DS explosions

Soliton explosions can induce rogue waves (RWs) [47].
It is of interest to know whether breathing DS explosions
also relate to RWs. By virtue of DFT, RWs can be
readily resolved in the spectral domain [48]. Recently,
RWs detected in the spectral domain were termed spectral
RWs [49]. Figure 5 shows the spectral intensity histograms
of stable DSs, breathing DSs, and breathing DS explosions.
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The intensity (/) is normalized to the average intensity
(<I>). The DFT data of 10000 pulses are recorded in
each regime and the maximum peak within each pulse is
collected to compute the histogram, as shown in Fig. 5.
For stable DSs, the intensity shows small fluctuations
[Fig. 5(a)], in contrast to the other two [Figs. 5(b) and
5(c)]. The intensity distribution of the breathing DS regime
[Fig. 5(b)] is similar to that of the breathing DS explo-
sion regime [Fig. 5(c)]. The long tails (high intensities) in
Fig. 5(b) refer to spectral peaks in Fig. 1(b) [a magnified
version is shown in Fig. 1(c)]. One can see the devel-
opment of fringes at the edges of the spectrum (around
1573 nm), which relate to shock-wave dynamics occur-
ring in normal-dispersion mode-locked fiber lasers [50].
Significant wave height (/swy) is defined as the average
amplitude of the highest third of the waves (denoted by
the black lines in Fig. 5), and extreme events with ampli-
tude of more than two times the /swy are RWs. The tails
in Fig. 5(b) do not refer to RWs because they appear
regularly, as seen in Fig. 1(b). In contrast, breathing DS
explosions occur irregularly and the position of the max-
imum peak is random within a pulse. Therefore, RWs
are only generated in the regime of breathing DS explo-
sions and they arise mainly from SPM. The origins of
RWs depend on the optical systems studied. While col-
lisions of breathing DSs [23,25] and higher-order effects
[48], such as third-order dispersion and stimulated Raman
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FIG. 4. A bifurcation diagram showing the transitions between
breathing DS explosions, breathing DSs, and CW mode lock-
ing by varying only the pump power. Different regimes are
distinguished by their periods.

scattering, play important roles in RW formation in quasi-
conservative systems, here our work shows that breathing
DS explosions can generate RWs in a laser.

D. Correlations in breathing DS explosions

It seems that the spectra are rather noisy in the begin-
ning of breathing DS explosions [600—700 RTs, Fig. 2(c)]
and become less noisy in the late stage (700900 RTs).
Yet, there are no tools to quantify these spectral dynam-
ics. We employ a correlation analysis method previously
used to quantify spectral correlation statistics in random
lasing [28], to characterize the spectral correlation dynam-
ics here. The correlation may be calculated by the overlap
of the spectral intensity [28], I,(A) and [,.;(A), which
are measured at consecutive RTs, » and n + 1, defined as
Cunt1 = [L(A)],4+1(X)dA (subject to a normalization con-
dition C,, =Cy11,+1=1). A value of C close to zero
represents distinct spectra over two consecutive RTs, while
values close to one are retrieved for nearly identical spec-
tra. Figure 6 shows the evolution of C,,1; over consec-
utive RTs [calculated from Fig. 2(c)]. Before breathing
DS explosion, C,,4+; has a value close to one, which
confirms strong correlations between the laser emissions.
The correlation fluctuates in the phase of explosion. It
reaches a value close to unity when the breathing DS is
revived. The revival of the breathing DS can arise from
mode locking, which can shape chaotic fields into coherent
ones [5,6]. A magnified version of the correlation evolu-
tions, together with the corresponding spectral evolutions,
are shown in Fig. 7, where Figs. 7(a) and 7(b) show the
correlation and spectral evolutions from RT numbers 600
to 900, respectively. The correlation suddenly drops to a
minimum value of 0.62 [the first arrow in Fig. 7(a)], sig-
naling the onset of breathing DS explosions. The sudden
decrease in the correlation arises from significant spectral
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can design systems or control laser parameters to avoid
these instabilities. In this context, the first observations
of breathing DS explosions and the bifurcation diagram,
showing the transitions between breathing DS explosions,
stable breathing DSs, and CW mode locking, are vital
for active control of working regimes of mode-locked
lasers. Our studies are conducted in mode-locked normal-
dispersion fiber lasers. These lasers have excellent perfor-
mances over those in the anomalous or zero dispersion
regimes in pulse energies, quality, and durations [51]; they
can greatly simplify chirped-pulse amplification systems
when used as seed sources [52]. Our work finds that these
widely used mode-locked normal-dispersion fiber lasers
suffer from instabilities arising from breathing DS explo-
sions. This finding will certainly contribute to improving

the stability of these ultrafast lasers, by taking into account
this previously overlooked instability in laser design.

bers 615 to 616, as shown in Fig. 7(b) [see the magnified
version in Fig. 3(a)]. Another two noticeable decreases
in correlations around RT numbers of 660 and 780 are
marked by two other black arrows in Fig. 7(a). The cor-
relation has a high value at around a RT number of 720

broadening (minimum spectral overlap) from RT num-
responding spectral evolutions reveal that they also mainly
arise from abrupt spectral broadening [Fig. 7(b)]. The cor-
[Fig. 7(a)], as the spectral lobes are broader and less noisy
than those below 720 RTs [Fig. 7(b)]. The spectral analy-
sis method can be extended to characterize correlations in
soliton explosions and noiselike mode locking.

I1I. DISCUSSION

Our work can have both practical and fundamental

applications. Although only stationary regimes of mode-

locked fiber lasers are relevant for applications in many
photonics systems, knowledge of nonstationary regimes

Besides practical applications in laser optics, our results
are also relevant for applications in fundamental science,
such as extreme events. The generation mechanisms of
RWs differ in distinct physical systems. Breathing DS
collisions are responsible for rogue-wave generation in

are, nevertheless, also very important for practical appli-
cations. These instabilities are detrimental to applica-
tions. Knowing that they can happen and verifying the
conditions for their occurrence are required before one

various systems [23—25]. Our work provides an alternative
mechanism—breathing DS explosions—for understanding
the origins of RWs. Our study contributes to this context
by revealing that even a single breathing DS can generate

RWs through breathing DS explosions. Such a mechanism

Soliton explosions have attracted considerable interest

could also prevail in water waves and passive fiber optics.
since the prediction of their existence [7]. The origins

of soliton explosions are still under active investigation.
Our work shows that nonlinearity-mediated Q-switching

can trigger breathing DS explosions. Such a mechanism is

also an alternative mechanism for the existence of soliton

may be conducive to

B

therefore

understanding soliton explosions as well.
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significant interest to explore breathing DS explosions in
fiber laser cavities with different characteristics and oper-
ating conditions. Meanwhile, potentially, similar dynamics
can also exist in ultrafast Ti:sapphire and semiconductor
lasers. More generally, since breathing DSs are funda-
mental modes of many nonlinear dissipative systems, the
dynamics we observe could open up the possibility of
investigating breathing DS explosions in many physical
systems.

IV. CONCLUSION

In conclusion, we find that, akin to solitons, breath-
ing DSs can also exhibit explosions. This laser instabil-
ity arises from nonlinearity-mediated giant Q-switching.
Therefore, for practical applications where stable breath-
ing DSs are preferred [27], the breathing DS explosion
instability can be avoided by suppressing the Q-switching
instability through feedback control [53,54]. This study
will be our future work. There are many important non-
linear waves in optical systems, such as similaritons [55]
and Nyquist pulses [56]. It is therefore of great inter-
est to investigate whether these nontrivial pulses also
show explosions. Moreover, we anticipate our work will
also stimulate studies of breathing DS explosions in vari-
ous other physical systems, especially in microresonators,
where breathing DSs have been extensively investigated
[9,11,12,57].
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APPENDIX A: ACCURACY OF DFT

The accuracy of DFT is confirmed by good agreement
between the averaged spectra measured by DFT and the
OSA, as shown in Fig. 8.
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APPENDIX B: SPECTRAL EVOLUTIONS OF THE
DIFFERENT REGIMES IN THE BIFURCATION
DIAGRAM

Here, more examples of real-time spectral evolutions of
different laser regimes are depicted. Figure 9 shows the
real-time spectral evolution of pulses referring to the red
points (a, b, ¢, and d) in Fig. 4. The spectral evolution of
the pulses referring to the blue points in Fig. 4 are shown
in the main text [Figs. 1(b) and 2(a)].
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