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Soliton molecules have been extensively investigated in
mode-locked anomalous-dispersion fiber lasers by virtue
of real-time measurement technologies. However, in the
normal-dispersion regime, it is unclear how a soliton mol-
ecule evolves. Here, we first present, to the best of our knowl-
edge, experimental investigations on the dynamics of soliton
molecules in the normal-dispersion regime. We observe
aperiodical evolutions of two dissipative solitons within a
soliton molecule. They exchange energies during propaga-
tion. In particular, the large dissipative soliton splits when
energy exchange occurs. Rogue waves are first revealed in the
spectral domain of soliton molecules. High-resolution time-
stretch technique, field autocorrelation analysis, and spatio-
temporal intensity measurements allow us to reveal these
critical behaviors of soliton molecules. © 2019 Optical
Society of America

https://doi.org/10.1364/0OL.44.002899

Using real-time measurement technologies, mode-locked lasers
can now be characterized in a single-shot mode, which was pre-
viously impossible as standard measurement tools can only
measure time-averaged data. By monitoring the outputs of
mode-locked lasers in real-time using a time-stretch technique
[1], a rich set of novel laser dynamics are revealed. For example,
the build-up of mode locking in Ti: sapphire lasers was revealed
[2]. Later on, the build-up of mode locking was also reported in
fiber lasers [3,4]. In particular, it was found that the build-up
dynamics of mode locking in fiber lasers depend crucially on
the length of a laser cavity: a long cavity gives rise to transient
soliton molecules during the build-up of mode locking while a
shorter cavity resembles that of a Ti: Sapphire laser which
does not generate transient soliton molecules [4]. Though
Q-switching is generally present in the build-up of mode lock-
ing, such instability is suppressed during the build-up of mode
locking using a carbon nanotube as a saturable absorber [5,6].

On the other hand, the internal dynamics of soliton mol-
ecules were probed by the time-stretch technique [7-10], lead-
ing to the discoveries of various soliton molecules, including
vibrating soliton molecules [7,8] and intermittent vibrating
soliton molecules [9]. The build-up of soliton molecules was
also investigated to address a crucial question on how soliton
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molecules are formed from initial noise fluctuations in a laser
[9]. It was found that double solitons are generated from the
splitting of a large soliton, and they experience diverse inter-
actions (depending on the initial noise) before forming a sta-
tionary soliton molecule.

The fast dynamics of soliton molecules have been exclusively
studied in an anomalous dispersion regime. Mode-locked
lasers in a normal dispersion regime, first demonstrated by
Chong er al. [11], are superior over these in the anomalous
dispersion regime in terms of pulse energy, quality, and dura-
tion [12], and they are ideal seed sources for chirped-pulse
amplification [13]. Although soliton molecules were found
in the normal dispersion regime, knowledge on their real-time
dynamics was prevented from standard measurement tools
[14]. A numerical study was performed to investigate the dy-
namics of soliton molecules in the normal dispersion regime
[15]. Formation of soliton molecules is realized by the oscillat-
ing structures in soliton tails [16]. Such a binding mechanism
was thoroughly demonstrated in experiments [17]. These os-
cillating tails are generated by Kelly sidebands in mode-locked
anomalous dispersion lasers. In contrast, there are no Kelly
sidebands in the normal dispersion regime, implying that
the dynamics of soliton molecules could differ.

Here, we first investigate real-time measurements of soliton
molecules in a mode-locked normal-dispersion fiber laser. The
time-stretch dispersive Fourier transformation (TS-DFT) tech-
nique with a high resolution is used to measure the round-trip
resolved spectra and a field autocorrelation analysis is employed
to reveal the temporal evolutions assisted by spatiotemporal
intensity measurements. The separation between two bound
dissipative solitons (DSs) evolves aperiodically. An additional
modulation on the spectra is observed suggesting that the DSs
split aperiodically. Such a splitting occurs when the DSs ex-
change energy. Moreover, rogue waves are present in the soliton
molecule. No stationary soliton molecules are found in the
experiment.

The laser setup is illustrated in Fig. 1(a). A piece of erbium-
doped fiber (EDF, OFS80) is used as a gain medium which is
pumped by a 980-nm laser diode. Mode locking is realized by
nonlinear polarization rotation, which consists of two polariza-
tion controllers sandwiched by a polarization dependent isola-
tor. Setting the polarization controllers in proper positions,
mode locking can be achieved. To manage the net dispersion
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Fig. 1. (a) Laser setup. (b) Detection system.

of the laser to be normal, a piece of dispersion-compensating
fiber (DCF38) which has normal dispersion at 1550 nm is
employed in the cavity. The net dispersion of the laser is
0.0037 ps?. The total cavity length is 11.5 m. As shown in
Fig. 1(b), the output of the laser is delivered to a coupler which
splits the signal to two ports. One is for temporal intensity mea-
surement and the other is to implement TS-DFT via a long
piece of DCF.

A rich set of laser dynamics has been observed in mode-
locked normal-dispersion fiber lasers by virtue of TS-DFT in-
cluding soliton explosions [18—23], dual-color soliton collisions
[24], as well as rogue waves [25,26] and triple-state dissipative
soliton switching [27]. Here, soliton molecule dynamics are
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studied. Under single-pulse mode locking, the pulse has a
duration of 16.2 ps with a 3 dB spectral width of 9 nm.
The corresponding time-bandwidth product is 18, meaning
the pulse is highly chirped. To generate soliton molecules,
the laser was operated under a pump power of 237 mW,
far from the mode-locking threshold (133 mW). Soliton mol-
ecules were observed under this pump power. Rotating the
polarization controllers made the laser transfer to noise-like
pulsing. This work focuses on the regime of soliton molecules.
Figure 2(a) shows the TS-DFT measured spectra of soliton
molecules. Figure 2(b) shows the temporal dynamics revealed
by the field autocorrelation trace which is calculated by Fourier
transformations of Fig. 2(a) [4,7,9,19]. Two pulses yield three
peaks in the autocorrelation traces. The distance between the
central peak and the left or the right peak refers to the temporal
separation between bound DSs. Figure 2(c) shows the corre-
sponding temporal intensity evolutions measured by the photo-
detector. Spectral patterns are visible in Fig. 2(a) arising from
interference between bound DSs. A noticeable feature is that
the patterns evolve over consecutive RTs, indicating moving
of the soliton molecules. Such movements are clearly observed
in Fig. 2(b), which shows that the separation between the two
DSs evolves aperiodically with time, around 60 ps. The energy
evolutions are also plotted [Fig. 2(b), the black line], calculated
from the spectra. The energy fluctuates significantly once the
corresponding spectra broadens (~RTs 500-2500, for in-
stance) and stays quasi-stable when the width of spectra keeps
almost invariant (~RTs 2500-5000). The spectral width oscil-
lates slightly before it starts to broaden around a RT number of
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(a) Real-time spectra evolutions of soliton molecules measured by TS-DFT over 6000 RTs. (b) The field autocorrelation trace calculated

from the spectra revealing the temporal dynamics. (c) The corresponding temporal intensity evolutions measured by a photodetector.
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500. The spectral width oscillating arises from the energy varia-
tion as shown in Fig. 2(b) (the black line). Noisy structures
appear on the field autocorrelation traces [Fig. 2(b)] when
the spectral width broadens (~RTs 500-2000, 5000-5500).
Two cross-sections of the spectra and field autocorrelation
traces at RT numbers of 20 and 620 are shown in Fig. 3(a)
and 3(b), respectively. The period of the spectral modulation
is as small as 0.13 nm at the RT 20 [Fig. 3(a), the red line].
Spectral modulation of 0.13 nm corresponds to two pulses with
a separation of 62. 7 ps, which agrees well with that in Fig. 3(b)
(the red curve). Such a small spectral modulation (0.13 nm) is
beyond the resolution of many TS-DFT systems, which gen-
erally have a resolution ranging from 0.27 to 1.3 nm [8,21,28].
Here, by virtue of the state-of-the-art electronic systems (30 ps)
and a long piece of specified DCF (1200 ps/nm), our TS-DFT
yields a resolution of 0.025 nm, more than an order of mag-
nitude decrement, allowing the detection of small spectral
modulations. Additional modulations appear on the spectra
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Fig. 3. Two cross-sections of the spectra (a), field autocorrelation
traces (b), and temporal intensities (c) at RT numbers of 20 (red)
and 620 (blue).
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with a much larger period around 3 nm [Fig. 3(a), the blue
curve], corresponding to 2.7 ps separation between pulses.
Such a separation is in good agreement with the separation
revealed by the field autocorrelation trace [Fig. 3(b), the blue
curve].

Spatiotemporal intensity measurements provide additional
information on the soliton molecule dynamics [Fig. 2(c)].
As seen in the figure, the two DSs have unequal intensities,
which is also confirmed by two cross-sections of Fig. 2(c) illus-
trated in Fig. 3(c). They exchange energy when they collide
around a RT number 500, which is also the time when the
noise structure appears [Fig. 2(b)]. It is to note that energy-
exchange interactions was previously observed between collid-
ing vector solitons [29,30]. The noisy structure indicates either
one of the DS splits or both of them split. Figure 2(c) indicates
it could be the former: the two pulses have unequal intensities,
thus the strong one has a higher possibility to split than the
weak one. Figure 2(c) also implies that the large energy fluc-
tuation shown in Fig. 2(b) (~RTs 500-2000) arises from
the energy variation of the weak pulse.

The periodical interactions of DSs shown above (Fig. 2) re-
fer to short-range interactions, as the separation between the
pulses is only 2.4 times the pulse duration, which is 25 ps mea-
sured by an autocorrelator. This interaction scenario resembles
that of direct soliton-soliton interactions [31], expect that DS
splits and repel each other afterwards.

As the energy varies significantly revealed in Fig. 2(b), it is
necessary to investigate the intensity distribution of the spectra.
To this end, the intensities of the spectral peaks over 20,000
RTs are used to calculate probability distribution functions
(PDFs). The PDF is shown in Fig. 4. The distribution deviates
from standard ones given that there are pronounced tails start-
ing from a normalized intensity value of 2.0. Moreover, the tails
signature the generation of RWs. Waves having a height larger
than twice the significant wave height (SWH) is defined to be
RWs [32]. The SWH (the average amplitude of the highest
third waves) is 1.7. The intensities larger than 3.4 refer to
RWs in Fig. 4. Recently, RWs detected in the spectral domain
were coined as spectral RWs [33].

In addition to the soliton molecules described above,
another soliton molecule was observed: the spectral patterns
evolved while the separation between DSs was fixed as revealed
by the field autocorrelation trace. A stationary soliton molecule
with fixed separation and phase was not found. The origin is as

—
o
N
.

—
o
-~
.

Number of events

—
(@)
©
.

0408121620242832364.0
Normalized Intensity(I/<I>)

Fig. 4. Spectral intensity histogram of the soliton molecule.
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follows. In integrable systems, field overlapping dominates
soliton interactions. In these cases, the interaction potential
between solitons has no local minima; thus, bound solitons
cannot be generated [16]. In dissipative systems, such as lasers,
dissipative effects involve in soliton interactions leading to
rather different dynamics [34]. In particular, in the anoma-
lous-dispersion regime, mode-locked pulses resemble that of
solitons in the sense that the pulses has a sech? intensity profile.
In this case, dissipative effects such as an output coupler
perturbs the solitons, resulting in the emission of dispersive
waves. The interference between dispersive waves and solitons
generates oscillating structures in the soliton tail. A minimum
interaction potential is given by these oscillating tails, and
therefore, bound solitons can be formed [16]. However, in
the normal-dispersion regime, the pulses generated from a laser
is rather different from a soliton. The above-mentioned mecha-
nism for the generation of oscillating structures is absent. Thus,
no stationary soliton molecules exist in this case.

In conclusion, we report on the first real-time observation of
dynamical soliton molecules in the normal-dispersion regime of
a mode-locked fiber laser. DS splitting, rogue wave generation,
and energy exchanges are distinct features of soliton molecules
in the normal-dispersion regime. Such features could relate to
high energies of DSs as well as pronounced dissipative effects,
such as gain filtering, since the spectral width of DS approaches
that of gain bandwidth of EDF. These soliton molecule dynam-
ics are expected to be discovered in many dissipative systems.
Meanwhile, numerical simulations based on the Ginzburg—
Landau equation are stimulated by our work to investigate
complex dissipative soliton interactions [35].
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