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SPECIAL TOPIC — Nonlinear localized waves: Theory, methods and applications
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Noise-like pulse (NLP) mode locking is generally thought to be stochastic. Here, we numerically find that NLP can
exhibit quasi-periodicity, which can be controlled by the bandwidth of a spectral filter. The period can change from 250 to
2500 cavity round trips by tuning the bandwidth. Standard NLP without periodicity is also found by increasing the filter

bandwidth.
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1. Introduction

Passively mode-locked fiber lasers that can emit ultra-
short pulses have attracted considerable interest because of
their low cost, compactness, and long-term stability. There
are several coherent states in mode-locked lasers, including
stationary!'~7! and breathing dissipative solitons.!®~!3] These
lasers can also generate incoherent states such as noise-like
pulses (NLPs).['*] The NLP wave packet consists of many
subpulses with random phase, amplitude, and duration. To
date, NLP has been observed experimentally in fiber lasers
operating in both the anomalous-dispersion!!>~!71 and normal-
dispersion regimes.[!8] NLP is believed to be stochastic, as re-
cently demonstrated by the time-stretch technique,!!'”) which
can measure the round-trip-resolved optical spectrum. Mean-
while, the time-lens technique, which can measure the round-
trip-resolved temporal intensity of ultrashort pulses, also con-
firms the stochastic nature of NLP in the temporal domain. [2°!
Recent studies have revealed that mode-locked fiber lasers
can support complex nonstationary pulse dynamics, including
NLP transition states*!l and multicolor soliton switching. [>?!

In this work, we numerically find that NLP can be
quasiperiodic in a passively mode-locked fiber laser. Namely,
NLP evolves with a period of a certain number of cavity round
trips. Although the period is not sensitive to the gain satura-
tion energy, we find that it is very sensitive to the bandwidth
of the filter. An order-of-magnitude variation in the period is
observed while the bandwidth is varied by only 2 nm. Such
periodicity is lost when the bandwidth is further increased, re-
sulting in standard NLP. A discrete mode-locked laser based
on the generalized nonlinear Schrodinger equation (GNLSE)
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is employed to explore the NLP dynamics.

2. Numerical model

Figure 1 shows a schematic of the passively mode-locked
fiber ring laser. The cavity consists of a wavelength-division
multiplexer (WDM), a 2.5-m-long erbium-doped fiber (EDF),
a Waveshaper that can be used to control both the dispersion
and filter bandwidth of the laser, a saturable absorber (SA),
a 4.7-m-long single-mode fiber (SMF), and an output coupler
(OC) with a 90% coupling ratio. The intracavity pulse dynam-
ics are simulated by solving the GNLSE using the split-step

Fourier method (3!

i , 1
v, = —%thﬂy\wlzw% (l/f+ QZ%) : 1)

Here, v = y(z,t) denotes the slowly varying pulse envelope
as a function of the propagation distance z and the retarded
time ¢. f3, is the group-velocity dispersion (GVD) parameter
of the fiber. In the simulations, B is set to 63.4 ps’/km for
the EDF and —23 ps®/km for the SMF. ¥ is the Kerr nonlin-
earity coefficient, taken as 6.6 W-1.km™! for the EDF and
1.65 W' .km™! for the SMF. The gain profile g is given by

80

=—F 2
1+ Ep/Ega

8
In this expression, go = 800 km~! is the small-signal gain of
the EDF, E, = fdt\l]/(z,t)|2 is the pulse energy and Egy is
the gain saturation energy, corresponding to the pump power
in experiments. The gain is modeled with a parabolic spectral
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profile of bandwidth 2 = 4.834 THz (40 nm). Mode locking
is implemented with SA whose transmission is given by

qm
= \/1 OTTEP@) /P’
where g and g, denote the SA nonsaturable loss and modula-
tion depth, respectively. P(r) = |y(z,1)|* is the instantaneous
pulse power, and Py, is the saturation power of the SA. In the
simulations, go, gm, and Py are set to 0.4 W, 0.3 W, and 0.1 W,
respectively.

3)
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Fig. 1. Schematic of the passively mode-locked fiber ring laser. WDM,
wavelength-division multiplexer; EDF, erbium-doped fiber; SA, saturable
absorber; ISO, isolator; OC, optical coupler.

The key intracavity element is the Waveshaper, whose

spectral response is described by[?4

. 2
5 [ﬁf)] | @

We use a Gaussian spectral profile R(v) = exp [—v?/(2B?)],
where B denotes the filtering bandwidth. In the Waveshaper
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phase response, f3 acc (in ps?) is the accumulated GVD. In
the simulations, we set 5 acc = 0.4496 ps?. When Boacc =0,
the net dispersion is 0.0504 ps?, corresponding to a weakly
normal-dispersion regime. This dispersion contribution arises
solely from the fiber components. In this laser, the net disper-
sion is determined by the lengths of EDF and SMF, as well as
the accumulated GVD f3; ,cc imposed by the Waveshaper.

3. Results

The simulation starts from an initial chirp-free Gaussian
pulse with a pulse width of 1 ps and peak power of 0.1 mW
centered at 1575 nm. In the simulations, steady-state mode
locking is achieved when the bandwidth of the filter is set to
10 nm and the gain saturation energy (Egy) is 100 pJ. Fig-
ures 2(a) and 2(c) show the temporal and spectral evolution
of the pulse over successive round trips (RTs). During prop-
agation, the pulse maintains an invariant shape in both the
time and frequency domains, suggesting a stable mode-locked
state. Figures 2(b) and 2(d) present cross sections of the tem-
poral and spectral profiles. The pulse has a duration of approx-
imately 38 ps, a central wavelength of 1575 nm, and a spectral
width of approximately 1.5 nm, indicating that the pulse is
highly chirped.

With all the other parameters fixed, increasing Egy to
400 pJ induces an erupting-type (ET) soliton explosion in
the cavity.[>2% As shown in Fig. 3(a), the dynamics remain
in a single-pulse state throughout the entire process. How-
ever, during an explosion period, the pulse collapses into
a fragmented structure characterized by multiple intensity
dips, reminiscent shown in Fig. 3(c), the explosion is initi-
ated by the progressive amplification of wings on its leading
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Fig. 2. Steady-state mode locking. (a) and (c) Temporal and spectral evolution of the pulse. (b) Temporal intensity profile of the pulse and the

corresponding chirp. (d) Spectral intensity profile of the pulse.
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of dark solitons. As edge, which subsequently merge into the
main soliton. The merged state forms a temporally broadened
pulse with a collapsed internal structure. Then the collapse
vanishes, and the broad pulse relaxes to a smooth waveform
and gradually narrows back to the pre-explosion soliton, ac-
companied by a forward shift of the pulse center. The corre-
sponding spectral evolution is shown in Fig. 3(b). The soliton
spectrum also collapses into a fragmented pattern during the
explosion, and the spectrum in the collapsed stage is narrower
than those before and after the event. Consistently, Fig. 3(d)
shows that spectral narrowing coincides with an increase in the
pulse energy during the ET soliton explosion.

As indicated in Figs. 3(e) and 3(g), the pulse shape re-
mains nearly unchanged before and after the explosion, except
for a shift in the pulse center. In contrast, during the explo-
sion, the temporal profile is broken by multiple dips. Such ET
soliton explosions can lead to timing jitter in practical mode-
locked fiber lasers. Notably, this jitter is not caused by external
perturbations but originates from the intrinsic nonlinear dy-
namics of dissipative solitons. Furthermore, Figs. 3(f) and 3(h)
show that the spectrum undergoes a similar collapse, closely
resembling the collapsed spectra reported experimentally dur-
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ing soliton explosions.?”] Additionally, the leading and trail-
ing edges in Fig. 3(e) exhibit small ripples, which manifest in
the spectrum as localized oscillatory features near the spectral
center, as highlighted in the inset of Fig. 3(f).

With all the other parameters fixed, further increasing Eg,;
to 2000 pJ leads to the generation of a quasi-periodic NLP
state in the cavity. As shown in Fig. 4(a), the quasi-periodic
NLP has a period of approximately 500 round trips. The pe-
riod is determined from the peak-to-peak spacing of the pulse-
energy sequence over successive cavity round trips, where the
pulse energy at each round trip is calculated from the simu-
lated pulse profile. This estimate is consistent with the energy
evolution represented by the black trace. Figure 4(b) shows the
corresponding spectral evolution, which also exhibits strong
fluctuations. To reveal more details of the NLP dynamics,
representative temporal profiles at RT = 571 and RT = 663
are shown in Fig. 4(c). The pulse at RT = 571 shows a pro-
nounced protrusion on its leading-edge envelope, whereas the
pulse at RT = 663 exhibits a similar protrusion on its trailing-
edge envelope. The corresponding spectra at these round trips
are shown in Fig. 4(d).
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Fig. 3. Evolution of erupting-type soliton explosion. (a) Temporal evolution of the pulse. (b) Spectral evolution of the pulse. (c) Temporal
evolution over one explosion period. (d) Pulse-energy evolution. (e) and (g) Temporal profiles at three representative stages within one explosion

period. (f) and (h) Corresponding spectra at the three stages.
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corresponding spectral profiles at round trips 571 and 663. (e) Temporal evolution at a Waveshaper bandwidth of 8 nm. (f) Temporal evolution

at a Waveshaper bandwidth of 12 nm.
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Fig. 5. Standard NLP state without periodicity. (a) and (c) Respective temporal and spectral evolution of the NLP when the filter bandwidth is
increased to 18 nm. (b) and (d) Respective temporal and spectral intensity profiles.
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It is natural to ask whether the period can be varied by
tuning the gain saturation energy (Esy). However, we find
that varying Eg, has a negligible effect on the NLP period.
In contrast, changing the filter bandwidth yields a pronounced
variation. Figures 4(e) and 4(f) present results obtained at the
same Eg = 2000 pJ, but with different bandwidths of 8 nm
and 12 nm, yielding periods of 250 and 2500 round trips, re-
spectively.

With a filter bandwidth of 18 nm and a gain satura-
tion energy of 2000 pJ, the observed quasi-periodic behav-
ior disappears, giving rise to standard NLP. Figures 5(a) and
5(c) show the temporal and spectral evolution over successive
round trips. In contrast to the clearly quasi-periodic dynamics
in Fig. 4(a), the pulse exhibits a conventional NLP state with-
out periodicity. Figures 5(b) and 5(d) provide cross sections of
the temporal and spectral evolution, showing a relatively broad
temporal width of approximately 300 ps and a fluctuating op-
tical spectrum.

4. Conclusion

In conclusion, we systematically study the NLP dynamics
in a mode-locked fiber laser. Increasing the gain saturation en-
ergy solely drives the system from a stable dissipative soliton,
to an eruptive soliton explosion, and finally to a quasi-periodic
NLP state. Distinct from the conventional regimes, the quasi-
periodic NLP obtained under strong spectral filtering is char-
acterized by a distinct period. Its periodicity can be tuned by
adjusting the filter bandwidth. These results may bring new
insights into the study of non-equilibrium processes in fiber
lasers. Furthermore, this work clearly demonstrates that spec-
tral filtering can serve as an additional degree of freedom for
exploring novel soliton dynamics.
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