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Alternation of the Mode Synchronization and
Desynchronization in Ultrafast Fiber Laser

Yueqing Du, Sergey V. Sergeyev, Zuowei Xu, Mengmeng Han, Xuewen Shu,*

and Sergei K. Turitsyn

Ultrafast fiber lasers offer a unique opportunity to implement optically a
Poincaré mapping in the phase space of a variety of complex dissipative
dynamical systems operating far from the equilibrium. Understanding of such
complex optical dynamical systems revealing, for instance, ultrafast dynamics
of the dissipative solitons (DSs) and more complex regimes is important for
advancing specification and performance of the mode-locked lasers used in a
vast number of applications ranging from spectroscopy and medicine to
metrology and telecom. Here, using the mode-locked fiber laser as a test-bed,
the Shilnikov-type ultrafast dynamics taking the form of randomly switching
between noise-like pulsing and quasi-continuous-wave regimes is
experimentally demonstrated. The transient coherence recovery is revealed,
during which the noise-like pulse (NLP) is transformed into a coherent DS
state and then returned to an incoherent NLP state. The demonstrated
alternation of mode synchronization and desynchronization is both of
practical importance for developing new types of partially mode-locked lasers
and of the fundamental interest for the nonlinear science in the context of

nonlinearity, gain, and loss.**! Coher-
ent pulses with high quality mode-
locking known as dissipative solitons
present a simple variant of a balance
between key physical cavity effects. In
addition to the coherent DS, various
partially coherent and incoherent spa-
tiotemporal structures can exist in the
dissipative systems,*l which can be
regarded as the chaotic attractors of
the dissipative systems!!'”] and trans-
formed by tuning the parameters of
the laser system.['*-%] Laser systems are
naturally described by the mathemat-
ical Poincaré mapping in the phase
space of the key field parameters. There-
fore, lasers present both important prac-
tical devices and interesting physical
systems with rich nonlinear dynamics.

revealing routes to the turbulence in distributed nonlinear systems.

1. Introduction

Mode-locked fiber lasers generating pulse trains with femtosec-
ond scale pulse trains are essential tools for micromachining,
fluorescence microscopy, frequency combs generation and the
other applications.'* The dynamics of ultrashort pulses in dis-
sipative systems like mode-locked lasers and microresonators in-
clude interlacing complex physical effects such as dispersion,
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Revealing and understanding various
types of the ultrafast dynamics in dissipa-
tive systems is a challenging fundamen-
tal problem with potential for numerous
applications ranging from secure communications to microma-
chining. The transformation of the attractors of the ultrafast sys-
tem usually requires the manual adjustment of the parameters.
However, the attractors can be changed without manual adjust-
ment when there is an internal perturbation in the system. Tri-
stable state in a passive fiber cavity can be obtained when the
light is perturbed by the stimulated-Raman-scattering.?® Also in
the passive fiber cavity,?”] it has been theoretically shown that
the solution starting from a perturbed saddle point can move to-
ward two attractors. The DS in a fiber laser perturbed by a dual-
hump filter can periodically switch between two states.?! The
self-transformation of the ultrafast states in dissipative systems
is significant for understanding the ultimate limitation on the
mode-locking and the frequency comb stabilization in ultrafast
light sources.

When the ultrafast laser operates in the highly nonlinear
regime, the pulse train will deviate from the stationary state, ac-
companying with the loss of shot-to-shot coherence, which is
termed as the partially mode-locked states in the literature.l' The
stochastic and transient dynamics of the partially mode-locked
states are of great interest because of their limitation on the sta-
bility of the ultrafast fiber laser and their potential for secure
communications. A nonlinear-polarization-rotation (NPR) fiber
laser exhibits internal perturbations on ultrafast pulses due to
an effective non-monotonic saturable absorber.?*3% Tt is easy to
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adjust the NPR laser to a stochastically or partially mode-locked
state with strong alternation of its lasing states, which is usu-
ally avoided aiming at stability. Mode-desynchronization in the
laser cavity generates quasi-continuous waves (quasi-CW) while
mode synchronization produces stable mode-locking short-pulse
trains. By tuning the polarization controller (PC) of the NPR laser,
we found the laser can continuously alternate between the mode
synchronization and desynchronization. Moreover, the spectrum
of this lasing state measured by the optical spectrum analyzer
(OSA) shows clear composite characteristics of the DS, NLP, and
quasi-CW. We call this specific partially mode-locked state a com-
posite mode-locked (CML) behavior.

The dispersive-Fourier transform (DFT)BU is a powerful
tool that has been used to study the dynamics of ultrafast
lasers(10.11632-36] i recent years. The dynamics and mechanism
of the observed CML are revealed by using the DFT technique.
The quasi-CW, coherent DS, and incoherent noise-like pulse
(NLP) coexist in the laser without strong external perturbations.
The transient coherence recovery is observed during the CML,
during which the incoherent NLP pulse transforms into a coher-
ent DS for an instant, and then recovers to the NLP. The peak
power and energy enhancement of the pulse during the transient
coherence recovery result in the adjustment of the parameters

0 1
_ log scale —_
€.20 linear scale S
o &
>-40 05 2
= 3
S o
£-e0 £
- 0
1540 1560 1580 1600 1620
wavelength(nm)
1 intensity & 1
(C) energy |
=038 = : 08 __
2 e P z
© H : a
~— 0.6 5 P2 0.6 8
%. ..... s
204 04 %
: 5
£o0.2 AL 0.2
0 — 0
0 0.5 1 1.5 2
1 x10°
508 08 ~
Zos 06 &
2 B
204 0.4 5
g -
£02 0.2
0 0
0.8 1 1.2 14 1.6
roundtrip number  x10°%

www.lpr-journal.org

of the artificial SA and the slow dynamics of the gain fiber,3”38]
which led to a transformation of the lasing states. The results
offer novel insights into the transient dynamics and better un-
derstanding of mode synchronization and desynchronization in
ultrafast lasers.

2. Results

2.1. States Switching

In the CML state of the laser, the spectrum measured by the OSA
is cut into pieces, as shown in Figure 1a; this looks like a broad-
band NLP spectrum together with a narrow peak. The dips in the
Figure 1a mean that there was lasing state transformation dur-
ing the OSA scanning. The spectrum in linear scale in Figure 1a
has a strong narrowband peak, together with a weak and broad-
band pedestal, which is common during the adjustment of mode-
locked lasers. The local enlargement of the pedestal in Figure 1b
shows that the peak wavelength of the pedestal is ~1577 nm,
while the wavelength of the narrowband peak is #1569 nm. The
intensity evolution of the DFT signals over 190 000 round trips
(RTs) with a sampling rate of 10 GS s~! was captured and shown
in Figure 1c, where we can see the lasing state transformation.
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Figure 1. a) Spectrum of the laser output measured by the OSA in log (blue solid) and linear (red solid) scales. b) Local enlargement of the pedestal of

the spectrum in linear scale. ¢) Intensity and energy evolution in 190 000 RTs.

d) Local enlargement of the marked portion P1in (c). e) Local enlargement

of the marked portion P2 in (c). f) Local enlargement of the marked portion P3 in (c). The inset in (b) is the local enlargement of the narrow peak of the
spectrum in linear scale. The sampling rate of the oscilloscope (OSC) for the stretched signal measurement in (c)—(f) is 10 GS s™".
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For clarity, we mark three processes in Figure 1c with P1, P2,
and P3, and their enlargement portions are shown in Figure 1d—
f, respectively. Before P1, the power and energy evolve stochas-
tically. The stochastic state transforms into a “quiet” state, with
weak fluctuations in the intensity and energy after the decreased
relaxation-oscillation (RO), as shown in Figure 1d. The energy of
the wave in the “quiet” state keeps a relatively constant level, while
the intensity gradually increases as we can see from Figure le. In
Figure 1f, the lasing state transforms from the “quiet” state in P2
to the stochastic state through the transition process of P3. The
intensity increases while the energy decreases from the 160 000th
to 170 000th RTs. After the intensity and energy reach their max-
imum and minimum, respectively, the lasing state experiences
a transient process and then transforms into a stochastic state
again. We can see from Figure 1c—f that the spectrum measured
by the OSA in Figure 1a was caused by the lasing state transfor-
mation. There are complex dynamics during the wave evolution
in the CML state, which we will thoroughly characterize by the
DFT in the subsequent sections.

2.2. From Quasi-CW to NLP

To characterize the evolution dynamics of the state in Figure 1,
several key processes of the DFT signals are captured with the

www.lpr-journal.org

laser parameters kept fixed. The process similar to P3 in Figure 1
is shown in Figure 2. A clear lasing state transformation from
the “quiet” state to the stochastic state in the 40 000 captured RTs
is shown in Figure 2a. The local enlargement of the state transi-
tion marked in Figure 2a is shown in Figure 2b for clarity. Five
points in Figure 2b are marked with A-E, respectively. The inten-
sity and energy of the DFT signals experienced dramatic evolu-
tion from A to E. Figure 2c is the spatio-spectral evolution corre-
sponding to Figure 2a, where we can see clear alternation from
the mode desynchronization to synchronization. We should em-
phasize that the periodic NLP train emitted from the laser should
be treated not as a traditional mode-locked regime, but rather as
a partially mode-locked state that keep features the pulse localiza-
tionand periodic property in the temporal domain. However, the
NLP loses the shot-to-shot coherence due to the strong nonlinear-
ity and corresponding instabilities and nonlinear interactions.!'%
A narrowband pulse builds up from the quasi-CW from the
1st to 26 000th RTs and then evolved into the incoherent NLP
state with strong spectral broadening, which is shown in Fig-
ure 2c. Thus, the “quiet” and stochastic lasing states in Figures 1
and 2 are the quasi-CW and NLP, respectively. The NLP is con-
firmed by the stochastic fluctuations and the fine structures in the
spatio-spectral evolution.!'?l The local enlargement of the marked
portion in Figure 2c is plotted in Figure 2d. From A to B in
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Figure 2. Dynamics of the stretched signals for laser transition from the quasi-CW to the NLP state. The sampling rate of the OSC is 20 GS s~

.a)

Intensity and energy evolution in 40 000 RTs. b) Local enlargement of the marked portion in Figure 2a. c) Stretched signal evolution of the 40 000 RTs.
d) Stretched signal evolution from the 26 000th to 27 000th RTs. e) Five single-shot DFT signals at the 26 504th, 26 523rd, 26 570th, 26 703rd, and

26 721st RTs.
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Figure 2d, the spectrum of the pulse transforms from a coher-
ent state into an incoherent state with stochastic structures. The
spectrum gradually evolves to a coherent state with a narrowband
spectrum from B to C. The coherent state sustains from C to
D for ~130 RTs and reaches the maximum intensity at D. The
energy and spectral width experiences dramatic increasing and
then reaches an incoherent NLP state from D to E. The pulse at
D has maximum intensity while E has maximum energy, which
correspond to the coherent DS and incoherent NLP, respectively.
Besides the transient coherence recovery from C to D, there is an-
other transient coherence recovery process at the ~26 890th RT,
which is marked in Figure 2d. The durations of the 1st and 2nd
coherence recovery processes in Figure 2d are 12.39 and 2.84 ps,
respectively. The higher the energy of the DS, the shorter dura-
tion of the coherence recovery. This is because the peak power
of the DS is roughly proportional to the pulse energy and the
higher peak power contribute to the larger nonlinear phase ac-
cumulation of the DS and shift the feedback region of the NPR
modelocker, thus making the duration of the DS shorter. The
single-shot spectra of A-E are shown in Figure 2e. The spectra
of A and D have typical steep edges while the spectra of B and E
have broadband spectra with stochastic structures. Point C is an
intermediate state between the coherent DS and incoherent NLP.
The transient coherence recovery during B-E sustains for ~199
RTs (~0.202 ms), which is very short-lived compared to the build-
up from the quasi-CW to NLP with a duration of ~27.3 ms. We
can see from Figure 2 that the DS is unstable and quickly evolves
into the NLP, which can be regarded as the saddle solution for
the laser.

The qualitative explanation of the transition in Figure 2 can
be described as follows: the coherent DS at A collapses into the
incoherent NLP at B due to the over-driving of the NPR as well
as the strong nonlinearity for the coherent DS with strong peak
power. The gain of the Erbium-doped fiber (EDF) is saturated by
the enhanced pulse at B, the NPR effect together with the satu-
rated gain gradually drive the NLP into the coherent DS state.
Due to the strong energy decreasing after C, the coherent DS
experienced strong amplification until it reaches its maximum
at D, resulting in the over-driving of the NPR again. The coher-
ent DS collapses into the incoherent NLP at E and then keeps
the NLP evolution. There is another transient coherence recov-
ery with shorter duration and broader spectrum than the first one
after the 26 800th RT. In a word, the results in Figure 2 charac-
terize the process in which a narrowband pulse emerged from
the quasi-CW state and finally evolved into the NLP. Visualiza-
tion S1, Supporting Information, offers the vivid dynamics in
Figure 2d.

2.3. Transient Coherence Recovery During the NLP

With the mode-locking state kept fixed as in Figure 2, the tran-
sient coherence recovery also happens during the NLP evolution,
as shown in Figure 3. We can see from Figure 3a that the NLP
evolution was occasionally disrupted, manifesting as many tips
and dips. The embedded intervals in the spatio-spectral evolution
in Figure 3b correspond to the tips and dips in Figure 3a. The
enlargement visualization of the marked portion and its related
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spatio-spectral evolution in Figure 3a are shown in Figures 3c
and 3d, respectively. The intensity of the stretched pulse in the
dips in Figure 3c has weak fluctuations. The two dips in Figure 3¢
has durations of 159 and 176 RTs, respectively. The evolution
in Figure 3d demonstrates the dips in Figures 3a,c correspond-
ing to the transient coherence recovery. The complicated fringes
in the spectrum of the NLP in Figure 3d are gradually focused
to a small region and then swept out of the spectrum, which is
caused by the transformation of the temporal chirp of the pulse
from the nonlinear state of the NLP to the quasi-linear state of
the DS. The DS state sustains from the 13 572nd to 13 644th
RTs and the intensity of the DS was suddenly enhanced at the
13 644th RT. Before collapsing, the DS has strong peak power
in the temporal domain; the spectrum of the DS is broadened
and then destroyed to the NLP due to the DS collapsing and
over-driving of the NPR. The entire dynamics of the transient
coherence recovery in Figure 3d are presented in Visualization
S2 in Supporting Information. The pulse states in Figure 3c at
the 13 490th, 13 538th, 13 645th, and 13 670th RTs are marked
with A-D, respectively. We can see from Figure 3e that the single-
shot spectra of A and D are the NLP, while B and C are the DS
with steep edges. The step edges of the spectra of B and C are
caused by the strong chirp of the DS while the oscillating struc-
tures at the edges of C are caused by the self-phase modulation-
induced nonlinear chirp with strong peak power. Similar to the
case in Figure 2e, the pulse in Figure 3e has maximum inten-
sity when it is the coherent DS at C, while it has maximum pulse
energy when it is the incoherent NLP at D. The corresponding
filed autocorrelation traces (FACs) of Figure 3d are shown in
Figure 3f. We can see stochastic structures in pedestals of FAC
are suppressed while the width of the central peak increased af-
ter the pulse transformed into the coherent DS. As the energy of
the DS increases, oscillating structures appear on both sides of
the FAC, which demonstrates the strong nonlinear chirp of the
DS at the energy peak. After the widespread oscillating structures
evolved into the stochastic structures while the central peak nar-
rows, the NLP came into being. The FAC evolution demonstrates
that the enhanced nonlinearity drives the DS into the incoherent
NLP.

The transient coherence recovery in the present paper is oppo-
site to the soliton explosion process, where the pulse coherence is
destroyed and the energy increased.>-1% The process of the soli-
ton explosion can be regarded as the transient coherence loss. We
can explain the transient coherence recovery in this paper from
the characteristics of the NLP and NPR. The NPR is an artificial
SA based on the nonlinear coupling between the orthogonal po-
larized components of the wave in the laser. When the wave is
stochastic such as the NLP, the parameters of the artificial SA
fluctuate accordingly. Under a certain state of the SA, as well as
the saturated gain of the EDF due to the strong pulse energy, the
positive feedback of the SA can be obtain and thus the incoherent
NLP recovers to the coherent DS state. After the DS formation,
the DS will be strongly amplified due to the recovered gain of
the EDF, experiencing strong nonlinear phase accumulation and
shifting the NPR to the negative feedback region again. The NLP
is generated under the composite effect of the DS wave-breaking
and the negative feedback of NPR. In a word, the stochastic feed-
back on the artificial SA by the NLP plays a key role in the ran-
domly transient coherence recovery.
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Figure 3. Evolution of the stretched signals during the incoherent NLP state in the captured 49 000 RTs. The sampling rate of the OSC is 40 GS s~'.
a) Intensity and energy evolution of the DFT signal for 49 000 RTs. b) Spatio-spectral evolution of the DFT signals. c) Local enlargement of the marked
portion in (a). d) Spatio-spectral evolution of the marked portion in (c). This is the dynamics of the transient coherence recovery embedded in the
evolution of the NLP. e) Four single-shot spectra at the 13 490th, 13 538th, 13 645th, and 13 670th RTs. f) The FAC evolution corresponding to the

spectra in (d).
2.4. From NLP to Quasi-CW

Another important process in Figure 1 is P1 and the process of
the NLP-to-quasi-CW is captured in Figure 4. The NLP trans-
forms into the quasi-CW with the RO as a transition in Fig-
ure 4a. There is an additional pulse build-up during the RO
as can be seen from the spatio-spectral evolution in Figure 4b.
The additional pulse is a new-born pulse from the background.
We exclude the possibility of the saturation of the photodetec-
tor (PD) for the generation of the additional pulse because the
additional pulse still existed when the main pulse is weak from
the 25 000th to 30 000th RTs. Figure 4c is the local enlarge-
ment of the transition of the NLP to the RO in Figure 4b.
The main and additional pulses emerge synchronously at the
12 289th RT after the transient coherence recovery, coexisting
with the NLP and Q-switched CW components. After the tran-
sient coherence recovery at the 12 289th RT, there are four kinds
of wave components in the cavity: the main pulse, additional
pulse, Q-switched CW, and NLP. The NLP and Q-switched CW
components totally attenuate after the 13 276th and 20 000th
RTs, respectively. After the RO, the main pulse gradually de-
cays while the additional pulse increases and then decays to
the quasi-CW. The complex NLP-to-quasi-CW process in Fig-
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ure 4c is visualized in Visualization S3, Supporting Informa-
tion. The single-shot spectra of A-D in Figure 4c are shown in
Figure 4e. B has the typical spectrum of the DS. From A to C, the
pulse experiences the transient coherence recovery. The coexis-
tence of the new-born main pulse, additional pulse, and NLP can
all be seen in the spectrum of C. The DFT signal of D has obvious
Q-switched CW background as well as the additional pulse.

The RO process in Figure 4 results from the complicate ef-
fect of the slow gain dynamics. In addition, there are compli-
cate interactions among the main pulse, additional pulse, CW
component, and NLP. After the transient coherence recovery,
the parameters of the SA, together with the total laser parame-
ters, make the lasing state transform toward the quasi-CW state
while the slow gain dynamics induces the RO process. Dur-
ing the increased RO in Figure 4d, the NLP experiences the
saturated gain and the new pulses emerges. The main and ad-
ditional pulses quickly suppress the NLP through cross-gain-
modulation and some other complex process such as the spectral
filtering induced multi-pulsing. The main and additional pulses
cannot sustain for a long time due to the unbalance gain and loss,
gradually transforming into the quasi-CW. Similar results of the
decreased RO in ref. [35] show that, by changing the loss of the SA
artificially, the ultrafast laser transforms from the mode-locking

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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energy evolution of the stretched signal for 49 000 RTs. b) Spatio-spectral evolution of the stretched signals. c) Local enlargement of the marked portion

in (b). d) Spatio-spectral evolution of the marked portion in (c).
inset in (e) is the local enlargement of the additional pulse of the point C.

to CW or reversely with the Q-switching as a transition. This is
almost the same case in our paper, except that the adjustment of
SA is caused by the feedback of the pulse on the NPR without
external adjustment. By tuning the PC to make the laser work at
another state of the composite mode-locking, we have checked
that there is always the transient coherence recovery before the
RO and a new-born main pulse always emerges after the tran-
sient coherence recovery. Our results confirm that the transient
coherence recovery is the trigger of the transformation from the
NLP into the quasi-CW.

2.5. Temporal Dynamics without Time-Stretching

With the laser setting kept fixed, the laser output without the
DFT is measured. The input power on the PD is carefully at-
tenuated to avoid saturation as much as possible. Consecutive
two CML processes in 190 000 RTs with a sampling rate of
20 GS s7! and the results are shown in Figure 5. The interval be-
tween two CML is 122 164 RTs or 12.4 ms. Both CML processes
in Figure 5a annihilate into the quasi-CW with the decreased
RO as the transition. The quasi-CW sustains from the 38 000th
to the 110 000th RTs. Figure 5b is the corresponding spatio-
temporal evolution of Figure 5a, where we can see a long-term
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e) Four single-shot spectra at the 12 041st, 12 154th, 12 289th, and 13 276th RTs. The

fluctuation during the quasi-CW state. The local enlargements
of the lasing state transitions marked in Figure 5b are shown in
Figure 5c—f, respectively. There is a transient power enhancement
as marked in Figure 5c,e. Although not the same process, we can
see from Figure 2 that there was a transient coherence recovery
when the pulse transformed from the quasi-CW into the NLP.
In the temporal domain, this means there was a transient peak
power enhancement when the pulse becomes a DS during the
transient coherence recovery. Thus, the results in Figure 5c,e are
in good agreement with the results in Figure 2. The insets in Fig-
ure 5e are the single-shot temporal profiles of the pulse at the
131 131st, 131 513rd, and 132 052nd RTS, respectively. The inten-
sity of the NLP state at the 132 052nd RT is weaker than that of
the DS state at the 131 513rd RT. The pulse before mode-locking
at the 131 131st RT is wide while the component at its heading
edge is attenuated after the mode-locking. Similar peak power
enhancement also happens during the transformation from the
NLP to quasi-CW in Figure 5d, which corresponds to the tran-
sient coherence recovery during. A main pulse and the CW back-
ground during the decreased RO coexist in Figure 5f, which
agrees with the evolution of the time-stretched signal in Fig-
ure 4c, except that there is no additional pulse in Figure 5f. The
results in Figure 5c—f demonstrate that the peak power of the
DS in the transient coherence recovery is actually much stronger

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and energy evolution of the signal. b) Spatio-temporal evolution of the signals. c) Peak power evolution from the 129 000th to 134 000th RTs. d) Peak
power evolution from the 129 000th to 134 000th RTs. e) Spatio-temporal evolution corresponding to (c). f) Spatio-temporal corresponding to (d). The
insets in (e) are the single-shot intensity profiles of the three marked positions in (e).

than that of the incoherent NLP in temporal domains, which can
trigger the subsequent DS collapse and the over-driving of the
NPR. Although the temporal measurement is not accurate due
to the limited resolution of the PD and OSC, the temporal evo-
lution measured in Figure 5 agrees well with the time-stretched
results, which confirms the universal characteristics such as the
transient coherence recovery in the lasing state transformations
and the RO during the pulse annihilation.

3. Discussion

In the fiber lasers mode-locked by the nonlinear amplifier loop
mirror or NPR,?” the artificial (based on physical effects rather
than on the material properties) SA imposed on the pulse is sen-
sitive to the pulse parameters and evolution dynamics, such as
the polarization evolution and nonlinear phase accumulation.
The feedback of the pulse on the artificial SA offers the inter-
nal perturbation on the pulse in the dissipative systems. Differ-
ent lasing states coexist but cannot sustain for a long period be-
cause of the sustained perturbation induced by the incoherent
pulse evolution, resulting in the composite mode-locked state in
this paper. The transformation from the NLP to the quasi-CW
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is always accompanied by the transient coherent recovery in the
experiment, during which the artificial SA is transiently altered to
drive the lasing state transformation. Due to the slow dynamics
of the EDF, the light experiences RO when the laser transforms
from the NLP to the quasi-CW and similar RO processes dur-
ing the light transition have been researched in different optical
systems with EDF.738 In this laser, the NLP and quasi-CW can
be regarded as dynamic regimes nearby two saddle-focus points
connected through heteroclinic-orbits in the phase space of the
nonlinear dissipative system while their switching dynamics re-
minds Shilnikov-type heteroclinic dynamics.?¥ Similar dynam-
ics was demonstrated in the vector soliton fiber lasers with com-
plex switching between orthogonal states of polarization.'#4% De-
tailed analysis in terms of the fractal dimension of the experimen-
tal and theoretical data series revealed an emergence of a new
type of chaotic attractor for some range of the laser parameters.*¥l

External perturbations have important effects on the build-up
and evolution of the mode-locked fiber lasers.”#2% In our exper-
imental setup, the stable DS operation can be obtained by only
tuning the PC,'% which means the external perturbations are
weak. External perturbations on the laser cavity originate from
the fluctuations of the pump source and birefringence induced by
environmental perturbations. Numerical simulations show that

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the DS and NLP can retain their characteristics with even 10%
fluctuations of the pump of the EDF, as shown in Figures S3-S5,
Supporting Information. Although our simulation results also
show that the DS and NLP are sensitive to the fluctuation of the
birefringence, the birefringence fluctuation only result in the dra-
matic evolution, but not the relatively robust lasing state trans-
formation in experiments. Furthermore, the laser system in our
experiment is built on a vibration-isolated optical table, so the in-
stant tapping or vibration on the system is minimized. Based on
the results of the simulation and experiment, we think the lasing
state transformation in our paper is induced by the intrinsic wave
evolution dynamics, but not external environment perturbations.

Another CML state through PC tuning is also observed in Fig-
ure S2, Supporting Information. The universal characteristics are
that the quasi-CW transformed into the NLP without the RO
while the NLP-to-quasi-CW is always accompanied with the RO
as the transition. This is because when the positive feedback of
the artificial SA is destroyed by the transient coherence recovery,
the slow-gain dynamics, such as the gain depletion and recov-
ery, dominate the process of the NLP-to-quasi-CW. For the op-
posite case, the quasi-CW can transform into the NLP without
the increased RO when the artificial SA has positive feedback on
the pulse. The positive feedback here refers to the global ability
of the SA to ensure the localized structure formation, which is
slightly different from the term of the positive feedback region
of the non-monotonic SA.1 2224 We would like to stress that
the simulations in Supporting Information are not able to ade-
quately describe the full-dynamics in the experiments with large
time scales. This defines an interesting challenge for laser mod-
eling community: to develop an effective simulation method that
can accurately describe the coexisting slow dynamics of the CW
and fast dynamics and interactions of pulses.

4. Conclusion

This study experimentally revealed the dynamics of the spon-
taneous alternation of mode synchronization and mode desyn-
chronization in a NPR mode-locked fiber laser. The observed dy-
namics considered in the Poincaré mapping can be regarded as
the chaotic attractor for the nonlinear system, where dynamics
nearby two saddle-focus points is switched between each other
through the heteroclinic-orbits in the phase space. The existence
of the transient coherence recovery acts as the trigger for the
transitions between two lasing regimes. The transient coherence
recovery is also observed during the NLP evolution. We antici-
pate that the experimentally observed the Shilnikov-type ultrafast
dynamics in the form of randomly switching between NLP and
quasi-CW regimes is important both for the basic science of dis-
tributed dynamical systems corresponding to the optical imple-
mentation of the Poincaré mapping and for potential practical
applications ranging from secure communications to laser pro-
cessing of materials. Combining methods of the dynamical
systems and ultrafast fiber laser science one can explore rich
dynamics of nonlinear dissipative systems. Though complex ir-
regular dynamics in fiber lasers are more difficult to compre-
hend compared to traditional mode-locking mastering of these
high-entropy states might pave a way to new applications of
lasers.

Laser Photonics Rev. 2020, 14, 1900219

1900219 (8 of 9)

www.lpr-journal.org

5. Experimental Section

The laser and measurement setups are shown in Figure S1, Supporting
Information. The laser had a total length of 20.7 m, with a net-dispersion
of ~0.754 ps?. The resolution of the DFT measurement was ~0.138 nm.
We kept the driving current of the LD fixed while adjusting the artificial SA
and birefringence through tuning the PC.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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