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1. Introduction

Ultrafast lasers play key roles in scientific fields such as optical
clocks, optical precision measurement, and materials process-
ing!". Relying on the delicate interplay among gain, loss,
dispersion, and nonlinearity, the ultrashort pulse, known as
the dissipative soliton (DS)!), can maintain the stability in laser
cavities. Instability of the DS arises from the nonlinearity in
lasers, which can be described by the generalized nonlinear
Schrodinger equation. Revealing physical mechanisms that
drive the DS far from the stationary state is an ongoing chal-
lenge. Recently, thanks to widely applied real-time measurement
techniques such as the dispersive Fourier transform (DFT) and
time-lens™*, diverse non-trivial transient phenomena have
been observed in ultrafast lasers. The build-up of mode locking
reveals the process wherein the initial noise self-localizes into a
soliton in lasers’®~). The DS can evolve periodically with time
via the Hopf bifurcation®* "), Dynamic competition between
physical effects, e.g., gain/loss and spectral filtering by nonlinear
spectral broadening, can induce diverse pulsating solitons!"' ¢,
Circulating in the laser cavity, the soliton emits resonant waves
due to the periodic spatial modulation, generating fantastic pul-
sating behaviors!'”*%],

Apart from the widely researched pulsating solitons, the inter-
mittency is rarely researched in ultrafast lasers, manifesting as
the state where the optical wave keeps the metastable state for
along time while transiently entering the striking state, followed
by the recovery of the metastable state'”). A well-known
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As a universal phenomenon in nonlinear optical systems, intermittency is usually accompanied by the coherence loss such
as soliton explosions in fiber lasers. Based on real-time spectroscopy, we revealed the coherent dissipative soliton inter-
mittency in normal-dispersion fiber lasers. By increasing the pump strength, the intermittency transforms from the tran-
sient pulsation to the bi-stable soliton. It is demonstrated that the slow-gain effect dominates such coherent intermittency.
Our results provide novel insights into laser physics, offering a promising approach for studying the bi-stable dissipative

intermittency is the soliton explosion®*"*"), in which the

coherent DS transiently collapses into an incoherent exploding
state ascribed to the nonlinear mixing with background noises.
In contrast to the soliton explosion, the incoherent noise-like
pulse can also recover to a coherent DS abruptly®®!. Besides,
the intermittency can manifest as the transiently amplified dis-
persive waves'>?). Up to now, all the intermittencies in lasers are
accompanied by the loss of coherence except for the collision-
induced soliton explosion®®. A question of theoretical value
is whether the DS during the intermittency can maintain its
coherence without structure collapse. In the perspective of appli-
cations, the robust coherent intermittency, if being controlled,
has potentials in chaos generation from lasers, random number
generation, and high-energy femtosecond pulse for material
processing.

In this Letter, the coherent DS intermittency, whose evolution
strongly relies on the gain dynamics, is observed experimentally
in the fiber laser. For lower pump power, the DS switches
between the weak and extreme pulsations without loss of coher-
ence. By increasing the pump power, the laser outputs the bi-sta-
ble DS, i.e., the DS that switches between two coherent states
with different wavelengths and intensities. The laser is prone
to annihilate into the random mode-locking state with high
pump power. Experimental results demonstrate the dominance
of slow-gain dynamics on the intermittency. Further mecha-
nisms of the intermittency remain to be explored by the accurate
numerical simulation that contains the slow dynamics of the
gain medium.
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Fig. 1. Schematic of the fiber laser. EDF, Er-doped fiber; IS0, isolator; OC, out-
put coupler; CNT, carbon nanotube; PC, polarization controller; LD, laser diode;
WDM, wavelength division multiplexer; DCF, dispersion compensation fiber;
0SC, oscilloscope; RFA, radio frequency analyzer; OSA, optical spectrum ana-
lyzer; AC, autocorrelator.

2. Experimental Setup

The schematic of the fiber laser is shown in Fig. 1. The cavity
comprises an 8 m Er-doped fiber (EDF) and a 4 m single-mode
fiber (SMF) with net dispersions of 21.5 and —22ps*/km,
respectively, according to which the net dispersion is calculated
to be 0.084 ps®. The integrated module of the isolator and out-
put coupler (10:90) ensures the unidirectional operation as well
as extraction of the pulse train. Mode locking is realized by the
carbon-nanotube (CNT) film. The cavity is pumped by a 975 nm
laser diode through the 980/1550 wavelength division multi-
plexer. The polarization controller (PC) is tuned to control
the mode-locking state. A real-time oscilloscope together with
the 5 km dispersion compensation fiber (750 ps/nm) imple-
ments the real-time spectral measurement based on the DFT
technique. Despite all of the components in this cavity being
polarization-insensitive, the PC can still manipulate the lasing
state via three effects: (i) polarization burn hole in the gain
medium, (ii) nonlinear polarization coupling between two
orthogonal components, and (iii) lumped loss due to the squeez-
ing on the fiber.

3. Experimental Results

Tuning the pump power slightly above the threshold of mode
locking, the intermittent state is obtained as shown in Fig. 2.
The burrs on the time-averaged spectrum [measured by an opti-
cal spectrum analyzer (OSA)] indicate special transient events
during the DS evolution [see Fig. 2(a)]. The average width of
the DS is 7.13 ps according to the autocorrelation trace in
Fig. 2(b), wherein the smooth profile validates the coherence
of the mode-locked pulse that is distinct from the noise-like
pulse. The non-stationary mode-locking state is confirmed via
modulating the sidebands on the radio frequency (RF) spectrum
in Fig. 2(c). The normalized peak intensity of the time-stretch
signals versus roundtrips (RTs) is shown in Fig. 2(d).
Different from the conventional pulsating DS with stable
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Fig. 2. Mode-locking state at the pump power of 2535 mW. (a] Spectrum
measured by 0SA, (b) autocorrelation trace, (c) RF spectrum, and (d) peak
intensity evolution of the normalized DFT signals over 85,000 RTs.

oscillating amplitude and period"®), here, the evolution of the
spectral intensity over 85,000 RT's is composed of the extreme
and weak pulsations without mode-locking annihilation, which
can be regarded as the intermittency rather than the regular pul-
sation [Fig. 2(d)]. The broadband spectrum, smooth profile of
the autocorrelation trace, and clear peaks on the RF spectrum
fully demonstrate that the lasing state is a coherent mode-locked
state with time-varying properties.

To reveal the details of intermittency, real-time spectral evo-
lution is plotted in Fig. 3. As shown in Figs. 3(a) and 3(b), the
weak pulsation transforms into a transition state with slight fluc-
tuations, followed by the extreme pulsation with strong spectral
peaks induced by the self-phase-modulation (SPM) [Figs. 3(a)
and 3(b)]. The periods of the weak and extreme pulsations
are 327 and 338 RTs, corresponding to frequencies of 52.7
and 51 kHz, respectively, in agreement with the measured value
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Fig. 3. Shot-to-shot evolution of the pulse at the pump power of 25.35 mW.
(a) Intensity evolution of normalized DFT signals over 16,000 RTs, (b) spatial-
spectral evolution, (c) averaged spectrum measured by DFT, (d) local enlarge-
ment of the marked area, and (e) single-shot spectra at three RTs.
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of 49 kHz from the RF spectrum [Fig. 2(c)]. Despite the exotic
evolution of the DS, the average spectrum over 16,000 RTs in
Fig. 3(c) agrees qualitatively with that measured by OSA. The
SPM-induced transient spectral broadening during the extreme
pulsation [see Fig. 3(d)] accounts for the burrs of the spectrum
measured by the OSA [see Fig. 2(a)]. One can note that two basic
stages, i.e., weak and extreme pulsations, emerge alternatively,
which is distinct from the pulsating DS. What is more, the coher-
ent state is maintained during the switching between basic
stages. In this regard, the unique phenomenon is named the
coherent DS intermittency.

The dependence of the intermittency on the pump power is
displayed in Fig. 4. By fixing the PC while gradually increasing
the pump power, the intermittent pulsation gradually disappears
[see Figs. 4(a)-4(c)]. The DS reaches the quasi-bi-stable state at
the pump power of 28.2 mW, switching between the high and
low levels without pulsation [Figs. 4(d)-4(f)]. The duration of
the low-level state for bi-stable DS decreases from 5241 to
2524 RTs as the pump power increases from 28.20 to
31.95 mW. Further increasing the pump power to 32.85 mW,
the bi-stable DS annihilates into a stochastic state of the random
mode-locking.

Detailed properties of the bi-stable DS at the pump power of
31.95 mW, including average and real-time properties, are illus-
trated in Fig. 5. The OSA measured spectrum has steep edges
with burrs induced by intermittency [Fig. 5(a)]. The sidebands
on the RF spectrum indicate the 1.14 kHz modulating frequency
of the intermittency [Fig. 5(b)]. To reveal the wavelength shift-
ing of the spectrum, the weighted central wavelength (WCW) of
each single-shot spectrum is calculated by

w= [asara / [isrra 0

where |S(4)|* and A are the power spectral density and vacuum
wavelength, respectively. The WCW switches in sync with the
spectral intensity [Fig. 5(c)], abruptly jumping with a step of
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Fig. 4. Spectral intensity evolution of the normalized DFT signals over 80,000
RTs at different pump powers: (a) 24.39 mW, (b) 25.35 mW, (c) 26.32 mW,
(d) 28.20 mW, (e] 29.21 mW, and (f) 31.95 mW.
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Fig. 5. Pulse state at the pump power of 31.95 mW. (a) Optical spectrum mea-
sured by 0SA, (b) RF spectrum, (c] center wavelength and intensity evolution,
and (d) shot-to-shot evolution.

~0.6 nm. The red and blue shifts arise in the switching toward
the high and low levels, respectively. The average period of the
bi-stable DS is ~15,316 RTs, which agrees with the 1.14 kHz
modulation frequency of the RF spectrum. As shown in
Fig. 5(d), the bi-stable DS in the form of intermittent wavelength
switching is visualized by the spatial-spectral evolution.

In a previous work[lo], a kind of bi-stable soliton that switches
between distinct states is observed in the laser mode-locked by
the nonlinear polarization rotation, wherein the birefringence-
induced dual-pump filter promotes the bi-stability. Although
similar to the case in Ref. [10], the DS in our work is mode-
locked by the polarization-insensitive CNT, excluding the
possibility of filtering-induced wavelength switching. In experi-
ments, we note a universal synchronization between longer
(shorter) WCW and higher (lower) spectral intensity levels in
the evolution of the bi-stable DS. The interaction between
broadband DS and population inversion of the Er** ions can
reshape the effective gain spectrum in the EDF*"*?, triggering
the switching of the DS between two states.

The random mode-locking state at the pump power of
32.85 mW is displayed in Fig. 6. Comparing the results with
the those of intermittency, we summarize three similarities
between them: (i) there are two peaks in the spectrum corre-
sponding to the random mode locking at wavelengths of
1558.2 and 1558.99 nm [Fig. 6(a)], whose separation of
0.79 nm is similar to the wavelength jumping step of the bi-
stable DS (~0.6 nm) (Fig. 5); (ii) the time intervals between adja-
cent random mode-locking events, 4874 and 8259 RTs, as
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Fig. 6. Random mode locking at the pump power of 32.85 mW. (a) Optical
spectrum measured by 0SA, (b) shot-to-shot evolution of the time-stretch
signals, and (c) enlargement of the marked areas in (b).

marked in Fig. 6(b), have a similar magnitude to those of the bi-
stable DS [Fig. 4(d) and 4(e)]; (iii) the periods of the relaxation
oscillation in the random mode-locking [Fig. 6(b)] range from
698 to 741 RTs, which are the same order of magnitude as those
in the intermittent pulsating DS [Fig. 3(a)].

A clear fact is that the slow-gain dynamics, i.e., the recovery
and depletion of the population inversion of the Er’* ions,
determining the time-varying gain and the effective gain spec-
trum, dominates wave dynamics such as the temporal oscillation
and wavelength shifting. Considering three similarities between
the random mode locking and coherent DS intermittency, it is
reasonable to speculate that the observed intermittency in
Figs. 2-5 arises from the slow-gain dynamics. In addition, the
pulse experiences an exotic spectral broadening during the ran-
dom mode locking [Fig. 6(c)], in which the broadband state sus-
tains for dozens of RTs, manifesting as the burring pedestal in
the OSA measured spectrum [Fig. 6(a)]. After the random mode
locking at high pump power emerges, the robust coherent
intermittency can be recovered by decreasing the pump power,
demonstrating that the CNT is not damaged at high
pump power.

4. Discussion

In our work, despite the distinct evolutionary behaviors at differ-
ent pump powers, the coherent DS intermittency is always
composed of two basic stages, e.g., either weak and extreme pul-
sations at lower pump power or two quasi-stationary DSs with
different wavelengths and intensities at higher pump power. It is
not easy to understand why the basic stage of the intermittency
transforms from the pulsating DS to the quasi-stationary DS
with increasing pump power, however, the results of the pulsat-
ing DS in Ref. [12] give us enlightening thoughts. Peng et al.
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found that the pulsating DS emerges at lower pump power, while
the stationary DS favors higher pump power, and such an exper-
imental phenomenon is reproduced by numerical simulations
with the average-field equation, wherein the pulsating DS is
found to be related to the quintic terms of the gain. In this
regard, we think the distinct basic stages of the intermittency
at different pump powers have a similar origination to that
in Ref. [12].

Spontaneous switching between basic stages is an important
difference between DS intermittency and conventional pulsating
DS!'!-1¢l The switching is a threshold behavior depending on
the slow-gain dynamics, in which the population inversion,
small-signal gain, as well as effective gain spectrum vary with
time. When the time-varying gain reaches the threshold of
switching, the pulse in the cavity is driven to transform from
its current stage to another one. The above explanation needs
to be confirmed by numerical simulations, which can be imple-
mented by a complete simulation model that contains the
slow-gain dynamics. Furthermore, one can note the extreme
enhancement of the DS in the extreme pulsating stage [see
Figs. 4(a)-4(c)] and the random mode locking (see Fig. 6), indi-
cating the possibility of the slow-gain dynamics on triggering the
rogue wave generation in ultrafast fiber lasers.

5. Conclusion

In conclusion, the coherent DS intermittency is experimentally
revealed in the net-normal-dispersion fiber laser. Different from
conventional pulsating solitons and chaotic solitons, the inter-
mittency manifests as robust switching between basic stages,
maintaining coherence during evolution. At the low pump
power, the intermittency manifests periodic switching between
different pulsating solitons. The laser generates bi-stable DS
with periodic wavelength switching by further increasing the
pump power. The dominance of the slow-gain dynamics is indi-
cated by the similarities between the random mode locking and
the coherent DS intermittency. Future work will focus on find-
ing a convincing explanation through numerical simulations,
which needs to be implemented through a complete model con-
taining the interaction between the broadband DS and gain
medium. Our work offers novel insights into the nonlinear tran-
sient dynamics of the DS, promoting the understanding of ultra-
fast intermittency in fiber lasers.
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