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Abstract

Period-doubling bifurcation, as an intermediate state between order and chaos,

is ubiquitous in all disciplines of nonlinear science. However, previous experimental
observations of period doubling in ultrafast fiber lasers are mainly restricted to self-sus-
tained steady state, controllable manipulation and dynamic switching between period
doubling and other intriguing dynamical states are still largely unexplored. Here,

we propose to expand the vision of dissipative soliton periodic doubling, which we
illustrate experimentally by reporting original spontaneous, collisional, and controllable
spectral period doubling in a polarization-maintaining ultrafast fiber laser. Specifically,
the spontaneous period doubling can be observed in both single- and double-pulses.
The mechanism of the switchable state and periodic doubling was revealed by numeri-
cal simulation. Moreover, state transformation of individual solitons can be resolved
during the collision of triple solitons involving stationary, oscillating, and period dou-
bling. Further, controllable deterministic switching between period doubling and other
dynamical states, as well as exemplifying the application of period-doubling-based
digital encoding, is achieved under programmable pump modulation. Our results open
a new window for unveiling complex Hopf bifurcation in dissipative systems and bring
useful insights into nonlinear science and applications.

Keywords: Period doubling, Mode locking, Ultrafast fiber lasers

Introduction

Dissipative solitons in nonlinear mediums arise from the complex balance between
nonlinearity and dispersion, as well as gain and loss [1]. As universal in nature, dissipa-
tive solitons have been found in various fields of natural science, such as ecosystems,
biology, fluid dynamics, and chemistry [2]. In addition to parameter-invariant station-
ary solitons, many nonlinear systems support pulsating or oscillating solitons, the
energy of which is localized in space but oscillates in time, or vice versa. Mode-locked
laser, as an absolutely dissipative system, provides an ideal platform to explore versa-
tile soliton dynamics with a virtually infinite number of degrees of freedom. Plentiful
nonlinear phenomena have been observed in mode-locked lasers, including pulsation
soliton [3-5], soliton molecules [6-9], soliton explosion [10, 11], soliton collision [12,
13], and optical rogue waves [14, 15]. Especially, period-doubling bifurcation, as a par-
ticularly soliton pulsation state, has been widely observed in nonlinear systems [16—-19].
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Generally, period-doubling bifurcation takes place when a slight change in a system’s
parameters leads to the emergence of a new periodic orbit that doubles the period of
the original orbit. Further, the cascade of period-doubling bifurcations manifests a well-
known route to chaotic dynamics. Apart from their fundamental importance in non-
linear science, investigating period-doubling bifurcation is also attractive for potential
applications, e.g., improving the spectroscopy accuracy as period doubling comes along
with additional tones in a frequency comb [20, 21].

As a typical form of Hopf-bifurcation, period doubling in mode-locked fiber laser
often arises in the region where pump power is higher than the threshold for station-
ary mode-locking. Note that oscillating dissipative solitons with long periods can also
be observed in this pump power region, while as an obviously different periodic solution
compared to period-doubling bifurcation. In this work, the oscillating soliton is defined
as a solution with relatively weak spectral periodic variation, while its temporal inten-
sity evolution is much more obvious. Simultaneously, the defined oscillating soliton nor-
mally exhibits longer periodicity from tens to hundreds of roundtrips. Thereby, although
both the period doubling and oscillating dissipative solitons correspond to limit cycle
attractors for nonlinear systems, the spectral evolution and oscillating period for period-
doubling and defined oscillating solitons have clearly distinct features. The spectra of
two successive roundtrips (RTs) in period doubling show obvious reversals of peak-to-
dip, while those in oscillating states are absent. Another similar but yet different concept
of dissipative soliton is the long-period extreme pulsation, namely, the breather [22, 23].
It is worth noting that this particular pulsation implies obvious spectral and temporal
periodic variation, which mostly occurs with the pump power lower than the stationary
mode-locking threshold [3].

Period doubling, multiple-period bifurcation, chaotic and other complicated pulsat-
ing solitons have been theoretically predicted by the complex cubic-quintic Ginzburg-
Landau Egs. [24—27]. However, early experimental observation of such fast pulsation
soliton evolution was challenging due to the limited refresh rate of traditional meas-
urement tools. Benefit from the rapid development of Time-stretch dispersive Fourier-
transform (TS-DFT) technique [28-30], the single-shot spectral measurement allows
real-time observation of transient and unrepeatable evolution of dissipative solitons. As
a result, intriguing pulsation or oscillating solitons such as invisible solitons pulsation
[31, 32], plentiful period-doubling bifurcation [33-35], and oscillating soliton molecular
complexes [36, 37] have been revival and unveiled. However, to date, the explorations of
period-doubling dissipative soliton were primarily restricted to the self-sustained steady
regime. Although the spectral period doubling of dissipative soliton has been observed
in diverse ultrafast laser configurations, there is still no consensus on its physical ori-
gin. Moreover, the spontaneous and controllable switching between period doubling and
other intriguing dynamical states remain largely unexplored in experiments.

In this work, we explore the spectra periodic doubling of dissipative solitons via gain
control, providing the first experimental demonstration of spontaneous, collisional
and controllable spectral period-doubling dynamics in a polarization-maintaining
(PM) mode-locked fiber laser. Several original features are highlighted. The sponta-
neous spectral period doubling can be observed with both single- and double-pulse
at a critical pump region. Numerical simulation elucidates the dynamic switching of
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periodic doubling and oscillating states. The corresponding period-doubling bifurcation
is a quasi-stable state during switching rather than generally quickly converted to chaos
through multi-period bifurcation. Moreover, the state transformation of individual soli-
tons can be resolved during triple soliton collision involving stationary, oscillating and
period-doubling states. Further, controllable deterministic switching between period
doubling and other dynamical states is achieved under programmable pump modula-
tion. The applicability of period-doubling-based digital encoding is further demon-
strated in this platform. These findings open a new window for unveiling complex Hopf
bifurcation in nonlinear systems and assist in improving laser performance.

Results

System configuration and principle

To investigate the spectral period doubling of dissipative solitons, an all polarization-
maintaining Yb-doped mode-locked fiber laser is built as shown in the insert of Fig. 1a.
The details of the experimental setup can be found in the method section. Apart from
the stationary soliton singlet, a variety of stable states with oscillating or periodic-dou-
bling operation can also be generated in the laser under sufficient gain supply, which
is termed as oscillating single/double pulse (OSP/ODP), and double-pulse period dou-
bling (DPD) (Fig. la). It is worth noting that another three particular transient states
with dynamical period doubling characteristics can be observed at the critical pump
region, which is termed transient period doubling (TPD-I, -1I, -III) states. These diverse
dissipative soliton behaviors are dominated by the energy variation of external pump
strength, which is essential for gain-dominated soliton Hopf bifurcation. Among them,
the oscillating pulse (OSP/ODP) with long periodicity corresponds to weak spectral and
temporal periodic oscillation, while the periodic-doubling soliton (SPD, DPD) possesses
conspicuous spectra variation over two consecutive roundtrips with spectral peak-to-
dip flip.

Figure 1b suggests the versatile dissipative soliton states along the pump power
increase. The evolution of soliton states related to pump strength is labeled by color bars,
and the three transient states (green region in Fig. 1b) can only be observed at a particu-
lar pump region. During the single-pulse operation, a tiny increase in pump power leads
the dissipative soliton transition from stationary single pulse (SSP) to oscillating state
(OSP), while further increasing the pump power will trigger the soliton switching to a
transient period doubling state (S-SPD). For double-pulse operation, a similar transient
state (S-DPD) can also be observed involving oscillating and period-doubling. These two
transient states both correspond to the spontaneous switching between oscillating and
period doubling. Besides, a more complicated transient state is manifested in the edge
of soliton doublets and triplets (C-PD), owing to the collision-induced state exchange
involving period doubling, stationary and oscillating. It is worth noticing that the three
transient states (green region in Fig. 1b) are first revealed in our work, to the best of our
knowledge. The corresponding output power and pulse energy evolution along the pump
increase are also shown in Fig. 1b. Pulse energy is calculated by dividing the measured
output power by the pulse number observed via oscilloscope. Please note that this com-
pact all PM fiber laser structure is immune to external polarization and environmen-
tal perturbations, thus intracavity gain supply plays the most crucial role in achieving
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Fig. 1 Schematic configuration and dissipative soliton period doubling dynamics. a An ultrafast laser
manipulation system including a mode-locked fiber laser, a programmable pump control and real-time
detection module. The experimental setup for fiber laser is shown in the inset. The laser is mode-locked by
SESAM and various mode-locking states can be achieved by adjusting the pump power. The gain supply

is controlled by electronic modulation signals via an AWG. Real-time spectral and temporal detection of
diverse soliton dynamics is implemented via dispersive fiber, photodetector, and fast oscilloscope. b Output
power and pulse energy variations with the increased pump power and diverse soliton states are labeled by
color bars along the pump power increase. AWG: arbitrary waveform generator; WDM: wavelength division
multiplexer; SESAM: semiconductor saturable absorption mirror; YDF: ytterbium-doped fiber; CFBG: chirped
fiber Bragg grating; OSP/ODP: oscillating single- and double-pulse; SPD/DPD: single and double pulse
period doubling; C-PD: collisional period doubling; TPD: transient period-doubling; S-SPD/DPD: spontaneous
single- and double-pulse period doubling; SSP, SDP, STP: stationary single, double, triple pulse.

specific soliton operation. Therefore, controllable fast switching between versatile states
including period doubling and other dynamical states can be achieved by programming
pump modulation.

Further, the RF spectrum can clearly manifest the plentiful soliton states along the
pump power increase, as shown in Fig. 2a. For soliton singlet and doublet operation,
stationary single- and double-pulse (SSP and SDP) can be generated at pump currents
of 150 and 240 mA (as indicated by the arrow in Fig. 2a). With the increase of pump
current to 224 and 360 mA, stable OSP and ODP states can be resolved, evidenced by
the emergent RF sideband around the fundamental repetition rate of 66.2 MHz. It is
worth noticing that two particular transient states (S-SPD and S-DPD) can be observed
when the pump current increases to 235 and 381 mA, corresponding to the sponta-
neous switching between period-doubling and oscillating states. The appearance of
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Fig. 2 Map of the laser spectral intensity in the space of RF and pump current, showing evolution of diverse
soliton dynamics. a Measured RF spectrum as a function of pump current. SSP, SDP, STP: stationary single,
double, triple pulse; OSP, ODP: oscillating single, double pulse; ODP-S, ODP-M: oscillating double pulse with
shifting or multiple sidebands; DPD: double pulse period doubling; S-SPD, S-DPD: spontaneous single, double
pulse period doubling; C-PD: collisional period doubling. b-d Single-shot RF spectra of S-SPD, S-DPD, and
C-PD, showing transient behavior of period doubling and other states; e-f Intensity of RF sidebands along
with pump current in DPD-I, DPD-II regime, showing changed and unchanged sideband intensity; g RF
frequency and corresponding winding number of oscillating sideband in ODP-S, showing shifting sideband
frequency along with pump current

subharmonic narrow peaks in the corresponding RF spectrum with a repetition rate of
33.1 MHz is the typical characteristic of period doubling (Fig. 2b and c). The coexistence
of sidebands around the fundamental repetition rate and half of the repetition rate (33.1
MH2z) verifies the spontaneous switching between two states. Please note that these par-
ticular transient behaviors only exist within the critical pump range. Further increase of
pump current will break the delicate dynamical balance between oscillating and period-
doubling states. As a result, the coexistence of the sidebands in RF spectrum will disap-
pear, which implies dissipative soliton transitions to a steady state. Moreover, another
intriguing transient state (C-PD) can be observed at the pump current of 569-615 mA,
corresponding to the state exchange of individual solitons including period doubling,
stationary, and oscillating states. The corresponding RF spectrum in Fig. 2d visibly shows
the coexistence of subharmonic, oscillating and other unstable modulation sidebands.
Besides the three kinds of transient states (S-SPD, S-DPD, and C-PD), the RF spectrum
in Fig. 2a also suggests other intriguing diverse steady states such as double-pulse period
doubling (DPD) with variable (Fig. 2e) or invariable (Fig. 2f) sideband intensity corre-
sponding to a variation or quasi-stable pulsation ratio, and oscillating double pulses with
shifting (ODP-S) or multiple (ODP-M) RF sidebands. Apart from intensity variation, fre-
quency shifting of RF sidebands can also be observed. Figure 2g exhibits the oscillating
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frequency evolution along with the pump increasing within ODP-S regime, the stair-
case-like increase of winding number corresponding to the Devil’s staircase [4].

Spontaneous period doubling of single and double pulses
Besides the rich information provided by RF spectrum of transient and self-sustained
steady soliton states, diverse dynamic regimes can also be experimentally resolved in
real-time using TS-DFT technique, especially for transient period doubling states.
As shown in Fig. 3a, the results measured by DFT indicate the spontaneous switch-
ing from oscillating single pulse to period-doubling and then reestablishes its original
state (S-SPD in Fig. 2). The zoom-in plot of oscillating single soliton spectral evolution
is shown in Fig. 3b with an oscillating period of 76 RTs. Meanwhile, the detailed spectra
evolution of the period-doubling single soliton can be resolved in Fig. 3¢ (corresponding
to the dashed rectangle in Fig. 3a). DFT spectra of two successive RTs (Fig. 3d) further
verify the spectral period-doubling characteristics. The pulsation is manifested within
a relatively broad soliton spectrum containing both center and tails, which is obviously
different from the narrow band oscillation observed in the anomalous dispersion regime
[31].

As verified in RF spectrum around pump currents of 400 mA (S-DPD in Fig. 2), the
transient spontaneous period-doubling can also be observed within double-pulse
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Fig. 3 Spontaneous period-doubling dynamics measured by DFT. a Spectra evolution for transient period
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operation. The detailed spectral evolution of oscillating and period-doubling states
for double-pulse at a pump power of 198 mW is shown in Fig. 3f and g, respectively.
Before switching, the oscillating soliton pair exhibits periodic spectral evolution with
an oscillating period of 168 RTs. Subsequently, the DFT spectra (Fig. 3g) indicate obvi-
ously different behaviors for the individual solitons in the transition state, which experi-
ence periodic doubling or chaotic evolution. Further, with a different initial condition,
the spontaneous period doubling of two solitons can be observed in the experiment, as
shown in Fig. 3i. Different from Fig. 3e, here, the detailed DFT spectral evolution (Fig. 3j)
clearly indicates synchronous pulsation behavior for two solitons. The DFT spectra of
two successive RTs in Fig. 3k further verify the synchronized period-doubling character-
istics. Moreover, the spectral period-doubling of the dissipative soliton molecule can be
found in Fig. S1 of the supplementary material.

To corroborate the experimental observations and unveil the physical origin, the
soliton switching between long-period oscillating (LPO) and period-doubling (Fig. 3a),
we execute numerical simulations based on a lumped scalar model for the laser con-
figuration and parameters. More details of the modeling are presented in the method
section. For the parameters set defined with E; = 6.1 p], the soliton switching dynamics
between long-period oscillating and period-doubling can be resolved in Fig. 4a. The LPO
soliton first generated in simulation at this critical pump strength and the corresponding
spectra evolution over cavity roundtrips is shown in Fig. 4a from RT 1 to 1860. Figure 4b
exhibits the simulated single-shot optical spectrum of the LPO soliton, reproducing the
experimental results convincingly (Fig. 4c corresponding to the single-shot spectrum in
Fig. 3b). Subsequently, the LPO soliton switches to period-doubling (RT 2000 to 2060)
and then recovers to the original oscillating state (RT 3000 to 5000). The detailed spec-
tra and energy evolution (white curve) of period-doubled soliton are shown in Fig. 4d.
The obvious pulsations can be resolved in this net-normal dispersion regime, which is
different from the reported “invisible” pulsation in the anomalous dispersion regime
[31]. Two consecutive output optical spectra and temporal intensity profiles are shown
in Fig. 4e and f, respectively. The conspicuous differences in their spectral shape further
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demonstrate the period-doubling characteristics. The corresponding simulation result of
intracavity light field evolution and chirp characteristic in period doubling operation can
be found in Figs. S2 and S3 of the supplementary material.

Period doubling dynamics during triple-pulse collision

Remarkably, another type of transient soliton state switching involving period doubling
during multiple soliton collision can be observed at the pump power of 290 mW (C-PD
in Fig. 2), as depicted in Fig. 5. For the triple-soliton collision shown in Fig. 5b, leading
and trailing solitons correspond to period-doubling state (Fig. 5a), and the middle soliton
exhibits an oscillating state while with different group velocity compared to the other
two solitons. This group velocity difference is induced by the intracavity gain-dependent
filtering effect, thereby resulting in a collision between leading and middle solitons. Dur-
ing the collision, the oscillating soliton collided with the nearby period-doubling soliton
and then merged to be a single stationary soliton, demonstrating the inelastic collision
characteristics. Simultaneously, as a global intracavity perturbation induced by the col-
lision, the trailing period-doubling soliton was split into a stationary soliton and a new
period-doubling soliton. The detailed spectral evolutions before and after collision are
shown in Fig. 5a and ¢, further demonstrate multiple solitons state switching involv-
ing stationary, period-doubling and oscillating states. Moreover, with a different initial
condition, the collision between different pulses can result in state transformation for
individual pulses and a decrease in pulse number, as shown in Fig. 5e. Before the triple-
soliton collision, two solitons possess the period-doubling evolution while the trailing
soliton exhibits the stationary state (Fig. 5d). Similarly, due to the group velocity differ-
ence between the period-doubling soliton pair and the stationary soliton, the trailing

Round trips
>
Round trips
&

10 10
5 5

Round trips (x10%)
Round trips (x10%)

2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5
f _
"9’_ a 1000
= = 800
< S 600
o o
14 o 400
. 100
2 3 4 5 6 7 8 9 10 11 12 13 1 2 3 4 5
Time (ns) Time (ns)

Fig. 5 Collisional period-doubling dynamics of triple-pulse. a Initial 20 roundtrips evolution in b. b Real-time
spectra evolution without soliton number change measured via DFT. ¢ Final 20 roundtrips evolution in b.d
Initial 20 roundtrips evolution in e. e Real-time spectra evolution with soliton number change measured via
DFT. f Final 20 roundtrips evolution in e
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stationary soliton collided with the nearby period-doubling soliton and merged to be
a single oscillating soliton. Meanwhile, the leading period-doubling soliton switches to
an oscillating state due to global energy perturbation. The finally generated two oscil-
lating solitons after collision have the same oscillating period of 150 RTs, as shown in
Fig. 5f. More cases of the synchronous and asynchronous period-doubling soliton pair
before the triple-soliton collision can be found in Fig. S4 of supplementary material.
Under a higher pump power, the self-sustained stable period-doubling three and four
solitons can also be observed, as shown in Figs. S5 and S6 of supplementary material,

respectively.

Controllable period doubling under pump modulation

As observed in the above section, linear increase or decrease in pump power results in
the switching between period-doubling and other dynamics states (Fig. 1b). Thereby,
programmable electronic modulations of the pump gain are applicable to achieve con-
trollable switching of dissipative solitons involving period-doubling state. Here, we
design a periodic electronic signal to modulate the pump power and achieve determin-
istic continuous switching between different states of dissipative solitons. Firstly, under
the pump power of 132 mW and modulation frequency of 10 kHz, periodic switching
of the dissipative soliton is realized. The temporal intensity and DFT spectra evolu-
tions are shown in Fig. 6a and b, respectively. During each period, the oscillating single
soliton switches to a period-doubling soliton pair when the pump strength is modulated
to a higher value. Meanwhile, pulse temporal separation of period-doubling soliton pair
is gradually increased due to the intense repulsive effect. The detailed spectral evolu-
tions of soliton oscillating and period-doubling are shown in Fig. 6¢ (corresponding to
the dashed rectangle in Fig. 6b), further demonstrating the obviously different spectral
characteristics of two operation states. Similarly, at the pump power of 170 mW and
modulation frequency of 10 kHz, the periodic switching between oscillating and period-
doubling soliton pairs with constant temporal interval can be resolved in Fig. 6d and e.
The detailed spectral evolutions of two different states are shown in Fig. 6f. The periodic
temporal and spectral evolutions (Fig. 6a, b, d and e) demonstrate the controllable and
reversible switching between period doubling and other dynamic states. The two succes-
sive single-shot spectra shown in Fig. 6m and n further demonstrate the spectral period-
doubling characteristics.

Besides the continuous switching between two states, the multi-state switching of dis-
sipative solitons can also be realized by programming the electric modulating signal. At
the pump power of 188 mW and three-level modulation frequency of 5 kHz, continu-
ous switching of soliton between three different states can be resolved, the correspond-
ing temporal intensity and spectral evolutions are shown in Fig. 6g and h. As the lowest
pump power corresponds to the lowest modulation voltage, laser output manifests as
an oscillating single soliton. An abrupt increase in pump power induces the generation
of double pulses period-doubling with intense repulsive interaction in the temporal
domain. Subsequently, a slight decrease in the pump strength leads to the state of oscil-
lating double-pulse with constant temporal interval. The corresponding spectral evolu-
tions of the three states are shown in Fig. 6i. Similarly, at the pump power of 300 mW

and four-level modulation frequency of 5 kHz, the consecutive switching between four
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a-c Consecutive switching between OSP and DPD by a modulation frequency of 10 kHz. d-f Consecutive
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different states can be achieved, as shown in Fig. 6j and k. Four soliton evolution states
can be clearly identified with the pump power variation in one period, including oscillat-
ing single pulse, two oscillating double-pulse states with different temporal and spectral
characteristics, and triple-pulse period doubling. The corresponding detailed spectral
evolution of each state is shown in Fig. 6l.

The controllable fast switching of dissipative solitons with versatile spectral character-
istics is beneficial for potential applications in optical computing, information encoding,
and soliton communication [38, 39]. As a proof of concept, we conducted the digital
coding using two steady soliton states: the oscillating single pulse (‘0’) and double-pulse
period doubling (‘1’) (the same state in Fig. 6a). The conversion of OSP and DPD can be
achieved by changing the pump current of the fiber laser. As a result, the optical binary
codes of HKU (010010000100101101010101, an abbreviation from the University of
Hong Kong) and ABIC (01000001010000100100100101000011, an abbreviation from
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Advanced Biomedical Instrumentation Centre) can be obtained by programming the
pump current, as shown in Fig. 7a. Each letter can be encoded by 8 bits with a total tem-
poral duration of 800 ps, corresponding to the encoding frequency of several kHz, which
is significantly improvement compare to the manually adjust the polarization controller
(~several Hz) [39]. It should be noted that the transition period for soliton states switch-
ing is ~ 1300 RT, corresponding to a hysteresis time of 20 ps, which implies the higher
switching frequency for our laser is also achievable (~ 50 kHz). For visualization, the cor-
responding multi-letter streams are shown in Fig. 7(b). This multi-letter test further veri-
fies the availability of periodic-doubling-based digital encoding in this platform and the
potential for a higher capacity in all-optical storage.

Conclusions

Period-doubling as an exotic state, generally indicates the existence of chaotic dynamics
in the vicinity of the system parameters. In this work, we further extend the physical ori-
gin of the period doubling in an all-PM mode-locked fiber with a linear structure. Unlike
the narrow-band pulsation observed in the anomalous dispersion fiber laser [31], the
period doubling in our laser with net-normal dispersion is manifested with a relatively
wide band pulsation on the soliton spectrum containing both center and tails. Numeri-
cal simulations reproduce the experimental results convincingly, demonstrating that the
Kerr nonlinearity plays a vital role in these period-doubling operations. The composite
effects of SA response and nonlinearity induced in gain fiber shape the pulse with obvi-
ously different output spectral characteristics over two consecutive roundtrips.

Moreover, for the reported conventional period doubling [32], the orderly soliton,
which corresponds to a stationary period-1 mode-locking regime, gradually transitions
to period-doubling bifurcation, period-N bifurcation, destabilization, and chaos as con-
tinuously increasing the pump power. Whereas soliton experiences a regular transition
in our experiment including stationary, oscillating, and period-doubling states, over-
drive of the pump power only induces pulse splitting without the occurrence of chaos.
Benefiting from these regular transitions in this all-PM fiber laser, the interesting spon-
taneous switching between oscillating and period-doubling can be observed in the single
or double-pulse at the critical pump region. In addition, the state exchange of individual
solitons can be resolved during the inelastic collision of triple solitons involving station-
ary, oscillating, and period-doubling states. The group velocity difference of triple soli-
tons at this particular pump regime is attributed to the gain-dependent filtering effect.
Thereby, the continuous collision can either enable the operation state change of indi-
vidual soliton or cause the decrease of soliton number after mutual interaction.

Further, the controllable switching of period-doubling and other dynamical states can
be achieved by precisely programming pump modulation. In contrast to the state switch-
ing in fiber laser mode-locked by nonlinear polarization rotation, the all-PM fiber laser
can easily exclude polarization and environmental perturbations. Thus, the consecutive
deterministic switching of dissipative solitons between different limit-cycle attractors
was demonstrated involving oscillating and period-doubling states under tailored pump
modulation. The exhibited exemplary string (HKU’ and ‘ABIC’) experimentally validates
the availability of this periodic-doubling-based digital encoding. Moreover, the control-
lable fast switching of diverse soliton states (period-doubling or long period oscillating)
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gives rise to a flexible selection of laser spectrum with sparse or dense RF comb teeth,
which can be regarded as frequency-modulated pulsed laser, thus holds great potential
for applications in coherent laser ranging [40].

Potentially, our work may stimulate the study of the period-doubling bifurcation in
other physical systems. The investigation of dissipative soliton switching between differ-
ent attractors (period-doubling or oscillating) through programming pump modulation
can also be extended to other laser cavities with different mode-locking schemes and
configurations. Our results generalize previous observations made in the case of steady
period doubling in ultrafast lasers. We believe that our findings will stimulate further
research on the complex Holf-bifurcation enabled in dissipative systems and assist in
improving laser performance.

Methods

Experimental setup

The Yb-doped fiber laser (Fig. 1a) used in this experiment containing an integrated
multi-functional element, a piece of Yb-doped fiber (PM-YSF-HI-HP) and a chirped
fiber Bragg grating (CFBG). The multi-functional element includes a fiber pigtailed sem-
iconductor saturable absorber mirror (SESAM, SAM-1030-55-500 fs) and a 976/1030-
nm wavelength-division multiplexer (WDM). The gain fiber is pumped by a 976-nm
laser diode with maximum average power of 400 mW. The length of gain fiber is 0.85 m
while the length of residual single-mode fiber (PM980) in the cavity is 0.66 m. The CFBG
(DMR-1030-20-25-P1) can provide an anomalous dispersion of 0.0338 ps?, thus the net
cavity dispersion of our laser is ~0.0304 ps®. The reflection bandwidth of CFBG is 20
nm centered at 1030 nm, which also acts as an output coupler with an output ratio of
70%. All the elements in the laser cavity are polarization-maintaining devices. Therefore,
stable mode-locking state can be obtained by simply increasing the pump power. Pas-
sive mode-locking operation is realized by the fast saturable absorber with the relaxation
time constant of ~ 500 fs. A fiber optical coupler (OC) is spliced after CFB@G to divide the
output pulse, which measures the pulse spectral information through an optical spec-
trum analyzer (Agilent, 86142B) and undispersed temporal information through a high-
speed oscilloscope (Keysight, DSOV204A) with a photo-detector (12.5 GHz bandwidth).
To investigate the real-time soliton evolution dynamics, a 1-km single-mode fiber
(HI1060) is equipped before another photo-detector (12.5 GHz bandwidth) to achieve
the wavelength-to-time conversation for measurements via the TS-DFT technique. The
temporal and spectral resolution of this experiment is 80 ps and 0.43 nm, respectively
[41]. Although higher spectral resolution can be achieved by using longer dispersion
fiber, it will cause information loss due to the overlap of stretched multi-pulse. Cur-
rent spectral resolution in our TS-DFT is sufficient for resolving soliton behavior in the
multi-pulse state without obvious cross-talk.

Numerical simulation
The propagation of solitons within the fiber section is modeled with a generalized non-
linear Schrodinger equation in the scalar approach, which takes the following form.
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du(z, t) B2 3%u(z, t) g u(z,t) . 2 g
9z = —Z?T T%T +l)/|lri(Z, t)| M(Z, t) + Eu(z,t) (1)
Here u is the slowly varying envelope moving at the group velocity along the propaga-

tion coordinate z; 3, and y are the second-order dispersion coefficients and Kerr non-

linearity, respectively; Q, is the gain bandwidth. In the passive single-mode fiber, we set
gain g=0. In the case of Yb-doped fiber, the gain is described using the formula:

E
g =goexp (—E”) )

S

Where g is the small signal gain, E, is the pulse energy, and E; is the gain saturation
energy determined by pump power. The commercialized SESAM and CFBG is modeled
by the following form:

usesan = F~H{ Flu(Le, ] @/ Reana @)/ (1= g — 40) | /(1 = 4 — )isant

3)
0 _q—q0 _ |ulet)
=2 _ — 4
ot - . T E @
u(0,£) = FH{ Flu(Le, )6 \/T = gppg | (5)

Where ugpq\ represents the light field u(L ,¢) after being modulated by the SESAM, L,
represents the cavity length, the operator Lg,,(w) and Ly (@) accounts for the disper-
sion of the SESAM and CFBG, respectively. Rqy () is the wavelength-dependent low-
intensity spectral reflectance of the SESAM. q,, gy, E,, T, sanm are the unsaturable loss,
modulation depth, saturation energy, relaxation time, and coupling efficiency of SESAM,
respectively. The CFBG, as an output coupler, dispersion compensation device, and filter
simultaneously, has a high reflectance and transmits only a fraction of the signal char-
acterized by gppg (output ratio). Simultaneously, the spectral filtering effect induced by
the CFBG was modeled by a 20 nm Gaussian filter. The initial seed condition was a white
noise field. During simulation, the parameter E; was just varied, determined by pump
power to achieve the different lasing states. The parameters used in the simulation fol-
low typical values: gy=3.5m™}, Q,=50 nm, E, =22 pJ, Rgp = 0.7, 4,=0.30, 7,=0.7 ps,
qrpG = 0.7.

Abbreviations

RT roundtrip

TS-DFT time-stretch dispersive Fourier-transform
PM polarization-maintaining

OSP/ODP oscillating single- and double-pulse
SPD/DPD single and double pulse period doubling
C-PD collisional period doubling

TPD transient period-doubling

S-SPD/DPD spontaneous single- and double-pulse period doubling
SSP, SDP, STP stationary single, double, triple pulse

AWG arbitrary waveform generator

WDM wavelength division multiplexer

SESAM semiconductor saturable absorption mirror

YDF ytterbium-doped fiber
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CFBG chirped fiber Bragg grating

RF radio frequency

ODP-S,ODP-M  oscillating double pulse with shifting or multiple sidebands
LPO long-period oscillating

HKU the University of Hong Kong

ABIC advanced biomedical instrumentation centre

SA saturable absorber
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