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In this study, we utilized the Time-Stretch Dispersive Fourier Transform (TS-DFT) method to explore rapid
transient states in both time and frequency domains of an all-polarization-maintaining dispersion-managed
figure-eight mode-locked laser with Nonlinear Amplifying Loop Mirror (NALM). We detail the different stages of
build-up dynamics at varying pump powers, encompassing the Q-switching (QS) stage, transient single pulse
formation, pulsation beating patterns, bound states, and the final transition to a single pulse state. Our findings
reveal that the mode-locked bound state regime emerges from a single pulse stage following QS, different from
previously reported directly resulting from QS pulses or relaxation oscillations. In a novel contribution to the

field, we have experimentally demonstrated the transient single pulse stage of build-up dynamics and compared
it with the fundamental mode-locked single pulse.

1. Introduction

Ultrafast fiber lasers, specifically mode-locked fiber lasers, have
become irreplaceable instruments in various scientific and technological
fields due to their ability to generate ultrashort pulses with high peak
power with high stability [1,2]. These lasers have significantly impacted
areas such as telecommunications, spectroscopy, and material process-
ing [2,3]. The advent of all-polarization maintaining (all-PM) 8 and
9-figure mode-locked fiber lasers has further broadened these systems’
capabilities. All-PM schemes are distinguished by their robustness, ease
of use, and high stability performance, making them also highly ad-
vantageous in out-of-lab applications [4,5]. In comparison to other
mode-locking mechanisms such as Semiconductor Saturable Absorber
Mirrors (SESAMs) [6], Carbon nanotubes (CNT) [7] and Nonlinear po-
larization rotation (NPR) [8], employing Nonlinear Amplifying Loop
Mirror (NALM) or Nonlinear-Optical Loop Mirror (NOLM) as a
mode-locking device reduces the complexity of operation and mainte-
nance. These advantages are key reasons why all-PM fiber lasers, based
on NALM or NOLM, have found extensive use in contemporary com-
mercial devices [9,10].

The study of nonlinear dynamics in mode-locked fiber lasers has
gained prominence in recent years, aiming to improve performance and
broaden application scope. A comprehensive understanding of nonlinear
phenomena occurring in ultrafast lasers is vital for optimizing cavity
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design and functionality soliton formation and its evolution [11].
Recently, The time-stretch dispersive Fourier transform (TS-DFT) tech-
nique has notably advanced the study of these nonlinear dynamics [12],
enabling researchers to uncover the transient and non-stationary prop-
erties of dissipative optical systems, which are ‘invisible’ for traditional
diagnostic tools such as Optical Spectrum Anylzers (OSA), autocorrela-
tors, frequency-resolved optical gating and monochromators, gaining a
more thorough understanding of complex ultrafast phenomena [13].
These phenomena include soliton build-up dynamics [11,14], soliton
explosions [13,15], soliton molecules [16,17], soliton distillation [18],
and various pulsating soliton [19-22].

Wang etc. Presented an intermediate stage between continuous wave
(CW) emission and noise-like pulses (NLPs) in an Er-doped partially
mode-locked fiber laser employing nonlinear polarization rotation,
where soliton bunches sporadically emerge from a quasi-CW back-
ground within the Q-switched-like envelope [23].

By using the DFT technique the complex build-up dynamics inside of
laser modelocked-cavity could be successfully observed. Real-time ac-
cess to multipulse interactions in a femtosecond laser oscillator facili-
tates the tracking of stable soliton molecule formation and reveals swift
internal motions across a variety of bound states [24]. It was demon-
strated that two soliton-pair molecules can bind subsequently to form a
stable molecular complex and highlight the important differences be-
tween the intra-molecular and inter-molecular bonds [25].
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Despite significant strides, made in characterizing stable states, a
substantial knowledge gap remains in understanding the buildup dy-
namics in all-PM critically influence laser overall operation and poten-
tial applications.

In all-PM fiber lasers, the transition from the unstable Q-switched
pulses to the stable mode-locked regime involves complex dynamics,
including the emergence and decay of multiple pulses. These pulses
exhibit a wide range of dynamics, including the formation of multi-pulse
states or soliton molecules [26,27]. In 2019, X. Liu and colleagues un-
veiled a novel soliton formation process in ultrafast lasers, involving
four stages: initial spontaneous noise, Q-switching (QS), beating dy-
namics, and mode-locking (ML) [11]. This process featured multiple
subnanosecond pulses co-existing in the laser cavity during QS, with one
dominant pulse evolving into a soliton during ML. A theoretical model
was proposed to simulate the spectro-temporal beating dynamics
(crucial for QS-ML transition) and the Kelly sidebands of the formed
solitons. The numerical results, in line with experimental observations,
illustrated that beating dynamics were triggered by the interference
between a dominant pulse and multiple subordinate pulses with variable
temporal delays.

The specific pulse evolution can vary between measurements, but the
general dynamics involve the emergence of multiple pulses from noise,
followed by their subsequent decay. This behaviour is characteristic of
the transient regime and provides valuable insights into the internal
evolution of solitons in a mode-locked fiber laser. Moreover, similar
build-up dynamics have been observed in various ultrafast lasers,
including Ti:Sapphire [28], NPR [29], and even bidirecional
mode-locked lasers [30,31].

Achieving self-starting passive mode-locking without an amplitude
modulator has proven challenging. One of the most widely used tech-
niques for Erbium (Er) doped all-PM fiber lasers is over pump method.
Numerous regimes were initially observed in these lasers, ranging from
noise-like pulses to soliton bunching and soliton molecules. The transi-
tion to a stable single-pulse regime was achieved by reducing the pump
power [32]. One of the most intricate dynamics is observed in
dispersion-managed all-PM fiber lasers with NALM [33]. These lasers
implement dispersion management using fiber spans of alternating
dispersion, leading to the periodic stretching and recompression of
pulses in every resonator round trip. Theoretical and experimental
research has shown that the net dispersion of a NALM can greatly in-
fluence the build-up time of mode-locking [34-36]. In certain instances,
particularly with dispersion-imbalanced (DI) NALM in a figure-eight
scheme, the build-up time could extend to as long as 8 min [32]. The
transition dynamics from QS to a stable ML state is of particular interest,
as this process may necessitate more than 10 thousand pulse roundtrips.
Therefore, all-PM Er fiber lasers employing a DI-NALM could provide an
ideal testbed system for studying this long-duration transition dynamics.

In this paper, we present, for the first time to our knowledge, direct
observation, utilizing the TS-DFT, of the lengthy transition dynamics
composed of alternating transient bound states and beating dynamics
during soliton formation and its evolution. This is analyzed in the
transition phase from QS to ML in all-PM figure-eight fiber laser. The
transient stages are analyzed in both the time and frequency domains.
By applying the Fast Fourier Transformation (FFT), we elucidate the
evolution dynamics of pulse separation, represented as field autocorre-
lation of each single-shot spectrum [29,31], when solitons are generated
via Q-switched and single transient pulse. This stands in contrast to
solitons originating from relaxation oscillations (or
quasi-continuous-wave oscillations) [28] or beating dynamics [37]. In
the final phase of our study, we leveraged the capabilities of the TS-DFT
method to measure rapid transient states within the laser cavity. This
allowed us to compare the single transient pulse observed at the onset of
the mode-locked build-up dynamics with the fundamental single pulse
regime, achieved through a reducing the pump power of the laser. The
observed transition from a dual-pulse to a single pulse in our study
occurred in fewer than 10 roundtrips, a significantly more rapid
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dynamic compared to other studies [38]. This fast transition broadens
the potential applications of all-PM lasers that are based on NALM loops.
The archived in this work results offer additional insights into the evo-
lution and characteristics of different pulse regimes in all-PM fiber la-
sers, contributing to a more profound understanding of its intricate
dynamics and potential for further optimization.

2. Experimental setup and principle

The experimental configuration of the dispersion-managed, figure-
of-8 oscillator is delineated in Fig. 1. The cavity, assembled from single-
mode, polarization-maintaining fibers and components (PANDA style),
is composed of two parts.

(i) The unidirectional resonator (UR) loop incorporates a 0.6-m
segment of PM Erbium-Doped Fiber (EDF) ER80-4/125-HD-PM
(nLight), excited by a 980 nm laser diode via a polarization-
maintaining 980/1550 Wavelength Division Multiplexing
(WDM) coupler. An optical isolator (ISO) within the main loop
ensures unidirectional propagation of the intra-cavity pulse. A
substantial length of Dispersion Compensation Fiber (DCF)
PM2000D (Coherent) is employed to counteract the anomalous
dispersion inherent to the SMF fiber (PM1550-XP) at 1550 nm.
The configuration of the Unidirectional Ring (UR) loop in-
corporates a narrow bandpass filter (BPF) centered at 1550 nm
with a full width at half-maximum (FWHM) bandwidth of 2 nm.
This filter plays a crucial role in achieving stable mode-locking
operation, a process that is facilitated by the filtering effects
within the cavity. These effects ensure compliance with the cavity
boundary conditions. While the filtering action can be achieved
through the use of a bandpass filter or a saturable absorber, it can
also inherently emerge from the finite gain bandwidth of the
active fiber. In the mode-locked regime, the spectrum is notably
broader than the 2 nm bandwidth of the bandpass filter. This
observation underscores the occurrence of significant pulse evo-
lution and nonlinear spectral broadening within the laser during
each round trip. A 90/10 coupler (Output OC) extracts 10% of the
cavity power, serving as the laser output.

(i) The dispersion-imbalanced Nonlinear Amplifying Loop Mirror
(DI-NALM), a critical component of the system, incorporates a
0.3-m segment of the same PM EDF used in the main loop. Note
that the EDF has a normal group-velocity-dispersion (GVD) of 20
psz/km in contrast to the passive PM1550-XP fibers with a
negative GVD of —22 ps®/km at 1550 nm. This NALM loop is
excited by 980 nm laser diode through the WDM coupler. In
addition to the PM-EDF, the NALM loop incorporates a significant
length of polarization-maintaining DCF with GVD around 64 ps?/
km at 1550 nm. This DCF serves a dual purpose: it compensates
for dispersion and simultaneously augments the asymmetry of the
loop. The NALM loop is linked with the main loop through a 60/
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Fig. 1. Schematic diagram of the experimental setup for the figure-of-8 all-PM
fiber mode-locked laser.
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40 coupler, thereby establishing a robust and efficient connection
between the two loops. A 60/40 optical coupler (OC 60/40) is
utilized to induce a minor loop asymmetry and a nonlinear phase
shift between the clockwise and counterclockwise propagating
pulses. The two pieces of DCF fibre in both loops compensate for
the total dispersion of the cavity, thereby approximating the net
cavity dispersion to 0.07 ps®. Both WDMs and ISO house a
polarizer to block the fast axis, ensuring the entire cavity main-
tains polarization, thereby producing a linearly polarized output
pulse. The total length of the laser was 19.5 m, so the pulse
repetition rate was measured as 10.6 MHz.

By simply adjusting the pump power level in both loops, we gain two
degrees of freedom to fine-tune the output characteristics of the mode-
locked oscillator. We showcase a mode-locked PM figure-eight Er fiber
laser with a dispersion-imbalanced NALM. An over-pumping method
was employed to trigger nonlinear evolution, with the DI-NALM
contributing to self-started mode-locking. Once mode-locking has star-
ted, the pump power was then reduced to a level where stable, high-
quality single pulses can be generated. The NALM was constructed
based on the asymmetric positioning of the anomalous dispersion,
Erbium-doped, and DCF fibers. This configuration resulted in asym-
metric pulse amplification and broadening, which was instrumental in
initiating self-started mode-locking.

To record the DFT traces we, at first, set the pump power in both
loops for initial generation in a multi-pulse regime. Then, the switching
of the power of the pump lasers initiates Q-switched pulse generation,
which triggers the oscilloscope to record the trace. To convert the
temporal profile into spectra, we used 11 km of normal dispersion
compensating fibre (DCF 11 km) with total dispersion of —1200 ps/nm.
The stretched spectral profile was subsequently detected via 50 GHz
photodiodes (PDs) Finisar XPDV2320R in tandem with a high-speed 33
GHz bandwidth oscilloscope (OSC) DSOX93204A Agilent. The resolu-
tion of the TS-DFT, limited by the bandwidth of the used electronic, was
0.025 nm. Accordingly, the first-order autocorrelation, obtained by FFT
of the TS-DFT trace, has a maximum time delay of 360 ps with a fs-level
resolution by zero-padding the TS-DFT traces. Thus, the single-shot
spectral interferograms were directly recorded, providing real-time in-
sights into the dynamics within the complex ultrafast soliton structures.

3. Results and discussion

In contradistinction to the modelocked build-up dynamics evident in
fiber ring lasers with CNT absorbers as delineated in the studies by Liu
[11,371, our empirical investigations have revealed a divergent behav-
iour and ancillary transient phases. It is apparent that this discrepancy
transpires due to disparate modelocked mechanisms operating within
the laser cavity. Furthermore, the net cavity dispersion in our experi-
mental configuration was effectively manipulated to the normal range
through the integration of Dispersion Compensating Fiber (DCF) into
both loops of the cavity.

Our research endeavoured to concentrate on the meticulous explo-
ration of the formation dynamics of beating and extended-bound state
solitons during the intermediary phase transitioning from Q-switching
(QS) to mode-locking (ML) in all-polarization maintaining (PM) fiber
lasers with dispersion-imbalanced Nonlinear Amplifying Loop Mirror.
Analogously to the mode-locked ring lasers equipped with CNT film and
modulated pumps as expounded in the investigation by Xueming Liu -
wherein they identified four build-up stages - the build-up dynamics of
our overpumped all-PM ML laser could be delineated into six discernible
stages: Relaxation Oscillations (RO), Q-switching (QS), a Single Pulse
stage, Beating Dynamics (BD), a transient Bound State (BS), and ulti-
mately, a Stable Bound State Mode-locking (BS ML).

As previously noted, the placement of the DCF in the NALM scheme
could play a pivotal role in the buildup time, particularly in the BD and
transient BS stages. In our laser scheme, the first BS is completed in less
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than a hundred roundtrips. However, the transient BS stage is the
longest transient stage, during which the periodically occurring beating
dynamics stages were observed. The pre-stable mode consists of a
transient bound state, and BD stages persist for more than 8 thousand
roundtrips before the stable bound state is achieved.

In the initial step, we employed over-pumping using two 980 nm
Laser Diodes (LDs) to ensure ample pump power for achieving self-
started mode-locking. Upon activating the LDs, the powerful QS state
typically commenced after RO. RO stage is typically characteristic of the
transient behaviour of lasers, as demonstrated by Liu et al. who exper-
imentally established that multiple subnanosecond pulses appear during
this stage, with only one dominant pulse evolving into the stationary
mode-locked soliton. As such, only the most robust pulse endures, while
the others dissipate [37]. In our experiment, we bypassed the consid-
eration of the RO stage and instead concentrated on the transient stages
subsequent to QS. The roundtrip count in our experiment commenced
from the midpoint of the final RO stage. We underscore that no adjust-
ments were made to the other parameters of this laser; the pump power
was the sole modified variable. As mentioned earlier, the build-up
process in this type of laser could span minutes. In our instance, it
took a matter of a few seconds to attain the QS pulse. From the experi-
mental results shown in Fig. 2 (b), it is evident that the transition phase
between QS and the stable bound state involves periodically alternating
between multiple beatings and unstable bound-state mode-locking
stages. This transition phase spans about 7400 round trips, equivalent to
roughly 0.7 ms. This duration was adequate for conducting DFT mea-
surements of transient bound states and the production of stable soliton
molecules.

Using the TS DFT technique, we successfully captured the evolution
of the laser on a shot-by-shot basis, as illustrated in Fig. 3. Fig. 3 (a)
presents our real-time experimental observations via a series of in-
terferograms, comprehensively tracing the entire formation process of a
stable mode-locked (ML) bound state. Fig. 3 (b) provides close-up views
of the four regions highlighted in Fig. 3(a). Fig. 3 illustrates that
following the Q-switching (QS) stage, the soliton evolution in the mode-
locked laser transitions through various stages, including a transient
single pulse, beating dynamics, and a transient bound state. The tran-
sient single pulse emerged for a duration of less than 100 round trips
following the QS stage. Interestingly, no beating behaviour was
observed between the QS stage and the transient single pulse stage, as is
apparent from the magnified view in Fig. 3 (b). However, beating dy-
namics became apparent during the formation of the transient bound
state.

During the first beating dynamic process, a single soliton splits into
four. Subsequently, the transient bound state emerges, characterized by
intense interaction among the newly formed solitons. To elucidate the
formation and development of the bound state, we have revisualized the
data from Fig. 3 (a) in Fig. 4. The Fourier transform of each individual
shot spectrum equates to the field autocorrelation of the instantaneous
bound-state solitons, thereby tracking the separation between the soli-
tons, as depicted in Fig. 4 (a). The real-time data reveal the intricate
temporal evolution, for instance, the emergence of four solitons from a
single soliton near the 600th round-trip. The internal dynamics of the
soliton molecule are exceptionally complex, exhibiting multipulse in-
teractions, which can be visualized through the temporal separations
between the solitons, as demonstrated in Fig. 4. Fig. 4(b-d) depict the
intricate evolution ofpulse autocorrelation trace dynamics in three di-
mensions, with multiple coexisting pulses. This evolution showcases the
presence of several soliton molecules with distinct structures that
restructure following the beating stages. In our all-PM fiber scheme, we
utilized an over-pumping technique to instigate the formation of bound
states. Given the high degree of pumping applied to the cavity, the
excitation of multiple solitons is an expected outcome. These solitons
subsequently undergo a complex set of dynamics to attain a stable
operation in a multi-soliton regime. In order for the bound states to
transition into a stable single-pulse mode-locked regime, we
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Fig. 2. Buildup process of solitons via Q-switching
(QS). (a) Conceptual representation of the six soliton
buildup stages. The QS pulse is twice higher of
magnitude than the mode-locked (ML) soliton pul-
ses. The first beating dynamics (BD) and Single pulse
stages take less than 300 roundtrips time together.
Multiple pulses coexist during the propagation, with
one dominant pulse evolving into a soliton in the
stable Bound state Modelocked (BS ML) stage. (b)
Experimental results of the entire buildup process of
laser stable BS ML. The time presented in funda-
mental soliton round trips. The QS stage is charac-
terized by single high-intensity lasing spikes.
Arbitrary units are denoted by a. u.
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Fig. 3. Formation and evolution of a bound state with beating dynamics. (a) Experimental real-time interferograms. (b) A detailed 3D representation of the data
captured between 300 and 700 round trips, which encompasses the stages of Q-switching (QS), transient single pulse, beating and transient bound state modelocked

(BS ML) formation.

incrementally decrease the pump power. This approach is especially reduce the number of pulses within the bound state, and observed that
relevant in the context of mode-locked lasers where there is a marked the delay between the pulses increased correspondingly with the
hysteresis in relation to the pumping power, which is further intensified reduction in pump power. Ultimately, we decreased the total pump

when dealing with multiple-pulse dynamics [39,40]. By progressively power from 650 mW to 160 mW, resulting in two bound pulses within
decreasing the pump power in both the NALM and UR, we managed to the cavity with a temporal separation of approximately 100 ps (Fig. 5).
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Fig. 4. The pulses dynamic during stable bound state formation. (a) The experimental real-time field autocorrelation traces calculated with the Fourier transform of
each TS-DFT spectrum; A detailed 3D representation of the data captured between 1000 and 3000 (b), 4000 and 6000 (c), 7000 and 9000 round trips (d).
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Fig. 5. Measured transition dynamic from the bound pulses to a single pulse in (a) spectral and (b) temporal domain by reducing the 980 nm pump power from 160

mW to 110 mW.

Further reduction of pump power eventually led to a single pulse
mode-locked regime. This study marks the first, to our knowledge, to
measure the transient dynamics from a dual pulse to a single pulse
regime by decreasing power in an all-PM mode-locked laser. Fig. 5
provides an in-depth depiction of the transition phase from a two-pulse
bound state to a single pulse mode-locked regime. The shot-by-shot
experimental data, captured before and after this transition phase,
portray both temporal and spectral information. As the round-trips
progress (represented on the y-axis), the intensity profiles of the pul-
ses (z-axis) evolve along with the intra-cavity time (x-axis). This tran-
sition phase took place for the time less than 10 round trips. In the time
domain, the transient dynamic took less than 1 ps, thus establishing it as
the fastest Mode-Locked (ML) dynamic switch from dual to single pulse

mode that has been observed up until the present. The zero round trip
depicted in Fig. 5 was captured just prior to the reduction of the pump
power.

Our subsequent investigations primarily concentrated on the TS-DFT
data associated with the single pulse stage. The spectral shape of the
single pulse regime bore a resemblance to the transient single pulse stage
observed during the build-up dynamics from QS to bound state ML (as
seen in Fig. 3(b)). TS-DFT is among the few methods capable of
measuring such rapid transient stages in the fiber laser cavity. Therefore,
the subsequent step in our investigation was to compare the similarities
between the single pulse regime in the build-up dynamic from QS to the
unstable bound state, and the single pulse stage. According to Fig. 3 (b)
we plot TS-DFT spectra and the field autocorrelation traces calculated
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with the Fourier transform of this TS-DFT data. To accomplish this, we
utilized data from the 450th roundtrip (the middle of the transient single
pulse stage as illustrated in Fig. 3) of build-up from QS pulse dynamics
and data from the 1500th roundtrip (shown in Fig. 5) TS-DFT. For a
more comprehensive representation, we incorporated the autocorrela-
tion trace, measured by a standard autocorrelator (Femtochrome FR-
103XL), alongside the spectrum of the single pulse ML regime,
analyzed by an Optical Spectrum Analyzer (Yokogawa AQ6370D).

Fig. 6 presents a comparison of autocorrelation traces and spectrum
data recalculated from TS-DFT and measured by the optical spectrum
analyzer and autocorrelator. The optical spectra and pulse duration of
the single mode-locked pulse at the final stage, as measured by the TS-
DFT (Fig. 6 b, f) and OSA/autocorrelator (Fig. 6 a, d), show similarity,
with a slight discrepancy in pulse duration of 0.11 ps. The autocorrelator
measured the pulse duration as 2.14 ps, while the pulse measured by the
TS-DFT method was 2.33 ps.

The autocorrelation trace and spectra of the transient single pulse
stage, measured by postprocessing data collected by the TS-DFT setup
during build-up dynamics (Fig. 6 c, g), exhibit a spectral pattern closely
resembling the spectra measured for the single mode-locked pulse at the
final stage with a total pump power of 110 mW. The spectral bandwidth
at Full Width at Half Maximum of the transient single pulse, measured
using the TS-DFT method, is found to be 6 nm. This is narrower in
comparison to the bandwidth of the stable single pulse, which is
measured to be 7 nm by the Optical Spectrum Analyzer and by TS-DFT.
This discrepancy is clearly due to the absence of accumulated Self-Phase
Modulation within the laser cavity during the transient stage. Despite
the low intensity of this pulse, its spectrum is discernible amidst the
noise. The pulse duration of this single pulse is 0.78 ps, which approx-
imates the Fourier limit of the generated spectra more closely than the
pulse at 110 mW.

4. Conclusion

In this paper, we presented an analysis of the transient bound state
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soliton pattern in both time and frequency domains of an all-PM
desperation-managed figure-eight mode-locked laser with NALM. Uti-
lizing the Time-stretch Dispersive Fourier Transform method, we were
able to measure rapid transient states within the laser cavity. We
investigated different stages of build-up dynamics at different pump
power, which includes a detailed analysis of the QS, transient single
pulse formation, bound states, pulsation beating pattern and final
transition to single pulse state. The results suggest that the mode-locked
bound state regime does not originate directly from QS pulse or relax-
ation oscillations as it was previously published. Instead, it emerges
from a single pulse stage subsequent to the QS pulse.

For the first time, we have experimentally depicted the transient
single pulse stage of build-up dynamics, contrasting it with the funda-
mental mode-locked pulse of the system after reducing the pump power.
Interestingly, our study observed a transition from a dual-pulse to a
single pulse occurring in fewer than 10 roundtrips - a dynamic consid-
erably faster than reported in previous studies.

This experimental research enriches the understanding of the com-
plex dynamics in mode-locked lasers, providing valuable insights that
will inform the design and optimization of future systems.
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formation between QS and Beating dynamics (g).
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