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A B S T R A C T   

Optimization of self-starting in passively mode-locked optical soliton fiber laser resonators results from a com
plex transient dynamic involving soliton molecules, soliton-based complexes and supramolecular structures, with 
particle-like properties. By means of time-stretch dispersive Fourier transform based real-time spectroscopy, we 
identify a new route to the passive mode-locking of fiber laser solitons. A raised relaxation oscillation stage is 
followed by the generation of shaking-soliton molecular triplets. The relative phase between satellite and main 
pulses of shaking soliton triplets evolves chaotically, while the two satellite pulses are orthogonal to each other in 
their state of polarization. These results provide new perspectives into the soliton formation and the internal 
dynamics of soliton molecules with higher degrees of freedom.   

1. Introduction 

Solitons, forming from a stable balance between nonlinear and 
dispersive effects, are ubiquitous in nature: examples range from 
quantum mechanics to astrophysics [1,2]. Optical solitons, which pro
vide a fundamental building block in mode-locked laser systems, are 
under intense research attention recently for their striking analogies 
with their matter molecule counterparts [3–5]. Specifically, several 
solitons coexist in the laser cavity, which results in the generation of 
soliton molecular complexes and supramolecular structures [6,7]. From 
a fundamental viewpoint, solitons are regarded as an excellent platform 
for exploring the particle-like nature of nonlinear waves, with analogies 
extending from fluid dynamics, plasmas, Bose-Einstein condensates, 
DNA mechanical waves and ocean’s ghost waves [8–12]. Although laser 
soliton propagation can be theoretically described by means of a 
generalized nonlinear Schrödinger equation (GNSE) or a complex 
Ginzburg–Landau equation (CGLE), the initial self-starting state of the 
mode-locking process contains a rich variety of nonlinear, highly sto
chastic and non-repetitive phenomena. The analysis of the associated 
self-starting dynamics will require the development of new theoretical 

approaches, beyond the realm of the GNSE or CGLE. 
Over the past few years, the self-starting dynamics of mode-locked 

lasers has been extensively studied, both experimentally and theoreti
cally. Typical revealed phenomena include: raised relaxation oscillation, 
dominant wavelength component shift, spectral beating, bound states, 
modulation instabilities and soliton explosions. These have been studied 
in various cavity soliton build-up examples by means of the emerging 
time-stretch dispersive Fourier transform (TS-DFT) technique [13–17], 
which enables mapping spectral information into a time-domain 
waveform. Recently, the buildup processes of Kerr lens mode-locking 
in titanium sapphire lasers, and the entire buildup processes of con
ventional solitons (CSs) (that is, essentially resulting from a balance 
between dispersion and Kerr nonlinearity, as opposed to dissipative 
solitons, (DSs) which also require an additional balance between loss 
and gain) in mode-locked fiber laser have been reported [13]. Different 
routes to generating stable temporal CSs have been established. For a 
solid-state laser with a relatively short cavity, the CS formation process 
mainly includes initial Q-switched mode-locking (QML) fluctuations, 
wavelength shifting and transient spectral beating. Whenever the cavity 
length of the mode-locked fiber laser grows larger, polarization and 
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pump power fluctuation-induced pulse interactions between the coex
isting solitons and dispersive waves occur. In this case, transient bound 
states may appear after the spectral beating stage, before the generation 
of a stable temporal CS trains [18]. The previous pathways have been 
explored, in order to identify the self-starting of CS mode-locked lasers 
in the absence of environmental perturbations. However, in fiber laser 
cavities, material dispersion, modal dispersion and long cavity lengths 
will fall act to intensify the interactions among solitons, or among sol
itons and dispersive-wave radiation, which results in the generation of 
various types of bound-states [19]. It has been reported that two bound 
soliton-pair molecules can form molecular complexes [6], or generate a 
supramolecular state via the self-assembly of a large number of optical 
solitons [7]. These bound states evolve as laser roundtrips grow larger, 
and form interference fringes within the spectrum in a 2D real-time 
spectrogram. On the other hand, spectral beating occurring in soliton 
formation frequently modulates the spectral intensity in different 
roundtrips. Therefore, a simultaneous occurrence of the two types of 
spectral behavior associated with the CS build-up process may occur. 
The question arises, whether there is any other type of CS build-up in 
fiber lasers? 

In this Letter, we give a positive answer to this question, by providing 
an experimental evidence of a novel CS generation pathway. Solitons 
emerge from shaking soliton molecules, featuring simultaneous beating 
and binding of their spectral properties. It is worth to note that, in these 
molecular triplets, satellite solitons are orthogonal to each other in their 
state of polarization. The schematic diagram of our soliton triplets with 
two satellite pulses orthogonal to each other in polarization domain is 
shown as the Fig. 1(b) (The L represents the length of fiber, and the τ1, 
φ1 and τ2, φ2 are the relative time interval and relative phase between 
satellite soliton 1, satellite soliton 2 and main soliton. The dashed arrows 
indicate the Cartesian coordinate system. Therefore, the polarization 
directions of the three soliton pulses lie in the XOY plane indicated by 
the red solid arrows. Here, we assume that the electric field of the main 
soliton vibrates in a positive Y-direction. The relative phase between 
satellite and main pulses evolves in a chaotic manner. The observed 
evolution of soliton molecules may provide a new insight into their in
ternal dynamics, which is characterized by three degrees of freedom: 
relative phase, time interval, and state of polarization, which provides a 
new insight in the dynamical process of CS formation. 

2. Experimental setup 

The schematic diagram of our fiber laser is shown in Fig. 1(a). 1 m 
erbium-doped fiber (E08-A352A-01-1B22) with a dispersion coefficient 
of ~ -20 ps2/km is used as the gain medium. 7.8 m SMF has a dispersion 
coefficient of ~ –22.9 ps2/km. A polarization controller (PC) is inserted 
into the cavity to regulate the mode-locking operation. The isolator 
(ISO) is used to ensure unidirectional pulse propagation. We employ a 
980/1550 nm wavelength division multiplexer (WDM) to couple the 

980 nm pump laser. Finally, a 90/10 coupler is used as output device. 
The saturable absorber is a homemade single wall carbon nanotube film 
(SWCNT) [20]. To facilitate the observation of the buildup process of a 
CS, we added a mechanical chopper in front of the 980 nm pump laser. 

The laser single-shot spectra was characterized by means of a home- 
made TS-DFT, where periodic signals are linearly stretched by a 510 m 
dispersion compensation fiber (DCF) (with dispersion of about − 400 ps/ 
nm/km) for frequency-to-time transformation, and subsequently fed to a 
50 GHz photodiode (PD) connected to a real-time oscilloscope (Tek
tronix, DSA 72004B) with 20 GHz bandwidth. The spectral resolution of 
DFT measurement is 0.25 nm. Which can be calculated according to the 
formula: Δτ = |D|⋅L⋅Δλ, where Δλ is the bandwidth of the spectrum, D is 
the group delay dispersion per unit length of the dispersive element 
(usually in ps/nm/km), and Δτ is the temporal duration of the spectral 
mapping. The time trace of the laser output was also recorded by a 20 
GHz PD, fed to another channel of the real-time oscilloscope. 

This powerful real-time spectroscope TS-DFT also has two short
comings, the first one is that when the ultrafast fiber laser cavity oper
ates in a multi-soliton state (especially the time interval of pulses is 
serval nanosecond, and the soliton molecules cannot be formed), the 
real-time spectra observed on the oscilloscope will overlap and the re
sults will be inaccurate. However, when the number of soliton is small 
and the soliton molecules are formed, the real-time spectrum of every 
roundtrip measured by TS-DFT is a single spectrum with interference 
envelope formed by the whole soliton molecules [5,6], whose spectral 
results will be inaccurate. The second problem is that because TS-DFT 
technology requires input condition of the signal is confined to short 
pulses, the continuous wave / quasi-continuous wave (CW/QCW) 
output from ultrafast fiber laser cavity cannot be measured. However, 
during the mode-locking build-up process, especially during the relax
ation oscillation process usually accompanied by such CW/QCW com
ponents. To face this problem, we can actually combine the parametric 
spectro-temporal analyzer (PASTA) technology to resolve the spectral 
information of CW/QCW components [21]. 

3. Experimental results and discussion 

Self-starting of mode-locking occurs at a pump power of 75 mW. A 
train of fundamental CS with a 3-dB spectral bandwidth of 4 nm, pulse 
duration of ~ 700 fs and time period of ~ 44 ns is generated. By utilizing 
the chopper to switch on and off the pump, we are able to continuously 
observe the CS build-up process. By combining the TS-DFT system with 
the fast-acquisition functionality of the real-time oscilloscope, we 
recorded the entire relaxation oscillation process associated with CS 
formation on its screen. As a result of properly adjusting the state of the 
PC in our experiments, a new process of CS generation emerged, 
alongside other pathways [18]. 

The details of this CS formation process, as obtained by the TS-DFT 
method, are shown in Fig. 2(a). Its general features are similar to 
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Fig. 1. (a) Schematic diagram of the fiber laser. (b) Schematic diagram of a visual representation of soliton triplets with two satellite pulses orthogonal to each other 
in polarization domain. 
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previously reported, SWCNT-based SA, build-up processes of CSs, soli
ton molecules, and DSs. As can be seen in Fig. 2(a), a first laser spike 
appears after the accumulation of sufficient population inversion in the 
gain medium. Subsequently, relaxation oscillations occur with a laser 
spike separation of ~ 100 µs, which corresponds to the gain oscillation 
of the EDFs. Then, after six consecutive laser spikes, population inver
sion in the EDF reaches its peak value. As a result of the associated large 
amplification, a transient high peak power pulse is generated, which is 
subject to self-phase modulation leading to an abrupt spectral broad
ening. By zooming in the transient pulses as shown in Fig. 2(c), we may 
identify a first region of intensity beating, followed by a region of 
coexisting spectral beating and binding. The initial intensity evolution in 
the transient pulse is similar to that reported in the first CS formation 
pathway of Ref. 18. In Fig. 2(d), we can clearly see that the beating 
frequency increases over time. This phenomenon was already reported 
in the build-up process of Kerr lens mode-locking in solid-state lasers 
[13]. After a ~ 40 µs transition state, temporal mode-locking is estab
lished. Fig. 2(b) depicts the superimposed single-frame spectra of 100 
roundtrips of laser output. The 3-dB bandwidth of the temporal CS is 
approximately 4 nm, which is equivalent to that resulting from the 
average spectrum, as obtained by the OSA. 

The trend of intra-cavity energy evolution during the CS formation 
process is shown in Fig. 3(a) by integrating the single-shot spectra of 
each round-trip. The intra-cavity energy evolves in five separate stages. 
In the first stage (1), energy raises because of the accumulation of 

population inversion in gain medium. Subsequently, with the occur
rence of beating (2), small amplitude oscillations or jitter accompany a 
rapid increase of the energy. Immediately after that, gain gradually 
reaches saturation, which damps the laser energy jitter, while average 
value of intra-cavity energy gradually decreases (3). The disappearance 
of jitter precedes the occurrence of stable temporal mode-locking: before 
that, energy rapidly declines (4) until it stabilizes (5). And it’s worthy to 
notice that the normalized energy of stage 5 (temporal mode locking 
regime) is about 6 to 7. The max energy of laser during the buildup 
process is about third times than stage 5. We will further discuss that by 
calculating the evolution of first-order autocorrelation trajectories of 
laser output. In order to amplify the damping of energy jitter, we 
smoothed the energy curve of Fig. 3(a) and computed the difference of 
the original data and smooth curve for the energy evolution: the result is 
shown in Fig. 3(b). Here the inset shows an enlarged view of 600 
roundtrips, over which the damping of energy jitter mainly occurs. We 
can clearly see that the frequency of energy beating increases at first, 
next it stabilizes, and finally it maintains a stable beating frequency 
while its amplitude gradually declines. The trend of frequency variation 
of the cavity energy beating is similar to what reported in Ref. [13]. 

Furthermore, we divided the recorded real-time signal into separate 
intervals, with a duration equal to the average cavity round-trip time of 
44 ns. All intensities were normalized with respect to the maximum 
value in the whole buildup process. The first recorded pulse is deter
mined by the triggering level of the real-time oscilloscope during TS-DFT 
detection. In other words, the oscilloscope records the pulse from the 
laser cavity, which is created by the first relaxation oscillation. Fig. 4(a) 
shows original data of the sixth spike of relaxation oscillation of the 
laser, followed by soliton formation. Fig. 4(b) displays the entire com
plex process of CS generation, involving a Q-ML stage, initial spectrum 
broadening, spectral beating, soliton molecule (bound state) formation, 
and a final temporal mode-locking state involving a single-soliton gen
eration. The insert figure show the partial enlarged detail of that inter
esting regime consisted of the complex soliton dynamics. As we can see 
from the real-time spectra, in the transition stage spectral intensity 
beating appears as the number of roundtrips increases. At the same time, 
interference fringes appear within the spectrum, meaning that soliton 
molecules are generated. To our knowledge, this phenomenon has been 
observed here for the first time in a laser cavity soliton formation pro
cess. As a matter of fact, previous experiments reported two different CS 
formation processes in a fiber laser [17,18]. One pathway included the 
growth of relaxation oscillations, followed by the QML stage, spectral 
beating, and finally stable single-soliton mode-locking. The other 
pathway included an extra transient bound-state stage (soliton mole
cules) between the single-pulse mode locking operation and the beating 
stage. The buildup process observed in Fig. 4 provides a third pathway, 
which complements the dynamics of passive mode locking soliton 
formation. 

To better understand the dynamics of the CS generation processes, 
we show in Fig. 5 the evolution of the pulse, its spectrum, and the 
temporal separation between molecular pulses. Because of the 50 ps 
temporal resolution (The detection system contained high speed PD and 
oscilliscope have a bandwidth of 20 GHz.) of the direct measure of the 
pulse intensity, it is impossible to observe satellite pulses generated 
during the transition stage in Fig. 5(a). However, we can see that the 
pulse energy associated with the transition stage is much higher than 
that of steady ML state, which is corresponding to the energy curve of 
Fig. 3(a) obtained by integrating the single-shot spectra of each round- 
trip. For the CS laser cavity, the pulse intensity is clamped, hence it 
cannot be increased further. On the other hand, we aim at investigating 
the possibility of soliton splitting during the transition stage. Therefore, 
we performed a Fourier transform of every single-shot spectrum, in 
order to obtain the field autocorrelation of the transition stage as shown 
in Fig. 5(d). Via the initial beating process, a single soliton is broken into 
two, illustrating the main pulse separating to two pulses from roundtrip 
2930 till roundtrip 3090. Go back to Fig. 3(a), we find that the 
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by the TS-DFT system. (b) Superimposed single-frame spectra of 100 roundtrips 
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normalized energy of laser at 2930 is about 13, which is about two times 
than the normalized energy of stage 5 (temporal mode locking regime). 
The energy variation observed here corresponds to the second stage of 
Fig. 3(a). Owing to the pulse-shaping mechanism in the cavity with 
anomalous dispersion, the soliton amplitude remains quantized [22]. As 
a result of the overall energy growth in the cavity, the soliton splits and 
forms a molecular pair of solitons. From Fig. 3 (b), we can see that in this 
stage the cavity energy is violently oscillating caused by the energy 
flowing between the soliton molecule, and the frequency of energy 
beating increases with the number of roundtrips. Actually, this beating 
dynamic occurs at the transition from Q-ML to stable mode-locking is 
known as ‘auxiliary pulse mode-locking’ [13]. However, in our dis
cussed case, there is a little different. From Fig. 3(b) and Fig. 5(d), it can 
be seen that the beginning of energy jitter and the first split of the main 
pulse both occur at the roundtrips of 2930. Therefore, there are two 
pulses in the cavity at this time, and the intensities of the two pulses are 
different in the initial stage of splitting, so the effective refractive index 
felt by them is different due to nonlinearity. So that the two pulses occur 

temporal walk-off which accumulates over many roundtrips. When they 
meet again, constructive or destructive interference occurs according to 
their accumulated relative phase. Therefore, this spectral intensity 
beating changes as roundtrips increase. The modulation period should 
be an integer multiple of roundtrips, so it will change fast. In our case, 
the intensity of split pulse is at the same order of magnitude as the 
original pulse, which can be estimated from the 1st-order autocorrela
tion trajectory, the intensity modulation will be stronger when the in
tensity is similar. 

Moreover, this energy beating will induce the jitter relative phase in 
the same trend. In other words, the higher energy pulse in the soliton 
molecule accumulates more nonlinear phase shifts, the more violent 
energy flowing causes the more violent relative phase jitter [23]. In the 
corresponding 2D real-time spectrum (the bottom insert figure of Fig. 5), 
we can see that the longitudinal spectral intensity beating grows sub
stantially deeper as the roundtrips increase from 2930 to 3090. There
fore, we may conjecture that shaking soliton pairs are formed in this 
stage of the CS generation process [19]. And because of the existing of 

Fig. 4. (a) Original intensity data of the sixth relaxation oscillation of the laser, and the entire process of soliton formation. (b) Experimental real-time observation 
during the formation of a soliton. The insert figure is the partial enlarged detail of that interesting regime consisted of the complex soliton dynamics. 
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spectral intensity beating, more complex relative phase changes are 
introduced. 

Next, as can be seen in the third stage of Fig. 3 (a), solitons re- 
circulating in the laser cavity continue to be amplified by gain me
dium. When normalized energy beyond 18 (three times than normalized 
energy of stage 5) at roundtrips of 3090 in Fig. 3(a), new autocorrelation 
peaks are generated at the same roundtrips of 3090 observed from Fig. 5 
(d). As a result, a pulse in the molecular pair splits again, which leads to 
a triplet shaking soliton molecular structure and have been firstly 
experimentally observed in soliton molecules. The corresponding spec
tral evolution and autocorrelation trajectory appear in the top insert 
figure of Fig. 5 and Fig. 5 (d), respectively. Here we define the pulse in 
the middle of the triplets as the main pulse, and the left and right sides as 
the satellite pulses. By tracking the relative time interval between the 
satellite solitons and the main central pulse of the triplet, one obtains the 
curves in Fig. 6(a): as can be seen, the time interval between satellite 
soliton 1 and the main pulse (blue curve) differs from that between 
satellite soliton 2 and main pulse (red curve). As a consequence, the 
autocorrelation trace of the triplet-style soliton molecule should exhibit 
seven peaks [24]. However, Fig. 5(d) only shows five autocorrelation 
peaks. The missing autocorrelation peaks are formed by the coherent 
interaction of the two satellite pulses. Since our spectral resolution of 
DFT-based real-time spectroscopy is 0.25 nm, which corresponds to the 
maximum autocorrelation time range is 50 ps. This is because the denser 
spectral interference fringes mean the bigger temporal interval of soliton 
molecule [6]. The separations between the two satellite pulses and main 
pulse are less than 20 ps, as can be seen from Fig. 6(a). So resolution of 
our system is enough to detect the interference spectral characteristic of 
the two satellite pulses. 

Corresponding to the method of Ref. [6], we can get the time interval 
and relative phase between pulses in each roundtrip by tracking the side 
peaks in Fig. 5(d) and calculating the argument. In order to describe the 
complex dynamics of the soliton triplet we must include the rest degrees 
of freedom, relative phase and the state of polarization. The waveguides 
utilized in our cavity are not able to support different mode fields, so 
there is no need to discuss the mode fields of soliton molecules knowns 
as spatial–temporal mode locking as a degree of freedom. Then, we 
firstly think about relative phase. When the relative phase of the two 
satellite pulses is an odd multiple of π, their spectra will be destructively 

superimposed when they meet. But from the method of Ref. [6], we can 
see, the relative phase just influences the argument of side-peak of first 
order autocorrelation instead of amplitude. So, the reason of forming 
Fig. 5(d) can only be analyzed from the perspective of polarization. We 
think about that situation. When satellite soliton 1 and satellite soliton 2 
are orthogonal to each other in polarization domain, i.e., the two sat
ellite solitons are incoherent. There is no interference generated by the 
interaction of satellite pulses in Fig. 5b. Then the first-order autocorre
lation trace of the triplet soliton molecule will only exhibit five peaks. 

Furthermore, we trace the position of the autocorrelation peak 
generated by the two satellite pulses and the main pulse shown as Fig. 6 
(a), and then calculate the argument of these two peaks’ position of 
every roundtrip. The calculated argument is the relative phase of soliton 
molecule, and the temporal position of autocorrelation peak is the 
relative temporal interval. So, the relative phase of the satellite pulses 
and the main pulse can be solved [6]. Fig. 6(b) and 6(c) illustrate the 
chaotic evolutions of the relative phase between the two satellite pulses 
and the main pulse. The trajectory of the chaotic internal motions in the 
soliton triplet interaction space are shown in Fig. 6(d)-6(g). The pa
rameters τ and φ are the time interval and relative phase between sat
ellite solitons and main soliton. The relative phase evolution of the two 
satellite pulses differs from that of shaking soliton pairs with chaotically 
evolving phase oscillations as reported in reference [25]: here the 
chaotic dimension appears to be of a higher level. The present increased 
degree of chaos may be due to the increased dimensionality of the 
parameter space associated with the evolution of the relative phase, the 
energy flow within the soliton molecules, and state of polarization. As a 
result, the shaking soliton molecules that formed in the process of CS 
generation exhibit intensity fluctuations within each polarization 
component which are more chaotic than that in Ref. [25]. What’s more, 
our entire soliton molecular evolution is forming during the establishing 
process of laser under the unstable cavity energy situation accompanied 
by the strong spectral intensity beating, which can intensify the energy 
flowing between the soliton molecule. As can be seen in Fig. 6, here the 
relative phase evolve in a completely chaotic fashion. 

Therefore, this triplet-soliton molecule has 5 autocorrelation peaks 
that can only be understood from the polarization domain. This could be 
speculated by energy and momentum conservation considerations: the 
main pulse of the triplet soliton molecule splits its energy among its two 

Fig. 6. (a) Temporal separation of the satellite soliton 1 and main pulse (blue curves), the satellite soliton 2 and main pulse (red curves). (b) and (c): relative phase 
between satellite soliton 1 or satellite soliton 2 and the main pulse, respectively. (d)-(e) and (f)-(g): Trajectories of chaotic internal motions of satellite soliton 1 and 
satellite soliton 2 in the interaction space. 
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orthogonal polarization components, leading to a pair of mutually 
perpendicular satellite pulses. Finally, as the population inversion is 
reduced and gain saturates, the intra-cavity energy rapidly decreases, as 
shown in the second half of the third stage and the fourth stage of Fig. 3 
(a). As a result, the main pulse in the cavity no longer splits its energy 
into its two orthogonal polarizations, so that the two satellite pulses 
gradually decay and disappear from the cavity. Eventually, only the 
main pulse survives, forming a stable mode-locked state. 

4. Conclusion 

We experimentally observe a novel dynamics of CS formation, 
facilitated by orthogonally polarized shaking soliton molecules. By 
analyzing the evolution of the three molecular degrees of freedom, 
namely their relative time interval, relative phase, and polarization 
state, we revealed the presence of a fully developed chaotic internal 
motion of shaking soliton molecule triplets in the interaction space. We 
believe that the increased internal-motion chaos results from the extra 
degree of freedom associated with the orthogonally polarized satellite 
soliton pairs in this shaking soliton triplets and spectral intensity beating 
introduced in the process of soliton build-up. The complex internal dy
namics of the soliton molecule is governed by the subtle energy flow 
between each individual constituent, facilitated by gain dynamics and 
soliton interactions. The internal energy flow in soliton molecules obeys 
energy and momentum conservation, which explains the splitting of two 
orthogonally polarized satellite pulses from the main pulse. Our findings 
shed a new light in the internal dynamics of soliton molecules with 
higher degrees of freedom, and provide a complementary route to pro
cess soliton-based laser mode-locking. 
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