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Solitons can self-assemble into stable bound states, also denoted as soliton molecules that exhibit molecule-like dynam-
ics. Soliton molecules have been predominantly investigated in the anomalous dispersion mode-locked fiber lasers.
However, the soliton molecule dynamic evolution is still largely unexplored in the normal dispersion regime. We reveal
here that, in the normal dispersion regime, the buildup and dissociation dynamics of soliton molecules. Our theoretical
prediction indicates that, under different transmission functions of a saturable absorber (SA), a pair of solitons can be
formed directly from background noise and then evolve into a soliton molecule through intense repulsive interaction,
or a soliton molecule can be triggered to dissociate into a single soliton with transient annihilation and energy transfer.
The experimental observation of short-time soliton molecule buildup and a new soliton molecule dissociation process
corroborate the theoretical prediction. Furthermore, a long-time soliton molecule buildup (∼900 ms) is discovered with
single soliton splitting and soliton pair attraction. The buildup time is over four orders of magnitude longer than that of
the short-time soliton molecule (∼21 µs). Our work unveils new perspectives into the ultrafast transient process and the
interaction dynamics of soliton molecules in complex nonlinear systems. ©2020 Optical Society of America under the terms

of theOSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.394706

1. INTRODUCTION

The soliton, as a remarkably localized structure in nonlinear sys-
tems, has attracted considerable attention in numerous contexts,
including fluids, plasmas, fibers, optical systems, polymers, and
Bose–Einstein condensates [1–5]. The soliton in the dissipative
system suffers from the balance between nonlinearity and dis-
persion; the existence and stability of dissipative solitons highly
depend on the interplay between gain and loss [6]. The mode-
locked fiber lasers, as an absolutely dissipative system, provide an
excellent test bed rich in dissipative soliton dynamics, such as soli-
ton molecule [7], optical rogue wave [8], soliton explosion [9], and
triple-state dissipative soliton switching [10]. In the past, achieving
a temporally and spectrally resolved study of the transient soli-
ton dynamics is always a challenge because every transient event
possesses a singular occurrence with a unique spectral-temporal
feature. While recently developed, the time-stretch dispersive
Fourier transform (TS-DFT) technique provides a powerful way
for real-time, single-shot measurement of ultrafast dynamical
phenomena [11].

The TS-DFT technique helps scientists to experimentally
resolve the variety of soliton transient evolution. In particular,
the soliton molecules that exhibit fascinating particle-like inter-
actions, e.g., vibration, synthesis, and dissociation, constitute
the fundamental problems in soliton physics [12–17]. In terms
of application, soliton molecules may increase the capacity of

telecommunication, which is also attractive in all-optical informa-
tion storage [18,19]. The formation of a single soliton refers to the
universal behavior of many nonlinear systems corresponding to the
law of ‘survival of the strongest’ [20]. In this respect, the formation
of soliton molecules may result from soliton splitting [21], soli-
ton shaping of the background noise [22], relaxed oscillation, or
Q-switch lasing [23,24]. In general, soliton molecules displayed
rich dynamics in the anomalous dispersion mode-locked fiber laser,
including different initial formation conditions [16,25]. In addi-
tion to stationary soliton molecules, there are also dynamic soliton
molecules, among which the time interval or phase difference
between individual solitons changes over time [13,26].

Despite the soliton molecules buildup that has been reported
in the anomalous dispersion regimes previously, it is still a crucial
question on how initial noise evolves into a soliton molecule,
particularly in the normal dispersion regime of mode-locked fiber
laser being largely unexplored, which is an excellent platform for
dissipative solitons involving rare dynamics. Numerical studies use
well-separated solitons instead of noise as the initial conditions for
studying the generation of soliton molecules, which may ignore the
non-trivial nonlinear processes involved [27]. In the anomalous
dispersion regime, the soliton molecules are the consequences of
oscillation between the soliton tail. Such oscillations are produced
by the Kelly sideband and have been confirmed by experiments
[28,29]. Conversely, there is no Kelly sideband in the normal
dispersion regime, which could suggest the existence of different
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dynamics of soliton molecules. Other than the buildup process,
it is a great interest to explore the different dynamical processes
like the dissociation of soliton molecules in a normal dispersion
ultrafast laser. The probe and trigger of the dynamical soliton mol-
ecule buildup and dissociation in the normal dispersion dissipative
systems may contribute to control and generate ultrashort solitons
in an optical oscillator, further extending the ‘molecular’ analogy
and potential applications.

Here, we reveal the buildup and dissociation dynamics of dis-
sipative soliton molecules in the normal dispersion mode-locked
fiber laser. Numerical simulation suggests that soliton molecule
buildup depends sensitively on initial conditions; the param-
eter change of the saturable absorber (SA) will trigger the soliton
molecule dissociation. The precise control of the polarization
setting and gain of the laser in combination with accurate TS-DFT
detection allows us to experimentally corroborate the theoretical
prediction. Specifically, the soliton molecule buildup processes
from background noise in both short and long-time scales and a
new soliton dissociation process have been observed in the normal
dispersion fiber laser. These results unveil the diversity of soliton
molecule interaction in a mode-locked fiber laser, empowering the
understanding of complex dynamics in nonlinear optical systems.

2. NUMERICAL SIMULATION

Soliton molecules buildup and dissociation manifest a rich set of
soliton interactions, including attraction, repulsion, collision,
vibration, and annihilation in anomalous dispersion ultrafast
fiber lasers. The interaction between solitons is mainly through
dispersive waves [22]. However, dispersive waves generally do not
present in normal dispersion mode-locked fiber lasers, which could
suggest a different interaction mechanism of soliton molecules,
and the interactions could arise from gain depletion and recovery
[30,31]. Further, soliton molecules’ buildup and dissociation
could originate from different dynamics in the normal disper-
sion regime. With the above mechanism in mind, it is intuitive
to execute a numerical simulation to explore the buildup and
dissociation process in a normal dispersion ultrafast fiber laser.
In the simulation, nonlinear polarization rotation (NPR) is used
to achieve mode-locking pulse generation. The laser architecture
comprises an erbium-doped fiber (EDF) with normal dispersion
at 1.56 µm (amplification medium), two sections of single-mode
fiber (SMF) with anomalous dispersion, a SA, and an output cou-
pler (OC). Pulse propagation within the fiber is modeled with a
modified nonlinear Schrödinger equation for the slowly varying
pulse envelope:
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Here, β2 is group-velocity dispersion (GVD), and γ is the coef-
ficient of cubic nonlinearity for the fiber segment. The dissipative
terms represent linear gain as well as a Gaussian approximation
to the gain profile with the bandwidth �. The gain is described
by g = g 0exp(−Ep/Es), where g 0 is the small signal gain, which
is non-zero only for the gain fiber, Ep is the pulse energy, and Es

is the gain saturation energy determined by pump power. The
parameters used in the numerical simulations are following typical
experimental values.

Buildup and dissociation of soliton molecules belong to
different dynamics. We hypothesize that the variation of

polarization settings could trigger these dynamics at fixed
gain. The varied polarization indicates that the transmission
functions of the NPR are different [25,32]. Based on this
assumption, we choose different SA transmission functions
that correspond to the soliton molecule buildup and dissoci-
ation. For the soliton molecule buildup, the SA transmission
function is T = R0 +1R(1− 1/(1+ P/P0)); for the disso-
ciation process, the corresponding transmission function is
T = R0 +1R sin2(0.5π×P/P0), where R0 is the unsaturated
reflectance,1R is the saturable reflectance, P is the pulse instanta-
neous power, and P0 is the saturation power. Other parameters are
chosen according to the experimental components: �= 40 nm,
λ0 = 1560 nm, Es = 10.8 pJ, g 0 = 4.5 m−1, β2 = 6.5 ps2/km,
and γ = 6.6 W−1 km−1 for EDF; β2 =−21 ps2/km and
γ = 1.65 W−1 km−1 for SMF1; β2 =−10.4 ps2/km and
γ = 1.65 W−1 km−1 for SMF2; R0 = 0.10.

As the soliton dynamics are closely related to the transmission
function, gain, and the initial condition, a scalar iterative map was
calculated to identify the regimes for soliton molecule buildup and
dissociation [17]. We systematically varied the SA parameter and
fixed gain setting to identify stability regimes with qualitatively
different behavior. The iterative map for soliton molecule buildup
evolution is shown in Fig. 1(a); the initial condition is single, and
two weak sech-shape pulses combine with random noise. The
soliton dissociation map is modeled with random noise overlaid
on two sech-shape pulses (dual solitons) as minute perturbation
[Fig. 1(b)]. The parameter spaces were finely gridded, and the
behavior of the simulation moves towards either convergence
or instability. In most cases, the system reaches steady-state after
hundreds of roundtrips (RTs). The blue region in the figure cor-
responds to convergence towards a stable single pulse, which is
not sensitive to the initial condition: by slightly changing the ini-
tial seed intensity or pulse separation, even if seeded from noise,
the simulation will still converge to the final state under certain
parameters. The orange region corresponds to either a stable single
pulse or molecules depending on initial conditions. The simu-
lations converging to either single or double pulses are sensitive
to the initial pulse number and particular noise on the seed. The

Fig. 1. Stability regimes as a function of saturable absorber parameters
(1R , P0) at fixed Es = 10.8 pJ and g 0 = 4.5 m−1 for (a) soliton mol-
ecule buildup and (b) soliton molecule dissociation. The colored legend
describes the different regimes. The red points (1) and (2) correspond to
the simulations in Figs. 2 and 3, respectively.
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Fig. 2. Soliton molecule buildup through repulsion [corresponding
to point 1 in Fig. 1(a)]. (a) Temporal evolutions in the soliton molecule
buildup process. (b) The corresponding field autocorrelation evolution.
(c) Side view of (a). (d) Temporal intensity of soliton molecule at RT
numbers of 110 and 795.

green region corresponds to only stable soliton molecules that is
irrespective of the initial condition (single or dual pulse seed for the
soliton buildup).

By varying SA parameters, the model suggests many phe-
nomena. Both attraction and repulsion of soliton molecules are
observed in the settings. Specifically, we choose two peculiar
dynamical processes that correspond to soliton molecule buildup
and dissociation, respectively. Mode locking and soliton repulsion
are observed in the soliton molecule buildup that is evidenced in
the temporal evolution [Fig. 2(a)] and field autocorrelation trace
[Fig. 2(b)] with 1R = 0.04 and P0 = 1 W [Point 1 in Fig. 1(a)].
The initial separation of pulses is 4 ps, and the repulsive process
persists for∼600 RTs before reaching a stable soliton molecule. We
find that the two initial pulses formed from background noise have
a large difference in intensity, and the initial pulse separation is
much smaller than the final stable value, resulting in a strong repul-
sive effect. This repulsive evolution depends sensitively on initial
conditions and can only be reproduced when the gain saturation
energy Es,1R , and P0 are maintained in a very narrow region.

The interaction of solitons refers to long-range interactions
that arise from gain depletion and recovery. As a result, the pulses
experience a time-dependent gain and have a drift velocity that
is proportional to the pulse energy [33]. In the initial stage of the
repulsion, the trailing pulse exerts higher energy than the leading
pulse [RT 110 in Fig. 2(d)]. However, the leading soliton depletes
the gain of a laser, resulting in less gain for a tailing soliton until
it is recovered to the value before the leading soliton. The gain
differential that determines the magnitude of the soliton drift
velocity is proportional to the pulse energy. Therefore, the trailing
pulse possesses larger drifting velocity in comparison to the leading
pulse that only drifts 0.25 ps in repulsive evolution. A significant
twist at the RT number of 635 is due to the rapidly reducing energy
difference in the leading pulse and the trailing pulse, which leads to
the gain difference, and the relative speed of the two pulses begin to

Fig. 3. Simulation of soliton molecule dissociation [corresponding to
point 2 in Fig. 1(b)]. (a) Temporal evolutions in the soliton molecule
dissociation process. (b) The corresponding field autocorrelation
evolution.

rapidly decrease to a negligible level [dashed rectangle in Fig. 2(c)
and RT 795 in Fig. 2(d)]. The repulsive force gradually weakens
in the kink process and can be neglected when the pulses enter the
stagnation point. Eventually, the two pulses maintained almost
fixed temporal separation.

The soliton molecule dissociation corresponds to point 2 in
Fig. 1(b) with 1R = 0.15 and P0 = 140 W, while the simulation
temporal evolutions and field autocorrelation traces are shown in
Figs. 3(a) and 3(b). Owing to polarization perturbation, the corre-
sponding transmission function of NPR with greater modulation
depth and saturation power triggers the soliton molecule to disso-
ciate into a single soliton. The inset for the zoom-in of the dashed
rectangle in Fig. 3(a) shows some exotic dynamic phenomena,
e.g., leading soliton transient annihilation, energy transfer, and
trailing soliton temporal drift.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Next, we performed experiments based on the parameters used in
the simulation to validate the buildup and dissociation dynamics
of soliton molecules in a normal dispersion ultrafast fiber laser. The
laser consists of a segment of EDF (Lucent-SFD), two polarization
controllers (PC), some SMF pigtails, and an optical integrated
module (OIM) that includes a polarization-dependent isolator,
a wavelength division multiplexer (WDM), and a 10:90 OC
(Fig. 4). The 6 m EDF acts as the gain medium, while another
piece of ∼2 m SMF, including 1 m Hi-1060 fiber and 1 m
SMF-28e fiber, extends the cavity length and provides a net cavity
dispersion of∼0.02 ps2 and repetition rate of 25 MHz. The tem-
poral information was detected by a 20 GHz photodiode (PD1,
Agilent 83440C) and digitized by a 20 GHz real-time oscilloscope
(Lecroy SDA 820Zi-B), while the optical spectrum was recorded
by an optical spectrum analyzer (OSA, YOKOGAWA AQ6370D)
and the real-time oscilloscope using TS-DFT simultaneously. The
dispersive Fourier transform (DFT) branch was composed of a
spool of dispersion-compensating fiber (DCF) with−577 ps/nm
dispersion and detected by a 12 GHz photodiode (PD2, New
Focus 1544-B), with a single-shot spectrum resolution of 0.17 nm
[34]. During the experiment, the pump power could be turned
on when the PCs were preset in the settings, generating soliton
molecules, and the oscilloscope was triggered to record the tran-
sient signal. We measured the buildup and dissociation process of
soliton molecules during the experiments, as described below.
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Fig. 4. Schematic diagram of the experiment setup. EDF, erbium-
doped fiber; SMF, single-mode fiber; PC, polarization controller; LD,
laser diode; PD-OIM, polarization-dependent optical integrated module;
OSA, optical spectrum analyzer; DCF, dispersion-compensation fiber.

A. Short-Time Soliton Molecule Formation Dynamics

Experimentally, short-time and long-time soliton molecule
buildup processes were observed at different polarization settings.
First, we recorded a soliton molecule corresponding to a short-time
buildup process and explored its formation dynamics. Figure 5
shows the experimental result for short-time soliton molecule
formation. The measured DFT spectra [Fig. 5(a)] exhibit drastic
changes before a stable soliton molecule is formed. In previous
reports [16,25], a single soliton experiences a soliton split and
complex multi-pulse evolution before the stable soliton molecules
are established. However, in this experiment, two pulses directly

formed at the initial stage [Fig. 5(b)] with no information on
the dynamic single soliton split process, and the pulses under-
went a strong repulsion, before the stable formation of a soliton
molecule. The close-up view of the region [Fig. 5(d)] between
1560–1565 nm [zoom-in plot of dashed rectangle in Fig. 5(a)]
suggests a slight sliding phase in the pulse evolution while keeping
fixed temporal separation, which is attributed to spectral fringe
sliding toward higher frequencies as RTs are increased [13,35].

The solitons interactions can be revealed by first-order field
autocorrelation, which has been used to probe the evolving sepa-
ration between bound solitons and capture the transient ordering
of incoherent dissipative solitons. The Fourier transforms of the
single-shot spectra in Fig. 5(a) provided the field autocorrelation
traces [Fig. 5(b)]. Mode-locking begins near a RT number of 1600,
producing two solitons from background noise directly, the initial
separation of the two solitons was 4.3 ps. Then, the significant
repulsive stage lasts≈540 RTs for two solitons, eventually resulting
in a stable separation of 42 ps at the RT number of 2140. The
energy evolution [black line overlaid in Fig. 5(b)] was calculated
by integrating the measured spectra over the entire spectra band.
There is an energy overshoot in the figure, which characterizes
the mode-locking transition; then, the energy decreases while the
solitons repel each other, and, finally, the energy is stabilized. The
cross section of the field autocorrelation trace at the RT number of
2500 [Fig. 5(c)] corresponds to a period of the spectral modulation
of 0.182 nm, and the two pulses separated with 42 ps temporal
separation. In contrast, the pulse duration was measured by an

Fig. 5. Short-time soliton molecule formation from background noise. (a) The real-time spectral evolution measured via DFT. (b) The field autocorrela-
tion traces calculated via the Fourier transform of each single-shot spectra in (a), the black line shows the energy evolution. (c) Field autocorrelation traces at
RT number of 2500. (d) Zoom-in plot of dashed rectangle in (a). (e) The corresponding temporal intensity evolutions measured by a photodetector. (f ) The
good agreement between the spectra measured by OSA (black) and the average spectrum calculated from 1000 single-shot spectra (red) under stable mode-
locking confirms the accuracy of TS-DFT.
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autocorrelator (Femtochrome, FR-102 MN) to be 0.3 ps, which
suggests that the interactions of the soliton molecule refer to weak
long-range interactions (the separation between the solitons is 140
times that of the pulse width) [36]. The weak side lobes on both
sides of the autocorrelation trace [Fig. 5(c)] also confirm the weak
interaction.

Figs. 2(b) and 5(b) both show the mode-locking and soliton
repulsive process. The initial separation of pulses of 4 ps and the
repulsive last ∼600 RTs in simulation [Fig. 2(b)] agree well with
the experimental values. The instant kink also occurs at RT 2140
in the experiment [Fig. 5(b)]. During the twisting process, the
intensity of the main autocorrelation peak will be further reduced
due to the energy redistribution of the two pulses in the time
domain. The only difference is that the two solitons in Fig. 2(b)
showed more obvious breathing behavior in the repulsion evolu-
tion in contrast to the experiment. Due to the weak long-range
interactions of soliton molecules corresponding to a larger pulses
temporal interval leading to the very weak intensity of sidelobes
in the autocorrelation trace [Fig. 5(b)], breathing behavior is not
easily observable. However, the energy oscillation exists in the
repulsion process of the soliton molecule [RTs 1700–2100 on
the black line in Fig. 5(b)], indicating that the soliton molecule

may also manifest similar breathing behavior in the experiment.
Figure 5(e) shows the corresponding temporal intensity evolutions
measured by the photodetector. The average spectrum calculated
from 1000 single-shot spectra (red curve) matches well with the
spectrum recorded on the OSA (black curve) [Fig. 5(f )], suggesting
a fine mapping of the ultrafast optical spectrum associated with
the dispersion [37]. Therefore, it also confirms that the TS-DFT
technique can accurately map the spectral information of soliton
molecules into the temporal domain.

Rich soliton interactions include the alternating soliton attrac-
tion, repulsion, and vibration during soliton molecule formation
that exists in an anomalous dispersion ultrafast fiber laser [25], or
only attractive interaction was discovered during soliton molecule
formation in a Ti:sapphire laser [26]. In contrast, our work shows
a completely different character in a normal dispersion mode-
locked fiber laser. Repulsion dominates the interaction of soliton
molecules and lacks the splitting process of a single soliton, high-
lighting the difference among the systems with variable net cavity
dispersion. The formation of the final stable soliton molecule
from background noise requires only 540 RTs [dashed rectangle in
Fig. 5(b)], corresponding to a 21µs intra-cavity travel time.

Fig. 6. Long-time soliton molecule formation from background noise. (a1) The temporal intensity evolution of the soliton molecule buildup process
measured by a photodetector. (a2) The corresponding spectral evolution measured via DFT. (b1) The temporal intensity evolutions of single soliton forma-
tion from noise. (b2) The corresponding real-time spectral evolution measured via DFT. (c1) The temporal intensity evolution corresponds to the process
where the single soliton splits into two. (c2) The corresponding real-time spectral evolution measured via DFT. (d) The temporal intensity evolution sug-
gests soliton separation of 100 ps.
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B. Long-Time Soliton Molecule Formation Dynamics

In contrast to the short-time soliton molecule buildup process that
takes place within hundreds of RTs (∼microseconds), the forma-
tion time for long-time soliton dynamics increases by several orders
of magnitude on the order of several seconds. It is also interesting
to understand the formation dynamics of such long-time soliton
molecules buildup. To this end, by carefully turning the PCs, we
observed the long-time soliton molecule formation process. In
order to capture this long dynamic process for 1s, we measured the
experimental data not at the repetition rate, but at the interval of
∼60 ms. Therefore, the pulse evolution with 50 ps temporal reso-
lution spans over long durations up to several seconds. In this way,
we can observe the whole trend of pulse evolution. The recorded
TS-DFT data and the corresponding temporal intensity evolutions
are shown in Figs. 6(a2) and 6(a1), respectively. In the long-time
buildup process, first, a single soliton formed from noise in the
time domain (stage 1), then the single soliton split into two solitons
with an initial pulse separation of 325 ps (stage 2), and attraction
dominates the interaction between the pulses that last for 650 ms.
Finally, a stable soliton molecule formed with a pulse separation of
41 ps (stage 3). The whole time for this soliton molecule buildup
process is 900 ms, which is over four orders of magnitude longer
than that of short-time soliton molecule buildup (21µs).

In order to observe more details of this dynamics process, we
adopted a variable hold-off trigger method to capture different
segments of the formation process with 6.4 ms time window for
each segment and captured the real-time data at the repetition rate.
Thanks to the great reproducibility of this formation process, the
experimental results of multiple captures are well consistent. The
measured DFT data and corresponding temporal intensity evolu-
tions shown in Figs. 6(b2) and 6(b1) indicate that a single pulse is
formed first, which is distinct from the short-time buildup process.
Figures 6(c1) and 6(c2) show that a single soliton split into two
solitons. The new right pulse evolves into a second femtosecond
(fs) pulse via mode-locking; meanwhile, a significant decrease in
intensity of the original pulse (marked with a white dashed circle)
indicates the new birth pulse effectively splitting the energy of the
original pulse. During the attraction phase, the soliton separation
of 100 ps corresponds to the temporal intensity evolution shown
in Fig. 6(d). At this stage, the interference fringes can be observed
on the DFT spectrum, indicating that the two solitons enter the
binding state.

Figure 7(a) shows the TS-DFT spectra of the final stable soliton
molecule. The zoom-in plot between 1560–1565 nm corresponds
to the transparent rectangle shown in Fig. 7(a), as displayed in
Fig. 7(d), a slightly sliding phase is readily observed during pulse
evolution, and the sliding direction is opposite the short-time
buildup process. The field autocorrelation trace [Fig. 7(b)] calcu-
lated by the Fourier transformation of Fig. 7(a) suggests that the
pulse interaction is stable with a pulse separation of ∼41 ps. The
stable pulse separation has also been corroborated in the temporal
intensity evolution captured by the photodetector [Fig. 7(c)].

In the Ti:sapphire laser, a repeated shedding of smaller fractions
[picosecond (ps) pulses] from the original fs pulse in the time
domain with a separation of ∼1 ns and such a weak ps pulse will
eventually evolve into a second fs pulse via mode-locking [26]. The
final stable separation between the two solitons is only hundreds of
fs. In contrast, in our ultrafast fiber laser operating under normal
dispersion, there is no shedding of the smaller fractional ps pulses
during the splitting of a single soliton. Two solitons gradually

Fig. 7. (a) Real-time spectrum evolution of a stable soliton molecule
measured by TS-DFT. (b) The field autocorrelation map calculated via
the Fourier transform of each single-shot spectra. (c) The corresponding
temporal intensity evolution measured by a photodetector. (d) Zoom-in
plot of (a) between 1560 nm and 1565 nm wavelength.

attract each other from 325 ps to 41 ps, undergoing longer attrac-
tive time up to 650 ms, and end up as a weak interaction soliton
molecule instead of tight binding that only separates hundreds of
fs in the Ti:sapphire laser. Our observation suggests that there is
an evident difference between the all-fiber mode-locked laser and
the Ti:sapphire laser. In addition, similar to the observed soliton
molecule, the twin pattern with an extremely long lifetime was
reported in the vector rogue wave dynamics in a fiber laser [38].
However, the twin pattern occurs in a unidirectional ring cavity
fiber laser without a SA, and the interaction mechanism of solitons
is attributed to the interaction between polarization modes in the
absence of a SA, which significantly differs from the interaction
between solitons influenced by the SA transmission function in
this experiment.

C. Soliton Molecule Dissociation Dynamics

In addition to the soliton molecule buildup at short and long time
scales, we also observed the soliton molecule dissociation process.
In this state, a soliton molecule quickly transits into an unsta-
ble single soliton and eventually annihilates. Figure 8(a) shows
the DFT spectra exhibiting evident changes of soliton molecule
dissociation. The spectra between 1560–1565 nm [marked by
the white rectangle in Fig. 8(a)] suggests a significant oscillation
phase during evolution [Fig. 8(c)]. Figure 8(b) shows the field
autocorrelation traces calculated via the Fourier transforms of each
single-shot spectrum. Before the soliton molecule dissociates, there
is a relatively obvious change in pulse separation. Figure 8(d) shows
the corresponding temporal intensity evolutions measured by
the photodetector. The magnified version of the dashed rectangle
in Fig. 8(d) illustrates that the two solitons do not merge when
the soliton molecule dissociates. The leading soliton transient
annihilation, energy transfer, and trailing soliton temporal drift
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Fig. 8. Soliton molecule dissociation process. (a) The real-time spectral evolution measured via DFT. (b) The field autocorrelation traces calculated via
the Fourier transform of each single-shot spectra in (a), the black line shows the energy evolution. (c) Zoom-in plot of the dashed rectangle in (a). (d) The
corresponding temporal intensity evolution measured by a photodetector.

agreed well with the simulation [Fig. 3(a)]. From the field autocor-
relation traces and temporal intensity evolutions [Figs. 8(b) and
8(d)], during the soliton molecule dissociation, the leading pulse is
instantly extinguished, and the energy is transferred to the trailing
pulse. Then, a single ps pulse of long soliton tail corresponding
to 750 ps is formed, which becomes a weaker pulse with a shorter
soliton tail after transmitting 250 RTs. Finally, the weaker single
soliton annihilates after transmitting 5200 RTs. Meanwhile, the
temporal drift of∼0.9 ns of the single soliton during transmission
is caused by the changes in group velocity induced by the evolving
central wavelength [39]. The energy evolution by integrating the
measured spectra over the complete spectra band [black line in
Fig. 8(b)] suggests an energy overshoot when soliton molecules
dissociate into a wide ps pulse. Before the single soliton finally
annihilates, the energy keeps oscillating, indicating that the single
soliton is unstable. At the RT number of 6750, the further decline
in energy indeed suggests the extinguishing of the single soliton.

Unlike the soliton molecule that dissociates into a single soliton
through repulsive interaction [40] or the soliton molecules that
directly annihilate each other [41], in contrast, this work shows
a different interaction of a soliton molecule, namely the leading
soliton transient annihilation and energy transfer. The extinction
of the final single soliton due to the amplitude of soliton below a
critical value causes the pulse to experience loss and decay to zero

[41,42]. To the best of our knowledge, the exotic soliton molecule
dissociation process has not been reported before.

4. CONCLUSION

In conclusion, we reveal the buildup and dissociation dynam-
ics of dissipative soliton molecules in the normal dispersion
mode-locked fiber laser. The theoretical prediction is confirmed
well by the experimental result of short-time soliton molecule
buildup and a new soliton molecule dissociation process. These
different dynamical processes are mainly influenced by the
polarization-dependent transmission functions of NPR. The
gain/loss dynamics also play an important role in soliton molecule
buildup and dissociation. In the short-time buildup phase, repul-
sion dominates the interaction of soliton molecules due to large
initial pulse intensity differences and small initial pulse separation.
In the long-time buildup phase, there is a splitting of the single
soliton, soliton energy transfer, and attraction that dominates
the interaction of soliton molecules. For the newly found soliton
molecule dissociation process, there exists a soliton transient anni-
hilation and energy transfer instead of two solitons merging, with
the annihilation of the final single soliton due to the strength of
the soliton below a stable critical value. It is also important to note
that these dynamics can obviously differ in different net cavity
dispersion and laser systems (such as SA mode-locked fiber laser
[43], ultrafast Ti:sapphire lasers [26], and microresonator [44]),
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apart from the outside perturbation (the change of the polarization
state and the fluctuation of pump power). We believe that our
results unveil new perspectives into the soliton molecule transient
dynamics of mode-locked lasers and will provide useful insights
into laser design and applications.
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