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The evolution of soliton molecules emphasizes the complex soliton dynamics akin to matter molecules. Beyond
the simplest soliton molecule—a soliton pair constituted by two bound pulses—soliton molecules with more
constituents have more degrees of freedom because of the temporal pulse separations and relative phases.
Here we detailedly characterize the transient dynamics of soliton triplets in fiber lasers by using the dispersive
Fourier transform measurement. A particular form of leading, central, and tailing pulses is constructed to shed
new light on more intriguing scenarios and fuel the molecular analogy. Especially the vibrating dynamics of the
central and tailing pulses are captured near the regime of equally spaced soliton triplets, which is reminiscent of
the recurrent timing jitters within multi-pulse structures. Further insights enable access into a universal form of
unequally spaced soliton triplets interpreted as 2� 1 soliton molecules. Different binding strengths of intramo-
lecular and intermolecular bonds are validated with respect to the diverse internal motions involved in this soliton
triplet molecule. All these findings unveil the transient dynamics with more degrees of freedom as well as highlight
the possible application for all-optical bit storage. © 2020 Chinese Laser Press
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1. INTRODUCTION

Solitons as localized wave structures have attracted considerable
attention in a variety of conservative and dissipative nonlinear
systems such as fluids, plasma physics, Bose–Einstein conden-
sates, and optics [1–4]. Viewed as the most universal notion,
dissipative solitons are involved with a composite balance be-
tween dispersion/diffraction and nonlinearity, gain, and loss [5].
As an optimal experimental platform, passively mode-locked
fiber lasers not only deliver ultrashort pulses but also uncover
plentiful landscapes of dissipative soliton dynamics [6]. In par-
ticular, the peak-power clamping-effect-induced multi-pulsing
operation [7] is an intensive topic of research for both the sci-
entific interest in mutual interaction dynamics of ultrashort
pulses and the promising applications of high-level modula-
tion formats for optical communications and all-optical bit
storage [8–10]. Among these multi-pulsing solutions, self-
organization-endowed soliton molecules, also termed bound
states, have been highlighted with remarkable properties in the
analogy of matter molecules [11–14]. Considering the dissipa-
tion of the laser system, soliton molecules are of inelastic nature
and maintain their patterns in the presence of continuous

energy supply. Apart from the stationary solution [15–18],
matter molecules also draw some striking analogical scenarios
of dynamic manners in soliton molecules. Numerical simula-
tions show that the intramolecular temporal separations and
relative phases can evolve along round-trips, which is inter-
preted as the internal motion of soliton molecules [19–22].
Restricted by the traditional measurements, previous experi-
mental investigations only present the time-averaged results
such as the deformed spectral interferograms or autocorrelation
traces. Direct investigations of the evolution process are weakly
supported by the time-averaged measurement. Hence, it is of
great significance to gain access to the transient dynamics of
soliton molecules with real-time techniques.

More recently, rapid progress in dispersive Fourier transform
(DFT) measurement yields the real-time spectral recordings of
ultrashort pulses [23–26]. Shot-to-shot spectral views open new
opportunities for transient dynamics such as the birth of mode-
locking [27–31], soliton explosion [32,33], soliton pulsation
[34–36], and soliton trapping [37]. In addition, the consecu-
tive spectral interferograms of soliton molecules also enable ac-
cess to their internal motion, dating back to the pioneering
work in 2017 [38]. For the most fundamental level of bi-soliton
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molecules that are soliton pairs, both the entire build-up pro-
cess and the transient dynamics are profoundly revealed
[39,40]. The degrees of freedom underlying this bi-soliton mol-
ecule are the simplex temporal separation and relative phase
between the leading pulse and the tailing pulse. It is found that
the sliding phase evolution should be ascribed to different phase
velocities induced by the intensity difference of the two con-
stituents, while soliton molecule vibration derives from the
successive energy flow within the bi-soliton molecule, accom-
panying the oscillating temporal separation and relative phase
[41]. In parallel with the investigations on soliton pairs, soliton
molecules with more constituents have more degrees of free-
dom. They encompass increasing entities and feature complex
mutual interplay within molecules. Particularly, bound states of
soliton pairs have been investigated for distinguishing the intra-
molecular and intermolecular bonds, which extends the scope
of internal dynamics within a typical 2� 2 soliton molecular
complex [42]. Moreover, soliton triplets have been also high-
lighted, exhibiting continuous sliding relative phase with fixed
temporal separations [41]. Indeed, one more soliton participat-
ing in the molecules can reduplicate the degrees of internal
motion. Considering the universal form of soliton triplets con-
stituted by leading, central, and tailing pulses, it is desirable
to entirely interpret how these particle-like solitons can be-
have within molecules and further emphasize the analogy with
matter physics.

In this paper, we report the first detailed characterization of
soliton triplets in a dispersion-managed fiber laser by use of the
DFT technique. A particular form of leading, central, and tail-
ing pulses is constructed to shed new light on the increased
degrees of internal dynamics. Beyond the stationary state of the
equally spaced soliton triplet, one typical finding is the vibrat-
ing dynamics of the central and tailing pulses, reminiscent of
the recurrent timing jitters within the multilevel modulation
formatted unit. With respect to a universal tri-soliton form
of unequally spaced soliton triplets, different binding strengths
of intramolecular and intermolecular bonds are verified by the
diversities of the temporal motion and relative phase evolution.

2. EXPERIMENTAL SETUP

Figure 1(a) depicts the experimental setup, including the
near-zero-dispersion passively mode-locked fiber laser and
the DFT-based real-time spectral measurement system. In
the ring laser cavity, a segment of erbium-doped fiber (EDF,
80 dB/m at 1530 nm, OFS EDF 80) provides the optical
gain, which is pumped by a 980 nm laser diode (LD) via a
wavelength-division multiplexer (WDM)/isolator hybrid mod-
ule. This module also ensures the unidirectional oscillation
of the fiber laser. A fiber-based polarizer sandwiched by two
polarization controllers (PCs) is introduced to initialize the
nonlinear polarization rotation (NPR)-based mode-locking.
A 90:10 optical coupler (OC) is used to extract the ultrashort
pulses from the laser cavity. The total cavity length is around
5.8 m, consisting of 1.5 m long EDF with normal dispersion of
�0.061 ps2∕m and 4.3 m long single-mode fiber (SMF) pig-
tails with anomalous dispersion of −0.022 ps2∕m. The net
dispersion is about −0.0031 ps2 near the zero-dispersion point,
and it thus approaches the dispersion-managed soliton regime.

Apart from the time-averaged spectral monitoring by an optical
spectrum analyzer (OSA), experimental characterization is also
captured by the DFT-based real-time spectral measurement.
The soliton molecules are stretched in a 15 km SMF with a
total dispersion of −330 ps2 and detected by a high-speed
oscilloscope (bandwidth 33 GHz, Agilent) together with a fast
photodiode (PD, bandwidth 12 GHz). The spectral interfero-
grams directly recorded by the oscilloscope enable real-time
access to the intramolecular dynamics.

Beyond the fundamental bi-soliton molecules, additional
solitons can increase the degrees of freedom of the molecules.
Phasors distributed along a temporal axis are introduced to re-
present the soliton molecule with more constituents in recent
works, which paves a new way for visualizing the intramolecular
dynamics [38]. As presented in Fig. 1(b), a phasor representa-
tion is constructed to picture the soliton triplets constituted by
leading, central, and tailing pulses. The leading pulse is set as
the reference with a fixed pointing direction. The relative po-
sitions and pointing directions of the central/tailing pulses re-
spectively feature the temporal separations and relative phases,
denoted by the variables (τ, φ). This form shown in Fig. 1(b)
illustrates a specific case of the soliton triplet with an equal tem-
poral distribution. This case is a common observation under
time-averaged investigations and yields the simple duplication
of the bi-soliton molecule. One particular scenario displays the
internal motions of the central and tailing pulses that undergo
strong interactions within molecules. Figure 1(c) presents the
sketch of temporal distribution, spectral interferograms, and
autocorrelation traces in three different cases of the stationary
equally spaced soliton triplet, vibrating soliton triplet, and
unequally spaced soliton triplet. The spectral interferograms
can unfold the relative phases within the soliton triplets. The
first-order autocorrelation traces are calculated by Fourier

Fig. 1. (a) Schematic diagram of the NPR-based mode-locked fiber
laser and the real-time characterization setup; (b) graphical represen-
tation of leading, central, and tailing pulses; (c) sketch of the temporal
distribution, spectral interferograms, and first-order autocorrelation
traces for the equally spaced soliton triplet, vibrating soliton triplet,
and unequally spaced soliton triplet. DFT, dispersive Fourier trans-
form; FFT, fast Fourier transform.
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transforming the spectral interferograms. Due to the correlation
principle, seven bright fringes are symmetrically located on the
autocorrelation trace, respectively representing the variables
(τ12, φ12), (τ23, φ23), and (τ13, φ13). Considering the condition
τ12 � τ23, the (τ12, φ12) and (τ23, φ23) fringes will overlap,
corresponding to the equally spaced case. Both the temporal
separations and the relative phases between each pulse can
be retrieved from these fringes. In presence of mutual inter-
actions, the internal dynamics of soliton triplets should be
much more plentiful as well as involve some recurrent motion
of the central and tailing pulses. Guided by this tri-soliton
form, we will experimentally characterize various soliton triplets
through analyzing the consecutive spectral interferograms and
their calculation results of the shot-to-shot autocorrelation
traces.

3. RESULTS AND DISCUSSIONS

A. Stationary Equally Spaced Soliton Triplet
By adjusting the pump strength and the intracavity polarization
states, the proposed passively mode-locked fiber laser can ap-
proach the dispersion-managed soliton regime due to the near-
zero dispersion. This pulse shaping mechanism precludes the
formation of Kelly sidebands. The chirping characteristic
stretches the pulse within the cavity and thus facilitates the
interactions among multiple solitons. With appropriate set-
tings, we prepare a typical soliton triplet constituted by
three dispersion-managed solitons. The averaged DFT spec-
trum (black line) and OSA-measured spectrum (red line) are
presented in Fig. 2(a). The two spectra are of good consistency
and characterized by superimposed interference modulation
fringes. The corresponding pulse train is shown in Fig. 2(b).
The pulse interval is ∼29 ns, indicating the fundamental
mode-locking state. In order to gain insight into the transient
dynamics, real-time spectral measurement is implemented to
capture each soliton triplet. Figure 2(c) depicts the pulse train
after DFT. The shot-to-shot spectral interferograms are 2D
contour plotted in Fig. 2(d) with 2000 consecutive round-trips,
the inset of which illustrates the close-up from 1565 to
1575 nm. Two sets of interference fringes are observed with
the same period of 1.3 nm, and they maintain their structures
without any obvious evolving features. By taking the Fourier
transform, we obtain the corresponding shot-to-shot first-
order autocorrelation traces as presented in Fig. 2(e). Five
bright fringes are symmetrically distributed on the 2D contour
plot with identical separation, implying that these three
dispersion-managed solitons are equally spaced. Furthermore,
the temporal separations and relative phases are retrieved from
the first-order autocorrelation traces [Figs. 2(f ) and 2(g)].
(τ12, φ12) and (τ13, φ13) remain almost unchanged regardless
of the noise background. In consideration of the consistency
relations of τ12 � τ23 � τ13 and φ12 � φ23 � φ13, we can
conclude that the leading pulse, central pulse, and tailing pulse
are mainly phase-locked with an identical intramolecular sep-
aration of 6.48 ps. Specially, no obvious temporal motion is
observed within the molecules. Hence, this soliton triplet ap-
proaches the stationary regime with relatively low intramolecu-
lar timing jitters.

B. Vibrating Soliton Triplet
Vibrating dynamics is a striking property fueling the analogy of
soliton and matter molecules. A typical vibrating motion is in-
duced near the regime of the equally spaced soliton triplet. The
recorded real-time spectral interferograms and close-up 1 in
Figs. 3(a) and 3(c) exhibit obvious oscillating structures arising
from the continuous relative phase oscillation. This kind of
molecule evolution results in blurred fringes and reduced
contrast ratios in the time-averaged spectral recordings. In con-
trast to the stationary equally spaced soliton triplet, the bright
fringes of the shot-to-shot first-order autocorrelation traces
[see in Fig. 3(b)] are no longer unchanged, declaring periodic
motion of the central pulse and the tailing pulse. In particular,
close-up 2 of the fringes, corresponding to the variables
(τ12, φ12), (τ23, φ23), and (τ13, φ13) is illustrated in Fig. 3(d).
Note that one set of the autocorrelation trace is consistent with
two possible solutions. Particularly, the two closely spaced
fringes have two corresponding relations between the fringes
and variables (τ12, φ12) and (τ23, φ23). The spectral resolution
of the DFT technique imposes on the resolution and contrast
of the fringes. Thus, we cannot readily identify both fringes.
First, we take one possible solution to investigate the internal
motion by retrieving the variable (τ12, φ12). The retrieved pulse
separations are shown in Fig. 3(e). It is found that the central

Fig. 2. Stationary equally spaced soliton triplet. (a) Averaged DFT
spectrum (black line) and OSA-measured spectrum (red line);
(b), (c) pulse trains before and after DFT; (d) 2D contour plot of
the shot-to-shot spectra, and the inset shows the close-up; (e) 2D con-
tour plot of the shot-to-shot first-order autocorrelation traces;
(f ), (g) retrieved temporal separations and relative phases of the central
pulse and tailing pulse.
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pulse and the tailing pulse synchronously approach and deviate
from the leading pulse with an identical period of ∼115 round-
trips, albeit of different oscillation amounts. Visualized insights
of the vibrating dynamics can be gained in the 3D plotted
interaction spaces as depicted in Figs. 3(f ) and 3(g). The tra-
jectories of (τ12, φ12) and (τ13, φ13) both evolve between two
closely spaced orbits with separations of 0.48 ps and 0.32 ps.
This intramolecular vibration scenario inherits the similar man-
ners within soliton pairs and further duplicates the degrees of
freedom in the sense of more constituents and interactions.
Especially, the intensity differences of the leading, central, and
tailing pulses dominate the intramolecular evolution. The per-
sistent energy exchange within the soliton triplet leads to a peri-
odic change of their intensities. Thus, the temporal separations
and relative phases oscillate along with the energy flow and re-
verse the internal motions at the turning points. Considering
the other possible soliton triplet solution, the internal motion
of the central pulse is changed due to the other corresponding
relation between the fringe and the variable (τ23, φ23). This
possible solution can be obtained from the first one through
the mathematical property of autocorrelation. The variable
(τ12, φ12) can be also retrieved according to the consistency
relations of τ12 � τ23 � τ13 and φ12 � φ23 � φ13. It is found
that both of the possible solutions are of vibrating dynamics,
albeit with the opposite evolving directions of the central pulse.

In addition, we tune the laser settings to induce another type
of vibrating soliton triplet near the regime of the equally spaced
soliton triplet. Figures 4(a) and 4(b) show the 2D contour plots
of the real-time spectral interferograms and their calculation
results of the first-order autocorrelation traces, respectively.

Oscillating structures are clearly observed in the close-up of
the spectral interferograms [Fig. 4(c)], indicating the recurrent
motion of the central pulse and the tailing pulse. We first
analyze the fringes of (τ12, φ12) and (τ23, φ23). The close-up
illustrated in Fig. 4(d) displays an interleaved fringe pattern.
Similarly, we first investigate one possible soliton triplet

Fig. 3. Vibrating equally spaced soliton triplet. (a) 2D contour plot of the shot-to-shot spectra; (b) 2D contour plot of the shot-to-shot first-order
autocorrelation traces; (c), (d) close-ups of the spectra and autocorrelation traces; (e) retrieved temporal separations of the central pulse and tailing
pulse; (f ), (g) trajectories of (τ12, φ12) and (τ13, φ13) in the interaction spaces.

Fig. 4. Vibrating equally spaced soliton triplet. (a) 2D contour plot
of the shot-to-shot spectra; (b) 2D contour plot of the shot-to-shot
first-order autocorrelation traces; (c), (d) close-ups of the spectra
and autocorrelation traces; (e) retrieved relative phases of the central
pulse (top panel) and tailing pulse (bottom panel); (f ) retrieved tem-
poral separation of the central pulse.
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solution by retrieving the variable (τ12, φ12). It is found that the
central pulse is characterized by vibrating motion. Compared to
the case illustrated in Fig. 3, the central pulse seems to be
trapped and vibrate in the vicinity of the center line (corre-
sponding to τ12 � τ23), undergoing the attractive and repulsive
forces induced by the leading and tailing pulses. Oscillating
temporal separation and relative phase are retrieved as shown
in the top panel of Figs. 4(e) and 4(f ). The central pulse reverses
the internal motion at each turning point, which validates the
vibrating dynamics within the soliton triplet. Next, the fringe of
(τ13, φ13) is analyzed to feature the internal motion of the tail-
ing pulse with respect to the leading pulse. Limited by the low
contrast of this fringe, we just retrieve the relative phase as de-
picted in the bottom panel of Fig. 4(e). Obvious phase oscil-
lation is identified, and the evolving fringe implies an oscillating
temporal motion of the tailing pulse. Hence, both the central
pulse and the tailing pulse vibrate within the soliton triplet with
the identical period. Especially, the central pulse is of more se-
vere motion than the tailing pulse and recurrently passes
through the center line in consideration of the remarkable in-
terleaved autocorrelation trace. Indeed, the soliton triplet vibra-
tion is interpreted as one kind of the quasi-stationary manners
resulting from a supercritical Hopf-type bifurcation, which is
also reminiscent of the recurrent timing jitters within mole-
cules. For the other possible solution, the internal motion of
the temporal separations and relative phases is also dominated
by the vibrating dynamics.

C. Evolving Unequally Spaced Soliton Triplet
The aforementioned dynamic motion is observed near a spe-
cific regime of equally spaced soliton triplets. Considering a
more universal tri-soliton form, we now gain access to the in-
ternal motion of unequally spaced soliton triplets. The spectral
interferograms are 2D contour plotted in Fig. 5(a), character-
ized by three superimposed fringes. See the close-ups shown in
Figs. 5(b) and 5(c); twofold oscillating structures with different
periods are readily observed. Figure 5(d) presents the calculated
shot-to-shot first-order autocorrelation traces. Considering the
gain dynamics, the temporal distribution is usually prone to be
dense in the front part of the soliton molecule and sparse in the
latter part. Accordingly, the retrieved relative phases are shown
in the top, center, and bottom panels of Fig. 5(e). The insets
present the close-ups. Corresponding trajectories are pictured
in the 2D interaction plane [Fig. 5(f )]. No obvious temporal
motion is observed within this soliton triplet. Relative phase
evolution dominates the internal dynamics. In particular, the
leading pulse and the central pulse are of a stationary relation
since the trajectory is just fixed in the vicinity of the starting
point, while the tailing pulse is characterized by the identical
relative phase evolution with respect to the other two pulses.
The rapid relative phase oscillation with a period of ∼6
round-trips is modulated by a slowly varying envelope with
a period of ∼800 round-trips. This multifold phase evolution
should be ascribed to the superposition of multiple phase os-
cillations with different periods, recalling the shaking soliton
pairs as theoretically predicted in Ref. [19]. The trajectories
of (τ13, φ13) and (τ23, φ23) respectively evolve on the fixed or-
bits with temporal separations of 18.64 ps and 11.49 ps. The
multifold relative phase oscillation can be clearly witnessed in

the 3D interaction space [Fig. 5(g)]. The trajectory of (τ23, φ23)
features a dense oscillation and a large envelope. The turning
points are no longer fixed at the same point in the interaction
space but regulated by the slowly varying envelope. As a con-
trasting case, the trajectory of (τ12, φ12) evolves in a confined
region, which agrees with the stationary relation between the
leading pulse and the central pulse. Furthermore, the oscillatory
frequency is introduced to verify the internal dynamics of the
shaking soliton molecules. The oscillatory frequency, in units
of inverse round-trips, is calculated as illustrated in Fig. 5(h)
by fast Fourier transforming the relative phase evolution [the
bottom panel in Fig. 5(e)]. This multifold phase evolution
can be resolved into three principal phase oscillations and some
faint ones. Particularly, multiple closely spaced frequency peaks

Fig. 5. Unequally spaced soliton triplet with oscillating phase.
(a) 2D contour plot of the shot-to-shot spectra; (b), (c) close-ups
of the spectra with different magnifications; (d) 2D contour plot of
the shot-to-shot first-order autocorrelation traces; (e) retrieved relative
phases of φ12, φ23, and φ13, and the insets show the close-ups; (f ) tra-
jectories in the interaction plane; (g) trajectories of (τ12, φ12) and
(τ13, φ13) in the interaction space; (h) oscillatory frequency of the
phase evolution for the shaking soliton molecule.
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existing near f 1 of 0.159 correspond to the rapid phase oscil-
lation. Meanwhile, a lower frequency peak at f 0 of 0.00116
represents the slow phase oscillation, which regulates the rapid
phase oscillation with a slowly oscillating envelope. The super-
position of all the frequency peaks dominates the modulation of
the oscillation amplitude. Intrinsically, the multifold internal
motions should be attributed to the intricate energy oscillation
of the tailing pulse as illustrated in Ref. [19]. This shaking sol-
iton molecule mainly involves several rapid phase oscillations
superimposed on a slowly vibrating motion.

The unequally spaced multi-soliton complex is essentially an
asymmetric system in the sense that different temporal separa-
tions may impose on the binding strengths within molecules.
Especially as illustrated in Fig. 5, the closely spaced leading and
central pulses are tightly bound together to form a stationary
soliton pair with a separation of ∼7.24 ps. Behaving as a single
pulse entity, this soliton unit is further bound with another tail-
ing pulse over a large temporal separation of ∼18.64 ps. The
oscillating phase declares a relatively loosely bound state be-
tween the soliton pair and the tailing pulse. This soliton triplet
can therefore be described as a 2� 1 soliton molecule [43].
The interactions can be classified into the intramolecular bond
and the intermolecular bond with different binding strengths.
The soliton pair sustained by the strong bond is robust towards
the external perturbations, while the intermolecular bond is
weak so that the tailing pulse may approach the soliton pair
to form a more stable tri-soliton system or inversely escape from
the bond and wander as an independent singlet. Particularly,
the adjustment of pump power can impose on the evolution
within molecules by varying their binding strengths.

Finally, another type of unequally spaced soliton triplet
is presented with both temporal motion and relative phase
evolution. Shown in Fig. 6(a) are the shot-to-shot spectral in-
terferograms, yielding stepping fringes towards longer wave-
lengths. Figure 6(b) presents the corresponding first-order
autocorrelation traces. The retrieved temporal separations
and relative phases of (τ12, φ12) and (τ13, φ13) are respectively
illustrated in Figs. 6(c) and 6(d). In accordance with the afore-
mentioned analysis, the leading pulse and the central pulse
constitute the bound state without intramolecule evolution, in-
terpreted as a stationary soliton pair. The trajectory of (τ12, φ12)
is limited in a confined region in the interaction space as de-
picted in Fig. 6(e). Referring to the soliton pair, the tailing pulse
is of weaker bond than the case in Fig. 5, exhibiting a recurrent
flipping motion and stepping phase evolution. It is also vali-
dated by the visualization shown in the interaction space.
In particular, each step is triggered by a burst flipping motion
of the tailing pulse, accompanied with a rapid phase progression
and a small back-drift. After the burst process, the temporal
separation remains constant and the relative phase mildly in-
creases until the next step. The tailing pulse keeps trying to
break away from the soliton pair, but the attractive force from
the pair is strong enough to pull it back, creating a dynamic
equilibrium. Especially, gain saturation dynamics play a crucial
role in this step-like phase evolution.

To further verify the internal motion of the triplet with step-
ping phase evolution, we provide the analytical fit for the typ-
ical soliton triplets with stepping phase evolution according to

the method in Ref. [42]. Particularly, the leading pulse is set as
the reference with a fixed pointing direction. Then we consider
a constant relative phase (φ12 � −π) and temporal separation
(τ12 � 5.5 ps) between the leading pulse and central pulse ac-
cording to the experimental results (presented as Fig. 6). In ad-
dition, the periodical burst flipping motion of the tailing pulse
is also introduced in the analytical fit. The temporal separations
between each constituent are shown in Fig. 7(a). The stepping
phase evolution between the leading pulse and tailing pulse is
modelled by the simple equation

φ13 � cos�z� � z − 1, (1)

where z � n∕70 · π, n being the round-trip number. The
relative phases between pulses are shown in Fig. 7(b). We stress
that each soliton of the triplet is chosen to have a Gaussian
profile with a temporal width of 100 fs. As the temporal dis-
tribution shown in Fig. 7(c), the leading pulse and the central
pulse constitute the bound state without intramolecule evolu-
tion, interpreted as a stationary soliton pair. Referring to the
soliton pair, the tailing pulse is of weaker bond, exhibiting re-
current oscillating motion and stepping phase evolution. Based
on these parameters, we model the spectral intensity evolution
over 600 round-trips in Fig. 7(d), yielding stepping fringes to-
wards longer wavelength. Moreover, the oscillating motion of
the tailing pulse can be also identified in the spectral fringes.
The corresponding first-order autocorrelation trace is depicted
in Fig. 7(e). The oscillatory motions can be clearly observed in

Fig. 6. Unequally spaced soliton triplet with stepping phase evolu-
tion. (a) 2D contour plot of the shot-to-shot spectra; (b) 2D contour
plot of the shot-to-shot first-order autocorrelation traces; (c) retrieved
temporal separations of τ12, τ23, and τ13; (d) retrieved relative phases
of φ12, φ23, and φ13; (e) trajectories of (τ12, φ12) and (τ13, φ13) in the
interaction space.
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the corresponding fringes. This simple analytical description of
the temporal separations and phase evolution convincingly re-
produces the results in Fig. 6, confirming the interpretation of
the dynamic pulse structure as an unequally spaced soliton trip-
let with stepping phase evolution.

4. CONCLUSION

To summarize, we detailedly characterize the transient dynam-
ics of soliton triplets in a dispersion-managed fiber laser by us-
ing the DFT technique. Beyond the most fundamental level of
soliton pairs, soliton molecules with more constituents have
more degrees of freedom because of the pulse separations and
relative phases. Considering a triplet form of leading, central,
and tailing pulses, two classes of soliton triplets are highlighted.
Near the equally spaced regime, vibrating motions of the cen-
tral and tailing pulses are captured. The soliton triplet vibration
exhibits oscillating temporal separations and relative phases.
Further insights unveil different binding strengths in the gen-
eral unequally spaced soliton triplets, interpreted as 2� 1 sol-
iton molecules. The intramolecular bond forms the stationary
soliton pair behaving as an entity within the triplets. The inter-
molecular bond yields fixed and periodically evolving temporal
separations of the tailing pulse, respectively accompanied with
oscillating and stepping relative phase evolution. All these
findings can spread new perspectives into real-time molecule
dynamics with more degrees of freedom and highlight the
possible application for all-optical bit storage.
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