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A novel organized multipulse pattern and its birth dynamics under strong optomechanical effect in microfiber-assisted
ultrafast fiber laser are investigated in this work. The background pulses are observed to obviously exhibit selectively
amplifying self-organized process of evolving into quasi-stable equidistant clusters. The radio frequency spectrum of the
multipulse pattern displays a harmonic mode-locking-like behavior with a repetition rate of 2.0138 GHz, corresponding to
the frequency of torsional-radial (TR2m) acoustic mode in microfiber. The results show the evidence of optomechanical
effect in dominating the birth dynamics and pattern of multipulse.
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1. Introduction

Ultrafast fiber laser is becoming the fundamental building
block in fields of industry, medicine and scientific research. It
also provides an ideal platform for the fundamental research of
dissipative soliton characteristics which exhibit profound non-
linear optical dynamics.[1,2] Exploring the nonlinear dynamics
of pulse in laser has deepened the understanding of the proper-
ties and interactions of solitons. It also offers a powerful tool
to manipulate the operation states of lasers.

Among these researches, multipulse dynamics at elevated
pump power has attracted much attention in a wide range of
scientific disciplines, due to its rich nonlinear dynamics, abun-
dant operating states and significant potential for practical ap-
plications in high speed telecommunication, laser machining,
advanced information processing, etc. Multipulse operation
is a state that multiple ordered or disordered pulses coexist in
one roundtrip, such as soliton molecule,[3,4] supramolecular,[5]

harmonic mode-locking (HML),[6,7] and soliton rains.[8,9]

The formation and stabilization of these states are medi-
ated by the short- and long-range pulse interactions[10] driven
by the repulsive and attractive forces induced by coherent
overlap,[2] dispersive wave (DW),[11,12] gain depletion and re-
covery (GDR),[13,14] optomechanical effects,[15,16] noise me-
diated Casimir-like effects,[8,17] etc. Among these effects, the
optomechanical effect, as a significant determinant, is the most
powerful tool for controlling and realizing the organized mul-

tipulse operation.
In mode-locked fiber lasers, the optomechanical effect

induces interpulse interaction through optically-driven trans-
verse acoustic wave, including the radial (R0m) and torsional-
radial (TR2m) acoustic modes. The electrostrictively excited
acoustic wave can periodically perturb the refractive index of
the fiber, giving rise to the change of the group velocities and
phases of subsequent pulses.[12,18] This R0m induced optome-
chanical effect has been reported to be involved in compound
pattern,[19] and HML.[12,18] The recent studies show that the
stabilization of HML is due to the acoustic resonance,[6,15,20]

where multiple integer of pulse repetition rates lies in the
acoustic gain band. Importantly, the gain and frequency of
acoustic wave can be greatly enhanced in tiny core fibers.[21,22]

Using enhanced optomechanical effects, the stable HML at a
GHz repetition rate have been reported in photonics crystal
fibers based fiber lasers.[20] Strong interest in the enhanced
optomechanical effects lies in the fact that they are able to
generate individual control elements to realize the organized
multipulse operations, such as controllable and organized op-
tomechanically bound states of solitons,[15] supramolecular[5]

and optical-soliton reactors.[23] The TR2m acoustic wave can
induce polarization modulation of the light in optical fiber.[24]

The polarization modulation can be transformed into the in-
tensity modulation through polarizer, which can characterize
the diameter of fibers[25] and give rise to the modulation peak
of continuous wave in nonlinear-polarization-rotation (NPR)
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mode-locked fiber lasers.[26] Although the gain of the TR2m

is generally lower than that of R0m acoustic mode, the recent
experimental results have demonstrated the ability to stabi-
lize the HML by the TR2m acoustic resonance.[27] We have
also demonstrated that the GHz HML can be predominately
stabilized by the TR21 rather than R01 acoustic resonance in
microfiber-assisted ultrafast fiber laser.[28] In microfiber, the
enhanced optomechanical effect induced by TR2m acoustic
mode can possibly dominate the pulse interaction that is hin-
dered for that of R0m and in conventional fibers due to the
weak optomechanical effect and the competing pulse interact-
ing mechanisms.

By using the enhanced TR21 induced optomechanical
effect, in this work, we report the real-time observation of
a novel organized multipulse pattern and its self-organized
buildup dynamics in microfiber-assisted ultrafast fiber laser.
Under strong optomechanical effect induced by TR21 acoustic
mode supported by the microfiber, the multiple background
pulses can be selectively amplified into multiple clusters; the
clusters are locked by the evenly spaced lattices induced by
the optomechanical effect. In addition, the radio-frequency
(RF) spectrum shows HML-like behavior at a repetition rate
of 2.0138 GHz, with good stability and high side mode sup-
pression ratio.

2. Experimental details
The experimental setup of the microfiber-assisted NPR

mode-locked fiber laser is shown in Fig. 1. The system
consists of two wavelength division multiplexers (WDM,
980 nm/1550 nm), 8-m-long EDF (Nufern EDFC-980-HP)
with 6-dB/m peak core absorption pumped by two laser diodes
(LD): one is the polarization sensitive isolator sandwiched be-
tween two polarization controllers that constitute an NPR, and
the other is optical coupler (OC, 10/90). A microfiber with a
total length of ∼ 33 cm, waist length of ∼ 16 cm and waist
diameter estimated as 1.39 µm is adopted to induce the strong
optomechanical effect. The microfiber is prepared based on a
two-stage flame-brush method,[29,30] and the same method and
preparation parameters are described in detail in Ref. [28].

WDM1 WDM2
EDF

LD1 LD2

PC1PC2 PS ISO

microfibe
r

O
C

Fig. 1. Schematic diagram of experimental setup for microfiber-assisted
ultrafast fiber laser. WDM: wavelength division multiplexer; EDF:
erbium-doped fiber; LD: laser diode; PC: polarization controller; PS-ISO:
polarization-sensitive isolator; OC: optical coupler.

Considering the enhancement of optomechanical effect in
microfier,[31] the ∼ 16-cm-long-waist can provide an enough
acoustic gain that is comparable to and even larger than that
of the SMF in the cavity. The total length of the cavity
is ∼ 29.2 m, corresponding to the cavity roundtrip time of
143.01 ns, and a fundamental repetition rate of 6.99 MHz.
At the output port, real-time temporal detections are recorded
with a high-speed real-time oscilloscope (OSC, 16-GHz band-
width) together with a 16-GHz bandwidth photodetector (PD),
the time-averaged spectrum is measured with an optical spec-
trum analyzer (OSA), and the radio frequency spectrum is
recorded with an electrical spectrum analyzer (ESA).

3. Results and discussion
The microfiber-assisted mode-locked laser operates at

the continuous-wave at the pump power of ∼ 10 mW. With
properly tuning the two PCs, the optomechanical-organized
equidistant clusters can be rapidly achieved at the pump power
higher than 300 mW, with good self-starting ability, repeata-
bility and PC tolerance. The experimental real-time character-
ization of the buildup process is shown in Fig. 2. The recorded
time series is segmented into the roundtrip time (y axis) and
roundtrip number (x axis). To show a clearer buildup process,
only 5-ns temporal range of one roundtrip time is exhibited.
The results in Fig. 2 demonstrate an interesting organized
multipulse pattern and buildup process, the entire buildup
process includes the relaxation oscillation (RO), the transient
self-organization stage and the final equidistant clusters. The
entire buildup process takes generally less than 3 ms, and it is
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Fig. 2. Experimental real-time characterizations of buildup process of
optomechanical-organized multipulse pattern, showing (a) intracavity en-
ergy evolution in buildup process, (b) entire buildup process, see visualiza-
tion 1 for full animation. Note that only 5-ns time range of one roundtrip
time is exhibited to show a clear buildup process, (c) close up of self-
organization, (d) temporal profile of the pulses at selected roundtrips in panel
(c), where RO, I, and E denote relaxation oscillation, intensity, and energy.
The abbreviation (a.u.) is short for arbitrary units.
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∼ 1.3 ms here. As shown in Fig. 2(a), the RO has a damped
behavior and decayed period between adjacent laser spikes,
which are the typical characteristics in lasers.[32] The damped
RO route is different from the raised RO route[3,33] and the
Q-switched route[34] in carbon nanotube mode-locked fiber
laser. After the damped RO, the laser evolves into the tran-
sient self-organization stage with a duration of ∼ 0.9 ms, the
close-up is shown in Fig. 2(c). At the beginning of this stage,
multiple background pulses (more than one thousand) coex-
ist in each roundtrip, no Q-switched instability can be seen.
These pulses experience complex and traceable evolution un-
der the effect of modulation instability, saturable absorbing,
gain competition, etc. However, at the end of this stage, part
of the pulses fades into weaker background pulses, and the re-
maining pulses display synchronously self-organized process

of growing into 288 evenly spaced clusters, showing a selec-
tively amplifying process. However, the intracavity energy re-
mains stable in this self-organizing buildup process as shown
in Fig. 2(a). The clusters are quasi-stable, with the spacing
between adjacent clusters being ∼ 496.6 ps. In each cluster,
there are 2–4 pulses at the same time with different intensities
and complex evolution dynamics. The temporal profile of the
pulses in Fig. 2(c) with 1000-roundtrip interval is shown in
Fig. 2(d). It shows that the weak background pulses are ampli-
fied inside the equidistant clusters, but suppressed outside the
clusters. Note that the birth dynamics here is different from
that of HML in all-single-mode-fiber lasers[12,18] and in this
cavity that we have studied, the birth dynamics usually orig-
inates from the separating process of closely spaced multiple
pulses with a duration being on the order of a few seconds.
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Fig. 3. Dynamics of quasi-steady lattice-localized multipulse pattern, showing (a) consecutive evolution over 3000 roundtrips after ∼ 5 min of the onset
process, (b) evolution of energy in sections A and B in panel (a), (c) temporal profile of pulses at roundtrips 1000, 1500, 2000, 2500, respectively. Note
that only 1-ns time range of one roundtrip time is exhibited here (see Visualization 2 for full animation), and (d) energy distribution in 288 clusters in one
roundtrip, where blue and red curves represent roundtrips 500 and 2000, respectively, and RT denotes roundtrip.

The evenly spaced clusters remain quasi-stable and can
last for hours even under slight perturbation. The real time
evolution of the quasi-stable organized multipulse pattern is
recorded by using the OSC with 250-fs time interval. As
shown in Fig. 3(a), the result is measured after ∼ 5 min of
the buildup process. Here only 2 among the 288 clusters
in one roundtrip are exhibited. In this quasi-steady state,
the spacing between the adjacent clusters keeps constant at
∼ 496.6 ps. Although the clusters are stable, the internal dy-

namics of clusters is complex. Firstly, evolution paths be-
tween the clusters and the internal pulses are different, which
indicates their group velocities are different from each other.
More specifically, the results in Figs. 2(b) and 3(a) show that
the cluster internal pulses originate from the weak background
pulses. Owing to the velocity difference, the weak background
pulses quasi-periodically run into and escape from the cluster,
showing a quasi-periodical behavior. Secondly, as shown in
Figs. 3(a) and 3(c), the internal pulses are strong in the center
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of the cluster but weak at the edge of the cluster. This result
indicates that the cluster acts as intensity modulator, pulses
in the center of the cluster are amplified most greatly. Mean-
while, as shown in Figs. 3(b) and 3(d), in the 3000 consecutive
roundtrips of the 2 clusters, and 288 clusters in roundtrips 500
and 2000, the energy values in the lattices are almost at the
same level with slight fluctuations. In addition, as shown in
Fig. 3(c), the 7-dB width of the clusters are around 260±40 ps.

Under the quasi-stable state, the 3-dB spectral width of
the output spectrum is usually 0.7 nm–1.1 nm, depending
on the pump power and the orientations of the PCs. As
shown in Fig. 4(a) (blue curve), the spectrum of the quasi-
stable multipulse pattern is centered at 1560.34 nm with a 3-
dB width of 0.87 nm, which can be considered as a quasi-
mode-locking condition. The coexistence of the cluster and
the weak background pulses in Fig. 2 also indicates a quasi-
mode-locking condition. However, as shown in Figs. 4(b) and
4(c), the RF spectrum show that the quasi-stable multipulse
pattern has HML-like character with a stable repetition rate of
2.0138 GHz, which is the 288-th harmonic of the fundamental
cavity repetition rate (6.99 MHz). This result is in accordance
with the ∼ 496.6-ps cluster spacing in Fig. 3. Although obvi-
ous side mode can be seen, the side- mode suppression ratio
is as high as −38.77 dB at a resolution bandwidth of 4.3 kHz,
the signal-to-noise ratio is 42.50 dB at a resolution bandwidth
of 9.1 Hz. The 10-GHz span in the inset of Fig. 4(b) shows
that the high order harmonic decays with frequency increas-
ing, showing a non-perfect HML operation due to the complex
dynamics of the pulses in the clusters.

Owing to the HML-like behavior of the organized
equidistant clusters, we believe that this quasi-steady opera-
tion and selectively amplifying self-organizing birth dynamics
are directly related to the strong optomechanical effect sup-
ported by the microfiber. In our previous work, we demon-
strated the stable HML in microfiber-assisted ultrafast laser,
the GHz repetition rates can be locked to the frequency of R01

acoustics mode, and predominantly to that of TR21 acoustic
mode.[28] In fact, using the same cavity as that shown in Fig. 1,
we also obtain HML that is predominately locked at a repeti-
tion rate of 2.0068 GHz with typical conventional soliton spec-
trum (3-dB spectral width is 5.09 nm) as shown in Figs. 4(a)
and 4(b) (red curves), HML at a higher repetition rate has also
been observed. The results evidence that the stable HML state
is due to the TR21 acoustic resonance. Thus, the waist di-
ameter of the microfiber is estimated at ∼ 1.39 µm by the fi-
nite element method.[6] The perfectly matched repetition rate
between the real HML and the organized multipulse pattern
shows the evidence of the optomechanical effect in stabilizing
the lattice-localized multipulse pattern. In fact, the width of
the cluster is also in accordance with the impulse response of
the acoustic wave, considering only the TR21 acoustic mode in

the microfiber.[16,35] Note that the 6.99-MHz frequency offset,
which corresponds to the cavity fundamental repetition rate,
is due to the non-perfect uniform waist diameter of the mi-
crofiber and the relatively large intrinsic gain bandwidth of the
acoustic wave. This effect has been used to achieve repetition
rate tuning in PCF-assisted ultrafast fiber laser.[36] In fact, by
replacing the microfiber, we also obtain the organized multi-
pulse pattern with repetition rate depending on the waist diam-
eter of the microfiber.
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Fig. 4. Experimental results of quasi-steady lattice-localized multipulse pat-
tern: (a) optical spectra; (b) RF spectrum in steps of 2 kHz, with inset show-
ing RF spectrum in steps of 10 GHz; (c) RF spectra of multipulse pattern
and HML in steps of 100-MHz span, where blue and red curves represent
the results of the optomechanical-organized equidistant clusters and HML
operation, respectively. The two results are obtained with the same cavity
but different polarization orientations of PCs.

Manifold interaction mechanisms may be involved in the
synchronous self-organization stage as shown in Figs. 2(b)
and 2(c), such as the saturable absorption and gain compe-
tition, a more detailed study is needed to fully explain this
process. Nevertheless, we believe that the selective ampli-
fying of the pulses in the self-organization process constitu-
iutes a general feature of the optomechanical effect. As proved
in Ref. [26], the TR2m acoustic response induces polarization
modulation which can be transformed into the intensity mod-
ulation through the NPR mode-locker, i.e., the optomechani-
cal lattices of the TR2m acoustic vibration act as an intensity
modulator in NPR-based mode-locked fiber lasers. In the self-
organization process, a relatively large pulses excites the TR21

acoustic response, which induces the equidistant optomechan-
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ical lattices. Under certain polarizations conditions, pulses run
into the lattices are amplified but suppressed when escaping
from the lattices under the effective intensity modulator. As
a result, the equidistant clusters can be rapidly formed. Be-
sides, as there is no Kelly sideband in the pulse spectrum, and
background pulses (more than 1000) are randomly distributed,
the pulse interaction through DW and GDR can be neglected.
What we should emphasize is that the self-organization dy-
namics process here is different from the HML buildup pro-
cess. The buildup of HML undergoes a long-term pulse sep-
arating process under the combined effects of DW, acous-
tic wave and GDR.[6] However, the buildup of the equidis-
tant clusters undergoes a rapid selective amplifying and self-
organizing buildup process, which is dominated by the strong
optomechanical effect. To the best of our knowledge, this is
the first experimental observation of TR21 acoustic response-
dominated birth dynamics of multipulse operation. This kind
of birth dynamics is unlikely to be observed under the effect of
R0m acoustic response or in all-single-mode-fiber laser as the
optomechanical effect is weak.

Despite the complex dynamics of the pulses inside the
cluster, the cluster is stable in the energy and the temporal po-
sition. The equidistant nature of the clusters can coherently
drive the acoustic waves to form the acoustic resonance. It
should be noted that the optomechanical effect induces both
the repulsive force and attractive force to mediate the long-
range pulse interaction. Under the acoustic resonance, the op-
tomechanical lattices can form the trapping potential to sta-
bilize the HML. This leads to the fact that the quasi-stable
equidistant clusters are mediated by both the trapping potential
and intensity modulation under the effect of the TR21 acoustic
resonance.

4. Conclusions and perspectives
In this work, we report a novel organized multipulse pat-

tern with an interesting selectively amplifying self-organiziing
buildup process under strong TR21-induced optomechanical
effect in microfiber-assisted ultrafast fiber laser. The organized
multipulse pattern has good self-starting capability, repeata-
bility, short buildup duration (less than 3 ms), and HML-like
behavior. The results can deepen the understating of dynamics
of pulses as well as the optoacoustic interaction, and exhibit
a new way of achieving optomechanically controlled ultrafast
fiber laser. Besides, the demonstrated ordered multipulse pat-
tern has potential applications in advanced information pro-
cessing, etc.
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