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1. Introduction

Ultrafast Tm-doped fiber lasers operating in the 1.8-2.1 pm
mid-infrared band have attracted considerable attention over
the past few decades, owing to their unique operation wave-
length band known as the water absorption peak, good eye
safety, and transparent atmospheric transmission window!"),
As a result, they have potential benefits for scientific and indus-
trial applications, including medical procedures, plastics
processing, lidar, and nanoscale imaging'?~*!. Additionally, they
can also serve as an excellent platform for investigating various
soliton dynamics, which have attracted much interest in both
fundamental physics and nonlinear optics. Generally, the output
pulse regime can be determined by the intricate interplay among
gain, loss, nonlinearity, and dispersion effects in ultrafast fiber
lasers, which are featured as the typical dissipative structures'>®!.
Arising from the peak power limiting effect of the laser cavity!”/,
high pump intensity-induced nonlinear effects can possibly
result in the generation of multiple solitons. The interplay
among multiple solitons can give rise to a variety of pulse
dynamics based on different mechanisms. Multiple pulse oper-
ation is a commonly observed regime, and several interesting
phenomena have been reported in the 1 and 1.5 pm bands,
including noise-like pulses[g], soliton molecules>!, and soliton
rain'""). Bound solitons, known as one typical family member of
multiple solitons existing in fiber lasers, were initially proposed
in the 1990s in theory based on the nonlinear Schrodinger and
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We demonstrate the generation of a unique regime of multiple solitons in a Tm-doped ultrafast fiber laser at ~1938.72 nm.
The temporal pulse-to-pulse separation among the multiple solitons, 10 in a single-pulse bunch, increases from 0.89 ns to
1.85 ns per round trip. In addition, with the increasing pump power, the number of bunched solitons increases from 3 up to 24
linearly, while the average time separation in the soliton bunch varies irregularly between ~0.80 and ~1.52 ns. These results
contribute to a more profound comprehension of nonlinear pulse dynamics in ultrafast fiber lasers.

Keywords: mode-locked fiber laser; multiple solitons; pump hysteresis; pulse-to-pulse interval.

complex Ginzburg-Landau equations''?**!, Basically, multiple
solitons can be formed through the interactions among the same
type of soliton pulses, including direct local interactions between
solitons, long-range interactions mediated by dispersive waves,
and continuous wave (CW) mediated global soliton inter-
actions!'®), These kinds of soliton interactions can have different
acting ranges and magnitudes of acting forces under specific
cavity conditions. It is worth noting that these three kinds of sol-
iton interactions can coexist simultaneously or occur independ-
ently, depending on the intracavity parameters. The regular
distribution for multiple pulse sequences is also closely related
to these interactions among the pulses. The unique characteris-
tics of multiple pulses play a crucial role in various applications.
For instance, the long-term stabilization of multiple solitons can
be of great significance for optical information storage and
transmission''”). In addition, multiple pulses with appropriate
temporal separations and pulse energies can contribute to the
mitigation of heat accumulation and thermal damage, making
them highly promising for applications in the industrial and
medical fields""®'*). Multiple solitons, under specific tailoring
of the pulse separation and phase delay (e.g. large pulse separa-
tions and various phase delays), can also experience instable
transient behaviors and exhibit intricate pulse dynamics phe-
nomena, such as time jitter'*” and pulsating behavior in loosely
bound solitons'?"), These observations have witnessed the com-
plexity and rich dynamics of multiple solitons. Currently, in the
2 pm mid-infrared band, various types of multiple soliton pulses
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have been investigated, such as harmonic mode locking
tightly bound state solitons'**), and bunch state solitons
However, the interactions between multiple pulses can exhibit
either weak or strong effects, giving rise to numerous unexplored
pulse dynamics. Exploring these pulse dynamics not only
enriches the understanding of the nonlinear dissipative laser sys-
tem with multiple solitons but also facilitates the discovery of
intriguing nonlinear optical phenomena.

In this paper, we experimentally observed the generation of
multiple solitons in a Tm-doped mode-locked fiber laser based
on the nonlinear polarization rotation (NPR) effect. Notably,
this is the first systematic exploration of this phenomenon in
the 2 um band, to our best knowledge. As the pump power
increases, the total number of pulses in a single multisoliton
bunch exhibits a linear increase, while the average temporal sep-
aration between pulses within the bunch varies randomly. The
temporal separation between pulses in the bunch gradually
increases with time. Additionally, the interactions within the
multiple solitons are investigated based on numerical simula-
tion, suggesting that the weak acting force can generate interfer-
ence fringes.

2. Experimental Setup

The schematic diagram of the mode-locked Tm-doped fiber
laser is shown in Fig. 1. The laser cavity has a length of 17.3 m,
consisting of a 17.1 m single-mode fiber (SMF-28e¢) and a 0.2 m
single-mode thulium-doped fiber (TDF, Nufern, SM-TSF-5/
125). In addition, the group velocity dispersion (GVD) coeffi-
cients of the SMF and TDF are approximately ~ — 71 ps?/km
and ~ — 44.75 ps* /km at 1900 nm, respectively. Consequently,
the net cavity dispersion is calculated as —1.22 ps®. A polarizer is
strategically positioned between the two polarization controllers
(PCs), which can form an artificial saturable absorber based on
the NPR mechanism. The angles of the PC blades can be
adjusted to optimize the polarization state within the cavity.
The gain medium is provided by a segment of TDF pumped
by a 1570 nm fiber laser through a 1570/2000 nm wavelength
division multiplexer (WDM). Unidirectional laser operation is
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Fig. 1. Schematic diagram of the experiment setup.
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ensured by a polarization-independent isolator (PI-ISO) in the
cavity. The laser output is coupled out of the oscillator through a
30/70 optical coupler (OC). The output spectrum and temporal
pulse characteristics were measured using an optical spectrum
analyzer (OSA, Yokogawa, AQ6375B) and an oscilloscope
(Tekrtonix, DPO71254C) with a photodetector (EOT-5000),
respectively. The radio-frequency (RF) spectrum is recorded
by an RF analyzer (Keysight, N9322C). The pulse duration
was measured by a commercial autocorrelator (APE-150
Pulsecheck).

3. Experimental Results and Discussions

With an increase in the pump power and appropriate adjust-
ment of the PCs’ paddles, stable mode-locking operation can
be realized. Specifically, at a pump power of 665 mW, the laser
can be operated in a single-pulse regime by appropriately chang-
ing the PCs. Figure 2(a) presents the corresponding spectrum,
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Fig. 2. Mode-locking operation of single and multiple solitons at different
pump powers. Single soliton at 665 mW: (a) optical spectrum, (b) temporal
pulse train, and (c) RF spectrum. Multiple solitons at 925 mW: (d) optical spec-
trum, (e) temporal pulse trains, (f) close-up of the temporal pulse trains for
multiple solitons in (e), (g) RF spectrum with a 1 MHz span, and (h) autocorre-
lation trace.
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centered at 1938.72 nm, with a 3-dB bandwidth of 3.56 nm. We
can see that the Kelly sidebands on the spectrum are not sym-
metric across the main peak. This is attributed to the spectral
interference of dispersive waves. Notably, there are some dips
in the spectrum, which corresponds to the water absorption
peaks in the 2 pm band. The mode-locking pulse train is
depicted in Fig. 2(b). The temporal period (i.e., the time period
between adjacent pulses) is 84.6 ns, corresponding to a funda-
mental frequency of 11.82 MHz, which is determined by the cav-
ity length of ~17.3 m. The RF spectrum is presented in Fig. 2(c),
illustrating a signal-to-noise ratio (SNR) of 45 dB at the fre-
quency peak of 11.82 MHz. With a slight adjustment of the
PCs, when the pump power is increased beyond 725 mW, the
laser switches from the single-pulse regime to the multiple-pulse
state. Figure 2(d) shows the spectrum of the soliton bunch at a
pump power of 825 mW. The center wavelength is 1938.64 nm
and similar Kelly sidebands are observed as the previous ones
[see Fig. 2(a)]. The corresponding pulse trains are displayed
in Figs. 2(e) and 2(f). It can be seen that the laser is operating
in the multiple-pulse bunch state, with a temporal interval
between adjacent pulse bunches of 84.60 ns. Figure 2(f) provides
a detailed zoom-in view within the red dashed area in Fig. 2(e).
Clearly, there are 10 soliton pulses within a single multiple-pulse
bunch, illustrating the typical multipulse operation regime. The
pulse-to-pulse separation within the bunch ranges from ~0.89 to
1.85 ns. The RF spectrum in Fig. 2(h) exhibits a high SNR of
more than 59 dB at the fundamental frequency of 11.82 MHz,
which indicates the steady operation state of multiple pulses.
The autocorrelation curve, shown in Fig. 2(g), is well fitted to a
sech? pulse profile. The pulse duration is measured to ~1.12 ps,
with a full width at half-maximum (FWHM) value of 1.74 ps.

The temporal characteristics of the soliton bunches are fur-
ther evaluated by the three-dimensional (3D) spatiotemporal
evolution diagram. Figure 3 shows the multiple-pulse bunches’
3D spatiotemporal evolution over 3600 round trips at different
pump powers. We can see from Fig. 3(a) that the multiple-pulse
bunch consists of 13 soliton pulses at a pump power of
1025 mW. The temporal separations between adjacent pulses
vary from 0.66 to 1.53 ns, with an approximate average separa-
tion of 0.94 ns. When increasing the pump power up to
1225 mW without changing the PCs, we observe a notable
increase in the number of pulses within a multiple-pulse bunch,
as depicted in Fig. 3(b). The single multiple-pulse bunch has 18
pulses. And the interpulse temporal separation ranges from 0.66
to 1.46 ns, with a calculated average separation of ~0.80 ns. In
addition, it is evident that, over a single cavity round trip,
the interpulse temporal separations under the two different
pump powers both increase gradually with time, as shown in
Figs. 3(a) and 3(b), underlining the weak long-distance inter-
actions within the multiple pulses. This can be attributed to
the characteristic variation in the interpulse temporal separation
resulting from the gain modulation caused by gain-absorption
depletion and recovery effects!®®!. Moreover, with the increase
of pump power, a larger nonlinearity is introduced and accumu-
lated in the laser cavity, which can ultimately result in an
increase in the number of pulses in the resonant cavity owing
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Fig. 3. Spatiotemporal evolution diagrams of multiple solitons at different
pump powers. (a) 1025 mW, (b) 1225 mW.

to the peak-power-clamping effect and excessive pulse chirp
in the resonator”). The variation in the number of multiple
pulses across a single round trip with pump power is illustrated
in Fig. 4(a). It is evident that the bunch exhibits a linear increase
in the number of pulses, ranging from 3 to 24, as the pump
power increases. Furthermore, we calculate the average
interpulse separation in a multiple-pulse bunch, as shown in
Fig. 4(b). The average separation changes irregularly when
increasing the pump power, which is different from previous
reports?*??] where a decrease in the average interpulse sep-
aration was found with the pump power. This indicates that the
direct pulse-to-pulse interaction among the bunch frequently
changes, depending on the cavity conditions (e.g., the exact
pump power)2>**”) ' We can see from Figs. 3(a) and 3(b) that
all these temporal separations between adjacent pulses exceed
0.66 ns, which is much larger than the single-pulse width shown
in Fig. 2(g) and cannot be measured by commercially available
autocorrelators. Therefore, the multiple pulses obtained in this
experiment can be considered as a special class of soliton fam-
ilies. In this situation, the direct pulse-to-pulse interactions
within the soliton bunch are weakened as the corresponding
temporal separations increase. With a relatively large separation
among the multiple solitons, the direct pulse-to-pulse interac-
tion is too weak to play a significant role. In contrast, the
long-range interactions mediated by resonant dispersive waves
can play an important part in the soliton dynamics and can con-
tribute to the formation of quasi-bound states of solitons as well
as the identification of their exact temporal occurrence!*®). The
strength of dispersive waves in a fiber laser can be determined by
the pump power or the intracavity phase delay bias!®\. It is
worth noting that the multiple solitons in this operation state
are weakly bounded and less stable. The complex interactions
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Fig. & Soliton bunch characteristics under varying pump powers. (a) Pulse
number in single round trip versus pump power; (b) average pulse separation
in single round trip versus pump power; (c) pulse number's dependency on
the pump power; (d) average pulse width within a soliton bunch versus
pump power; (e] optical spectra; and (f) average output power's dependency
on pump power.

among the multiple solitons can further determine the relative
temporal positions for individual solitons. Thus, the average
pulse separation represents an irregular relationship with the
pump power. Furthermore, an investigation is also conducted
to examine the relationship between the pump power and the
total pulse number in the soliton bunch, as shown in Fig. 4(c).
The descending and ascending curves are illustrated by the red
and black steps, respectively. It can be seen that the number of
pulses within the soliton bunch increases from 21 to 24, corre-
sponding to the pump power varying from 1425 to 1525 mW.
Besides, the number of pulses in the soliton bunch can be
reduced to 21 again when gradually decreasing the pump power
to 1480 mW. This exhibits a clear hysteresis phenomenon!®”’.
Additionally, considering the large interpulse separation among
the multiple solitons exceeding the temporal window that can be
detected by the commercial autocorrelators, we measure the
average pulse width within the multiple-soliton bunch at differ-
ent pump powers, as depicted in Fig. 4(d). It is evident that the
average pulse width of the soliton bunch exhibits a gradual
increase with the pump power, indicating a concomitant growth
in the total number of pulses within the bunch.

The optical spectrum of the multiple pulses is also evaluated at
different pump powers, as shown in Fig. 4(e). Obviously, the
output spectra exhibit similar profiles but with slightly different
center wavelengths and Kelly sidebands. It is worth noting that
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all these Kelly sidebands have similar asymmetries, which is
closely associated with dispersive wave emissions. These disper-
sive waves can play a significant role in triggering long-range
soliton interactions'”! and thus the formation of multiple soli-
tons. Moreover, it is noteworthy that the spectra exhibit no ap-
parent interference patterns, despite the laser operating in the
multiple pulse mode. This can be ascribed to the considerable
pulse separations within the soliton bunch, which distinguish
it from the closely spaced soliton bundles observed in previous
studies!”*”), Further analysis of the interactions within the
multiple solitons will be presented in the subsequent section
dedicated to numerical simulations. In addition, we also evaluate
the average output powers of multiple pulses at different pump
powers. The corresponding results are illustrated in Fig. 4(f),
demonstrating an approximately linear increasing trend. The
slope efficiency is about 10.78%, and the output power reaches
~93 mW at the maximum pump power of 1525 mW.

In order to further investigate the interaction of multiple sol-
itons within a single-soliton bunch, we conducted numerical
analysis concerning the operation of the pulse stretching for a
multiple-soliton bunch. This process is based on the analogy
between spatial Fraunhofer diffraction and temporal dispersion.
When a pulse propagates through a largely dispersive medium, it
will be temporally stretched due to the dispersive effect within
the medium. Assuming that the dispersion value of the medium
is sufficiently large, solitons can be stretched toward their neigh-
bors. This process delves into the subtle but complex inter-
actions between pulses, which may lead to intriguing
outcomes. In the simulation, assuming that the superposition
of solitons can be used to describe the complex envelope of
the multipulse bunch, which slowly varies,

N
w(0,8) =Y w(t —z)e %, (1)
k=1

where u is the field amplitude of the optical pulse, N is the num-
ber of multiple solitons, u; represents the slowly varying
envelope of a single soliton, while the 7, and ¢, denote the rel-
ative position and relative phase of a single soliton. The envelope
of the multisoliton pulse after dispersive propagation can be

|u(L.T)J? o , )

N 2
~(T—- ;

E Uy ( Tk) ek

k=1 oL

where L is the GVD length, f, is the second-order dispersion
coefficient, and T is the time in the reference frame of the pulse.
This transform establishes a proportional relationship between
the temporal and frequency domain characteristics of the optical
pulse. By employing the above approach, we can investigate the
internal dynamics of multiple pulses, providing a deeper under-
standing of the interactions among multiple solitons. In this
simulation, for better matching of the experimental results,
we assume a multisoliton bunch consisting of 13 solitons with
adjacent time intervals between the pulses, similar to those
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Fig. 5. (a) Numerical simulation of multiple solitons; (b) spatial-temporal dia-
gram at the 13-soliton state.

depicted in Fig. 3(a). The soliton bunch is transmitted over 200
round trips, and the corresponding spatiotemporal diagram is
depicted in Fig. 5(a). Additionally, the spatiotemporal diagram
achieved after propagating through a largely dispersive medium
is shown in Fig. 5(b). Notably, clear interference patterns are
observed, indicating the existence of complex interactions
among adjacent pulses. This may potentially provide novel per-
spectives and understandings for the research of multisolitons in
the 2 pm band.

4. Conclusion

In conclusion, we report the observation of multiple solitons
with unique features in a mid-infrared ultrafast fiber laser, for
the first time to our knowledge. Characteristics of the multiple
pulses within a single-soliton bunch in terms of the temporal
separations between pulses and the number of subpulses can
be influenced by the gain-absorption depletion and recovery
effect in the laser system. The total number of pulses within
one single-soliton bunch exhibits a linear increase with the
pump power. Moreover, the interpulse separation between adja-
cent pulses within the soliton bunch gradually increases across a
single round trip, ranging from hundreds of picoseconds to a few
nanoseconds. However, the average pulse separation fluctuates
irregularly with increasing pump power. Finally, we conduct a
numerical analysis to examine the interactions among multiple
pulses at different interpulse separations. It is believed that the
presented results can contribute significantly to advancing the
comprehension of nonlinear soliton dynamics in the 2 pm wave-
length band.
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