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Multi-wavelength square pulses are generated in the dissipative soliton resonance (DSR) regime by a Yb-doped fiber
laser (YDFL) with a long cavity configuration. The spectral filter effect provided by a passive fiber with low-stress birefrin-
gence facilitates the establishment of multi-wavelength operation. Through appropriate control of the cavity parameters,
a multi-wavelength DSR pulse can be generated in single- and dual-waveband regions. When the multi-wavelength DSR
works in the 1038 nm waveband, the pulse duration can broaden from 2 ns to 37.7 ns. The maximum intra-cavity pulse
energy is 152.7 nJ. When the DSR works in the 1038 nm and 1080 nm wavebands, the pulse duration can be tuned from
2.3 ns to 10.5 ns with rising pump power. The emergence of the 1080 nm waveband is attributed to the stimulated Ra-
man scattering (SRS) effect. Our work might help a deeper insight to be gained into DSR pulses in all-normal-dispersion

YDFLs.
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1. Introduction

Yb-doped fiber lasers (YDFLs), as an excellent type of
laser source for generating ultra-short pulses, have consider-
able potential for use in many scientific and industrial appli-
cations, such as bio-medicine, metrology, material process-
ing, and telecommunications.'!?! Due to the wide gain band-
width and high gain of Yb-doped fiber, YDFLs are expected
to be promising candidates for obtaining high-energy ultra-
short pulses, which are more favorable for some practical ap-
plications. As opposed to conventional solitons formed by
anomalous-dispersion fiber lasers, YDFLs operate in the all-
normal dispersion regime, which can produce highly chirped
dissipative solitons with energies of up to tens of nJ.’] How-
ever, due to the pulse splitting that occurs in the fiber laser,
the production of high-energy pulses by a laser oscillator is a
challenge that still remains to be solved.

Depending on the different pulse-shaping mechanisms
and dynamics of fiber lasers, various temporally tailored
pulses such as Gaussian pulses, step-like pulses, and square

(491 which can sat-

pulses have been formed by fiber lasers,
isfy some demands in various application fields. Among these,
square pulses have attracted considerable interest due to their
ability to scale the pulse energy.!'”) By means of the peak
power-clamping effect, square pulses can achieve high pulse
energies by broadening their pulse widths with the rising pump

power. In particular, dissipative soliton resonance (DSR) is

DOI: 10.1088/1674-1056/abd6f4

an efficient way to generate high-energy square pulses. As a
new kind of soliton, DSR was first theoretically investigated
by Chang et al. in 2008.['!) In principle, DSR, as a single
pulse, can increase the pulse width indefinitely while keeping
its amplitude fixed, which consequently results in the genera-
tion of a pulse with infinite energy.!!>!3! It has been demon-
strated that using the appropriate cavity parameters, DSRs

r, [14-20] regardless

can be formed in various types of fiber lase
of mode-locking mechanisms and cavity dispersion regimes,
even in all-normal dispersion YDFLs. Indeed, Wang et al.
investigated unusual DSR pulse evolution in a YDFL mode
locked by a nonlinear fiber loop mirror.!?!! Yu ez al. reported a
high-energy DSR pulse in a YDFL using a nonlinear polariza-
tion rotation (NPR) technique.*?! The maximum output pulse
energy was able to reach 34 nJ. Li ef al. demonstrated the
generation of an ultra-wide DSR pulse in a YDFL, which was
achieved by the NPR technique.!>’! The pulse width was able
to be tuned from 58.6 ns to 431 ns. Nevertheless, most DSR
pulse research has mainly focused on single-wavelength oper-
ation. In some applications, fiber lasers that generate multi-
wavelength pulses would be more advantageous. Therefore,
multi-wavelength DSRs delivering at wavelengths of around
1 um need to be further investigated.

It is well known that a lower repetition rate in a long
ring cavity implies a higher pulse energy for a given average
output power. In this paper, we report on the generation of
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multi-wavelength square pulses in the DSR regime in a pas-
sively mode-locked YDFL with a long cavity configuration.
A 300-m single mode fiber (SMF, HI-1060) is inserted into a
resonator to prolong the cavity length, so that the total cavity
length reaches 311.3 m, corresponding to the low fundamental
frequency of 661.6 kHz. Multi-wavelength operation is real-
ized by an artificial comb filter, and is caused by stress birefrin-
gence of the fiber. The wavelength spacing is 1.8 nm. When
the multi-wavelength DSR works in the 1038 nm waveband,
the pulse width broadens linearly from 2 ns to 37.7 ns without
wave breaking. The maximum output single-pulse energy is
15.27 nJ through a 10% fiber coupler. Moreover, by appro-
priately changing the cavity parameters, the multi-wavelength
DSR pulse can also operate in dual wavebands, which are lo-
cated at 1038 nm and 1080 nm, respectively. By increasing
the pump power, the duration of the DSR can be tuned from
2.3 ns to 10.5 ns, and the pulse energy increased from 3 nJ to
9.7 nJ. Our work might help deeper insight to be gained into
DSR pulses in all-normal-dispersion YDFLs.

2. Experimental setup

For the proposed YDFL, we implemented a ring cav-
ity, as illustrated in Fig. 1. The gain section was a 62 cm
YDF (Nufern, SM-YSF-HI), which was excited by a 976 nm
pump source with a maximum launched power of 500 mW.
The mode-locking operation was accomplished based on the
NPR mechanism, comprising a polarization-dependent isola-
tor (PD-ISO) and two polarization controllers (PCs). Mean-
while, two PCs were used to optimize the mode locking by
adjusting the light polarization state, and a PD-ISO was em-
ployed to ensure the mono-directional transmission of the
laser. In order to prolong the length of the cavity and lower the
repetition rate, a piece of SMF 300 m long was spliced into
the cavity. The whole cavity length was 311.3 m, correspond-
ing to a fundamental frequency of 661.6 kHz. Approximately
10% of the laser output was extracted via a fiber coupler for
analysis. An oscilloscope and an optical spectrum analyzer
were utilized to measure the temporal and spectral properties
of the output pulses. The operational stability was monitored
by a radio-frequency (RF) spectrum analyzer.
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Fig. 1. Experimental schematic of a YDFL with a long cavity configuration.
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3. Results and analysis

Mode locking can be achieved at a forward pump
power of 110 mW. With fine adjustment of the PCs, a low-
repetition-rate square pulse with a nanosecond width is ob-
served from 150 mW to 500 mW. The characteristics of
the typical square pulse at 350 mW are depicted in Fig. 2.
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Fig. 2. Generation of a square pulse at 1038 nm. (a) Square pulse;
(b) pulse train; (c) spectrum; (d) RF spectrum (inset: RF spectrum over
a 100 MHz span).
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Figure 2(a) shows a single mode-locked pulse. A single pulse
from the fiber laser exhibits a rectangular shape. The edge-
to-edge width of the square pulse is ~ 25.9 ns. Figure 2(b)
presents the pulse train. The interval is 1.5 ps, corresponding
to the cavity roundtrip time. We can see that each pulse ap-
pears as a square shape with equal amplitude. The spectrum is
shown in Fig. 2(c), which is different from the spectra of YD-
FLs reported before. The spectrum exhibits multi-wavelength
lasing with a wavelength spacing of 1.8 nm and the central
position of the waveband is 1038 nm. The multi-wavelength
lasing in the experiment can be explained as the effect of fil-
tering induced by fiber birefringence. In the experiment, we
tried to measure the autocorrelation trace of this square pulse.
However, no coherent peak was observed in the autocorrela-
tion trace, indicating that this square pulse is a single DSR but

(241 The fundamental frequency is mea-

not a bunch of pulses.
sured by an RF analyzer, as shown in Fig. 2(d). The peak of
the RF spectrum is located at 661.6 kHz with a signal-to-noise
ratio (SNR) of ~ 46.6 dB, which matches the 311.3-m cavity
length. Moreover, the RF spectrum over a span of 100 MHz is
shown in the inset of Fig. 2(d). Here, it can clearly be seen that
the envelope of the RF spectrum is periodically varied, and that
the modulation period is 38.6 MHz, corresponding to a pulse
width of ~ 25.9 ns in the temporal domain. Note that rou-
tine dissipative solitons without multi-wavelength lasing are
also observed in the experiment when the PCs are properly
adjusted. However, the dissipative soliton does not operate in
the DSR regime.

To further verify that this square pulse is due to DSR,
we fixed the PCs and gradually increased the pump power to
characterize the pulse evolution features. The temporal and
spectral evolutions are presented in Fig. 3. While the pump
power is rising, the pulse keeps its square profile without
shape distortion and the pulse amplitude remains constant, as
presented in Fig. 3(a). The pulse duration broadens linearly
with the pump power. The corresponding spectra at differ-
ent pump powers are shown in Figs. 3(b) and 3(c). As the
pump power increases, the emission spectrum bandwidth is
gradually broadened, while the position of the central wave-
length remains almost invariant (at ~ 1038 nm). The num-
ber of multi-wavelength lasing peaks increases with the pump
power, while the spacing is fixed at 1.8 nm for all pump pow-
ers. To better clarify the characteristics of the square pulse,
the relationships between the pulse width and pulse energy
with respect to the input pump powers are shown in Fig. 3(c).
When the pump power is increased from 150 mW to 500 mW,
the pulse width linearly widens from 2 ns to 37.7 ns. Simi-
larly, the single-pulse energy increases from 3 nJ to 15.27 nJ.
Therefore, the evolutionary trend of the square pulse is in ac-

cordance with DSR theory.[?>) The maximum output power is

10.1 mW, corresponding to a pulse energy of 15.27 nJ. Con-
sidering that 10% of the pulse energy is taken from the cavity,
the intra-cavity pulse energy is around 152.7 nJ. It should be
noted that the maximum pulse energy and pulse width in our
experiment are primarily limited by the pumped power. Thus,
we think that the pulse energy and width might be further in-
creased if a higher-power pump source were to be used.
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Fig. 3. Evolution of the properties of the square pulse at 1038 nm.
(a) Pulse evolution versus pump power. (b) Corresponding spectral
evolution. (c) Comparison of the spectra under different pump powers.
(d) Pulse width and energy versus pump power.
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Fig. 4. Generation of square pulses at 1038 nm and 1080 nm. (a) Spec-
trum; (b) square pulse; (c) pulse train; (d) RF spectrum (inset: RF spec-
trum over a span of 150 MHz).

By rotating the PCs and changing the pump power, an-
other type of square pulse with a different spectral structure is
formed in the fiber laser. Compared to the multi-wavelength
spectrum in the 1038 nm waveband region, here, the changes
in spectrum are evident, as shown in Fig. 4(a). Figure 4(a)
shows the typical spectrum of the multi-wavelength lasing op-
erated in the 1038 nm and 1080 nm wavebands at a pump
power of 500 mW. The spectral component in the waveband
at approximately 1080 nm gradually emerges with an increase
in pump power. The spacing between the two wavebands is
~ 40 nm, thus, the generation of the secondary waveband is
due to the stimulated Raman scattering (SRS) effect.[*61 A

quasi-square pulse with a flat-topped shape and a pulse width
of 10.5 ns is generated, as shown in Fig. 4(b). It should be
noted that the trailing edge of the pulse is not as steep, which
might be affected by the SRS. Figure 4(c) presents a stable
pulse train with a pulse-to-pulse interval of 1.5 us. The typical
RF spectrum shown in Fig. 4(d) has a SNR of around 47.9 dB
at 661.6 kHz. The RF spectrum over a span of 150 MHz in
the inset exhibits a modulation frequency of 95.2 MHz, corre-
sponding to a pulse duration of 10.5 ns.
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Fig. 5. Evolution of the properties of a square pulse operating in dual
wavebands. (a) Pulse evolution versus pump power. (b) Corresponding
spectral evolution. (c) Comparison of the spectra under different pump
powers. (d) Pulse width and energy versus pump power.
In order to further verify the influence of pump power on
this DSR pulse, we record the evolution of the characteristics
of the pulses under different pump powers. The temporal evo-

lution is shown in Fig. 5(a). Under dual-waveband operation,
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the DSR pulse can still broaden with the pump power, while
the pulse amplitudes remain almost invariable. The spectral
evolution is shown in Figs. 5(b) and 5(c). Multi-wavelength
lasing emerges simultaneously in the 1038 nm and 1080 nm
wavebands. An increase in the pump power causes clear en-
hancement of the SRS components at 1080 nm. Figure 5(d)
clearly shows the relationship between the pulse width and the
output single-pulse energy as a function of the pump power.
When the pump power is increased from 335 mW to 500 mW,
the square pulses are broadened from 2.3 ns to 10.5 ns, and
the single-pulse energy increases from 3 nJ to 9.67 nJ. These
results are inconsistent with DSR theory. Compared with a
DSR in the 1038 nm waveband, the square DSR pulse in dual-
waveband operation has a narrower pulse duration and a lower
pulse energy for the same pump power. This is partly because
the cavity parameters are influenced by the orientation of PCs,
and partly because the advent of SRS takes part of the pump
energy. Thus, SRS imposes a limitation on the energy scal-
ability of DSR in this experiment. It has been reported that
SRS can cause DSR pulse instability.[>!! However, the pulse
still remains stable at the maximum pump power of 500 mW
in our experiment. According to experimental observation, the
fiber laser could sustain DSR operation for a long time if there
were no environmental perturbations applied to the fiber laser.

In previous literature, DSR operation under multi-
wavelength mode locking has rarely been reported. In our
experiment, multi-wavelength square pulses are frequently ob-
served in the fiber laser without the insertion of any external
filter devices such as comb filters and polarization-maintaining
fibers (PMFs). We attribute this to the birefringence-induced
filtering effect. As we know, the NPR structure is composed
of two PCs and a PD-ISO. By rotating the PCs, an artifi-
cial birefringence-induced spectral filter effect may be formed,
originating from the weak intra-cavity birefringence of the

r.[>7] Therefore, NPR has a double role: it plays a

passive fibe
role in mode-locking and a role in achieving multi-wavelength
lasing. In order to confirm that multi-wavelength operation is
caused by stress birefringence, we also measured the output
spectra of multi-wavelength continuous-wave (CW) lasing by
adjusting the pump powers. As can be seen in Fig. 6, the wave-
length spacing between adjacent CW lasing peaks is ~ 1.8 nm,
which is consistent with that in mode-locked lasing. The las-
ing peaks are located in the 1038 nm waveband, and the num-
ber of multi-wavelength peaks increases with the pump power.
In addition, we use a self-consistent calculation to verify that
the wavelength spacing is introduced by the stress birefrin-
gence due to the passive fiber. The wavelength spacing can
be described by the formula A = A%/(BL), where A denotes
the central wavelength, L is the cavity length and B is the
strength of the SMF.[?8] Accord to the experimental results,
we are able to determine that A = 1.8 nm, L = 311.3 m, and

A = 1038 nm. Thus, the birefringence should be 0.2 x 1073,
which is very close to the birefringence of the SMF. There-
fore, the experimental and computational results show that the
passive fiber with low stress birefringence is responsible for
multi-wavelength lasing in this experiment.
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£ —60
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Fig. 6. Multiwavelength lasing at different pump powers.

4. Conclusions

In summary, multi-wavelength DSR pulses have been ex-
perimentally achieved in an all-normal-dispersion YDFL with
a long cavity. Benefiting from the spectral filter effect in-
duced by the low stress birefringence of the passive fiber in
the NPR-based fiber laser, mode-locked and multi-wavelength
lasing were achieved simultaneously. By adjusting the pump
power and PCs, the multi-wavelength DSR can operate in dif-
ferent wavebands. When the DSR works in the region of the
1038 nm waveband, the pulse duration can broaden from 2 ns
to 37.7 ns. The maximum output pulse energy is 15.27 nJ
at 500 mW. When the multi-wavelength DSR works in the
1038 nm and 1080 nm wavebands, the pulse duration can be
tuned from 2.3 ns to 10.5 ns and the pulse energy can be in-
creased from 3 nJ to 9.7 nJ. The emergence of the 1080 nm
waveband is attributed to the SRS effect. Our work might help
a deeper insight to be gained into the nonlinear dynamics of
square-wave pulses in all-normal-dispersion YDFLs.
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