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We experimentally demonstrated a stable multi-wavelength bright—dark pulse pair in a mode-locked thulium-doped
fiber laser (TDFL). The nonlinear polarization rotation (NPR) and nonlinear optical loop mirror (NOLM) were employed
in a figure-eight cavity to allow for multi-wavelength mode-locking operation. By incorporating different lengths of high
birefringence polarization-maintaining fiber (PMF), the fiber laser could operate stably in a multi-wavelength emission
state. Compared with the absence of the PMF, the birefringence effect caused by PMF resulted in rich multi-wavelength
optical spectra and better intensity symmetry and stability of the bright—dark pulse pair.
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1. Introduction

In the past decades, the passively mode-locked fiber lasers
have attracted much attention due to their low cost, com-
pact structure, and high stability. To date, there have been
a lot of reports on mode-locked fiber lasers. By manag-
ing the parameters of the fiber resonator, different kinds of
pulses, such as conventional solitons,[!! dissipative solitons,?!
vector solitons,>*! rectangular-shaped pulses,'>®! chair-like
pulses, ! and h-shaped pulses!®! have been experimentally ob-
served in passively mode-locked fiber lasers. However, the
above pulses are all bright pulses. In addition to bright pulse,
there is another type of pulse called dark pulse, which is also
a solution of the nonlinear Schrodinger equation (NLSE).!!
It is worth noting that the dark pulse has been successively
confirmed by theory!!%! and experiment.!'!) Dark pulse is de-
fined as an intensity dip in the intensity of a continuous wave
(CW) background of the laser emission. Compared with
bright pulse, dark pulse has some advantages, such as bet-
ter stability in the presence of noise, low transmission loss in
fibers, and being less affected by intrapulse stimulated Raman
scattering.[!?) Therefore, dark pulse has great potential appli-
cations in optical communication system.

Due to the interaction between pulses, in addition to ob-
taining bright or dark pulses in fiber lasers, bright-bright,
dark—dark, and bright—dark pulse pairs, as solutions of cou-
pled higher-order NLSE in fiber systems,[!*14! can also be ob-
tained. Among these, the bright—dark pulse pair exhibits wide
potential applications in the fields of optical spectroscopy, op-

tical communication, soliton evolution, and so on. It has

DOI: 10.1088/1674-1056/abd68f

15,16 [17-25

been theoretically!!>!%! and experimentally ! shown that
the bright pulses and dark pulses can coexist in a fiber sys-
tem. In 2012, Ning et al. experimentally demonstrated the
generation of the bright—dark pulse pair in a figure-eight
dispersion-managed passively mode-locked fiber laser.[!8] In
2014, Gao et al. demonstrated the bright—dark pulse pair in
an erbium-doped fiber laser based on graphene.*”! Shortly,
the bright—dark pulse pair based on Bi;Ses/polyvinyl alcohol
in an erbium-doped ring fiber laser was reported by Guo et
al.®" In 2016, Zhang et al. reported the generation of or-
thogonally polarized bright—dark pulse pairs in a passively
mode-locked fiber laser with a large-angle tilted fiber grat-
ing (LA-TFG).[*?! In 2018, tri-wavelength bright-dark pulse
pairs in a ReS,-based mode-locked erbium-doped fiber laser
were successfully obtained by Zhao et al.!*3! Very recently,
Fu et al. experimentally investigated the bright—dark soli-
ton pair in an erbium-doped mode-locked fiber laser by us-
ing CryGe, Teg/polyvinyl alcohol as the saturable absorber. [>4]
Obviously, most of the existing reports on the bright—dark
pulse pair used two-dimensional materials as mode-locking
devices and focus on 1.5-um band. Therefore, it is of great
significance to expand the application of mode-locking tech-
niques in the research of 2-pum bright—dark pulse pair.

In this paper, a multi-wavelength bright—dark pulse pair
has been experimentally observed in a mode-locked TDFL.
The multi-wavelength mode-locking operation of the fiber
laser was achieved by employing the NPR and NOLM. By in-
corporating different lengths of high birefringence PMF, i.e.,
introducing different amounts of linear cavity birefringence,
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the fiber laser could operate stably in a multi-wavelength emis-
sion state. Compared with the absence of the PMF, the bright—
dark pulse pair exhibited better intensity symmetry and stabil-
ity after incorporating the PMF. To the best of our knowledge,
it is the first time to generate multi-wavelength bright—dark
pulse pair in a passively mode-locked TDFL.

2. Experimental setup

The experimental setup of the proposed TDFL is shown
in Fig. 1. It consists of a right loop and a left loop, which are
connected to each other by a 50:50 optical coupler (OC). In
the right loop, a 6-m double-clad thulium-doped fiber (TDF,
IXF-2CF-TmO-10-130, IXFiber) with absorption coefficient
of 5.6 dB/m at 789 nm is used as the gain medium. Its
core/inner-cladding diameters are 10 pm/125 pm correspond-
ing to the numerical apertures (NAs) of 0.16/0.46. The TDF is
pumped by a 793-nm laser diode with a max output power of
12 W through a (2+ 1) x 1 pump combiner. A polarization-
dependent isolator (PD-ISO) not only ensures unidirectional
operation, but also acts as a polarizer. Two in-line polariza-
tion controllers (PCs) are employed to manipulate the cav-
ity polarization state (PS), and they can be combined with
the PD-ISO to form the NPR. The 30% port of the 70:30
OC is used for outputting laser signal from the cavity. The
left loop is NOLM, which consists of a segment of twisted
~ 256-m single mode fiber (SMF28e) and different lengths of
PMF with birefringence of ~ 3.5 x 107*. When the NOLM
works in intensity-dependent loss state, it can effectively sup-
press the mode competition caused by the homogeneous gain
broadening of the TDF at room temperature to achieve sta-
ble multi-wavelength emission.[?®) The total cavity length is
~ 274 m, including 6-m TDF, ~ 256-m SMF28e, and ~ 12-m
pigtail fibers of all optical components. The output character-
istics of the TDFL are monitored by an optical spectrum ana-
lyzer (Omni-A 750i, Zolix) with a resolution of 0.05 nm, a 1-
GHz oscilloscope (WaveRunner 610Zi, Lecroy), and a radio-
frequency (RF) spectrum analyzer (FSL3, Rohde & Schwarz)
with 3-GHz bandwidth. In addition, both the oscilloscope and
RF spectrum analyzer should be used together with an InGaAs
photodetector (ET-5000F, EOT).
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Fig. 1. Experimental setup of the mode-locked TDFL.

3. Experimental results and discussion

The average output power of the TDFL was firstly stud-
ied by changing the pump power in a wide range. As shown in
Fig. 2, the threshold for oscillation and slope efficiency were
found to be 2.2 W and ~ 0.45%, respectively. The low slope
efficiency of the TDFL is caused mainly by mode field mis-
match between the double-clad TDF and the SMF28e. With
the increasing of pump power, the average output power of
the TDFL increases approximately linearly. As the pump
power reached the oscillation threshold, the TDFL operated
in two states including CW (2.2 W-3.4 W) and mode-locking
(3.4 W=7 W). The maximum output power of the pump source
is 12 W, but in order to protect the PD-ISO, we limited the
maximum output power of the pump source to 7 W.
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Fig. 2. Average output power under different pump powers.

3.1. TDFL without PMF

The output characteristics of the TDFL without PMF in
the cavity were observed. A series of experiments show that
the stable single bright—dark pulse pair could be easily ob-
tained by adjusting the PCs carefully. Figures 3(al)-3(cl)
show the output characteristics of the TDFL in PS1 with a
pump power of 7 W. The pulse train of the single bright—dark
pulse pair is shown in Fig. 3(al). The period of the pulse train
is 1.34 us, which matches with the cavity round-trip time, thus
verifies the mode-locking operation of the TDFL.!?”! The inset
of Fig. 3(al) shows the pulse profile of the bright—dark pulse
pair. Clearly, for the bright pulse and dark pulse, they show an
asymmetric profile with different pulse intensities. The optical
spectrum of the mode-locked TDFL is shown in Fig. 3(b1). It
can be found that the central wavelength and the full width at
half maximum (FWHM) are 2010.5 nm and 12.65 nm, respec-
tively. In addition, there exists no obvious Kelly sideband in
the optical spectrum, which may be caused by the birefringent

(28] To investigate the stability of

filtering effect in the cavity.
the bright—dark pulse pair, the RF spectrum has been measured
with a resolution bandwidth (RBW) of 300 Hz and a span

range of 0.6 MHz, as shown in Fig. 3(c1). The fundamental RF
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peak is located at 746 kHz, corresponding to the total cavity
length of ~ 274 m. The inset of Fig. 3(c1) shows the wideband
RF spectrum. The signal-to-noise ratio (SNR) of 39 dB and the
wideband RF spectrum indicate good mode-locking stability.
In addition, with the PCs and pump power unchanged, we have
measured the stability of the spectra within four hours, and the
results show that the spectra present good stability.

When the pump power was fixed at 7 W, the dual bright—
dark pulse pairs could be easily obtained by further adjusting
the PCs. Figures 3(a2)-3(c2) show the output characteristics
of the TDFL in PS2. From the pulse train shown in Fig. 3(a2),
we can see that the pulse interval remains at 1.34 ps. Com-

pared with the single bright—dark pulse pair, the dual bright—
dark pulse pairs have two bright—dark pulse pairs with similar
profile in one period, as shown in the inset of Fig. 3(a2). The
formation mechanism of the dual bright—dark pulse pairs may
be due to the peak power clamping effect of the cavity.[?*! Fig-
ure 3(b2) shows the optical spectrum of the dual bright—dark
pulse pairs operation. It can be found that the central wave-
length is 2010.6 nm, and the FWHM is increased to 14.35 nm.
At the same time, the SNR of 40 dB and the wideband RF
spectrum show that the fiber laser was working in a stable

mode-locking state, as shown in Fig. 3(c2).
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Fig. 3. Output characteristics of the TDFL in different polarization states: (al), (a2) pulse trains (inset: the corresponding pulse profiles); (b1), (b2) optical
spectra, and (c1), (c2) RF spectra at fundamental repetition rate (inset: the corresponding wideband RF spectra with a span range of 50 MHz).

3.2. TDFL with different lengths of PMF

In order to study the effect of birefringence on the trans-
mission of the bright—dark pulse pair, different lengths of PMF
were introduced into the cavity. While keeping the total cavity
length constant, 4.9-m PMF, 9.9-m PMF and a piece of fiber
composed of 4.9-m and 9.9-m PMF were introduced into the
cavity, respectively. Figure 4 shows the output characteristics
of the TDFL with different lengths of PMF at a pump power
of 7W.

Figures 4(al)—4(a3) show the pulse profiles with different
lengths of PMF in the cavity. It can be seen that three types
of bright—dark pulse pairs have similar profiles and intensities.
This means that different lengths of PMF may have little effect
on the intensity of the dark pulse. Compared with Fig. 3(al),
the intensity of the dark pulse is greater and close to the bright
pulse after incorporating the PMF. It shows that strong bire-

fringence may be beneficial to the transmission of dark pulse.

In addition, the base of the bright pulse profile became wider
when the PMF was introduced into the cavity, which is similar
to the Ref. [8].

As we all know, the combination of PMF, PD-ISO, and
PCs is equivalent to a comb filter. 301 Therefore, the out-
put optical spectra of the fiber laser present multi-wavelength
states as shown in Figs. 4(b1)-4(b3). In Figs. 4(bl) and
4(b2), the wavelength spacings between adjacent peaks AA
are 2.3 nm and 1 nm, respectively, which can be verified by
the formulal3!!

AL =A%/AnL, )]

where An is the birefringence of PMF, L is the length of
PMF, and A is the center wavelength of the optical spectrum.
Thus, there are 12 and 33 wavelengths within the FWHM in
Figs. 4(bl) and 4(b2), respectively. Interestingly, the opti-
cal spectrum shown in Fig. 4(b2) shows an M-shaped profile,
which is similar to Ref. [21], implying that the formation of
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the pulse may be related to the gain competition and the cavity
feedback. The optical spectrum shown in Fig. 4(b3) shows ir-
regular modulation. This may be due to the fact that the 4.9-m
PMF and the 9.9-m PMF are not directly fused together, but
through a piece of SMF28e. Therefore, there is an angle be-
tween the axes of two pieces of PMF. And the transmission
spectrum of the comb filter becomes inhomogeneous, result-
ing in irregular modulation of the optical spectrum. 3!

In order to evaluate the stability of the fiber laser, the RF

spectrum was measured by an RF spectrum analyzer with an

RBW of 300 Hz and a span range of 0.6 MHz. These results
are presented in Figs. 4(c1)—4(c3), corresponding to three dif-
ferent lengths of PMF in the cavity, respectively. The SNRs at
the fundamental repetition rate are 41 dB, 40 dB, and 39 dB,
respectively. Meanwhile, the insets of Figs. 4(c1)—4(c3) show
the wideband RF spectra with a span range of 50 MHz. The
wideband RF spectra have no frequency components other
than the fundamental and harmonic frequencies. Compared
with Ref. [24], the above results show a better stability of the
bright—dark pulse pair in the TDFL.
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Fig. 4. Output characteristics of the TDFL with different lengths of PMF: (al)—(a3) pulse profiles; (b1)—(b3) optical spectra, and (c1)—(c3) RF spectra at
fundamental repetition rate (inset: the corresponding RF spectra with a span range of 50 MHz).

4. Conclusion

In summary, we have experimentally observed a multi-
wavelength bright—dark pulse pair in a mode-locked TDFL.
The NPR and NOLM were employed in a figure-eight cavity
to allow for multi-wavelength mode-locking operation. We
have investigated the relationship between the output char-
acteristics of the fiber laser and the cavity birefringence by
incorporating different lengths of PMF. Experimental results
show that the high birefringence of the PMF is beneficial to the
transmission of the dark pulse as well as the excitation of rich

optical spectra. In future work, we will focus on improving

the efficiency of the fiber laser and further explore the trans-
mission and interaction mechanisms of the bright—dark pulse
pair.
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