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We report an experimental phenomenon of the splitting and merging of the bright-dark pulses (BDPs) in a mode-

locked thulium/holmium co-doped fiber laser (THDFL) based on nonlinear polarization rotation (NPR). By adding

100-m-long highly nonlinear fiber (HNLF) into a simple ring cavity, the BDPs can be generated. The time interval be-

tween the bright and dark pulses increases linearly with the pump power and approximately equals to the inverse of the

modulation frequency of the radio frequency (RF) spectrum. Apart from that, the bright and dark pulses are shown not

to be orthogonally polarized. The obtained results are valuable for the evolutionary mechanism of the BDPs in pas-

sively mode-locked fiber lasers (PMLFLs).
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To date, various types of pulses have been experimen-
tally obtained in passively mode-locked fiber lasers
(PMLFLs), such as conventional solitons', noise-like
pulses™?, higher-order solitons’®! and dissipative soli-
tons'*!. In contrast to the bright pulses described above,
there is the other type of pulse, the dark pulse, which has
an intensity dip in the continuous wave (CW) back-
ground. The dark pulses have some advantages with low
transmission loss in fiber, better stability in case of noise
and being less affected by intra-pulse stimulated Raman
scattering””!. So the dark pulses have great potential ap-
plications in optical communication systems. According
to the interaction of solitons, there are some pulse pairs
including bright-bright, dark-dark and bright-dark pulse
(BDP) pairs in optical fiber systems. The pulse pairs
have been studied theoretically by means of the nonlin-
ear Schrodinger equation (NLSE)™. Within these pulse
pairs, in addition to the great value of the BDPs in secure
communication systems, they also have a wide range of
potential applications in spectroscopy, optical communi-
cations and soliton evolution. So far, the BDPs have been
implemented with different saturable absorbers (SAs) in
PMLFLs. At present, SAs can be divided into real SAs
and artificial SAs. Compared with real SAs, artificial
SAs have the advantages of high damage threshold, high
integration'”!, and they have been widely used in
PMLFLs in 1—2 pm band®'?. Among artificial SAs,
nonlinear polarization rotation (NPR) is an effective

mechanism due to its higher damage threshold and
shorter recovery time!*™'%. In 2016, LU et al'”! demon-
strated an experimental study of the BDPs in ytterbium-
doped fiber laser (YDFL) based on NPR. In 2018, WU et
al"™ reported the generation and evolution of the dark-
bright pulses and the conversion between the dark and
bright pulses in an NPR-based erbium-doped fiber laser
(EDFL). In 2019, WU et all' reported a dual-
wavelength bright-dark soliton pair EDFL based on NPR.
In 2020, WANG et al® reported the generation of the
BDPs in a mode-locked thulium-doped fiber laser (TDFL)
by employing the mode-locking technology of the NPR
and nonlinear optical loop mirror (NOLM).

Apparently, the above literatures have focused on the
generation of the BDPs and few literatures have studied
the interaction of the BDPs under specific conditions.
Furthermore, compared with the ytterbium-doped gain
fiber and erbium-doped gain fiber, the thulium/holmium
co-doped gain fiber has a wider emission spectrum with
more pronounced mode competition effects, which may
provide more possibilities for the interaction between the
pulses. Thus, it’s important to study the generation and
evolution of the BDPs in NPR-based PMLFLs in 2 pm
band.

In this paper, the split and merge of the BDPs are in-
vestigated in a mode-locked thulium/holmium co-doped
fiber laser (THDFL) by using the NPR technology. The
BDPs can be realized by inserting 100-m-long highly
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nonlinear fiber (HNLF) to the ring cavity. The time in-
terval between the bright and dark pulses increases line-
arly with the pump power and presumably equals to the
inverse of the modulation frequency of the radio fre-
quency (RF) spectrum. Moreover, the bright and dark
pulses aren’t orthogonally polarized.

The experimental setup is shown in Fig.1. A 1 550 nm
laser diode (LD) with the maximum output power of 1 W
is used to provide the pump energy and a 1 550/1 950 nm
wavelength division multiplexer (WDM) is employed to
deliver the pump energy into the ring cavity. A 2.5m
section of thulium/holmium co-doped fiber (THDF,
Coractive TH512) with a core/inner cladding diameter of
9/125 um has a core absorption of 13.3dB/m at
1550 nm and a dispersion parameter of —0.056 ps*/m.
There are two polarization controllers (PC1, PC2) and a
polarization-dependent isolator (PD-ISO) to form the
NPR. The cavity is added to ~100-m-long HNLF
(nonlinear coefficient of ~10 W™'-km™), which is the key
component for generating the BDPs. To output the laser
signal, an output coupler (OC) with a splitting ratio of
30% is introduced. The rest of the fibers in the cavity are
single-mode fibers (SMF28e) with a dispersion parame-
ter of —0.071 ps*/m. The total cavity length is ~119.46 m
and the net -cavity dispersion is estimated as
—1.344 ps’/m. Outside the cavity, a polarizating beam
splitter (PBS) and a three-paddle PC3 are applied to
study the polarization characteristics of the BDPs. In the
experiment, the output characteristics of the THDFL are
monitored by an optical spectrum analyzer (Omni-A 7501,
Zolix) with a resolution of 0.05 nm, a 1 GHz oscillo-
scope (WaveRunner 610Zi, Lecroy) and an RF spectrum
analyzer (FSL3, Rohde & Schwarz) with 3 GHz band-
width. In addition, both the oscilloscope and the RF
spectrum analyzer should be worked together with an
InGaAs photodetector (ET-5000F, EOT).
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Fig.1 Experimental setup of the THDFL

The relationship between the average output power of
the THDFL and the pump power is firstly studied. As
shown in Fig.2, the average output power increases ap-
proximately linearly as the pump power increases. The
oscillation threshold of the THDFL is 0.4 W and the
slope efficiency can be calculated to be ~8.63%. The
high threshold and low slope efficiency are caused
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mainly by the mode field mismatch between the THDF
and the pigtail of WDM, and the large loss of HNLF in
2 um band. When the pump power reaches the oscilla-
tion threshold, the THDFL operates in four regimes in-
cluding CW (0.4—0.45 W), basic mode-locking (BML,
0.45—0.5 W), transition regime (TR, 0.5—0.55 W) and
BDP (0.55—1 W).
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Fig.2 Average output power under different pump
powers

In our experiment, when the pump power exceeds
0.45 W, the BML pulses are obtained by adjusting PC1
and PC2 carefully. Fig.3 presents the laser output per-
formance with a pump power of 0.5 W. In Fig.3(a), the
interval between adjacent pulses is 0.58 us, correspond-
ing to the fundamental repetition frequency of
~1.72 MHz, which match with the cavity length. The
inset of Fig.3(a) shows the single BML pulse and there is
a pair of pulses with small amplitude on its right side.
Fig.3(b) displays the corresponding optical spectrum.
The central wavelength and full width at half maximum
(FWHM) are 191240 nm and 6.34 nm, respectively.
From Fig.3(b), we can see that there existed no Kelly
sideband in the optical spectrum, which may be due to
the spectral filtering effect caused by the birefringence
property of the SMF in the cavity and the PCs to-
gether"”?!). But there are some dips which are induced
by the absorption of 2 um band laser by water molecules
and carbon dioxide. The corresponding RF spectrum
with a resolution bandwidth (RBW) of 1 kHz and a wide
span of 200 MHz is depicted in Fig.3(c). Clearly, it
shows a good stability of the BML pulse. Besides, the RF
spectrum is flat and there is no modulation phenomenon.
Fig.3(d) shows the fitting autocorrelation trace of the
BML pulses.

Next, when the pump power is between 0.5 W and
0.55 W, the laser works in TR. In this regime, the BML
pulses are unstable, which may be caused by environ-
mental perturbations and soliton interactions”>. Once we
continue to adjust PC1 and PC2 properly, the stable
BDPs are obtained. The generation of the BDPs may be
mainly attributed to the high nonlinear effect of the
HNLF!'®"). Fixing PC1 and PC2, we gradually increase
the pump power from 0.55 W to 1 W in steps of 0.05 W.
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Fig.3 Output characteristics of the BML pulses: (a)
Typical pulse trains (inset: single pulse); (b) Optical
spectrum; (c) RF spectrum; (d) Autocorrelation trace

During this process, it is easy to observe that the split
and merge of the BDPs are simultaneously generated.
The evolutionary laws of the BDPs at the fundamental
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repetition frequency are recorded when the pump power
rises from 0.6 W to 1 W, as shown in Fig.4. In Fig.4(a),
as the pump power increases, the high-intensity dark
pulse (red dotted line) moves away from the high-
intensity bright pulse and merges with the low-intensity
dark pulse (blue dotted line) into a dark pulse of larger
amplitude. Meanwhile, the high-intensity bright pulse
remains constant while the low-intensity bright pulse
keeps moving to the right. Subsequently, we reduce the
pump power and find an interesting phenomenon of the
reverse evolution of the BDPs. Therefore, we infer that
the origin of the split and merge of the BDPs can be at-
tributed to the higher laser gain caused by the increased
emitted pump power, which may interfere with the bal-
ance between the parameters of laser'). Further speak-
ing, under certain conditions, there is a clear interaction
(split, merge, etc.) between them when the bright and
dark pulses have a very small interval in the time do-
main®. In addition, we guess that the large amplitude
dark pulses generated will split if the pump power con-
tinues to be increased™ ). The similar evolutionary
phenomenon of the BDPs can also be realized when we
adjust the intracavity PCs. The split of the BDPs has a
clear evolutionary feature in that the time interval be-
tween the bright and dark pulses increases presumably
linearly with the increasing pump power. Fig.4(b) plots
the corresponding optical spectrum. As the pump power
increases, the spectral intensity obviously increases while
the central wavelength and FWHM don’t change signifi-
cantly. Fig.4(c) shows the corresponding RF spectra with
an RBW of 1 kHz and a wide span of 300 MHz with dif-
ferent pump powers. It is clear to see that the RF spectra
have a distinct modulation phenomenon, which is similar
to Ref.[26]. The modulation frequency decreases from
218.5 MHz to 49.9 MHz when the pump power increases
from 0.6 W to 1 W. After calculation, we know that the
modulation frequency is approximately equivalent to the
reciprocal of the time interval between the bright and
dark pulses. As Fig.4(d) shows, a linear relation between
the inverse of the modulation frequency and the pump
power is observed.

Then, we focus on the output characteristics of the
BDPs at the pump power of 1 W, as shown in Fig.5.
Fig.5(a) plots the pulse trains of the BDPs. The interval
of adjacent pulses is still 0.58 pus. The single pulse is
given in the inset of Fig.5(a). It can be seen that the
shapes and amplitudes of the bright and dark pulses are
slightly different and there is a bright pulse with low-
intensity to the right of the dark pulse, which is similar to
the case in Ref.[27]. Fig.5(b) presents the corresponding
optical spectrum. Its central wavelength locates at
193450 nm and the FWHM is 10.23 nm. The corre-
sponding RF spectrum is measured, as shown in Fig.5(c).
The signal-to-noise ratio (SNR) of ~40 dB indicates the
good stability of the BDPs. The wide span of the RF
spectrum is also shown in the inset of Fig.5(c). Fig.5(d)
presents the fitting autocorrelation trace of the BDPs.
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Fig.5 Output characteristics of the BDPs: (a) Typical

pulse trains (inset: single pulse); (b) Optical spec-
trum; (c) RF spectrum (inset: wide span of 200 MHz);
(d) Autocorrelation trace

Fig.4 Evolution characteristics of the BDPs: (a) Single
pulses; (b) Optical spectra; (c) RF spectra; (d) Varia-
tion of the inverse of the modulation frequency
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Finally, in order to study the polarization characteris-
tics of the BDPs, the external cavity combiner of PC3
and PBS is used to monitor the two orthogonal polariza-
tion components. Regardless of how the PC3 is adjusted,
the bright and dark pulses are observed simultaneously in
both the horizontal and vertical axes of the PBS, which is
similar to Refs.[28] and [29]. Fig.6 shows the temporal
waveforms and the spectra measured without and with
passing through PBS. From Fig.6(a), we can easily see
that the two pulse polarization components have a uni-
form pulse sequence and the only difference is the ampli-
tude disagreement compared to the pulses without pass-
ing PBS. As in the case of the time domain, Fig.6(b) dis-
plays the corresponding optical spectra of the two pulse
polarization components, which differ mainly in magni-
tude. In addition, the characteristics of the RF spectrum
remain unchanged. Therefore, we can draw the following
conclusion. The bright and dark pulses are linearly polar-
ized light that doesn’t possess an orthogonal electric vec-
tor vibration direction. That is, in our experiments, the
polarization state of the bright pulse and dark pulse is the
same, which can coexist in any polarization.
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Fig.6 Polarization characteristics of the BDPs: (a)
Oscilloscope traces; (b) Optical spectra

In conclusion, we have reported the split and merge of
the BDPs in an NPR-based THDFL. By increasing the
pumping power from 0.55 W to 1 W, it is easy to notice
that the high-intensity dark pulse gradually moves away
from the high-intensity bright pulse and merges with the
low-intensity dark pulse to a larger dark pulse. We also
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find that the same evolutionary law can be observed by
adjusting PCs. What’s more, the RF spectrum of the
BDPs has a remarkable envelope modulation phenome-
non in our work. In the end, using the PC and PBS to
determine the polarization characteristics of the BDPs,
we observe that the bright and dark pulses can’t be sepa-
rated, which means that the bright and dark pulses aren’t
orthogonally polarized. We believe that these results are
useful for the theoretical and experimental studies on the
evolution of the BDPs in PMLFLs.
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