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1. Introduction

Ultrafast fiber lasers have gathered much attention because of
their wide application prospects in the fields of laser machining,
fiber communication, biochemistry, and metrology. In addition,
fiber lasers can also serve as a perfect experimental platform for
studying complex nonlinear dynamics processes. In general, the
generation of pulses is mainly achieved by mode-locking tech-
niques!' ! in fiber lasers, and it is generally necessary to insert
an optical modulator, a saturable absorber, an intensity- or
polarization-dependent device in the cavity to achieve mode
locking. However, even without any modulation devices or
polarization-dependent devices, some fiber lasers can still pul-
sate at the fundamental frequency of the cavity®>*. Among
them, polarization domains (PDs) and polarization domain
walls (PDWs) have captured great interest. The typical feature
of such pulses is that the polarization of light is periodically
switched between two orthogonal directions at round-trip fre-
quency. And for practical applications, PDs were studied to
achieve the square-shaped pulse!">™"?! and have been used in
optical fibers as topological bits for data transmission'**!. Due
to the existence of birefringence in fiber, the fundamental mode
contains two orthogonal polarization modes with different
propagation constants. PDW pulses are obtained due to the
cross coupling of the two orthogonal polarization modes'®~2),
In 2009, Zhang et al.' first experimentally observed PDW sol-
itons in weakly birefringent cavity fiber lasers, which were
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We have observed various polarization domains and a giant self-mode-locked pulse in a 130 m long erbium-doped fiber laser
without any mode-locking devices. By adjusting the intracavity polarization controller, we investigated the evolution proc-
ess of the polarization domain with the varying cavity birefringence. When the birefringence was close to zero, the polari-
zation domains split into multidomains, and finally a giant self-mode-locked pulse formed for the first time. We analyzed
that the generation of the self-mode-locked pulse was related to the multiple subdomains ascribed to the strong coherent
cross coupling between the orthogonal polarization light components in the long fiber cavity.
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formed due to the strong coherent cross-polarization coupling
of light in the fiber lasers. Subsequently, they achieved incoher-
ent vector dark domain wall solitons in fiber lasers”"*. When
considering the fiber birefringence-induced spectral filtering
effect and the gain competition caused antiphase dynamics in
fiber cavities, the coupled Ginzburg-Landau equation can well
explain the formation of PDWs!®l. In 2014, Tang et al.'’ dem-
onstrated that the PDW is a general feature in quasi-isotropic
fiber laser cavities, which can be achieved under the incoherent
and coherent coupling between two polarization supermodes.
Highly nonlinear fibers and different kinds of saturable absorb-
ers were used in fiber lasers to enhance the nonlinear effect,
which were favorable for the cross coupling between the two
polarization beams to achieve the PDWs!'>'®l. Meanwhile,
various PD and PDW states in different fiber lasers have been
widely reported. The pulse durations of the PDs can be changed
with the variation of the cavity parameters, and the PDWs are
usually formed as bright pulses, dark pulses, or bright-dark pulse
pairs with different temporal profiles'">~**). Under a certain cav-
ity condition, the PDs will split to form irregularly distributed
multidomains">~'7), harmonic PDWs!'®!. or evolve into other
types of pulses?>??, The research shows that the strength of
the coherent or incoherent cross coupling can induce various
domain states. The coherent coupling is more easily achieved
in weak birefringence fiber cavities, while the incoherent cou-
pling is generally obtained when the birefringence is strong!®’.
Overall, the birefringence, as a key factor affecting coupling
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strength, plays an important role in the generation and the prop-
erties of PDs and PDWs in fiber lasers. However, the detailed
evolution process of the PD pulses varying with the changes
of the intracavity birefringence in fiber lasers has rarely been
reported.

In addition to PDs and PDWs, other types of self-mode-
locked pulses are often observed in fiber lasers due to various
optical mechanisms®*~*?!, For example, the self-phase modula-
tion and the longitudinal modes beating in the fiber cavity can
lead to the occurrence of mode locking in the laser'****!, The
gain fiber, such as erbium-doped fiber**?*! and thulium-doped
fiber**??1, can also be used as both gain medium and saturable
absorber to realize self-Q-switching or self-mode locking, which
results from the energy transfer processes such as ion pairs
excited state absorption®® and upconversion interaction*),
These studies show that the operation mechanisms of self-pulses
in fiber lasers are complex, which is worth further exploration. It
is also important to study the internal relationship between
different types of self-pulses and whether they can be realized
in the same laser, which can deepen our understanding of the
pulsation mechanisms of fiber lasers. However, there have been
few reports on it.

In this paper, we report various PDs and a self-mode-locked
pulse observed in a 130 m erbium-doped fiber laser without any
mode lockers. Incoherently coupled PDs with different temporal
and spectral distributions and harmonic PDs have been
obtained in this fiber laser by adjusting the pump power and
the polarization controller (PC). By fine-tuning the intracavity
PC, we studied the detail evolution of the PDs with the cavity
birefringence decreasing. When the birefringence was gradually
close to zero, the PDs split and eventually evolved into a giant
self-mode-locked pulse. The self-mode-locked pulse possessed
high pulse energy and was quite stable. Based on the experimen-
tal results, we analyze that the giant self-mode-locked pulse
originated from the multiple subdomain pulses, which resulted
from the strong coherent coupling between two polarization
modes in the long fiber cavity. We experimentally studied the
PDs evolution process with the intracavity birefringence vary-
ing, realized the PDs and the self-mode-locked pulse in the same
fiber cavity, and found the correlation between them for the
first time.

2. Experimental Setup

The configuration of the fiber laser used in our experiment is
shown in Fig. 1. The laser pump source was a 980 nm laser diode
(LD) with a maximum pump power of 500 mW. A 980/1550
wavelength-division multiplexer (WDM) was applied to couple
the pump light into the laser cavity. The gain medium, a 5 m
erbium-doped fiber (EDF, Fibercore I-25), was inserted into the
cavity. The group velocity dispersion of the EDF was
—29 ps? /km. The light was extracted from the cavity for mon-
itoring through a 50:50 output coupler (OC1). A polarization-
insensitive optical isolator (ISO) forced the light to propagate
unidirectionally. An intracavity PC1 was used to adjust the
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Fig. 1. Schematic of the experimental fiber laser structure.

birefringence in the fiber cavity. In addition to the EDF and
~5m SMF pigtail fiber introduced by other optical components
in the cavity, there was a piece of 120 m standard single-mode
fiber (SMF) with a group velocity dispersion of —22 ps? /km in
the cavity. The total length of the cavity was ~130 m. The net
dispersion was about —2.895 ps®. The output laser was split
by a 50:50 OC2. One port of the OC2 was used to observe
the initial pulse output from the fiber laser, and another port
was used to monitor the two orthogonal polarization compo-
nents, which were separated by a fiber-optic polarization beam
splitter (PBS) for studying the vector nature of the pulse. The
PC2 was used to offset the linear polarization caused by the pig-
tail fiber outside the cavity. A 500 MHz oscilloscope, together
with a 5 GHz photodetector and an optical spectrum analyzer,
was used to detect and monitor the light extracted from the laser
cavity.

3. Experimental Results

When the pump power reached the laser threshold of 65 mW,
the fiber cavity realized continuous-wave laser output. By
increasing the pump power and adjusting the PC1, the PDs were
observed with the threshold pump power of 125 mW, as pre-
sented in Fig. 2(a). The repetition frequency was 1.58 MHz, cor-
responding to the cavity length of 130 m. Figure 2(a) shows the
PD pulse trains of the horizontal axis and the vertical axis com-
ponents; the widths of the domains along the two orthogonal
directions are about 75 ns and 520 ns, respectively. The polari-
zation of the output light was periodically switched between the
two orthogonal directions. The PDW appeared as a bright pulse
at a polarization switching position and separated the two PDs.
The spectra of the PD pulses are shown in Fig. 2(b). The two
orthogonal components had the central wavelengths at
1573.13 and 1572.84 nm, respectively. The spectral profiles of
the two polarization components were different, indicating that
the coupling between the two polarization modes was incoher-
ent. The wavelength difference was about 0.29 nm, which
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Fig. 2. (a), (c) The two orthogonal polarization states of the PDs with different
durations and (b), (d) the corresponding spectra.

resulted from the group velocity matching so that the two com-
ponents on the fast and slow axes of the fiber can propagate
together without breakup. Adjusting the intracavity PC would
affect the spectral filtering effect and change the laser operation
state. When we rotated the PC1 slightly, the PD durations and
the corresponding spectral distributions of the two orthogonal
components would change, as shown in Figs. 2(c) and 2(d).
The temporal profiles of the PDs evolved into rectangle-like
pulses with side spikes, and the domain durations were 195 and
360 ns, respectively. The central wavelengths of the two orthogo-
nal components were 1572.83 and 1573.17 nm, respectively, and
the wavelength difference was 0.34 nm, which had a small offset
compared with the previous state, as shown in the Fig. 2(b).

As the pump power was increased to 150 mW, the cross-
polarization coupling strength increased, the PDs split, and
the second-harmonic PDs were obtained. As shown in Fig. 3(a),
the PDW pulse split to form a subdomain that was weaker than
the main pulse. Figure 3(b) shows the corresponding spectra
with the central wavelengths at 1573.22 and 1572.77 nm. The
central wavelength difference was 0.45 nm, which also showed
that the PDs resulted from incoherent mode coupling.

In order to study the evolution of the PDs with the birefrin-
gence varying, we fine-tuned the PC1 to adjust the birefringence
in the cavity and kept the pump power unchanged. When
we continuously adjusted the PC1, there were six representative
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Fig. 3. (a) The temporal traces of the two orthogonal polarization modes and
(b) the corresponding spectra.
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states, as shown in Fig. 4. Especially, we found that a self-mode-
locked pulse evolved from the PDs. Figure 4(a) is a typical PDW
pulse, and the two orthogonal polarization components are rec-
tangle-like pulses with noise-like spikes. Figure 4(b) shows the
spectra of the pulse and the two polarization components; the
wavelength difference between the two components was
~1.09 nm. When the PC1 was continuously rotated about 1.8°
in one direction, the duration of the PD x axis component
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Fig. 4. (a), (c), (e), (g), i}, (k) The temporal traces of the two orthogonal polari-
zation states and (b), (d), (f], (h), (j), (1) the corresponding spectra for different
orientations of PC1.
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decreased. In the meantime, the duration in the y axis direction
increased, as shown in Fig. 4(c). Figure 4(d) shows the corre-
sponding spectra. Similarly, the two orthogonal polarization
components had different spectral distributions, and the wave-
length difference was 0.96 nm. Compared to the case in Fig. 4(b),
the wavelength difference decreased, indicating that the intra-
cavity birefringence decreased. From Figs. 4(e) and 4(g), corre-
sponding to the PC rotation angles of 5.9° and 10.1°, we can find
that the noise pulse evolved into a subdomain, which appeared
on the right sides of the two orthogonal PDs. The domain wall,
which was obtained by the superposition of the two orthogonal
polarization components, formed a bright pulse with a strong
substrate. Their spectra are shown in Figs. 4(f) and 4(h), where
one can find the central wavelength differences of the two com-
ponents were 0.48 and 0.32 nm, respectively. Further adjusting
the PC1, we achieved a pulse bunch, shown in Fig. 4(i) at the
rotation angle of 12.5°. The internal structure of the pulses
exhibited a chaotic distribution of multidomain pulses. The cor-
responding spectra are shown in Fig. 4(j). The two orthogonal
components had a wavelength difference of 0.21 nm. When
the PC was finally rotated about 20.9°, the complex pulse struc-
ture disappeared, and the wavelength separation turned to zero,
as shown in Figs. 4(k) and 4(1). The two orthogonal polarization
components were both giant bright pulses with overlapped spec-
tra centered at 1572.94 nm. During the whole adjustment proc-
ess, the wavelength difference of the orthogonal components
decreased, as shown in Fig. 5. The smaller the cavity birefrin-
gence, the smaller the wavelength difference between the two
polarization components. Once the net birefringence difference
was close to zero, the PD disappeared to form a stable giant
mode-locked pulse.

It can be seen from Fig. 4(k) that the self-pulse period was
about 633 ns and the repetition frequency was at 1.58 MHz,
which were, respectively, equal to the laser round-trip time
and the 1.58 MHz longitudinal mode interval determined by
the 130 m cavity length, indicating that the laser operated at a
self-mode-locked state. Keeping the state of PC1 unchanged
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Fig. 5. Wavelength differences under different PC states.
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and increasing the pump power, the pulse trains remained stable
and the pulse repetition frequency also kept the same, which was
consistent with the characteristics of mode-locked states. The
spectra at different pump powers are shown in Fig. 6(a). The
central wavelength was 1572.94 nm. As the pump power was
gradually increased, both the output power and spectral width
gradually increased, as shown in Fig. 6(b). We can observe that
the maximum output power is up to 20 mW, and the maximum
pulse energy is calculated to be ~12.66 nJ, which is higher than
the energy of the general mode-locked pulse reported previ-
ously®*~°!, With the increase of the pump power, the nonlinear
effects such as the self-phase modulation in the fiber cavity
became stronger, which made the laser spectrum gradually
broaden. The radio-frequency (RF) spectrum is shown in
Fig. 6(c). The signal-to-noise ratio (SNR) was ~56 dB at the fre-
quency of 1.58 MHz, which indicated that the pulse train was
fairly stable. We also found that there were no periodic changes
in the intensity of the two orthogonal components and no
polarization evolution frequency components in the RF spec-
trum, as shown in the Fig. 6(c). So the self-mode-locked pulse
was the polarization-locked vector pulse™™”). Since the self-
mode-locked pulse width was obviously wide, which was beyond
the measurement range of the autocorrelator, we measured the
pulse duration roughly using a 28 GHz high-speed oscilloscope.
The measured pulse shape and its Gaussian fitting curve are
shown in Fig. 6(d), where it can be seen that the full width at
half-maximum of the pulse was about 143 ns.

4. Discussion

Since there was no polarization-dependent loss device in our
fiber laser cavity, the two orthogonal polarization components
in the cavity always oscillated simultaneously under steady
laser operation state. PDs were formed due to the incoherent
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Fig. 6. (a) Spectra of the self-mode-locked pulse under different pump
powers; (b) 3 dB width and laser output power versus the pump power: (c) cor-
responding RF spectrum; (d) pulse shape detected by a 28 GHz high-speed
oscilloscope (the red curve is the Gaussian fitting).
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cross-polarization coupling between the two orthogonal polari-
zation modes”®. The duration of PDs can be controlled
through regulating the birefringence by rotating the PCI.

From the experimental results shown in Fig. 4, by adjusting
the PC1, the PDs passed through states of rectangle-shaped
PDs, PDs with noise-like spikes, PDs with subdomain pulses,
and pulse bunches with complex multidomain pulse structures.
As the birefringence gradually decreased by fine-tuning the PC1,
the wavelength difference between the two polarization compo-
nents decreased and the cross-polarization coupling strength
increased. With the increase of the coupling strength, the PDs
gradually split into subdomain pulses and eventually broke up
into chaotic multidomains. When the cavity birefringence was
close to zero, the PD structure disappeared to form a giant bright
pulse with a fundamental repetition frequency. The giant bright
pulse with nanosecond duration was not a single soliton, whose
width was usually in the range of picoseconds or narrower. Due
to the limitation of the device bandwidth, the fine structure
inside the pulse cannot be displayed. According to the evolution
process, shown in the Figs. 4(i)-4(l), we speculated that the self-
mode-locked pulse originated from the multidomain structures
that were split from the PDs.

The whole evolution process from the PDs to the giant self-
mode-locked pulse is as follows. Under relatively weak coupling,
there were only two PDs; each domain pulse corresponds to one
of the orthogonal polarizations. When continuously adjusting
the PC1 to gradually reduce the cavity birefringence, the wave-
length difference between the two polarization components
decreased, resulting in stronger cross coupling between polari-
zation modes. Under strong coupling, the PD splitting occurred
and subdomain pulses were obtained'””), When the coupling
strength was strong enough, the PDs broke up and split into
irregular multidomains with complex distribution structures.
The polarization switching points were blurred due to the cha-
otic distribution of the subdomains. When the birefringence was
close to zero, the group velocity matching condition was relaxed,
and the spectra of two polarization components were almost
coincident!'?). The incoherent cross coupling between polariza-
tion modes transformed into coherent coupling with stronger
coupling strength!®’. In addition, the hundred-meter long fiber
used in the cavity also enhanced the nonlinear optical effect’>*?!
and further strengthened the cross-polarization coupling. Under
this condition, the fixed phase relationship between neighboring
longitudinal modes formed due to the strong mode coupling and
then the self-mode-locked pulse was achieved.

5. Conclusions

In conclusion, we have investigated various vector pulses
observed in a 130 m long erbium-doped fiber laser without
any polarization-dependent loss elements. We have achieved
various PDs with different domain durations and spectral distri-
butions by adjusting the intracavity PC1. By fine-tuning the
intracavity PC1, we studied the detailed evolution process
of the PDs with the cavity birefringence varying. As the
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birefringence gradually decreased, the PDs split into multido-
main pulses and eventually evolved into a giant self-mode-
locked pulse. The self-mode-locked pulse was at a fundamental
repetition frequency of 1.58 MHz and possessed a high pulse
energy of 12.66 nJ. The SNR was 56 dB, which indicated that
the self-mode-locked pulse had good stability. For the first time,
we found that the self-mode-locked pulse can evolve from the
PDs by adjusting the intracavity PC. We speculated that this
self-mode-locked pulse originated from the multiple subdomain
pulses. Due to the strong coherent coupling between two polari-
zation modes, the PDs were split to obtain multidomains with
chaotic distributions and formed a fixed phase relationship,
which manifested as a single giant bright pulse oscillating at
the fundamental frequency. Our work deepens our understand-
ing of the PD phenomena in fiber lasers and provides a new per-
spective to explain the formation of the self-mode-locked pulse.
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