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ABST R ACT
In the present work we demonstrate a novel single-soliton ultra-low pulse repetition frequency passively modelocked erbium-doped fiber laser. We mitigate the residual linear birefringence of fiber by fiber twist to achieve a
strict control of polarization. For mode-locking the nonlinear polarization rotation (NPR) was used. Special
technique was applied to reduce the overdriving of NPR that allows the generation of single soliton in ultra-long
cavity. The strict control of polarization yields a stable relation between the polarization state of the pulses
propagating in the cavity and the regimes of generation. A 192.12-kHz train of soliton pulses was obtained with
pulse duration of 4.7 ps at 1560.1 nm, the average power was 29 μW and the estimated peak power was ̴ 30.8 W
with an energy of 150.9 pJ.

1. Introduction
Pulsed fiber lasers are attractive for many applications such as optical communications, biological investigations, metrology, light detection and ranging (LIDAR), and machinery [1]. Some important applications, for example in biophotonics [2], require pulses with low
pulse repetition frequency and high peak power. Low repetition rate
helps to reduce heat accumulation [3,4] that can result in damage of
the material. The pulse repetition frequency can be reduced by using
pulse pickers such as Pockels cells or acousto-optic modulators.
Nevertheless, energetically these methods are inefficient and increase
the complexity of the cavity. The fundamental pulse repetition frequency of a passively mode-locked fiber ring laser is given by f = c/nL,
where c is the speed of light in vacuum, n is the fiber refractive index
and L is the total cavity length. In this way, it is possible to reduce the

pulse repetition frequency simply by increasing the fiber length in the
cavity.
Until now most attention has been given to long cavity Yb fiber
lasers [5–11] which operate at normal dispersion and are capable to
generate high-energy pulses. The first studies of long cavity lasers [5–7]
demonstrated the generation of pulses with energy as high as 4 μJ with
pulse repetition frequency as low as 37 kHz [7], however the pulse
duration was in the ns range. Later it was demonstrated that long-cavity
normal dispersion lasers are capable to generate high-energy pulses
with giant linear chirp [8], which can be compressed to obtain highenergy sub-picosecond pulses, from 150 ps to 670 fs [8] and from 3.8 ps
to 93 fs [9]. A long-cavity Er-doped fiber laser with normal net dispersion was also reported [12]. In this work 1.7-μJ pulses at 35.1 kHz
pulse repetition frequency were generated.
Although most research efforts focus on long-cavity lasers with

normal net cavity dispersion, fiber soliton sources operating in the
anomalous dispersion regime are attractive as well because of their
capacity of generating ultrashort pulses in the wavelength range from
1530 to 2000 nm using Er-, Tm-, Ho-doped fibers and the possibility to
tune the wavelength using the effect of soliton self-frequency shift.
However, only few works can be found where the generation of solitons
with low pulse repetition frequency was demonstrated [13–15]. In
[13], solitons with pulse duration of 0.919 ps and pulse repetition
frequency of 0.961 MHz were generated by a ring cavity laser using
NPR for mode-locking. A large effective area fiber (LEAF) was used in
the cavity, which kept both the dispersion and nonlinear effects simultaneously low. In [14], using a ring cavity configuration, solitons
with an ultralow repetition rate of 943–154 kHz for a fiber length of
0.1–1.3 km were obtained. The generation of solitons with low pulse
repetition frequency is the challenging task. Generally, increasing the
cavity length makes the generation of a single in cavity soliton unstable.
Long fiber lasers tend to generate multiple solitons in the cavity, see for
example [16] where the formation of a large number of solitons in a
720-m long cavity was demonstrated. Because multiple solitons were
present in the cavity, the pulse repetition frequency was high, at least
higher than 10 MHz (no precise data were provided in the paper). Long
cavity lasers tend also to generate pulses with complex waveforms such
as noise-like pulses (NLP) [17], rectangular-shaped pulses, etc. [18–20].
For artificial saturable absorbers based on fiber nonlinearity, such as
NPR [21] and nonlinear optical/amplifying loop mirrors (NOLM/
NALMs) [17,22], where the transmission function is produced interferometrically, the slope of the transmission curve becomes negative if
the pulse power or the fiber length exceed some critical value. Therefore, the generation of solitons with low repetition rate requires fibers
with low nonlinearity, as in [13]. Another problem is randomly varying
birefringence along the length of fibers. This uncontrolled birefringence
can lead to a range of unpredictable and undesirable dynamics [23]. To
achieve stability, polarization maintaining (PM) fibers can be used, as it
was done in [14]. However, it is often necessary (and simpler/ more
cost effective) to develop lasers using standard non-PM fiber. An alternative solution to the polarization instabilities problem caused by
residual birefringence is provided by twisting the fiber. Fiber twist
mitigates linear birefringence and introduces circular birefringence
[24]. A pulse propagating in the twisted fiber maintains constant ellipticity of polarization, which is essential for NPR-based mode locking.
Circular polarization causes a rotation of the azimuth of the polarization ellipse, however the angle of this rotation is stable and does not
depend on environmental conditions. These properties of the twisted
fiber allow a strict control of the polarization state in the laser cavity.
Recently, we demonstrated stable and predictable switching between
different regimes of generation in a mode-locked fiber ring laser where

fiber twist was used to cancel residual birefringence [25,26].
Recently we proposed a new way to solve the problem of overdriving for long ring cavity lasers using NPR for mode-locking [27]. The
handedness of NPR depends on the handedness of the polarization. So,
if we change the handedness of the polarization after propagation
through a section of the cavity, the angle of NPR acquired in this section
will be compensated in the remaining part of the cavity. The laser reported in [27] includes two 200-m spans of the twisted fiber. After
propagation through the first span we changed the polarization handedness using a Faraday mirror. Insertion losses between the 200-m
spans ensured that the NPR compensation was not complete, allowing
mode locking operation. Depending on the polarization adjustment the
laser operated in different regimes including the generation of the
single in cavity soliton with 467.2 kHz repetition rate and pulse duration of 2.9 ps.
In the present work we propose and investigate a novel technique to
realize the cancellation of excessive NPR in a long mode-locked fiber
ring laser. We used a double-pass nonlinear segment (DPNS) in which
the pulse propagates through the same fiber with the same polarization
handedness, so the handedness of NPR is the same with respect to the
direction of the light propagation. However in the laboratory coordinate system the handedness of NPR is opposite for forward and
backward directions. The total length of the cavity is ~1065 m. In the
single-soliton regime we obtained the 192.12-kHz train of 4.7-ps pulses.
The average intracavity power was 29 µW with calculated peak power
of 30.8 W. To the best of our knowledge it is the lowest pulse repetition
frequency the train of solitons ever reported.
2. Experimental setup
The experimental setup is shown in Fig. 1. It includes a double-pass
amplifier (DPA) (green dashed box), a double-pass nonlinear segment
(DPNS) (yellow dotted box), and elements connecting these two principal sections. The DPA includes a 45-cm long M-12 (Thorlabs) erbiumdoped fiber (EDF) pumped at 980 nm through a 980/1550 nm wavelength-division multiplexer (WDM), a Faraday mirror (FM), and a polarizing beam splitter (PBS).
Linearly polarized light that comes out from port 3 of the PBS goes
through the in-line polarization controller PC1 (model PLC-900Thorlabs) which allows the adjustment of the polarization ellipticity
through the pressure applied to the fiber. Elliptically polarized light
then enters to a 50/50 coupler, where one port is used as Output 2
while the other port enters to the DPNS. The DPNS is built of a circulator C1, a 500-m long twisted SMF-28 fiber, and a circulator C2. Light
entering through the port 1 of C1 passes to the port 2 without any
ellipticity change, then it propagates through the 500-m long SMF-28

Fig. 1. Experimental setup.
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twisted fiber where NPR effect occurs. The fiber was twisted with the
twist rate of 6 turns/m and wounded on a 50-cm diameter cylinder.
When the fiber is twisted, the linear birefringence is canceled and the
polarization ellipticity is not altered as the pulse travels through the
fiber.
The angle of NPR depends on the signal ellipticity, power, and the
length of the fiber [28,29]. The handedness of the NPR is defined by the
handedness of the polarization. To counteract the effect of the NPR
overdriving, we introduce at the end of the 500-m fiber the C2 with
spliced ports 1 and 3. The light entering the C2 through the port 2 is
transmitted to port 3, then to the port 1 and finally to the port 2 without
change of handedness (if the path between ports 3 and 1 has no birefringence). The handedness of NPR is the same at forward and
backward propagation through SMF-28 with respect to the pulse propagation direction, however they are opposite with respect to the laboratory coordinate system. Therefore the angle of NPR acquired in the
forward propagation is opposite to that acquired in the backward
propagation and the total NPR angle can be equal to zero. For modelocking some NPR angle has to exist. It can be done through power
asymmetry. To create power asymmetry, we introduced between ports
3 and 1 a curvature producing some loss. The total loss produced by the
circulator C2 and the curvature is 3-dB. To compensate the birefringence caused by the curvature, the PC2 is used.
This technique different to that reported in [30] where NPR was
reduced by using two different spans of the fiber through which the
pulse with opposite handedness propagates. The technique presented
now offers the simpler configuration and easy adjustment of NPR angle.
After double pass through The SMF-28 fiber the light from the port 2
of the C1 enters to the port 3 and then to the 50/50 coupler, one port of
which was used as Output 1. The other output port was spliced with the
polarization maintaining port of the PBS. When incident light with any
state of polarization enters to the port 2, only one linearly polarized
component parallel to the PM fiber axis passes through the PBS to port
1, so that it operates like a polarizer. Rotating the splice by an azimuth
rotator (AR), the polarization orientation with respect to the axes of the
PBS can be adjusted that changes the transmission through the PBS.
This linearly polarized component travels through the EDF changing its
polarization due to the birefringence of the fiber. Then the light is reflected by the FM, which turns the polarization of the reflected light to
orthogonal to the incident light. In this way, the polarization of the
reflected light is orthogonal to the polarization of the incident light at
any point of the DPA, independently of the fiber birefringence.
Therefore, the FM eliminates any sensitivity of the EDF birefringence to
environmental conditions. The reflected light returning to port 1 of the
PBS has a polarization orthogonal to that of the incident light emerging
from the same port 1, so that it is transferred to the port 3. It is important to note that the DPA is particularly important to ensure strict
polarization control in the cavity because the EDF birefringence depends on pump power [31].
When the fiber is twisted, circular birefringence is induced, a wavelength dependence appears, creating a spectral filtering effect as
experimentally shown in [32]. Double-pass propagation with the same
twist ratio and the same fiber length in both directions ensure that this
circular birefringence effect is mitigated [30]. So both birefringence
and NPR are controlled in the proposed experimental setup, which allows us to design a stable laser with reproducible results under the same
initial conditions of pumping power and polarization.
The dispersion introduced by the double pass through the SMF-28
fiber within the DPNS is 18.75 ps/nm. The cavity also includes 2 m of
the OFS-980 fiber (the WDM ports), which contributes with dispersion
of −0.013 ps/nm for the double pass in the amplifier section, 0.45-m of
the EDF with dispersion of 0.006 ps/nm for the double pass, and 1.5-m
PM panda fiber at the polarizer input with dispersion of approximately

0.003 ps/nm. The total cavity length is 1065 m with net anomalous
dispersion of approximately 18.85 ps/nm. The output 1 is further split
using three additional couplers in order to produce additional output
ports. The pulse duration was measured with an autocorrelator (FR103XL), the optical spectrum was measured with an optical spectrum
analyzer (Anritsu MS9710A), and the output pulses were detected by a
10-GHz photodetector with a 1.5-GHz oscilloscope (Agilent 54845A).
Output 2 was used to monitor the polarization state inside the cavity
using a polarimeter (PAX5710R3-T, Thorlabs).
3. Results and discussions
First, we started the laser generation in continuous wave (CW) operation and rotating the AR defined the polarization azimuths corresponding to maximal and minimal output powers. These azimuths
correspond to maximal and minimal low-power transmission through
the PBS. In the following the minimal transmission angle is referred to
as 0° and the angle of maximal transmission is 100°. In our previously
reported works used all-polarization control cavities [25–27,33] we
experimentally found that the regimes of mode-locking operation depend on the polarization state in CW mode, before mode-locking is
started. We will refer to this state as the initial polarization state. Depending on the initial polarization state, the mode-locking operation
was started in different regimes. In the present work, we focused on the
regime with a single soliton in the cavity. The initial polarization
conditions at which single-soliton generation is obtained are shown in
Fig. 2.
In any of the points shown in Fig. 2, it is possible to find singlesoliton operation. To show the type of pulses obtained at different pump
powers the polarization ellipticity was fixed at 25° with azimuth of 65°.
Since the pump power hysteresis effect [34] is presented, the laser
cannot be initiated at low power. To start mode-locked operation we set
the pump power to the high value of 175 mW. At this pump power
chaotic, multisoliton generation is observed.
The appearance of multiple solitons within the cavity at high
pumping powers is due to the fact that the energy of a soliton is limited
by the area theorem. This limit is given by the width of the pulse and
dispersion of the fiber through which it propagates. The average power
provided by single soliton is defined by the soliton energy multiplied by
pulse repetition frequency. When the pump power increases the
average power generated by the laser becomes higher than the average
power provided by a single soliton and the laser must generate multiple
solitons or pulses with complicated waveforms. This behavior can be
reversed if the pumping power is decreased, reducing the amount of

Fig. 2. Ellipticity map where solitons were found.
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Fig. 3. Chaotic multisoliton state at 175 mW pump power. (a) Optical spectrum, (b) Temporal complete-randomized distribution, and (c) Autocorrelation trace.

pulses that circulate inside the cavity until a single soliton is obtained.
Fig. 3(a) shows the optical spectrum of the chaotic multisoliton operation. The spectrum shown in Fig. 3(a) is asymmetric, skewed to longer
wavelengths. However, we can see that the part of the spectrum centered
at 1558.8 nm is typical for solitons with Kelly sidebands at 1558.2 nm and
1559.4 nm. The dashed line shows the fi by the spectrum of the sech2
pulse with FWHM of 0.53 nm. The comparison between the fi
curve
and the measured spectrum shows some red shift of the soliton spectra,
which indicates that the laser emission consists of solitons with diff
durations, the shorter ones being red shifted by the soliton self-frequency
shift. The mutual soliton interaction forces are very weak to cause the
temporary locking between solitons. As a consequence of the weak interaction, the cavity is fi
with pulses [35,36], see Fig. 3(b). The oscilloscope resolution does not allow measuring individually closely spaced
pulses, however, we can see that at least the highest peaks are repeated
with the periodicity corresponding to the roundtrip time of 5205 ns. This
allows the assumption that the laser generates a periodic train of pulses at
least over several round trips. The autocorrelation trace shows a doublescaled structure typical for NLP. Usually the origin of the pedestal is attributed to the chaotic, nonstationary dynamics of solitons confi
within
the cavity [37].
At the pump power of 100 mW the number of pulses is reduced and
pulses form bunches of solitons, see Fig. 4(b). The bunches of solitons

have a duration of around 2850 ns, see inset in Fig. 4(b). Fig. 4(a) shows
the optical spectrum. The spectrum is similar to that measured at pump
power of 175 mW. It has a solitonic part centered at 1559.5 nm (slightly
redshifted in comparison with Fig. 4(a)) with Kelly sidebands at
1558.9 nm and 1560.15 nm. The solitonic part of the spectrum is fitted
well assuming the sech2 profile pulse with FWHM of 0.49 nm, a value
that is almost unchanged compared with the chaotic state. The autocorrelation trace is presented in Fig. 4(c). The autocorrelation traces in
Figs. 3(c) and 4(c) are also similar, with a narrow central peak which
rides a nearly uniform pedestal. This could again indicate that the solitons in the bunches are in random relative motion. The amplitude of
the pedestal however is 2 times higher in Fig. 3(c). This difference indicates a higher density of solitons in the regime shown in Fig. 3.
At 75 mW of pump power, a transition to a regime of more widely
spaced solitons is observed, see Fig. 5(b) which shows the waveform. As
presented in Fig. 5(a), the central wavelength of the optical spectrum is
1559.9 nm with a FWHM of 0.45 nm. The small red shift is still present
making the spectrum slightly asymmetric. In this regime the laser tends
to produce multiple pulses per round trip because pulse energy is locked
to the fundamental soliton energy. When the number of pulses is less
than some critical value, the solitons are separated [38]. This phenomenon causes the decrease of the pedestal of the autocorrelation
trace, see Fig. 5(c).

Fig. 4. Bunch solitons state at 100 mW pump power. (a) Optical spectrum, (b) Temporal trace, and (c) Autocorrelation trace.

Fig. 5. Bunch of solitons at 75 mW of pump power. (a) Optical spectrum, (b) Temporal trace, and (c) Autocorrelation trace.
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Fig. 6. Single-soliton state at 30 mW pump power. (a) Optical spectrum, (b) Temporal trace, and (c) Autocorrelation trace.

Fig. 7. Stability of the ultra-long passively mode-locked erbium-doped fiber laser with strict control of polarization. (a) 50 single-shot oscilloscope traces taken at
104.73-μs and (b) 6 measurements over 30 min with intervals of 5 min.

4. Conclusions

The total number of pulses in the cavity gradually decreases with
the output power. When the pump power is 30 mW the spectrum becomes typical of a soliton laser, Fig. 6(a), with the central wavelength at
1560.1 nm, the FWHM of 0.65 nm, and Kelly side-bands at 1559.39 and
1560.8 nm. Fig. 6(b) shows the pulse train with a period of 5205 ns,
corresponding to a repetition rate of 192.12 kHz. The average intracavity power is ~29 μW and the estimated peak power is ~30.8 W
with the pulse energy of 150.9 pJ. Fig. 6(c) shows the pedestal-free
autocorrelation trace, which is well fitted by the corresponding autocorrelation trace for the sech2 temporal profile.
The FWHM of the autocorrelation trace is measured to be 7.7 ps,
resulting in a pulse duration of 4.7 ps. The time-bandwidth product of
0.36 shows that the pulse is nearly transform-limited. The autocorrelation trace shows an isolated peak in the entire autocorrelation
window (around 200 ps) without any small secondary peaks. The
spectrum does not reveal any modulation which is characteristic for
stable packets of solitons like soliton molecules. Therefore, in spite that
there is some gap between the autocorrelator window and the oscilloscope response time, all these data give strong evidence that a single
pulse is present in the cavity in this regime.
The proposed ultra-long passively mode-locked erbium-doped fiber
laser with strict control of polarization presents very high stability as
shown in Fig. 7. Fig. 7(a) shows 50 single-shot oscilloscope traces taken
at 104.73-μs intervals. Five round trips are shown. The total measurement time was 5.2 ms. Fig. 7(b) shows 6 measurements taken every
5 min with total time of 30 min. Experimentally, it has also been proven
that the laser works continuously for periods larger than 6 h.

In summary, we report the fiber ring laser with the decreased net
nonlinear polarization rotation and the strict polarization control. The
pulse type emission depends on the initial polarization conditions, the
use of the twisted fiber yields the stable and reproducible single-soliton
emission. In the single soliton in the cavity regime the laser generates a
4.7 ps soliton with a repetition rate of 192.12 kHz. The intracavity
average power was 29 μW, which gives the pulse energy of 150.9 pJ
and estimated peak power of ~30.8 W. Such ultra-low repetition rate as
well as short pulse width makes this mode-locked all-fiber laser a suitable oscillator to be used as a compact source for biomedical diagnostics and micromachining because of its low average power.
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