RESEARCH ARTICLE

ADVANCED
PHOTONICS
RESEAR

www.adpr-journal.com

Self-Starting Switchable Multifunctional Solitons Fiber

Laser

Renlai Zhou,* Hui Hu, Bo Guo, Qian Li, Hong Yan Fu, and K. Nakkeeran

Modern solitons fiber lasers systems sought for imaging, micromachining,
metrology, spectroscopy, and sensing applications, require multifunctional light
sources with fully controlled switching features to avail the necessary optical
signal. Existing single cavity fiber laser systems have limitations on the gener-
ation of multistate solitons due to the intrinsic dispersion, nonlinearity, filtering,
gain, and loss. Herein, for the very first time, a compact multifunctional solitons
fiber laser controlled by the 3D maneuvering of the polarization beam splitter
(PBS) to select the appropriate polarization state for various mode-locked
operations is demonstrated. For single soliton state operation, conventional
solitons (CSs), quasi-coherent noise-like pulses (QC-NLPs) and harmonic mode-
locking (HML) are achieved independently, and these different states can be
easily and efficiently switched by steering the PBS position. Versatile hybrid dual-
wavelength mode-locked operations (2-CSs states, 1-CS state and 1-QC-NLP
state, and 2-QC-NLPs states) are additional functionalities achievable when the
PBS position is steered to suitable positions. The hybrid dual-wavelength mode-
locked operation has excellent long-term stability even functioning at maximum
output power. It is envisaged that the proposed work provides a compact
switchable multifunctional solitons fiber laser system that can be potentially
applied in optics signal processing, micromachining, spectroscopy, and optical
sensing, etc.

for material processing,"! optical commu-
nications,?! microwave photonics,m bio-
medical imaging,* and spectroscopy.”!
Passively mode-locked fiber lasers that
can generate optical pulses with different
shapes and durations from picosecond
(ps) to tens of femtosecond (fs) are getting
popular for ultrashort pulses generation,
solitons dynamics research and related
applications. In the optical fiber laser sys-
tem, dispersion, nonlinearity, filtering,
polarization, gain, and loss play a critical
role in the formation of the ultrashort
pulses. When the net laser cavity disper-
sion aggregates to anomalous, near-zero,
or normal regime, respectively, conven-
tional solitons (CSs),[®! stretched pulses
(SPs),”! or dissipative solitons® can be
mode-locked in the fiber laser system. In
contrast, lasing of noise-like pulses
(NLPs) is a special mode-locking operation,
which possesses longer pulse duration, var-
ious pulse patterns, higher pulse energy,
and smooth broadband spectrum. Owing
to these distinct features, NLPs are becom-
ing a hot research topic in the study of fiber
lasers, such as real-time dynamics of NLPs

1. Introduction

With features like high peak power, low thermal effect, high
transfer efficiency etc., ultrashort pulse lasers are widely used

formation,”” and quasi-coherent NLPs (QC-NLPs).l'” Hitherto
diversiform soliton pulses can be obtained through different
cavity configurations, and their dynamics and applications
have been extensively investigated. However, with the rapid
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development of modern medicine and industry, many applica-
tions, including advanced micromachining,!'"'? imaging,*'¥
and metrology,">* increasingly rely on switchable multifunc-
tional soliton fiber lasers, where reproducible and controllable
features are particularly required. Limited by the complex
dynamics of dispersion, nonlinearity, filtering, polarization, gain,
and loss in the lasing cavity, little attention has been paid to the
multistate soliton generation from a single oscillator cavity and
the practical applications of which need to be further exploited.
In particular, Tang et al.'” theoretically and experimentally dem-
onstrated the two different types of soliton-shaping that could
compete and coexist in a laser cavity with near-zero dispersion.
Coexistence of higher order harmonic soliton molecule and
NLPs was experimentally demonstrated in a mode-locked fiber
laser.[*®! Bidirectional mode-locked fiber lasers that can indepen-
dently generate solitons in one/two cavities with different cavity
lengths and/or net-cavity dispersions were designed and investi-
gated.l">** Dual-wavelength mode-locked fiber lasers based on a
programmable spectral filter were reported, where the frequency
spacing between the dual wavelengths can be tuned by balancing
the gain competition between the two different lasing wave-
lengths.*>2%] Results reported so far in the literature on the mul-
tistate solitons generation in fiber lasers, mainly focused on the
tunability of the peak wavelength and frequency spacing between
the dual-wavelength mode-locking, and the dual-type solitons
generation in complex multi-cavity or polarization-multiplexing
fiber lasers. Whether the multistate soliton generation, namely
CSs, NLPs, dual-wavelength mode-locking, and harmonics
mode-locking (HML), feasible in a single laser cavity? Also,
how to effectively switch between all possible stable and reliable
multistate mode-locking operations in the cavity? It is crucial to
focus on the investigations of these important multifunctional-
ities of the soliton fiber laser.

To generate ultrashort pulses in fiber lasers, quite commonly,
nonlinear polarization evolution (NPE) is used as an effective
method,"*?”) which involves efficient energy transfer, high mod-
ulation depth, and rapid saturation absorption. In conventional
NPE mode-locked lasers, several half-wave plates (HWP), and
quarter-wave plates (QWP) are included in the cavity to adjust
the polarization state of the light signal in free space. Shang
et al. reported a simple NPE mode-locked erbium-doped fiber
(EDF) laser that replaced all the bulk-optics HWP and QWP devi-
ces with a single polarization beam splitter (PBS).”®) However, in
that setup, it was difficult to realize the mode-locking buildup
only through the rotation of the PBS in the cavity, and the
mode-locking operation was very sensitive to perturbations such
as slight vibration of the fiber or minor disturbance to the plat-
form. To overcome these constraints and difficulties, we intro-
duced an in-line polarization controller (PC) in the lasing
cavity, which generated highly stable QC-NLPs with a first-order
whole spectral coherence of ~0.408.*”! Using the birefringent fil-
tering effect of the optical fibers, the peak wavelength of the
QC-NLPs could be fine-tuned through 3D maneuvering of the
PBS position, which in addition provided the polarization control
and state selection of the intracavity light signal. With these fea-
tures available in our proposed fiber laser, there emerges an open
question whether it would be possible to achieve different soliton
states in a compact self-starting switchable mode-locked fiber
laser through 3D maneuvering of the PBS position?
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In this article, via 3D manipulation of the PBS position to
select the polarization state of the light signal in the cavity, for
the very first time, we experimentally demonstrate how different
soliton states between CSs, QC-NLPs, versatile hybrid dual-
wavelength mode-locking, and HML can be effectively switched
in a compact simplified NPE fiber laser. The output characteris-
tics of the multistate solitons formation are investigated in detail,
especially the reversibly switching between the CSs, QC-NLPs,
and versatile hybrid dual-wavelength mode-locking operations.
This research work not only demonstrates the working principle
of a self-starting switchable multifunctional solitons fiber laser
for potential applications, but also introduces a new equipment
to explore the multifunctional operations and nonlinear dynam-
ics of ultrafast fiber lasers.

2. Experimental Section

The experimental setup of the proposed mode-locked fiber laser
is shown in Figure 1a. Different from the traditional NPE mode-
locked fiber lasers, the HWP and QWP were all replaced by a PBS
in the cavity. To fine control the position of the PBS, an assembly
of a precise optical adjustment bracket and a rotary platform were
devised to control the angle of pitch and regulate the rotation
angle, which has <1 pm high sensitivity and <5 pm movement
precision. A ~1.05m long EDF (Nufern) was used as the gain
fiber in the cavity that was pumped by a 976 nm laser diode
(LD) through a 980/1550 nm wavelength-division multiplexer
(WDM). The splice-loss between LD and WDM is ~10%, and
the maximum possible pump power from the WDM is
~540 mW. An in-line PC was employed for filtering the intracav-
ity polarization state to improve the lasing and stabilization of the
mode-locking operation. The light signal oscillating in the cavity
was confined to maintain unidirectional propagation using a
polarization-insensitive isolator (PI-ISO). The total cavity length
was ~11.64 m, and —0.338 ps” net-cavity dispersion indicates the
cavity operated in the anomalous dispersion regime. The output
laser was coupled out from a three-port 3-dB fiber coupler, where
one output port was connected to an optical spectrum analyzer
(AQ6370D, Yokogawa) with a resolution of 0.02 nm, while the
other was connected to a realtime oscilloscope (DPO-
75902SX, Tektronix) with a >25 GHz bandwidth InGaAs photo-
diode detector (UPD-15-IR2-FC). The frequency of the output
pulses was monitored by a radio-frequency (RF) signal analyzer
(N9030B, Agilent) with a bandwidth from 3 Hz to 50 GHz. The
intensity autocorrelation (AC) trace of the train of mode-locked
pulses was measured by a commercial autocorrelator (FR-103XL,
Femtochrome).

In NPE fiber lasers, conventionally the light signal is decom-
posed into two components by the unadjusted PBS, and these
light signals possess fixed orthogonal polarization states. But
the PBS can be 3D maneuvered along its vertical z-axis for
any required changes of the polarization state of the light signal
that would determine the amount of transmission/reflection.
The angle between the reflected light and y-axis, € as pictorially
illustrated in the dashed box inset in Figure 1a can be used for
the calculation of the transmission/reflection coefficient. For
conventional NPE laser (@ =0), the output components of
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Figure 1. a) Schematic diagram of the proposed mode-locked fiber laser, OSA: optical spectrum analyzer; WDM: wavelength-division multiplexer;
OC: optical coupler. b) Three main polarization state blocks of the NPE laser. c¢) Calculated roundtrip transmission curves with different polarization

angles 6 and 6,.

10]|/[E, .
[O 1] {Ey}.Whenthe PBS is

3D maneuvered along its vertical z-axis, the output components
/

of PBS were changed as Ei] = {;’:((g)) (1)] E:} Here, r,(0)
and t,(0) are the reflection and transmission coefficient of E,,
respectively. In the lasing cavity, the polarization state of the light
signal arriving at the PBS can be oriented either with the polari-
zation state of the (decomposed) transmitted or reflected light,
which functions as a polarization analyzer. For a better under-
standing of the different soliton states mode-locking mechanism
of the proposed fiber laser, we expressed the NPE laser as three
main polarization state blocks as shown in Figure 1b. By consid-
ering 0, as the angle between the fast axis of the gain fiber and
the polarization state of the light signal set by the PC and 6, as
the angle between the fast axis of gain fiber and the 3D maneu-
vered PBS polarization state, the transmission function can be
expressed as follows.*”!

PBS can be expressed as El }
2

T = cos?,cos?0, + sin’6,sin6,

+ %sin(ZQl) sin(20,) cos(Agy + Agpyy) (1)
where Agp = 2zLl(n, —n,)/4, Apy = 2an,PLcos(26)/AAs,
ny|. Apy and Agyg are the linear and nonlinear
phase delays in the cavity. By, is the strength of modal birefrin-
gence, determined by the refractive indices of the fast axis n, and
slow axis n, of the optical fiber. P is the peak power of the input

Bn= |nx7

pulse. L is the birefringence length of the fiber, n, is the nonlin-
ear refractive index. 4 is the operating wavelength, and A.g is the
effective core area. Calculated roundtrip transmission curves for
various 0; and 0, are shown in Figure 1c. These characteristics
show the possibilities for the light signal oscillating inside the
cavity can be periodically modulated with features to have differ-
ent transmission wavelength peaks and frequency spacing. This
is because of the birefringence filtering effect of the fiber laser
cavity, which is assisted by the polarization states provided
through 3D maneuvering of the PBS position and adjustments
of the PC orientation. Thus, the proposed NPE fiber laser can be
operated in different single-wavelengths or dual-wavelengths. In
the following section, we report the details of how the proposed
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NPE fiber laser can be operated for different mode-locked soliton
states.

3. Results and Discussions

3.1. Soliton and Quasi-Coherent Noise-like Pulses

CSs mode-locked state was achieved in the proposed fiber laser
Dby steering the PBS position to ~2° clockwise and adjusting the
PC orientation to get appropriate cavity loss. The self-starting
threshold for this CSs state operation was ~180 mW, i.e., stable
(multi-pulse) CSs mode-locking was established when the pump
power was increased directly to 180 mW. Using the cavity hyster-
esis, single-pulse CSs operation was obtained by gradually reduc-
ing the pump power to 135 mW, and the single-pulse state could
be maintained for the pump power range of 45-135 mW. Mode-
locking operation was lost when the pump power was reduced
below 45 mW. Output characteristics of the CSs operation are
exhibited in Figure 2. Measured 3-dB spectral bandwidth was
6.733 nm with a central wavelength of 1533.654 nm, which was
consistent with the wavelength of the continuous wave (CW).
Interestingly, asymmetric sidebands were observed in the spec-
trum, and the intensity of longer wavelength sidebands was
higher than that of shorter wavelength sidebands. This feature
could be due to the soliton Raman self-frequency shift, and in
that the longer wavelength sidebands (Stoke's shift) are always
enhanced compared to the shorter wavelength sidebands
(anti-Stoke's shift), which leads to the generation of asymmetric
sidebands in the spectrum.*” In addition, the birefringent filter-
ing effect of the fiber laser cavity can also cause the intensity
asymmetry in the spectral sidebands.??” If the initial projection
angle 0; of the light signal locates in between £ < 6; < %, then the
nonlinear phase delay Agy; will be negative. As a consequence,
the loss experienced by the shorter wavelength sidebands will be
higher than that of the longer wavelength sidebands, and hence
the asymmetric sidebands are observed in the spectrum.

The oscilloscope trace is depicted in Figure 2b, where the time
duration between two adjacent pulses is ~56.95 ns, which corre-
sponds to the roundtrip time of the laser cavity. The screenshot
in the inset of Figure 2b shows the stable output pulse train.
The RF spectrum of the soliton pulse train is presented
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Figure 2. Output characteristics of CSs operation with PBS position at 2°: a

€) output power versus pump power.

in Figure 2c. The measured pulse repetition rate of
17.5590351 MHz was consistent with the fundamental repetition
rate of the cavity. In the RF spectrum, a signal-to-noise ratio
(SNR) higher than 90dB with a 1-Hz resolution bandwidth
(RBW) indicates that the mode-locking operated in a stable
regime. A wideband RF spectrum up to 1500 MHz is shown
as an inset in Figure 2c, and this also further confirmed the stable
mode-locked operation of the fiber laser. The intensity AC trace is
displayed in Figure 2d. Full width half maximum (FWHM) of
pulse duration was ~557.2fs, which was calculated through a
sech? profile fit for the measured pulse. Time-bandwidth product
(TBP) was calculated as ~0.466, indicating that the output pulses

—_

2

QC-NLP

300 400
Pump power (mW)

100 200 500 600

) output spectra, b) oscilloscope trace, c) RF spectra, d) intensity AC trace,

were slightly chirped and widened. The average output power
increased linearly with the pump power, as shown in
Figure 2e, which had a slope efficiency of 10.23%. Maximum
average output power of 44.6 mW was achieved at an available
pump power of 540 mW, and no saturation was observed within
the available pump power range as shown in Figure 2e.
Further steering the PBS position to 3.2° clockwise, QC-NLPs
operation was achieved with a suitable orientation of the PC,
which was already reported.’® Compared with the CSs spec-
trum, the peak wavelength of QC-NLPs was shifted to
1530.847 nm with a 3-dB spectral bandwidth of 4.162nm, as
shown in Figure 3a. Quite contrast to the smooth spectrum of
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Figure 3. Output characteristics of QC-NLPs operation with PBS position at 3.2°: a) output spectra, b) oscilloscope trace, c) RF spectra, d) intensity AC

trace, e) output power and energy versus pump power.
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conventional NLPs, Kelly sidebands were observed in the spec-
trum of QC-NLPs, which highly improved first-order phase
coherence for the NLPs. The bottom of Figure 3b shows the pulse
train in the ns time scale that has a time gap of ~56.95ns
between consecutive pulses. The top of Figure 3b shows the oscil-
loscope trace of NLPs in ps time scale, which indicates the fluc-
tuation in single pulse amplitude for this mode-locked state. The
corresponding RF spectrum is depicted in Figure 3c. The pulse
repetition rate was 17.5589852 MHz with a 1-Hz RBW, and the
SNR was 55 dB at the fundamental frequency, implying the sta-
bility of the QC-NLPs operation is not as good as CSs operation.
Up to 1500 MHz wideband RF spectrum is also presented in the
inset of Figure 3¢, and in that no envelope modulation was
observed in the spectrum. The intensity AC trace of QC-NLP
was measured and presented in Figure 3d, which shows a typical
NLP feature of narrow coherent pulse profile (=508 fs) on a wide
shoulder. The intensity ratio between coherent peak and wide
shoulder was ~12, which confirms the dominant role played
by the coherent soliton part in the NLPs.

Measured average output power and single pulse energy of
QC-NLPs as the function of pump power are shown in
Figure 3e. The output power increased linearly with the pump
power with a slope efficiency of 11.22%, and the maximum out-
put power achievable was 59.2 mW. No saturation limit of the
corresponding single pulse energy was observed up to the avail-
able pump power as shown in Figure 3e, and the highest single
pulse energy of 3.37n] was achieved for the supplied pump
power of 540 mW.

Based on the experimental results reported and discussed so
far about the CSs (Figure 2) and QC-NLPs (Figure 3) regime of
operations, we confirmed that the proposed NPE fiber laser can
be operated in any of these two types of mode-locked soliton
states, simply by 3D maneuvering of the PBS to appropriate posi-
tions. For CSs mode-locked operation, PBS position to be steered
about 2.6° clockwise and with a pump power of 180 mW. With
this CSs mode-locked operation in place by finely steering the
PBS position from 2.6° to 3.2°, the CSs state was switched
smoothly to QC-NLPs state. Correspondingly, the output spec-
trum switched from CSs state (purple curve) to QC-NLPs state
(red curve) as shown in Figure 4a. When the PBS position
was steered from 3.2° back to 2.6°, the mode-locked lasing oper-
ation reverse switched from QC-NLPs state to CSs state (blue
curve in Figure 4a). Note that the locations of the Kelly sidebands
in the direct (purple curve) and reverse switched (blue curve) CSs
spectra are different, but the peak wavelength was retained.

=
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A
o

-60 4
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Thus, the CSs and QC-NLPs states in the cavity could be switched
either way by controlling the PBS position.

In contrast, the switching between the CSs and QC-NLPs
mode-locked state could also be achieved by varying the pump
power while maintaining the PBS position fixed at 4.5° clock-
wise. Figure 4b displays the measured output mode-locked spec-
tra for different pump powers. The CSs state was switched to
QC-NLPs state when the pump power was increased from 135
to 225 mW. The intensity of the Kelly sidebands got diminished
when the mode-locked operation switched from CSs state to
QC-NLPs state, but the spectral locations of the Kelly sidebands’
spikes were retained. Further increase in the pump power
increased the output spectral intensity, while the spectral
bandwidth and profile of the QC-NLPs were almost unaltered.

3.2. Hybrid Dual-Wavelength Mode-Locking Operation

Dual-wavelength mode-locking is feasible in the fiber laser cavity
as characterized by the transmission curve in Figure 1c. This
could be achieved by suitably selecting the polarization state
in the PBS that allows the birefringence filtering effect of the cav-
ity to mode-lock multiple pluses with different wavelengths.
Experimentally, dual-wavelength mode-locking operation was
achieved by steering the PBS position to 6.2° clockwise. Also, this
type of mode-locking was self-stared when the pump power was
raised to 135mW. Once lasing self-started, dual-wavelength
mode-locking operation was sustained in the cavity with pump
power reduced up to 27 mW, below which it got unlocked.
Figure 5a depicts the spectra corresponding to CW and dual-
wavelength mode-locking. In the purple curve CW spectrum,
three wavelength peaks of 1535.65, 1543.93, and 1564.47 nm
were observed. Red curve dual-wavelength mode-locking spec-
trum shows the wavelengths peaks at 1535.652nm (S2) and
1564.47 nm (S1), with a 3-dB spectral bandwidth of 6.61 nm
and 4.551 nm, respectively. Pulse train and RF spectrum with
1-Hz RBW are shown in Figure 5b,c. Two independent pulse
sequences are observed in the pulse train, which are depicted
in both the ns (bottom) and ps (top) scaled oscilloscope traces
in Figure 5b. Slightly different repetition rates for the dual-
colored pulses were observed as shown in Figure 5c, with a dif-
ference of ~1.0588 kHz. This difference was caused by the dif-
ferent roundtrip group delays for different wavelengths in the
dispersive fiber cavity. An oscilloscope was synchronized to
screen-lock either one of the pulse trains, while the other pulse
train run over it arbitrarily. SNRs of the dual-colored pulses were

C;

[ 540 mW
20+ 225 mW
135 mW

-40 30 mW T

Intensity (dBm)

&
=]
:

1520 1540 1560 1580

Wavelength (nm)

1480 1500

Figure 4. Switching of spectrum between CSs and QC-NLPs mode-locked states by varying: a) PBS position, b) pump power and PBS at 4.5°.
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Figure 5. Dual-wavelength mode-locking operation with PBS position at 6.2°: a) output spectra of CW and mode-locking, b) oscilloscope trace at the
pump power 135 mW, c) RF spectra, d) oscilloscope trace at the pump power 540 mW, e) output power versus pump power.

41.5 and 26.6 dB, and wideband RF spectrum up to a frequency
of 1500 MHz manifest the stable operation of the dual-wave-
length mode-locking. Beyond the pump power of 207 mW,
one of the pulse-trains began to split, while the other maintained
the single-pulse state. Figure 5d depicts the output pulse train for
a pump power of 540 mW. Note that one pulse sequence had
split into a multi-pulse state, while the other one was still a stable
single-pulse state. Zoomed-in temporal pulse shown in the inset
of Figure 5d indicates that one pulse transformed to an eight-
peaked pulse. For the CSs operation in the net anomalous dis-
persion regime, the single laser pulse can be split into a random
multi-pulse state when the pump power exceeds a certain value.
Nevertheless, the NLPs can sustain stable single-pulse state oper-
ation at higher pump power. Hence, the dual-colored pulses las-
ing operation could have mode-locked two different types of
solitons states, with an NLPs state, and another CSs state. The
average output power of the dual-colored pulses increased line-
arly with the pump power with a slope efficiency of 8.2%, and the
maximum obtained output power was 43.2 mW as presented in
Figure 5e. Owing to partially overlapping output spectra of the
dual-colored pulses, it was too difficult to precisely evaluate
the individual power of the two spectra.

To investigate the output characteristics of this type of novel
dual-wavelength mode-locking operation at a supplied pump
power of 540 mW, the output signal spectra were manually sep-
arated by an optical tunable filter (TF-350, Santec) that has the
facility to tune both the peak wavelengths and passband band-
widths. Separated output spectra with 50nm bandwidth are
shown in Figure 6a, in which the shorter (S2) and longer (S1)
spectra are shown as red and purple curves, respectively. The fil-
tered output pulse trains and RF spectra are depicted in
Figure 6b,c. Temporal domain Figure 6b shows that the S1
and S2 pulse-trains were, respectively, single-pulsed and
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multi-pulsed states. Higher SNR for S2 compared to S1 indicates
the stability of the S2 operation was better than the S1 operation.
To investigate the intensity AC trace of the dual-colored signal,
the filtered mode-locked pulses were independently amplified
through an EDFA and monitored by a commercial autocorrela-
tor. For S1, a typical double-scaled structure made of a narrow
pulse (=574.5 fs) upon a wide pedestal was observed as shown
in Figure 6d, where the intensity of the coherent pulse peak
was much higher than the pedestal (intensity ratio ~13), that
could be categorized as QC-NLPs. For S2, the intensity AC trace
indicates CSs mode-locking operation, where the FWHM pulse
width was ~520.3fs, and the TBP was 0.412, as shown in
Figure 6e. Thus, we confirmed this hybrid dual-wavelength
mode-locking operation was comprised of QC-NLPs and CSs
states. This is the first-time ever report of such a novel phenom-
enon observed in a single cavity laser.

To investigate the long-term stability of the hybrid dual-wave-
length mode-locking operation of the proposed NPE fiber laser,
the intensity spectrum was monitored with the setup kept opera-
tional in an open lab environment at room temperature. Results
were periodically recorded at an interval of 1 min by the OSA for
150 min, and depicted in Figure 7a. The colored-contour plot rep-
resents the intensity distributions in the spectrum over time.
Peak wavelengths, sidebands, and bandwidths showed high reli-
ability over the entire observation period, indicating the stable
operation of the hybrid dual-wavelength mode-locked state. In
addition, both the separated pulse trains were monitored in
the time domain for 150 min, and the results showed excellent
long-term stability. Reliability and long-term stability of the rep-
etition rate difference of the dual-colored pulses were examined
by a frequency counter during the entire observation period. The
beat frequency between the dual-colored pulses was recorded and
presented in Figure 7b. Root-mean-square (RMS) and peak-peak
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Figure 6. Filtered dual-colored mode-locked signal: a) output spectra, b) oscilloscope traces, c) RF spectra, and d,e) intensity AC traces of ST and S2.
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Figure 7. a) Long-term stability of the hybrid dual-wavelength mode-lock
between the dual-colored pulse-trains.

(PP) fluctuations in the repetition rate difference were calculated
as 0.066% and 0.83%, respectively, which again exhibit excellent
stability.

In the proposed mode-locked fiber laser, by providing appro-
priate polarization axis bias to the oscillating light signal, simply
through the 3D maneuvering of the PBS position, the interplay
dynamics of the intracavity loss and birefringence filtering effect
can mode-lock various different stable soliton states with single-
and/or multi-pulse. Yet another feature in this fiber laser could
be the tunability of the dual-colored pulses wavelengths spacing.
Figure 8a depicts the output spectra of the dual-wavelength
mode-locked state with wavelengths spacing tuned from
30.488 to 28.7204 nm by steering the PBS position from 7° to
5° clockwise. For dual-wavelength mode-locking, the relationship
between the fundamental repetition rates difference (Af) and
the peak wavelengths spacing (AA) can be calculated as:
Af = Lo DAL/, where Ly, is the total cavity length com-
prised of ~10.6m length of passive single-mode fiber and
~1.05 m length of EDF. Based on the fiber parameters, the aver-
age group-velocity dispersion of the cavity Dis calculated as
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Time (minutes)

ing operation; b) observation of the stability of the repetition rate difference

~10.63 ps (nm-km) ™', and tis the roundtrip time of the laser
pulse in the cavity. As shown in Figure 8a, the measured spectral
spacings were 30.488, 30.1905, 29.2804, 29.1229, and
28.7204nm for PBS positions of 7.0°, 6.5°, 6.0°, 5.5°, and
5.0°. The corresponding repetition rates difference Af were cal-
culated as 1.147, 1.136, 1.103, 1.096, and 1.081 kHz. Small dis-
crepancies between these calculated values compared to the
measured values from the RF spectrum shown in Figure 8b
could be attributed to the average dispersion parameter value
evaluation.

In our proposed experiment, the CSs and QC-NLPs could
coexist in the cavity, and these two types of soliton state opera-
tions could be switched either by varying the PBS position and/or
pump power. To investigate the temporal domain profile of the
dual-colored solitons, the output pulse train was recorded at a
pump power of 540 mW and for five different PBS positions.
As depicted in Figure 8c, the two pulse sequences were all split
into a random multi-pulse state when the PBS is positioned at 7°.
This result indicates that both the pulse-trains in the dual-wave-
length mode-locking operation belong to the CSs state. When the
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Figure 8. Versatile hybrid dual-wavelength mode-locking operation at different PBS positions: a) output spectra of mode-locked operation;
b) corresponding RF spectra; c) monitored output pulse trains at PBS positions of 7.0°, 6.0°, and 5.0°.

PBS is positioned at 6°, one of the pulse sequences was split into
a multi-pulse state, while the other maintained its stable single-
pulse state. This indicates the dual-wavelength mode-locked out-
put signal comprised of CSs and QC-NLPs states. Positioning
PBS at 5° transformed both the pulse-trains to a stable single-
pulse state corresponding to dual-QC-NLPs state. During this
mode-locking operation, the intensity of the dual-QC-NLPs
was higher than that of the other two dual-wavelength mode-lock-
ing operations comprised of either two CSs state or one CS state
and one QC-NLP state. Thus, easily switchable three different
types of hybrid dual-wavelength mode-locking operations are
achievable in the proposed single cavity fiber laser, simply
through 3D maneuvering of the PBS position.

3.3. Tunable Harmonic Mode-Locking Operation

Due to the cavity birefringence filtering effect, the peak wave-
length of mode-locking operation could be tuned by steering
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the PBS position. When the PBS position was steered to
~8.2° clockwise, a longer wavelength mode-locking was achieved
in the fiber laser. The measured output spectrum is shown in
Figure 9a. The peak wavelength of the mode-locked signal
was 1564.668 nm with a 3-dB spectral bandwidth of 4.83 nm.
The output pulse train was stable, as shown in Figure 9b, and
the time gap between adjacent pulses was ~56.95 ns. RF spec-
trum shown in Figure 9c reveals the fundamental repetition rate
of the soliton pulses was 17.55749 MHz with a 1-Hz RBW. The
measured SNR value of more than 61 dB confirmed the highly
stable mode-locking operation. From the temporal profile of the
pulse shown in Figure 9d, pulse duration was calculated as
~810.3 fs using a sech? profile fit. Similar to the higher order
soliton generation in conventional fiber lasers, harmonic
mode-locking (HML) was achieved in the proposed fiber laser
by increasing the pump power. With the maximum possible
pump power of 540 mW, up to the 46th harmonic of the funda-
mental repetition rate was achieved. The output spectrum is
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Figure 9. Output characteristics of the 1st and the 46th HML operation: a,e) output spectra; b,f) output pulse trains; c,g) RF spectra; d,h) measured

intensity AC traces.
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shown in Figure 9e, which depicts the 3-dB spectral bandwidth
was 4.61 nm. In the spectral intensity, the CW component was
highly subsidized and mostly dominated by the asymmetric Kelly
sidebands. Output pulse train shown in Figure 9f, depicts the
time gap between adjacent HML pulses was ~1.238 ns, corre-
sponding to 1/46 of the fundamental pulse period. Inset in
Figure 9f shows ns scaled oscilloscope trace, which further con-
firmed the highly stable HML operation. RF spectrum, shown in
Figure 9g, indicates the repetition frequency of laser pulses was
807.668 MHz with a 1-Hz RBW, corresponding to the 46th har-
monic of the fundamental repetition rate. The dominant-mode
distinction ratio of the 46th HML was higher than 70 dB, indi-
cating that the HML operation was highly stable and reliable.
Figure 9h depicts the intensity AC trace of the 46th HML pulses.
The temporal profile was a single-hump structure with a sech? fit
pulse duration of ~894.1 fs and no sub-peaks were observed in
the pedestal.

As a versatile HML operation, we found that the mode-locking
harmonic order could also be selected from 1st to 46th in the
cavity by varying the pump power. Figure 10a shows the har-
monic order as a function of the pump power. As the pump
power was increased from 54 to 540 mW, the mode-locking
harmonic order in the HML operation gradually hopped
from the 3rd harmonic (52.67 MHz) to the 46th harmonic
(807.668 MHz). It has to be pointed out that the discrete transi-
tions between different orders of HML operation were observed
in a steady stepwise manner. Soliton pulses hopped directly from
one order of HML state to the next higher order of HML state
without any instabilities or intermediate state in between.
Moreover, once a particular order of HML state was established
in the cavity, its stable operation was maintained even with small
variations around the supplied pump power, resulting in a multi-
stable hysteresis characteristic,*!) as shown in Figure 10a.
Similar to lower-to-higher harmonic-order hopping, reverse hop-
ping from higher-to-lower harmonic orders was also achievable
in the NPE fiber laser setup by simply decreasing the supplied
pump power. Due to the multi-stable hysteresis characteristic
associated with the nonlinear cavity, the reverse hopping path
is different from the forward hopping path. Another important
point is that small adjustments in the PC orientation were
exploited to achieve stable higher order HML operation with
equal signal amplitude and time spacing. The insets in
Figure 10a show the oscilloscope traces of the highly stable
25th and 46th HML operations. Output spectra of different
orders of HML operation are displayed in Figure 10b.

o

ummvlmhilnulivmVlV!m I
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www.adpr-journal.com

Asymmetric Kelly sidebands were observed in the spectra with
no obvious interference patterns. A gradual decrease of the
CW component intensity was observed during the lower-
to-higher harmonic-order hopping of the HML operation, while
the 3-dB bandwidth was almost unaltered. The average output
power and single pulse energy characteristics with respect to
the supplied pump power are shown in Figure 10c. The output
power increased monotonically with the pump power with a
slope efficiency of 4.5%, and the output power increased from
1.1 to 23.7mW for the pump power variation from 36 to
540 mW. The behavior of single pulse energy is presented in
Figure 10c. A sawtooth kind of variation in the single pulse
energy was observed when the cavity dynamics hopped from
one HML state to the next higher order HML state. For each
order of the HML state, the single pulse energy increased linearly
with respect to the supplied pump power. The final single pulse
energy of different orders HML operations is also shown in
Figure 10c (red circle). In that, a decaying behavior of the final
single pulse energy decreasing from 79.96 to 29.37 pJ exhibited a
trend of saturation.

4. Conclusion

Through a suitable selection of the polarization state for the intra-
cavity light signal in the proposed NPE fiber laser, we demon-
strated a self-starting switchable between different stable and
reliable mode-locked soliton states operation. The soliton fiber
laser could be easily switched (reversible) between CSs and
QC-NLPs states through 3D maneuvering of the PBS position
to provide the necessary polarization state for the cavity light sig-
nal to achieve desired functionalities. Hybrid dual-wavelength
mode-locking operation of a combination of CSs state and
QC-NLPs state were also achieved. Monitored very stable func-
tioning of the fiber laser over a period of 150 min for the CSs,
QC-NLPs, and HML states confirms the proposed laser system
is working very well with long-term stable operation. Versatile
dual-wavelength mode-locking operations, including two CSs
states, one CSs state and one QC-NLPs state, and two QC-
NLPs states, were desirably achieved in the simplified NPE fiber
laser through various positioning of the PBS by simple 3D
maneuver. To the best of our knowledge, this is the first time
ever this type of novel switchable multifunctional hybrid dual-
wavelength mode-locking mechanism was demonstrated in a
single cavity fiber laser. In addition, up to 807.668 MHz, HML
operations were also achieved, corresponding to all the integer
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Figure 10. a) Harmonic order as a function of the pump power; b) output spectra of different harmonic orders; c) output power and single pulse energy
characteristics with respect to the supplied pump power variation from 36 to 540 mW.
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orders up to 46th harmonics of the fundamental repetition rate.
For increasing pump power, a sawtooth behavior in the single
pulse energy of the harmonics was observed during the
HML operations. This self-starting switchable multifunctional
mode-locked provides many potential applications including
wavelength-division-multiplexing sub-system, optics signal proc-
essing, and micromachining.
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