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Abstract: This study reports new types of passive mode-locked Er-doped fiber laser (EDFL) based on
a segment of doped fiber saturable absorber (DFSA) with Tm/Ho-doped fiber (THDF), Yb-doped
fiber (YDF), and Er-doped fiber (EDF). By employing THDF-SA, a bright pulse sequence with a
fundamental repetition rate of 17.86 MHz was obtained. In addition, various mode-locked output
states, including dark pulses, dark-bright pulse pairs, bright-dark pulse pairs, and second-harmonic
pulses, were obtained through polarization modulation and gain modulation, and the orthogonality
of dark-bright pulses in both polarization directions was verified. Furthermore, using EDF-SA and
YDF-SA, dark pulses and dark-bright pulses were obtained. A comparison of the three experiments
revealed that THDF-SA effectively reduces the mode-locked threshold and improves the average
output power. Compared with bright pulses, dark pulses offer several advantages such as resisting
noise, increasing propagation speed, and suppressing nonlinear scattering (such as pulse-intrinsic
Raman scattering); thus, the EDFL can find broad application in long-distance transmission, precision
measurement, and other fields.
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1. Introduction

Ultrafast fiber lasers find wide application in various fields, such as optical sensing [1],
nonlinear optics [2], biomedical sciences [3], and material processing [4]. The 1.5 pm
band lies in the third window of optical fiber communication, characterized by low trans-
mission loss for long-distance transmission, and is often used in the field of optical fiber
communication. Moreover, this band lies in the low-loss window of the atmosphere and
the eye-safe band, providing considerable application prospects in areas such as satellite
remote sensing [5] and lidar [6]. In addition, bright pulses, dark pulses, bright-dark pulse
pairs, and dark-bright pulse pairs represent different output modes of mode-locked fiber
lasers. Bright pulses suddenly rise from the background of continuous waves, whereas
dark pulses suddenly decrease significantly from the background of continuous waves.
Compared with bright pulses, dark pulses offer several advantages such as resisting noise,
increasing propagation speed, and suppressing nonlinear scattering (such as pulse-intrinsic
Raman scattering); thus, they can be widely used in long-distance transmission, preci-
sion measurement, and other fields. They significantly contribute to the advancement of
advanced laser technologies and applications [7].

Research has shown that the abovementioned bright pulse, dark pulse, and pulse pairs
are all steady-state solutions of the nonlinear Schrédinger equation (NLSE) in fiber optic
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systems [8]. Furthermore, they are also regarded as solutions of the complex Ginzburg—
Landau equation (CGLE) [9,10]. There are three mechanisms for the formation of dark
pulses: domain-wall (DW) dark pulses [11,12], NLSE dark pulses [13,14], and cubic-quintic
nonlinear Schrodinger equation (CQNLSE) dark pulses [11]. DW dark pulses are generated
when two or more lasers of different wavelengths oscillate, thereby causing topological
defects in the temporal domain. They can occur in fiber cavities with normal and anomalous
dispersion. NLSE-type dark pulses can exist only in cavities with normal dispersion and
rely on the change in linear refractive index coefficient within the cavity. However, when a
high nonlinear medium is introduced into a cavity with anomalous dispersion, CQNLSE-
type dark pulses may occur. Compared with the other two types of dark pulses, the
implementation of DW-type dark pulses can be more compact because they do not require
any nonlinear medium.

Currently, ultrashort pulses are typically achieved using either Q-switched or mode-
locked techniques. Due to the response speed limitations of modulators, Q-switched
techniques can only achieve pulse widths on the nanosecond scale, whereas mode-locked
techniques can produce pulses on the picosecond or femtosecond scale. Mode-locked
techniques can be divided into active and passive mode-locked techniques. Active mode-
locked techniques require the introduction of external modulation devices, while passive
mode-locked techniques mainly utilize the nonlinear optical effects of saturable absorbers
(SAs) within the cavity to generate ultrashort pulses [15]. Since passive mode-locking does
not require the addition of external active modulation devices, it has a simpler structure,
better stability, and is easier to implement in an all-fiber configuration. Additionally, the
pulse width achieved with passive mode-locking is narrower than that obtained with active
mode-locking. Material-based natural SAs, such as semiconductor saturable absorber
mirrors (SESAM) [16], carbon nanotubes (CNT) [17], and graphene [18], are important
devices for studying soliton nonlinear dynamics. However, owing to their complexity and
high cost of production, their practicality is relatively low. Fiber saturable absorbers (FSAs),
such as nonlinear multimode interference (NL-MMI) [19,20] and nonlinear polarization
rotation (NPR) [21], provide more compact structures and have the advantages of low cost
and long lifetime. Owing to differences in working mechanisms and designs, FSAs can be
divided into two types: artificial fiber saturable absorbers (AFSAs), which include NALM,
NPE, and NL-MMI; and doped fiber saturable absorbers (DFSAs). AFSAs significantly
overcome the low damage threshold of natural SAs; however, they are sensitive to distur-
bances in the fiber cavity, which can affect the stability and controllability of fiber lasers.
By contrast, common DFSAs include YDF working in the 1 pm wavelength range, EDF
working in the 1.5 um wavelength range, and THDF working in the 2 pm wavelength range
(note that these are all single-mode fibers doped with metal ions). Overall, DFSAs hold
significant research importance compared to other types of SAs due to advantages such
as their high damage threshold, broadband operation, ease of integration, stability, and
reliability. However, research on fiber lasers based on DFSAs has focused predominantly
on the Q-switched laser rather than the mode-locked laser [22,23]. In 2013, Tao [24] et al.
first reported an EDFL based on a DFSA in a ring cavity; the DFSA was composed of a
40 cm long THDF. By controlling polarization owing to the unadjusted dispersion and
strong interaction between Tm and Ho ions, the pulse duration was reduced from 548 to
27.9 ns. Latiff [25] et al. observed self-starting dual-wavelength mode-locking in an EDFL
using a 19 cm long THDF-SA. Zhang [26] et al. generated three-wavelength vector dark
solitons in a all fiber ring cavity Er-doped fiber laser using a Bi-doped fiber SA. The authors
of ref. [27] achieved ultrashort pulses in an EDFL using a 12 cm long TDF as an SA. In
2024, Zhang [28] et al. obtained the output of bright-dark pulse pairs in a TDF-SA-based
EDFL. Currently, reports on bright-dark pulse mode-locked fiber lasers based on THDF-SA,
YDF-SA, or EDF-SA in the 1.5 um wavelength band are lacking.

This study investigated THDF-SA-, YDF-SA-, and EDF-SA-based EDFLs, where mul-
tiple output states, including bright pulses, dark pulses, bright-dark pulse pairs, dark—
bright pulse pairs, second-order harmonic dark-bright pulses, and second-order harmonic
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bright-dark pulses, were obtained through polarization modulation and gain modulation
mechanisms in three experiments. The orthogonal polarization characteristics of pulse pairs
were verified. To the best of our knowledge, this is the first attempt utilizing THDF-SA,
YDF-SA, and EDF-SA in bright-dark pulse mode-locked EDFLs. The remainder of this
paper is organized as follows: Section 2 introduces the experimental setup used in this
study; Section 3 describes the main findings, divided into two parts depending on the SA;
and Section 4 is the summary of the study.

2. Experimental Setup

The structure diagram of a ring cavity mode-locked laser based on the DFSA is shown
in Figure 1. The resonant cavity uses a 976 nm laser diode (LD) as the pump source, and
the pump light is injected into the ring laser cavity through a 976/1550 nm wavelength
division multiplexer (WDM). The gain medium is a 3 m Er-doped fiber (Coherent | Nufern,
Santa Clara, CA, USA, SM-ESF 7/125). The PI-ISO ensures that the laser propagates in a
single path within the cavity. DFSA is 0.9 m THDF (Coractive, Quebec City, QC, Canada,
TH512, 8/125 um), which is used as the SA in the cavity. In the gain fiber, when the light
intensity is low, the dopant ions are in the ground state; thus, they can absorb a certain
amount of light power and transform it into an excited state. However, when the light
intensity increases, all the excited states of the dopant ions are filled, the absorption capacity
of the gain fiber becomes saturated, and the light intensity cannot continue increasing;
this is equivalent to the phenomenon of saturable absorption. PC1 is used to adjust the
polarization state and birefringence inside the cavity. Subsequently, the output in the cavity
is conducted via the OC1 (90:10). OC2, PC2, and PBS are used to study the polarization
properties of output pulses. OC2 30% is used to output the initial pulse of the built laser,
and the remaining 70% of the pulse is separated in two polarization directions using PBS.
Thus, Outputl, Output2, and Output3 can simultaneously detect the initial pulse and two
orthogonal polarization components. The additional PC2 outside the cavity is used to
balance the linear polarization state changes caused by the use of lead fibers outside the
cavity. The total cavity length of the mode-locked laser is approximately 11 m. The cavity
mainly consisted of a ~3 m EDF, a 0.9 m THDE, and a ~7.1 m SMF, whose group velocity
dispersions are 58.94 ps’km ™!, —55 ps*’km !, and —22 ps?km !, which corresponds to an
estimated net dispersion of 0.029 ps?. The laser performance is observed using an optical
spectrum analyzer (Yokogawa, Sugar Land, TX, USA, AQ6370D) with a 0.02 nm resolution
and a 12.5 GHz digital oscilloscope (Tektronix, Beaverton, OR, USA, DPO71254C) together
with a 5 GHz photon detector (Thorlabs, Newton, NJ, USA, DET08CFC/M).

/{m @_\

10%
oc2 \ pc2 PBs \Output2
oul S 1SO
Outputl Output3
PC1 DFSA

Figure 1. Schematic of the EDFL. LD: laser diode; WDM: wavelength division multiplexer; EDF:
Erbium-doped fiber; ISO: isolator; PC: polarization controller; OC: optical coupler; PBS: polarization
beam splitter.
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3. Experimental Results and Discussion
3.1. EDFL Based on THDF-SA

In the homemade ring-cavity fiber laser, a self-starting mode-locked state was easily
achieved by adjusting the pump power, and the mode-locked threshold pump power was
165 mW. Figure 2a shows the bright mode-locked pulse sequence with a pulse spacing of
56 ns, corresponding to a repetition rate of 17.86 MHz and a cavity length of 11 m, thus
indicating that the laser operates in a CW mode-locked state. The inset shows the unfolding
of a mode-locked pulse train with a pulse width of about 120 ps. The pulse width, limited
by the rise/fall time of photodetector, could not be accurately measured. RF spectrum
is a key parameter that can confirm and characterize the stability of the pulse operation.
Figure 2b shows the RF spectrum trace of the bright pulse; evidently, the signal-to-noise
ratio (SNR) was 47 dB, thus indicating the relative stability of the mode-locked operation.
The output spectrum is shown in Figure 2c, with a central wavelength of 1598.5 nm, and
the 3-dB bandwidth is 0.24 nm. When the pump power continued to increase and the
polarization controller was adjusted, a dark pulse appeared. Figure 2d shows the dark
pulse sequence at a pump power of 550 mW, with a pulse interval of 56 ns, corresponding
to a repetition rate of 17.86 MHz, the same as that of bright pulses. The SNR and repetition
rate of the dark pulses were 52 dB and 17.86 MHz, respectively, as shown in Figure 2e.
Notably, the SNR of the dark pulse was slightly higher than that of the bright pulse, which
is consistent with the more stable transmission characteristics of the dark pulses in the
laser. The corresponding spectrum is shown in Figure 2f, which exhibits a multipeak
distribution within a certain range, a typical feature of DW-type dark pulses, where pulses
of multiple wavelengths oscillate simultaneously in the cavity, thereby causing temporal
topological defects [29]. Furthermore, to confirm that the mode-locked pulse is caused
by the THDF-SA, extensive adjustments of the polarization state and pump power were
performed in a cavity without the DFSA. No mode-locked pulse was observed, excluding
the possibility of self-mode-locked and NPR mode-locked pulses.

To further evaluate the stability of the bright pulse and dark pulse laser output, the
lasing spectrum was scanned at 10-min intervals over a one-hour period, as depicted in
Figure 3a,b. These results indicate that the mode-locked lasing output exhibited a high
level of stability.
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Figure 2. (a) Bright pulse sequence (inset: pulse sequence expansion); (b) bright pulse RF spectrum
trace; (c) bright pulse output spectrum; (d) dark pulse sequence; (e) dark pulse RF spectrum trace;
(f) dark pulse output spectrum.
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Figure 3. (a,b) Stability test of the bright pulse and dark pulse.

After careful adjustment of the polarization state inside the cavity, bright-dark pulse
pairs and dark-bright pulse pairs were obtained, as shown in Figure 4a,b, with a pulse
interval of 56 ns corresponding to a fundamental repetition rate of 17.86 MHz. This indicates
that the obtained bright-dark and dark-bright pulse pairs were operating in the mode-
locked state. In 1989, Afanasyeve [30] et al. demonstrated that strong repulsive interactions
may exist between dark and bright pulses and proposed that cross-phase modulation has
an important influence on the formation and interaction of pulses. Meanwhile, the bright
and dark pulses were predicted to coexist. Research has shown that the generation of
dark-bright pulse pairs is caused by cross-phase modulation and polarization effects inside
the cavity. To investigate the polarization characteristics of the dark-bright pulse pairs,
herein, a PBS was externally connected after OC1 to separate the pulse pairs sequence into
two polarization directions [31]. In the experiment, two output pulses in perpendicular
polarization directions were successfully detected on the oscilloscope, as shown in Figure 4c,
thus proving that the bright and dark pulses exist in two different polarization directions
and are orthogonal to each other. Figure 4d shows the corresponding spectrum, with the
peak center wavelengths of the strong peaks being 1597.02 nm and 1598.6 nm, respectively.
Evidently, the two spectra exhibited distinct differences in wavelength and distribution,
thus indicating that the two polarization components are noncoherently coupled. As our
filter was unsuitable, we could not filter accurately on the wavelength; however, based
on the change in spectral intensity, we can speculate that the long and short wavelengths
correspond to the bright and dark pulses, respectively. Additionally, DW-type dark pulses
are formed by the oscillation of two or more wavelengths of pulses within the cavity,
typically characterized by a spectrum with multiple peaks. Due to the gain competition
effect among pulses of different wavelengths and intensities oscillating simultaneously
within the cavity, the fiber laser ultimately operates in a dual-wavelength vector mode-
locked state.
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Figure 4. (a) Bright-dark pulse pairs; (b) dark-bright pulse pairs; (c) pulse sequence after PBS;
(d) output spectrum after PBS.



Photonics 2024, 11, 534

6 of 10

Subsequently, appropriate polarization modulation and gain modulation were per-
formed, and some phenomena were observed in the experiment at a pump power of
550 mW. Figure 5a,b shows a sequence of second-order harmonic bright-dark pulse pairs
and second-order harmonic dark-bright pulse pairs, where two pulses can be observed
simultaneously within the 56 ns round-trip time of the cavity. The corresponding repetition
rate at this time is 35.71 MHz. In this process, the formation of harmonic pulses was due
to the increase in pump power and the inherent instability pulse caused by cross-phase
modulation splitting. The new pulses slowly moved toward the other pulses in the cavity,
eventually forming a harmonic.

(a) (b)

1.04 1.04

Intensity (a.u.)
n
Intensity (a.u.)
=
n

0.0

e
s

|e—| |—|

Round-trip time Round-trip time
0 100 200 300 400 500 0 100 200 300 400
Time (ns) Time (ns)

Figure 5. Harmonic mode-locked state: (a) second-order harmonic dark-bright pulse sequence;
(b) second-order harmonic bright-dark pulse sequence.

3.2. EDFL Based on YDF-SA and EDF-SA

We successfully demonstrated the excellent performance of THDF as a saturable
absorber in fiber lasers. Additionally, we attempted to use other doped fibers as the SA in
an EDFL by replacing the 0.9 m THDF with 1.4 m YDF (Nufern, SM-YSF-HI-HP, 6/125 pum)
and 1.4 m EDF (Nufern, SM-ESF-7/125, 7 /125 pm), respectively, while keeping the other
parameters the same. Furthermore, we successfully achieved the self-starting of the fiber
laser through polarization and gain modulation. The appearance of dark pulses was
observed in the EDFL based on EDF-SA, and the pulse sequences are shown in Figure 6a,
exhibiting a pulse interval of 64.9 ns, corresponding to a fundamental repetition rate of
15.39 MHz, thus indicating that the laser was operating in a mode-locked state. The RF
spectrum of the mode-locked pulse was also measured, as shown in Figure 6b, with SNRs
of 46 dB, thus demonstrating the stability of the output mode-locked pulse. The output
spectrum of dark pulses with a central wavelength of 1597.22, 1598.58, and 1600.00 nm is
shown in Figure 6¢, which is consistent with the typical distribution of multiple peaks in
the frequency domain for DW-type dark pulses. The stability of the dual-wavelength lasing
output was evaluated by periodically scanning the lasing spectrum with a 10-min interval
in a one-hour period at room temperature. The findings are displayed in Figure 6d. We
observed that the number of wavelengths of the dark pulses differs from the result based on
THDF-SA. This discrepancy is likely related to the gain spectrum characteristics of THDF
and EDF. The THDF has a broader gain bandwidth, covering a range from approximately
1.45 pum to 1.65 um, whereas EDF’s gain bandwidth is relatively narrower, primarily
centered around 1.5 pm. Therefore, the THDF-SA system may support pulse oscillations
with a larger range of central wavelengths, leading to multiple-central-wavelengths lasing
output. In the THDF-SA system, due to the broad gain spectrum and strong nonlinear
effects, pulses at different wavelengths can interact through nonlinear processes such
as four-wave mixing (FWM) and cross-phase modulation (XPM), further enhancing the
stability of multi-wavelength dark pulses. In contrast, the narrower gain spectrum and
weaker nonlinear effects in the EDF-SA system limit such interactions. Additionally, during
the experiment, we observed that only the segment of EDF near the WDM exhibited the
fluorescence effect, while the segment connected into the cavity as the SA showed no such



Photonics 2024, 11, 534

7 0f 10

phenomena. Therefore, we can rule out the possibility that the new segment of doped fiber
functioned as a gain fiber within the cavity.
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Figure 6. Characteristics of the EDFL based on EDF-SA; (a) dark pulse sequence; (b) RF spectrum
trace; (c) dark pulse spectrum; (d) stability test of the dark pulse lasing outputs.

By using YDF-SA, dark pulse and dark-bright pulse outputs were obtained which
were similar to the above results, and in Figure 7a, the pulse sequence of the dark-bright
pulse outputs is demonstrated with a pulse interval of ~65 ns, corresponding to a repetition
rate of 15.39 MHz and a cavity length of 13 m, thus indicating that the laser operates in
a mode-locked state. Figure 7b,c shows the corresponding RF spectrum trace and pulse
output spectrum, respectively. At a repetition rate of 15.39 MHz, the signal-to-noise ratio
is 45 dB. It is noteworthy that the center wavelength of all the mode-locked pulses we
obtained is around 1600 nm, whereas the emission peak of EDF is typically around 1550 nm.
Franco et al. [32] used numerical simulations to propose that the wavelength of the laser
emission is related to the cavity loss or the length of the gain fiber and the dopant ion
concentration. Their study indicates that when certain laser parameter changes cause the
gain in the 1.6 um region to exceed that in the 1.5 um region, the central wavelength of the
laser output pulse shifts towards 1.6 um. In addition, we verified the polarization properties
of the dark-bright pulse sequence, as shown in Figure 7d, and found them to be similar to
the output results of the THDF-SA-based laser, with dark and bright pulses existing in two
orthogonal polarization directions. The stability test is shown in Figure 7e. Studies have
shown [33,34] that when the output pulses are filtered using corresponding wavelength
filters, the long wavelengths in the frequency domain correspond to bright pulses in the
time domain, while short wavelengths correspond to dark pulses. Unfortunately, due to
experimental limitations, we currently do not have the appropriate wavelength filters to
verify this phenomenon.

Evidently, the output power increases linearly with the pump power, as shown in
Figure 7f. In particular, the output power of the THDF-based EDFL is higher than that of
the EDF-based EDFL and YDF-based EDFL. This is because the absorption efficiency of
EDF is higher than that of THDF and YDF near the 1550 nm band, which we speculate may
result in a smaller variety of output pulse types obtained by the EDF-based EDFL, possibly
owing to its higher losses. The possibility of obtaining a higher output power was limited
by the maximum pump power of 600 mW in this study.
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Figure 7. Characteristics of the EDFL based on YDF-SA: (a) dark-bright pulse sequence; (b) RF
spectrum trace; (c) pulse output spectrum; (d) pulse sequence of the resolved beams along the two
orthogonal polarization directions; (e) stability test of the dual-wavelength lasing outputs; (f) laser
output power as a function of the pump power.

4. Conclusions

We demonstrated a passive mode-locked EDFL based on a DESA with three experi-
ments using THDEF, YDF, and EDEF. This represents the first application of these three types
of gain fibers in a bright-dark pulse mode-locked EDFL. In the experiment based on THDEF-
SA, four output states were observed, including bright pulse, dark pulse, bright-dark pulse
pairs, and dark-bright pulse pairs, all with a pulse interval of 56 ns. At the fundamental
repetition rate of 17.86 MHz, all SNRs exceeded 45 dB, demonstrating good stability. The
orthogonal characteristics of the dark-bright pulse pairs were verified by connecting a
PBS outside the cavity. In the experiment based on EDF-SA and YDF-SA, dark pulses
and dark-bright pulse sequences were observed, respectively, with a pulse interval and
repetition rate of 64.9 ns and 15.39 MHz, respectively, and all the SNRs exceeded 45 dB. We
confirmed that the dark-bright pulse sequence had the same orthogonal characteristics.
Additionally, the output powers of the three experiments were compared, and the output
power of the EDFL based on THDF-SA was slightly higher than the others, whereas the
mode-locked threshold was lower. Passive mode-locked Er-doped fiber lasers based on
DFSA have the advantages of simple structure and ease of preparation and debugging, and
they offer broad application prospects in ultrashort pulse lasers.
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