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Abstract

We demonstrate an all-polarization-maintaining (PM) mode-locked thulium-doped fiber
laser operating in the net-normal-dispersion regime based on a figure-9 nonlinear ampli-
fying loop mirror (NALM) configuration. A chirped fiber Bragg grating (CFBG) and a
commercial PM dispersion-compensating fiber (PM-DCF) are incorporated into the figure-9
cavity, providing a large normal net dispersion and enabling stable dissipative-soliton
mode-locking. Under stable dissipative-soliton operation, the laser delivers a maximum
output power of 53.6 mW at a repetition rate of 12.31 MHz, corresponding to a pulse
energy of 4.3 nJ. The output spectrum has a central wavelength of ~1952 nm with a 3 dB
bandwidth of ~11 nm. The all-PM laser oscillator directly generates a fs pulse without
extra-cavity compression, achieving a pulse duration of 545 fs at the CFBG arm. Moreover,
stable fundamental mode-locking is verified by a high radio-frequency signal-to-noise ratio
(SNR) exceeding 82 dB and a long-term root-mean-square (RMS) power fluctuation of 0.45%
over two hours. To the best of our knowledge, this represents the highest output power
generated from an all-PM-fiber figure-9 laser oscillator in the 2 um band, alongside fs-pulse
operation. This high-power, compact, stable and environment-insensitive fs-pulsed laser
source shows great potential as an ideal seed for biomedical imaging and mid-infrared
frequency combs.
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1. Introduction

Mode-locked (ML) thulium-doped fiber lasers (ML-TDFLs) with high power, high
energy, exceptional stability and ultrafast temporal characteristics have attracted signif-
icant attention due to their critical applications in biomedical treatment [1,2], precision
material processing [3,4], laser lidar systems [5] and frequency combs [6]. Therefore, the
development of high-power, ultrashort-pulse ML-TDFLs has remained an active research
topic in recent years. Although chirped pulse amplification (CPA) is a common approach
to generating high-power, high-energy fs pulses at 2 um, it suffers from a complex sys-
tem architecture and an inevitable reliance on free-space optics, which limit its practical
applications. In contrast, an ML fiber laser constructed from all-PM-fiber components has
the advantages of environmental insensitivity and good robustness, which are crucial for
practical applications. Consequently, further research on developing high-power, all-PM,
and environmentally stable laser seeds in the 2 um band is highly desirable.

Photonics 2026, 13, 245

https://doi.org/10.3390 / photonics13030245


https://crossmark.crossref.org/dialog?doi=10.3390/photonics13030245&domain=pdf&date_stamp=2026-03-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics13030245

Photonics 2026, 13, 245

20f11

Similar to fiber lasers operating at the 1 pm and 1.55 pm bands, various methods have
been developed to realize high-power, high-energy ultrafast lasers in the 2 pm band. Mode-
locking based on real saturable absorbers (SAs) represents a classical approach [7]. Common
SA materials for TDFLs include semiconductor saturable absorber mirrors (SESAMs) [8] and
low-dimensional materials such as graphene [9], carbon nanotubes (CNTs) [10,11] and black
phosphorus (BP) [12]. Using real SAs, several record results have been reported from all-
fiber ML-TDFLs, including the highest output power of 84 mW with CNTs [13], the highest
single-pulse energy of 4.9 n] with a SESAM [14], and the shortest pulse duration of 139 fs
with BP [12]. However, these SAs suffer from several shortcomings, such as a low damage
threshold, limited lifetime under higher saturation fluence, and poor reproducibility in
fabrication. Nonlinear polarization rotation (NPR) is another widely used mode-locking
mechanism [15,16]. Based on this technique, a high-order soliton laser oscillator was
demonstrated [17], achieving a record output power of 90 mW and a pulse duration of
350 fs. In addition, Chernysheva et al. reported a TDF soliton laser based on the co-action
of CNTs and NPR [18], which delivered ~500 fs pulses with an average power of 117 mW
and a pulse energy of 10.87 n]. Nevertheless, NPR-based systems are difficult to implement
in all-PM-fiber architectures and are vulnerable to environmental disturbances. In contrast,
NALM configurations are compatible with all-PM-fiber systems [19,20], offering enhanced
environmental stability. Consequently, the robust all-PM NALM technique has become a
preferred choice for commercial ultrafast fiber laser systems. Recently, a DCF (PM2000D)
was incorporated into an all-PM figure-8 NALM cavity for dispersion management [21]. At
a net dispersion of 0.02 ps?, stable mode-locking operation was achieved with an average
output power of 23.8 mW, a single pulse energy of 1.5 pJ, and a pulse duration of 7 ps. The
output pulses were further compressed by a grating-pair-based compressor, resulting in
the shortest compressed pulse duration of 539 fs.

Notably, the figure-9-NALM has attracted increasing attention owing to its simple
structure and high flexibility, leading to numerous practical implementations in recent
studies. It has been widely applied in the 1 um and 1.55 um bands [22-24], with several
commercial products. A variety of high-performance results have been reported, includ-
ing MLFLs with different net dispersion values [25], fs-level pulses [22,23], high output
power [26] and ultrahigh SNR [24]. In the 2 pm band, an all-fiber figure-9 structure was first
reported for generating dissipative-soliton resonance (DSR) pulses with ns-level duration in
2019 [27]. This oscillator delivered an average output power of up to 0.67 W at a repetition
rate of 318 kHz. It is worth noting, however, that this cavity was not constructed with
all-PM-fiber. In 2022, the first all-PM fs-level figure-9 ML-TDFL was demonstrated [28].
This laser operated at a repetition rate of 52.4 MHz and a center wavelength of 1985 nm,
producing 650 fs pulses with an output power of 9.3 mW and a pulse energy of 177 p]J
under single-pulse operation. Nevertheless, the system was not fully fiber-integrated, as its
linear arm incorporated a free-space non-reciprocal phase shifter and a polarizing beam
splitter. In 2023, Ren. B. et al. demonstrated an all-PM-fiber figure-9 ML-TDFL operating
at 1950 nm with a net dispersion of —0.06 ps? [29]. At a repetition rate of 30.6 MHz, the
laser delivered an output power of 6.5 mW and a pulse duration of 449 fs, corresponding
to a pulse energy of 212 pJ. However, the achievable output power and single-pulse en-
ergy were fundamentally constrained by the soliton area theorem [30]. More recently, in
2025, Feng et al. investigated the output characteristics of an all-PM figure-9 mode-locked
TDF laser equipped with a spatially nonreciprocal phase shifter under different net cavity
dispersions [31]. Finally, this laser operated at a repetition rate of ~27 MHz and a center
wavelength of 1933.4 nm, producing dual pulses with durations of 288 fs at output powers
up to 177.4 mW. However, the system was not all-fiberized. To date, no high-power, fs-level
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pulsed, all-PM-fiber laser based on a figure-9 cavity has been reported in the 2 um spectral
region. The recent studies are summarized in Table 1.

Table 1. Recent studies of mode-locking lasers in the 2 pm band.

Mode-Locking Output Pulse Pulse All-Fiber
Ref. Mechanism Wavelength Power Energy Duration SNR All-PM Structure
[14] SA-SESAM 1915 nm 158 mW 49n] 579 fs 52 dB No Yes
[12] SA-BP 1859 nm 20.4 mW 0.97 nJ 139 fs 60 dB No Yes
[17] NPR 1890 nm 90 mW 7.8 1] 350 fs 72 dB No Yes
[21] NALM figure-8 1860 nm 23.8 mW 1.5n] 7ps 70 dB Yes Yes
[28] NALM figure-9 1985 nm 9.3 mW 0.18 nJ 1.28 ps 80 dB Yes No
[29] NALM figure-9 1950 nm 6.5 mW 0.21nJ 469 fs 95 dB Yes Yes
V{L‘i NALM figure9  1952nm  53.6 mW 43n] 545 fs 82 dB Yes Yes

In this work, we demonstrate a power-scaled, fs-pulsed, all-PM figure-9 ML-TDFL
operating in a net normal dispersion regime for the first time. A homemade CFBG and
commercial PM-DCFs (Nufern, Saxonburg, PA, USA, PM2000D) were integrated into the
cavity for dispersion management, which enabled the successful realization of dissipative-
soliton operation with a large net normal dispersion. Highly stable passive mode-locking
was self-started through simply turning on the pump power. The ML-TDFL delivers a
maximum average output power of 53.6 mW and a single-pulse energy of 4.3 nJ at a
repetition rate of 12.31 MHz, with a pulse duration of 545 fs. To the best of our knowledge,
this represents the highest average output power of a figure-9 ML-TDML oscillator in the
2 um band.

2. Experimental Setup and Methods

The experimental setup of the all-PM figure-9 ML-TDFL was depicted in Figure 1,
which was mainly composed of two parts: a nonlinear amplifying loop mirror and a linear
arm. In the NALM section, a 1570 nm high-stability DFB-type semiconductor laser (Hanyu
Co., Shanghai, China, VLSS-1570-M-3W) source was used as the pump source, with a
maximum power of 3 W, and a 3 m-long PM Tm-doped fiber (Nufern, Saxonburg, PA,
USA, PM-TSF-9/125) was adopted to provide sufficient optical gain. A PM wavelength
division multiplexer (PM-WDM) was utilized to combine the 1570 nm pump light with
the intracavity oscillating laser. A 2 x 2 PM tapered fiber coupler with a splitting ratio of
45:55 (45:55 OC) was employed to form a fiber loop that allows for interference between the
two counter-propagated laser signals (clockwise and counterclockwise in the loop), thereby
generating the effect of an equivalent saturable absorber. In addition, a phase shifter (PS)
which provides a linear —7t/2 phase bias was inserted in the loop to significantly shorten
the required length of the passive fiber and guarantee the self-starting operation of the
mode-locking. Based on the typical figure-9 mode-locked structure, two PM-DCFs with
lengths of 1.5 m and 2 m were added in the cavity. The position of the PM-DCF was shown
in Figure 1, which was of vital significance because its broadening effect on pulses can
avoid the distortion due to nonlinear effects caused by high peak power during power
amplification [32]. Therefore, we investigated the optimal placement of the PM-DCFs
experimentally. Specifically, the best performance was obtained by positioning one 2.0 m
length DCF between the PS and SMF, and the other 1.5 m length one immediately before the
CFBG; the positions of the DCFs were consistent with those in the previous literature [33].
Here, the function of this DCF before CFBG was to buffer the sudden dispersion changes in
short-length CFBG, thus avoiding its adverse effect on mode-locking stability. Therefore,
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the dispersion management scheme we implemented, which combines the CFBG and
PM-DCE facilitated the generation of stable dissipative-soliton ML laser pulses.
PM-TDF WDM

PMI PM-CFBG  PM-DCF

oc
Portt [—= Ps
|
I

PMI

PM-SMF  PM-DCF
Port2

Figure 1. Schematic of an all-fiber, PM thulium-doped fiber dissipative-soliton laser based on a
nonlinear amplifying loop mirror (NALM). OC: output coupler; PMI: polarization-maintaining
isolator; WDM: wavelength division multiplexer; CFBG: chirped fiber Bragg grating.

For the linear arm section, a homemade PM-CFBG with a center wavelength of 1955 nm
and a peak reflectivity of 15% was used; the specific parameters are listed in Table 2. We
have developed a novel fabrication method that combines a 257 nm femtosecond laser
with a custom-designed chirped phase mask (linear chirped rate: ~13.8 nm ecm™!) for
writing CFBGs on a Hj-loaded PM fiber [34]. It functioned not only as a cavity mirror
but also as a component to introduce normal dispersion, with a dispersion coefficient of
approximately 0.98 ps2. The total length of the resonant cavity was around 17.2 m. The
group velocity dispersion (GVD) of the PM single-mode fiber, the PM Tm-doped fiber
and the PM2000D used in the cavity were approximately —0.068 ps?>/m, —0.076 ps?/m
and 0.065 ps?/m, respectively. Based on this, the calculated net cavity dispersion was
about 0.25 ps®. The laser outputs were extracted from port 1 of the CFBG and port 2 of
the fiber loop, respectively. Two PM isolators were integrated into each output branch to
effectively suppress the influence of end-face reflection on the mode-locking stability. After
the isolator, a patch cord was connected to the measurement system for evaluating the
performance of the output pulses.

Table 2. Parameters of CFBG.

Parameters Date Unit
Center wavelength 1955 nm
Reflection Bandwidth (@3 dB) 20.2 nm
Reflectivity ~15 %
D, —0.485 ps/nm
[ 0.98 ps?

The measurement equipment used for performance characterization includes an opti-
cal spectrum analyzer (Yokogawa, Tokyo, Japan, AQ6375), which was used to measure the
output optical spectrum of the laser. The temporal waveform of the pulse was collected by
connecting a high-speed photodetector (EOT, Traverse City, MI, USA, ET-5000F) to a digital
oscilloscope (RIGOL, Suzhou, China, MSO4054), while the radio frequency (RF) spectrum
of the pulse train was measured by an RF spectrum analyzer (Rohde & Schwarz, Munich,
Germany, FSV3007). The pulse width was measured using a commercial autocorrelator
(APE, Berlin, Germany, Pulsecheck USB 150).

3. Experimental Results and Discussion

The ML operation was first conducted without the dispersion management of PM-
DCFs. Employing the setup in Figure 1 with a 10.5 m PM-SMF and no PM-DCE initial
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experiments were conducted to examine the influence of net dispersion on the mode-locking
dynamics. In this case, the net cavity dispersion was calculated to be —0.29 ps2. When
the pump power was increased to 1 W, the laser entered the continuous-wave operating
state. As the pump power was increased to 1.4 W, a clear soliton splitting phenomenon was
observed. Due to the interaction between higher-order dispersion and nonlinear effects, its
periodic evolution is disrupted. By reducing the pump power to ~620 mW, single pulse
mode-locking was established with an output power of 2.16 mW and 0.35 mW at port 1
and port 2, respectively. Figure 2a presents the spectra from both output ports, measured
with a 0.05 nm resolution. At this pump power, the spectrum from port 1 was centered at
1955 nm with a 3 dB bandwidth of 10.55 nm, whereas that from port 2 exhibited a narrower
3 dB bandwidth of 5.16 nm at the same central wavelength. Both output ports exhibited
symmetric Kelly sidebands, which result from gain and loss perturbations experienced by
the soliton during propagation in the anomalous-dispersion regime [35,36]. The measured
pulse train was depicted in Figure 2b, revealing a consistent temporal spacing of 87 ns
between pulses. This interval aligned well with the calculated round-trip time of the 18.5m
long cavity, confirming the expected repetition rate. The RF spectrum was measured over a
1 MHz span with a resolution bandwidth (RBW) of 10 Hz, as illustrated in Figure 2c. An
SNR of 91 dB was obtained, confirming the excellent stability of the mode-locking operation.
Such ultrahigh-SNR performance in a figure-9 cavity at 2 um was consistent with previous
reports [29]. The autocorrelation trace of the uncompressed output pulse from port 1 was
shown in Figure 2d, revealing a Gaussian-fitted pulse duration of 1.43 ps (corresponding
to a Fourier-transform-limited duration of 0.53 ps), indicating that the output pulse was
strongly chirped. The observed ps-level pulse width was attributed to the broadening in
the anomalous-dispersion passive fiber following the CFBG and PMI. These low power
levels were fundamentally limited by the soliton area theorem, which constrained the pulse
energy and average power achievable in conventional soliton ML systems. To overcome
this limitation, we introduced PM-DCFs (Nufern, Saxonburg, PA, USA, PM2000D) into
the figure-9 cavity, enabling stable single-pulse dissipative-soliton mode-locking in the net
normal dispersion regime.
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Figure 2. Output characteristics of port 1 without DCF: (a) output spectra, (b) the pulse train, (c) RF
spectrum of the output signal and (d) autocorrelation trace.
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By alternately using positive and negative dispersion optical fibers and taking ad-
vantage of their characteristics to reduce the average dispersion of the entire optical fiber
transmission link, the interaction between solitons during transmission can be improved.
This periodic broadening—compression process effectively reduces the peak power and
limits the built-up nonlinear phase shift, thereby preventing wave-breaking [37]. Thus,
two commercial PM-DCFs with lengths of 1.5 m and 2 m were inserted into the cavity,
as shown in Figure 1. Self-stating mode-locking in a single-pulse state was achieved at
the pump power of 1.8 W. Upon initiation, the ML operation could be maintained when
the pump power was slightly reduced. The laser reverted to CW mode when the pump
power was reduced below 1.45 W. The single-pulse state persisted as the pump power
was increased up to 2.9 W. The measured ML spectra with different pump powers of port
2 under single-pulse operation are shown in Figure 3a. At the maximum pump power
of 2.9 W, the spectrum exhibited a center wavelength of 1952 nm and a 3 dB bandwidth
of 11.2 nm, corresponding to a Fourier-transform-limited (FTL) pulse duration of 500 fs.
Figure 3b presents the recorded pulse train from port 1. The measured pulse train exhibited
a temporal spacing of 81.2 ns, which matched well with the round-trip time of the 17.2 m
long cavity. This confirms that the laser operated at the fundamental repetition rate of
12.31 MHz, with no additional pulses observed. Figure 3c illustrates the RF spectrum with
a frequency range of 10 MHz and an RBW of 100 Hz. The SNR reached 82 dB, indicating the
excellent stability of the mode-locking operation. The autocorrelation trace of the output
pulse from port 1, measured without external compression, is presented in Figure 3d.
A Gaussian-fit pulse duration of 545 fs was obtained, corresponding to approximately
1.1 times the FTL. In this dispersion-managed TDFL, the pulse chirp and width vary period-
ically at different locations within the cavity. Overall, after stable mode-locking is achieved,
the laser exhibits excellent stability with nearly linear output power scaling, constant pulse
duration, high RF SNR, and no saturation behavior within the investigated pump range.
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Figure 3. (a) Output spectra of port 1 at different powers, (b) the pulse train, (c) RF spectrum of the
output signal and (d) autocorrelation trace.

An interesting phenomenon was observed wherein the spectrum was deviated from
that of typical dissipative solitons, exhibiting characteristics intermediate between the
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dissipative and stretched solitons. This behavior could be attributed to the combined effect
of the CFBG and PM-DCFs on intracavity pulse evolution and dispersion management.

The total round-trip dispersion, calculated from the measured dispersion coefficients of
each cavity segment, was 0.25 ps?, confirming operation in a net-normal-dispersion regime.
Meanwhile, the local dispersion accumulated in individual sections (e.g., +0.98 ps? in the
CFBG) was significantly larger than the net dispersion, indicating a strongly dispersion-
managed cavity. Such a large dispersion contrast inevitably induced periodic pulse breath-
ing during each round-trip.

For the measured pulse duration of 545 fs, the corresponding dispersion length was
approximately 0.42 m, which was much shorter than the total cavity length (17.2 m),
indicating substantial dispersive evolution within each round-trip from the calculated peak
power of ~15 kW (twice the output peak power) at the compression point. With a typical
nonlinear coefficient y & 1.5 W~lkm ™! at 2 um, the nonlinear length was approximately
4 cm [38]. This indicated that Kerr nonlinearity plays a significant role in spectral shaping,
while strong dispersion management prevents excessive nonlinear phase accumulation.

In addition, with the increase in pump power and pulse energy (up to 4.3 nJ), the
spectral bandwidth narrowed and the sharp, steep edges became flattened (consistent with
the inverse relationship between pulse energy and spectral shape reported in Ref. [39]),
which further modulated the spectral shape and enhanced the intermediate characteristics.

Therefore, the coexistence of net-normal dispersion, strong dispersion management,
and substantial but controlled nonlinear interaction naturally leads to spectral characteris-
tics intermediate between classical dissipative solitons and stretched solitons. The above
physical mechanism is fully supported by our experimental data (spectral evolution with
pump power, intracavity dispersion parameter calculation) and the mature theoretical
conclusions on dispersion-managed dissipative-soliton dynamics in 2 um Tm-doped fiber
lasers [40,41], and can well explain the observed spectral characteristics.

In this experiment, the pump power was increased to 1.8 W (mode-locking threshold)
to initiate self-starting mode-locking. Then, the pump power was slightly reduced to
the range of 1.5-1.6 W, at which point a precise dynamic balance was established among
intracavity gain and loss, dispersion and nonlinear effects. The mode-locking state entered a
stable phase without mode hopping or soliton splitting. On the basis of stable mode-locking,
a single-pulse output of 53.6 mW was achieved at a pump power of 2.9 W, corresponding
to a single pulse energy of 4.3 nJ. To the best of our knowledge, this represents the highest
average output power reported of a figure-9 ML-TDML oscillator in the 2 um band. As
the pump power increased, the output power of the ML laser was recorded, as shown in
Figure 4a. It was observed that the rate of output power increase did not slow down as
the pump power was raised. The maximum output power achieved here was primarily
limited by the available pump power and the damage thresholds of the optical components,
suggesting potential for further improvement.

The ML-TDFL operated at room temperature for over two hours, and the power
fluctuation was approximately 0.45% root mean square (RMS) at an output power of
~53 mW, as shown in Figure 4b. Evaluating the power stability is essential for verifying
the long-term reliability of the mode-locked operation. The ML spectra at the highest
pump power at a net cavity dispersion of 0.25 ps? from port 1 and port 2 were presented in
Figure 4c,d, respectively. The spectrum from port 1 exhibited a center wavelength located
at 1952.5 nm with a 3 dB bandwidth of 10.8 nm, while that from port 2 was centered at
1952 nm with a 3 dB bandwidth of 11 nm. Both spectra exhibit the typical features of
dissipative solitons with high single-pulse energy, shaped by dispersion management and
nonlinear effects within the cavity. The slightly narrower 3 dB bandwidth observed at
port 1 is attributed to the spectral filtering effect of the CFBG.
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Figure 4. (a) Output power of port 1, (b) output power evolution with a monitoring time of 2 h,
(c) output spectra of port 1 and (d) port 2.

To further clarify the suppression of excessive nonlinear accumulation, we evaluated
the intracavity nonlinear phase shift, defined as ®x; = 7y fOL P(z)dz [38], where the local
growth rate is proportional to the instantaneous peak power. Although the peak intracavity
power at the compression point is estimated to be ~15 kW, the pulse undergoes pronounced
dispersion-managed breathing.

Both the PM-DCF and the CFBG contribute to this redistribution of peak power along
the cavity [31]. The PM-DCF provides a normal-dispersion segment that stretches the pulse
over a continuous propagation length, thereby reducing its peak power before entering
the gain and anomalous-dispersion fibers. The CFBG, with its relatively large positive
dispersion, further enhances the dispersion-map strength and induces strong temporal
stretching prior to pulse compression. As a result, the pulse remains at high peak power
only over a limited effective length in the anomalous-dispersion section. Since the nonlinear
phase accumulation rate scales as d®yp /dz = yP(z), this temporal broadening directly
reduces the accumulated nonlinear phase over most of the cavity.

Considering the estimated nonlinear length at the compression point (~4 cm) and
the limited effective compression region, the round-trip nonlinear phase shift is on the
order of 10-20 rad (3m-671), which is consistent with stable dispersion-managed dissipative-
soliton operation and well below the wave-breaking threshold. Therefore, the combined
action of the PM-DCF and CFBG does not merely tailor the net dispersion but actively
redistributes the peak power spatially, suppressing excessive nonlinear phase accumulation
while preserving sufficient Kerr nonlinearity for spectral shaping.

4. Conclusions

We have demonstrated an environmentally stable, all-fiber dissipative-soliton ML-
TDEFL operating at ~1952 nm based on a NALM figure-9 configuration. By incorporating a
homemade CFBG and commercial PM-DCFs into the cavity for dispersion management, a
net dispersion of ~0.25 ps? was achieved, enabling stable single-pulse dissipative-soliton
operation. The oscillator delivered a maximum output power of 53.6 mW and a pulse
duration of 545 fs at a repetition rate of 12.31 MHz, corresponding to a single-pulse energy
of 4.3 nJ. The mode-locking stability was confirmed by an RF SNR of 82 dB. Furthermore, the
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laser exhibited excellent long-term stability, with an RMS power fluctuation of only 0.45%
over two hours of continuous operation at room temperature. These results demonstrate
the great potential of this high-power, environmentally robust, fs-pulsed ML-TDFL as a
practical seed source for biomedical multiphoton imaging and mid-infrared frequency
combs generation.
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