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Abstract: As a crucial component of nonlinear polarization rotation (NPR) mode locking, optical fiber
gratings offer advantages such as polarization modulation capability, stability, fiber compatibility, and
preparation maturity, making them a vital technological foundation for achieving NPR mode locking.
Here, a polarization-maintaining fiber helical long-period grating (PMF-HLPG) was designed and
fabricated as a polarizer using the CO2-laser direct-write technique to realize the NPR effect. A
homemade fiber Bragg grating (FBG) was also introduced into the laser system to enable a narrow-
bandwidth lasing output and wavelength tunability. Based on the PMF-HLPG and FBG mentioned
above, an all-fiber mode-locked laser with a spectra bandwidth of 0.15 nm was constructed to generate
stable short pulses with a fundamental repetition rate of 12.7122 MHz and a pulse duration of 30.08 ps.
In particular, its signal-to-noise ratio is up to 84.5 dB, showing the high stability of the laser. Further,
the operating wavelength of the laser can be tuned from 1559.65 nm to 1560.29 nm via heating the
FBG while maintaining its mode-locked state with stability. The results indicate that the PMF-HLPG
could be used as a polarizer to meet the NPR mechanism for ultrashort pulse laser applications in
optical communication, optical sensing, and biomedical imaging.

Keywords: helical long-period fiber grating; polarization-maintaining fiber; nonlinear polarization
rotation; mode-locked fiber laser

1. Introduction

With the developed ultrafast fiber laser technology, all-fiber short-pulse mode-locked
lasers with a compact structure, good stability, and high beam quality find extensive utility
across diverse applications, such as optical biological imaging [1], industrial processing [2],
and optical soliton communication [3]. As reported, many saturable absorber (SA) mate-
rials, including SESAM [4], graphene [5], carbon nanotubes [6], etc., exhibit a decrease in
absorption as the incident optical intensity increases. This non-linear characteristic allows
the SA to act as a self-regulating component in a laser cavity, enabling the generation
of ultrashort optical pulses. Despite SA materials offering significant advantages, their
implementation in fiber lasers is accompanied by certain limitations that affect the output
performance due to their low damage threshold and degradation over time. In response to
the growing demand for diverse applications, other fiber laser construction based on the
optical Kerr effect has been proposed and adopted, including nonlinear optical loop mir-
rors [7,8], nonlinear amplification loop mirrors [9], nonlinear multimode interference [10],
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and nonlinear polarization rotation (NPR) [11,12], etc. Among these options, the NPR mech-
anism has emerged as a particularly effective and mature approach [13–16]. It is achieved
through the collaboration of two polarization controllers (PCs) and polarization-dependent
devices. The use of conventional polarization-dependent devices in the NPR mechanism
often involves bulky optical polarizers. However, these bulk components pose challenges
in terms of miniaturization and integration when it comes to passively mode-locked fiber
lasers (MLFLs). In response to the aforementioned challenges, a range of polarization-
dependent all-fiber devices have been proposed and developed as a promising alternative.
These devices include a segment of polarizing fiber [17], microfiber polarizer [18,19], single-
mode-fiber coil [20], fiber grating [12,21–23], and so on. Each of them has its associated
advantages and drawbacks. For instance, the polarizing fiber has a high polarization ex-
tinction ratio (PER) without any micro-processing; however, it is important to note that the
fiber drawing techniques and equipment required for manufacturing polarizing fiber are
relatively complex and demanding. Although the microfiber polarizer has the advantages
of a low cost and high PER, the microfibers are generally more fragile than regular fibers,
which limits their practical application in the laser system. Fiber coils operating in the
low-V-number regime can achieve enhanced bend-induced polarization-dependent losses
(PDLs) as a polarizer to obtain mode locking. However, it is difficult and uncontrollable to
balance the PDL and bending loss of the fiber coils [20]. Compared to the above-mentioned
polarizers, fiber gratings demonstrate many advantages. Their wavelength selectivity,
design flexibility, all-fiber integration, and compatibility with high-power applications
contribute to their versatility and effectiveness in all-fiber laser systems. Mou et al. [21]
proposed an all-fiber passively mode-locked laser using a 45◦ tilted fiber grating (TFG) as
an in-fiber polarizer in the laser cavity. Nevertheless, the fabrication of a 45◦ TFG requires
the optical fiber to have strong photosensitivity and demands a high level of precision in
the writing system. Then, Huang et al. and Li et al. [12,22] developed MLFLs utilizing a
femtosecond laser inscribed in-fiber Brewster device and a small-period long-period grating
(LPG), respectively. Nevertheless, complicated femtosecond laser inscription systems are
not very affordable and the gratings suffer from a high insertion loss, with values exceeding
7 dB and 15 dB at a wavelength of 1560 nm, respectively. Furthermore, Kanagaraj et al.
employed a femtosecond laser to fabricate a 45◦ TFG with a wavelength of 2 µm, effectively
expanding the operating range of mode-locked lasers to the 2 µm waveband. However, it
is important to note that the device exhibited significant insertion loss, resulting in a high
mode-locking threshold exceeding 300 mW [24], while the polarization-maintaining fiber
(PMF) helical LPG (HLPG) could enable effective polarization mode coupling, allowing it
to function as an all-fiber polarizer [25]. In comparison to other types of gratings, such as
the 45◦ TFG [21,22], small-period LPG [12], and chiral LPG [23], the PMF-HLPG inscribed
by a CO2-laser offers advantages in terms of simpler and faster manufacturing, a lower
insertion loss, and a low cost. Moreover, adopted helical refractive index modulation could
also remove the necessity of CO2-laser exposure alignment along the axis of PMFs during
grating inscription, resulting in an improved grating writing efficiency. These merits asso-
ciated with PMF-HLPG suggest that it could be suitable for applications in NPR MLFLs,
which are yet to be exploited.

In this work, we demonstrate the implementation of an all-fiber MLFL utilizing
an HLPG within a PMF and a homemade fiber Bragg grating (FBG). The stable narrow
bandwidth and tuned wavelength ps pulse lasing were accomplished and the lasing
characteristics were systematically investigated in terms of its output spectrum, stability,
pulse width, wavelength tunability, and so on.

2. Polarization-Dependent Helical Long-Period Grating and Mode-Locked Fiber
Laser Construction

In a conventional single-mode fiber (SMF)-based LPG, the LPG couples the fundamen-
tal core mode to various order cladding modes, resulting in a series of resonance dips across
a wide range of wavelengths [26]. To enhance the PDL of the grating, two approaches are
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commonly employed. The first method involves enhancing the asymmetric refractive index
modulation of the grating to introduce birefringence. The second method is to directly fabri-
cate gratings on high-birefringence fibers. Notably, Panda-type PMF is a typical example of
a high-birefringence fiber, this fiber achieves higher stress birefringence through the incor-
poration of a pair of B2O3-doped low-refractive-index stress regions in the fiber cladding.
As a result of these design features, the PDL can be significantly improved. Therefore, in a
PMF, the birefringence and stress-induced anisotropy of the fiber cause the two orthogonal
polarization modes to travel at different phase velocities and exhibit different propagation
characteristics. This unique property of PMF-based LPGs allows them to couple a pair
of orthogonally polarized core fundamental modes to different orders of orthogonally
polarized cladding modes [27–29]. Notably, these coupled orthogonally polarized modes
exhibit no correlation in wavelength, enabling PMF-based LPGs to effectively function as
polarizers [30]. The phase-matching condition of a PMF-based LPG can be described using
the coupled mode theory [25,31] as follows:

λm
i = (nco,i − nm

cl,i)Λ (1)

where λm
i represents the resonant wavelength of the mth-order cladding mode in the i

polarization direction, and i = {x, y} represents the two orthogonal polarized directions of
the PMF, corresponding to the fiber slow axis and fast axis, respectively. Λ is the period
of the grating and nco,i and ncl,i represent the effective refractive index of the fundamental
mode and the mth orthogonally polarized cladding modes, respectively.

A CO2-laser (CO2-H10, Han’s Laser, Shenzhen, China) was used to inscribe helical
refractive index modulation type LPG in a Panda-type PMF (PM 1550 125/13, YOFC). The
relative refractive index distribution of the fiber cross-section was measured [25], where the
fiber features a core diameter of 8 µm, a cladding diameter of 125 µm, and a stress-applying
parts (SAPs) diameter of 32 µm. The centers of the two SAPs are separated by a distance
of 54.8 µm. The index difference between the core and cladding is 0.004, while the index
difference between the core and SAPs is 0.0164. The helical index modulation in the PMF is
achieved by simultaneously rotating the fiber during CO2-laser irradiation. When inscribing
the LPG, one end of the PMF is fixed on a rotating device driven by a step motor, and the
other end of the fiber is placed in a fiber slot of the platform so that the fiber can rotate at a
constant speed. The pitch of the grating is determined by the combined speed of the fiber’s
axial movement and rotation. Spiral modulation reduces the writing difficulty of grating in
PMF and improves its writing efficiency. Detailed information about other fiber parameters
and preparation methods can be found in our previous work [25]. Figure 1 illustrates the
schematic diagram of the PMF-HLPG-based polarization-dependent device and polarization
spectra measurement system, where the bottom left inset shows the schematic cross-section
of the Panda-type PMF and the structure of the PMF-HLPG, respectively. The transmission
spectrum of the grating was measured using a broadband light source (BBS, SuperK, NKT
Photonics, Copenhagen, Switzerland) and was recorded with an optical spectrum analyzer
(OSA, AQ6375, Yokogawa, Tokyo, Japan) with a resolution of 0.05 nm. To optimize the
polarization state of the incident light, a polarizer and a PC were placed after the BBS. These
components allowed for the precise control and adjustment of the polarization state of the
light before interacting with the grating. By adjusting the PC properly, two orthogonal
polarization spectra of the PMF-HLPG can be simultaneously output using a polarization
beam splitter (PBS), as shown in the right inset picture of Figure 1. According to Equation (1),
by designing the grating period, the grating-based polarizer can work in different wavebands.
The PMF-HLPG in this experiment was designed with a pitch of 480 µm, and the length of
the grating was limited to 2.4 cm. Figure 2a shows the measured two orthogonal polarization
transmission spectra (solid lines) and loss spectrum (dotted line) of the PMF-HLPG, where the
red and black lines in Figure 2a represent the slow-axis and fast-axis spectra, respectively. The
resonant dips observed at 1571.4 nm correspond to the coupling of the fast-axis mode (Y-polar,
LP15y mode), while other dips at 1508.6 nm correspond to the coupling of the slow-axis mode
(X-polar, LP14x mode) [25]. The dotted line in Figure 2a represents measurements of the
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grating under random light input conditions, indicating that the grating has a low insertion
loss as a polarizer. As shown in Figure 2b, the PDL spectrum of the PMF-HLPG was measured
within the wavelength range of 1540 nm to 1600 nm. The maximum PDL was 26 dB at
1571.4 nm, and its bandwidth greater than 3 dB spanned 24.9 nm, ranging from 1558.8 nm to
1583.7 nm. Importantly, the central wavelength of the PDL spectrum can be adjusted flexibly
by modifying the grating period.

Figure 1. The schematic diagram of the PMF-HLPG-based polarization-dependent device and
polarization spectra measurement system, where the bottom-left inset picture shows the schematic
cross-section of the Panda-type PMF and the structure of the PMF-HLPG, respectively, and the right
inset picture shows the schematic diagram of orthogonal polarization spectra of the PMF-HLPG
(BBS: broadband light source, PC: polarization controllers, PMF-HLPG: polarization-maintaining
fiber helical long-period grating, PBS: polarization beam splitter, OSA: optical spectrum analyzer,
SAPs: stress applying parts).

Figure 2. (a) The measured two orthogonal polarization transmission spectra (solid lines) and loss
spectrum (dotted line) of the PMF-HLPG with a grating period of 480 µm. (b) The measured PDL
spectrum of the PMF-HLPG within the wavelength range of 1540 nm to 1600 nm.

To verify the capability of the PMF-HLPG to function as a polarizer in conjunction
with the NPR effect, a ring fiber laser cavity based on the polarization-dependent PMF-
HLPG was constructed. Its setup and laser measurement system are illustrated in Figure 3.
A single-mode semiconductor laser diode (LD, VLSS-980, Connect, Shanghai, China)
operating at a wavelength of 974 nm was used as the pump source. The pump delivers a
maximum output power of 500 mW and is coupled into the system through a 980/1550 nm
single-mode wavelength division multiplexer (WDM). A piece of 1.0 m commercial erbium-
doped fiber (EDF, OFS EDF80) was utilized as the gain media of the laser to provide
gain. The 10% port of an optical coupler (OC) served as the laser output, and the 90%
light continued to oscillate in the cavity. To obtain a narrow-bandwidth laser output, a
homemade FBG was incorporated into the cavity by an optical circulator (CIR) to select
mode-locked wavelengths. The transmission spectrum of the FBG is presented in the inset
of Figure 3, which can be seen to have a reflectivity of more than 99.0% and 3 dB bandwidths
of 0.21 nm at a central wavelength of 1559.39 nm. The CIR in the cavity can also ensure
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unidirectional operation in the laser cavity. A 480 µm period PMF-HLPG with fast-axis
polarization mode resonance acted as an all-fiber polarizer, which was integrated with
two PCs, forming the structure in order to achieve mode locking. The total effective cavity
length of the laser is ∼16.1 m, including 1 m long EDF, ∼15 m long standard SMF (SMF-28,
Corning, New York, NY, USA), and 0.1 m long PMF, which entails a fundamental repetition
rate of 12.76 MHz. The group velocity dispersions of the EDF and SMF are 61.15 ps2/km
and −22.8 ps2/km at wavelength 1550 nm, respectively, and the dispersion of the 0.1 m
PMF was ignored in this experiment, so the total net cavity dispersion of the laser was
calculated to be approximately −0.283 ps2. The output properties of the MLFL, including
spectrum, pulse train, RF spectrum, and autocorrelation trace, were measured, depending
on an OSA (AQ6370D, Yokogawa, Tokyo, Japan), an oscilloscope (DS4050, RIGOL, Wuhan,
China) with a 10 GHz photodetector (PD, 818-BB-51F, Newport, Irvine, CA, USA), an
electrical spectrum analyzer (ESA, RS-FSV3000, Rohde & Schwarz, Munich, Germany), and
an autocorrelator (PulseCheck SM1600, APE, Berlin, Germany), respectively.

Figure 3. Setup of narrow bandwidth MLFL based on PMF-HLPG and FBG, and the laser mea-
surement system (WDM: wavelength division multiplexer, EDF: erbium-doped fiber, CIR: optical
circulator, FBG: fiber Bragg grating, TEC: temperature electric controller). The inset is the transmission
spectra of the FBG.

3. Evaluation of the Narrow Bandwidth and Wavelength-Tunable Mode-Locked
Fiber Laser

A stable anomalous dispersion MLFL was accomplished by slightly adjusting the PCs
and the pump power. The mode-locked threshold of the laser is approximately 110 mW.
In comparison to other grating-based polarization devices [12,22], the PMF-HLPG-based
laser exhibits a lower mode-locking threshold. By reducing the loss of the other device
in the cavity, the mode-locking threshold of the laser can be further reduced. Its output
characteristics were analyzed at a pump power of 120 mW, in terms of the optical spectrum,
pulse train, RF spectrum, and autocorrelation trace. As shown at the top of Figure 4a, the
output spectrum of the laser was scrutinized using an OSA with a resolution of 0.02 nm.
And a narrow-bandwidth lasing peak centered at 1559.65 nm can be observed, associated
with a narrow bandwidth of 0.15 nm at 3 dB. At the same time, there are three visible
Kelly sideband peaks on the right side of the spectrum, which proves that the fiber laser
works in a conventional soliton regime. The narrow bandwidth profile of the laser depends
mainly on the property of the FBG within the laser cavity, suggesting that the bandwidth
of the laser spectrum can further be compressed by using a smaller-bandwidth FBG [32].
The power stability of the mode-locked fiber laser under a pump power of 120 mW was
successively measured using a power meter, every 1 s for 2 h. The result is shown in the
inset of Figure 4a. The fluctuation in the output power (FOP) is less than 0.02% of the
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average power (output power: 1.967 mW), which is indicative of stable output power.
The spectral stability of the laser was continuously monitored for every 5 min over 4 h
as depicted at the bottom of Figure 4a. The central wavelength fluctuation is less than
0.01 nm, and the intensity fluctuation is lower than 0.01% of the average spectral intensity
at 1559.65 nm. This suggests that no obvious spectral changes are observed, suggesting that
the laser exhibits a well-stabilized mode-locked state. The illustration in Figure 4b shows
the pulse train of the fiber laser, which was detected by an oscilloscope with a 10 GHz PD.
The pulse train over the time scale of 7 µs was recorded. The intensity fluctuation of the
pulse train is less than 0.08% of the average voltage, which is attributed to the low resolution
of the oscilloscope. By the enlarged pulse train, the pulse interval time was evaluated to
be 78.66 ns, corresponding to the calculated pulse repetition rate of 12.7122 MHz, which
matches well with the cavity length. The radio frequency (RF) spectrum with a single peak
at 12.7122 MHz was recorded via an ESA with a resolution of 1 Hz, as demonstrated in
Figure 4c. In other words, the fundamental repetition rate of the laser is 12.7122 MHz,
which is in agreement with the calculated pulse repetition rate and laser cavity length of
16.1 m. It is worth noting that, during the experiments, we observed a stable harmonic
mode-locking state of the laser by increasing the pump power and appropriately adjusting
the polarization state within the cavity. However, controlling the order of the harmonic
mode-locking pulse trains is still a challenge. An 84.5 dB signal-to-noise ratio (SNR) and a
narrow spectral width demonstrate excellent pulse energy stability and low pulse timing
jitter. In the inset of Figure 4c, the RF spectrum of the fundamental repetition rate and its
beat note is monitored over a 1 GHz frequency range with a 10 kHz resolution bandwidth,
implicating a stable mode-locked operation obtained in the fiber laser. In addition, the
autocorrelation trace of the mode-locked pulses was measured using an autocorrelator with
a measuring range of 120 ps, and the result is shown in Figure 4d. A broadband peak was
recorded and fitted with the sech2 curve, indicating a full width at half maximum (FWHM)
of 46.408 ps and a pulse duration of 30.08 ps for the MLFL. Therefore, the calculated
time–bandwidth product (TBP) is 0.5564, which is larger than the Fourier transform limit
of the hyperbolic secant pulse (0.3), implying that this sech2 pulse still possesses chirp.
This means that the pulses can be compressed further in the time domain, which has the
potential to be developed and optimized in the future. The above results confirm that the
MLFL based on PMF-HLPG and FBG is a narrow-bandwidth and high-stability picosecond
pulse fiber laser.

In addition, the tunable performance of the MLFL based on PMF-HLPG and FBG
was demonstrated by the temperature sensitivity of the FBG. As the temperature of the
FBG was gradually increased from 25 °C to 95 °C, the central wavelength of the laser
was red-shifted and the spectral profile remained unchanged, as illustrated in Figure 5a.
Note that both the PCs and the output power of the pump laser in the laser system
remain unchanged during the temperature adjustment process, i.e., the mode-locked state
of the laser remains unchanged. As shown in Figure 5b, a lasing central wavelength
tuning range of approximately 0.64 nm was accomplished from 1559.65 nm to 1560.29 nm.
The wavelength shift increases linearly with the temperature at a slope coefficient of
9.40 pm/°C. The operating wavelength of the MLFL based on PMF-HLPG was tuned
by temperature, demonstrating that the laser has the ability to be tuned. At the same
time, the laser remained in a stable state during the wavelength tuning process, indicating
that the PMF-HLPG has a good mode-locked performance. To enhance the wavelength
tunable range, further optimization can be pursued through methods like enhancing the
temperature sensitivity of the FBG or utilizing the tensile or bending sensitivity of the
FBG. These approaches offer potential avenues for expanding the range of the lasing
working wavelength. Meanwhile, the temporal pulse train and autocorrelation trace of the
laser at different operating wavelengths were measured, and the results at three typical
wavelengths are presented in Figure 5c,e, respectively. The fluctuations of the laser output
characteristics are summarized in Figure 5d,f. As the working wavelength red-shifts, the
pulse interval time increases slightly, i.e., from 78.6646 ns to 78.6658 ns; thus, the repetition
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frequency decreases from 12.7122 MHz to 12.7120 MHz. The fluctuations in bandwidth and
pulse width are less than 0.013 nm and 5 ps, respectively, which results in small fluctuations
in the TBP of the laser as well (less than 0.13). Those small fluctuations are mainly caused
by the differences in gain and loss in the cavity at different operating wavelengths, as well
as a small variation in cavity length caused by changes in the effective length of the FBG at
different temperatures. The results indicate that the MLFL based on PMF-HLPG exhibits a
stable wavelength tuning capability.

Figure 4. The output characteristics of the narrow bandwidth MLFL at a pump power of 120 mW.
(a) Output spectrum with 0.02 nm resolution and its stability over 4 h. The inset is laser output power
stability with 2 h at 1.967 mW. (b) The temporal pulse train at different ranges. (c) RF spectrum with
10 kHz span and 1 Hz resolution bandwidth, and the inset shows the RF spectrum in a 1 GHz range
with 10 kHz resolution bandwidth. (d) Autocorrelation trace with the sech2 fitting.

Utilizing a PMF-HLPG as an in-fiber polarizer in MLFL provides several significant
advantages compared to MLFL, which relies on commercial bulk polarizers, including a
lower insertion loss, all-fiber structure with higher integration, and lower cost. Moreover,
compared to other all-fiber polarization-dependent devices, the PMF-HLPG also exhibits
an excellent performance. According to the above experimental results, it can be found
that the PMF-HLPG has three obvious advantages as an all-fiber polarizer to realize mode
locking. Firstly, the fabrication method of the PMF-HLPG is simple and has a low cost.
The PMF-HLPG was fabricated using the CO2-laser writing technique, which has a high
writing efficiency and stability [25,33]. Compared with the femtosecond laser-inscribed
grating system and UV laser-written grating system, this approach eliminates the need
for expensive laser inscription systems and fiber pretreatment, facilitating the design of
in-fiber polarization-dependent devices. Secondly, it has a wide operating bandwidth
and wavelength selectivity. In this work, the PMF-HLPG succeeded in achieving a stable
mode-locked laser output with a PDL of only 3.5 dB, indicating an operating bandwidth of
at least 20 nm for the fast axis and a similar effect for the slow axis, rendering the device
highly suitable as a polarizer within the C+L band. By inscribing phase-shifting HLPG, a
cascading grating, and a dispersion turning point grating on PMFs, the working bandwidth
of the polarizer can be effectively expanded. These methods enable further enhancements
in the operational wavelength range of the PMF-HLPG-based polarizer. Moreover, the
working wavelength of the grating can be flexibly adjusted by altering the period of the
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PMF-HLPG. This adaptability allows the grating to be utilized in the construction of MLFLs
operating at different wavebands, such as a 1.0-, 1.55-, and 2.0-µm waveband. It should be
noted here that the effect of the magnitude of the PDL on the mode-locked characteristics
of the laser still needs further systematic investigation. Thirdly, the MLFL built based on
PMF-HLPG has a good stability and high SNR. This is mainly dependent on the stable
polarization modulation characteristics of the PMF-HLPG. Therefore, the work presented
here provides a novel and alternative method for implementing a mode-locked laser output,
and could also shed light on the study of stable NPR-based ultrashort pulse fiber lasers
across various operating wavelengths.

Figure 5. The output characteristics of the MLFL based on an FBG at different working temperatures.
(a) Optical spectrum at different working wavelengths. (b) Laser wavelength versus different
temperatures of the FBG. (c) The temporal pulse train and (d) autocorrelation trace of the laser at
three operating wavelengths. (e) The repetition frequency and (f) bandwidth (blue square), pulse
duration (dark red circle), and TBP (orange circle) variations of different working wavelengths.

4. Conclusions

In conclusion, we designed and fabricated a PMF-HLPG using the CO2-laser writing
technique to meet the requirements of the NPR mechanism and a homemade FBG with 3 dB
bandwidths of 0.21 nm to obtain narrow-bandwidth lasing and wavelength tuning. A stable
0.15 nm bandwidth mode-locked ps pulse lasing with an SNR of 84.5 dB was demonstrated
in an NPR MLFL based on a PMF-HLPG and an FBG. To the best of our knowledge, it is
the first time that the PMF-HLPG has been utilized as a polarizer to implement narrow-
bandwidth MLFLs. In addition, the laser exhibits the ability to be continuously tuned
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within the range of 1559.65 nm to 1560.29 nm while also maintaining the stability of its
mode-locked state. The study results indicate that the NPR structure, utilizing the PMF-
HLPG, can provide valuable insights for the exploration of compact, stable, and robust
all-fiber ultrafast lasers in practical applications across various operating wavelengths.
Future research may aim to enhance the tunable range of this narrow-bandwidth mode-
locked laser and investigate the impact of PDL variation at different wavelengths in the
PMF-HLPG on the laser output characteristics. By addressing these aspects, we aim to
further enhance the overall performance of the laser.
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