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Articleinfo  Abstract
Date received This study presents the successful generation and optimization of the Q-switched pulsed

16/08/2026 fiber lasers by using a novel inorganic saturable absorber (SA) material of liquid and thin-
Date accepted 11y magnesium nitrate (Mg(NOs)z) in a Figure-8 (FO8) cavity design. The solid-state laser
26/09/2026 operated at a maximum repetition rate of 36.34 kHz, with a pulse width of 5.94 us, a
Available online .
30/09/2026 maximum pulse energy of 13.20 nJ] and an average output power of 0.45 mW at 403 mW
of pump power. In moving to the Mg(NO3)2 thin-film configuration, the performance was
K d greatly improved allowing the repetition rate to be tuned from 35.36 kHz to 72.56 kHz
eyY(})lrds and the pulse duration to be shortened from 4.240 us to 3.005 us with increasing pump
S;:V;;ice ’ power from 154.3 mW to 403.00 mW. Moreover, the system could be made to be
& wavelength tunable with stable operation throughout the 30 nm tuning range (1525 nm
saturable
absorbers, to 1555 nm) with a fixed pump power of 403 mW by incorporating a tunable bandpass
Figure-8 (FO8) filter to the cavity. The findings reinforce the potential of the controlled integration and
cavity, fiber optimization of inorganic Mg(NOs)2 SAs to realize high reliability and highly tunable
lasers pulsed fiber laser sources for advanced medical applications.
Introduction transmission which enables the production of high-

peak-power, microsecond to femtosecond pulses,
necessary for precision medical applications such
as tissue ablation, ophthalmology, and
microsurgery (Gao et al., 2009). This is currently
occupied by Semiconductor Saturable Absorber
Mirrors (SESAMs) which have the drawbacks of
narrow operation bandwidths, complicated
fabrication processes and high production costs
(Garmire 2000). Therefore, recent studies have
shifted focus to new low dimensional-type
inorganic materials and compounds, such as

The outstanding beam quality, compact size, and
efficient thermal management have made them
essential tools in a wide range of high-tech
applications, including advanced medical
diagnostics,  surgical ~and  dermatological
applications (Gambling 2000). The most basic
design elements for achieving short-pulsed
regimes of operation in lasers, like Q-switching and
mode locking, are optical switches called saturable
absorbers (SAs) (Ibarra-Escamilla et al., 2008). SAs
allow for the delivery of intensity-dependent
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transition metal dichalcogenides, topological
insulators and metal oxides, as new advanced
saturable absorbers (Going et al., 2012). Thanks to
their large absorption bandwidths, extremely fast
recovery times and great environmental stability,
these inorganic materials are ideal candidates for
the use in demanding medical grade laser systems
as compared to organic dyes or traditional

semiconductor counterparts (Gokus et al., 2009).

Although inorganic saturable absorbers have
shown outstanding photophysical characteristics,
they have been so far scarcely embraced in pulsed
fiber lasers for medical applications because of
several major problems related to their synthesis,
generation and optimization (Guo et al., 2016). The
current synthesis techniques provide a large
number of synthesis defects, such as non-uniform
film thickness, high defect density, and poor batch
to batch reproducibility, which directly impact
stable mode locking and long-term laser reliability
(Hakulinen et al., 2025).

A high modulation depth with high clinical power
operation for inorganic SAs while keeping a high
optical damage threshold is a tough engineering
challenge (Hakulinen et al., 2024). The losses often
involved with the effective integration of these
materials onto fiber tips, tapered fibers or side
polished fibers can lead to high insertion losses and
scattering losses, thus reducing the overall Q-factor
and output efficiency of the cavity (Huang et al.,
2020). However, there is a lack of standardization
and scalability in frameworks that guarantee the
performance of these inorganic SAs under the strict
duty cycles that are typical to medical
environments (Ibarra-Escamilla et al., 2014).

Such systematic synthesis, controlled generation
and cavity optimization of pulsed fiber laser
these
bottlenecks to enable the transition of material

technologies is crucial to overcome
science advancements to reliable, clinically-ready
pulsed fiber laser technologies (Huang et al., 2020).
In the present work, these challenges have been
addressed and the performance and reliability of
fiber lasers employing organic and inorganic SAs

have been increased for medical applications.
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Methodology

The magnesium nitrate (Mg(NOs)2 was prepare
using solution casting method as showing below,
the polyvinyl alcohol (PVA) was dissolved in 1 ml
of distilled water and stirred continuously for the
entire night until a uniform white solution was
obtained. Then, the Mg(NOs)2 powder was added
into the PVA solution and stirred vigorously under
magnetic stirrer for 60 minutes at 100°C, as revealed
in Figure 1 below. The solution attained
homogeneity as the Mg(NOs): powerfully
dissolved, resulting in a white coloration. After
cooling at room temperature, the Mg(NOs):
solution was divided into three samples with
different concentrations: 50/50, 70/30, and 80/20 to
form a thin film as shown in Figure 1 (c). The
Mg(NOs)z2solution based polymer was poured into
pteri dish for drying process at temperature of 60
and duration of 24 hours, aligning with a similar
trend reported by (Al-Hayali et al., 2017).
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Figure 1: Preparation of Mg(NO3): solution and
the SA film

Results and discussion

Generation of Q-switching
Magnesium Nitrate

using  liquid
The Q-switching phenomenon was successfully
demonstrated through the utilization of liquid
Mg(NOs)2. This innovative approach showcased
the effective generation and control of Q-switched
pulses in the fiber laser system, adding a novel
dimension to the field of laser technology. The use
of liquid Mg(NOs)as an SA highlights its potential
for enhancing the versatility and performance of
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fiber laser devices, contributing valuable insights to
the ongoing exploration of advanced
applications (Gao et al., 2009).

laser

Figure 2 (a) displays a typical pulse train of Q-
switched pulse fiber laser at minimum pump
power of 59.8 mW with pulse duration of 15.25 ps
and period of 108.80 us. Meanwhile, Figure 2 (b)
exhibits the pulse train at maximum pump power
of 403.00 mW with period of 28 us and narrow
pulse width of 6.60 us (Javan et al., 2013). The pulse
trains maintained a constant intensity distribution
with no discernible variation or amplitude
modulation. This demonstrates the pulse regime's
stability and capacity to function at different
repetition rates and pulse widths (Geisari &
Kalnins, 2016).
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Figure 2: A typical oscilloscope trace of Q-
switched EDFL with LMg(NOs)2-SA at a) 59.8 &
b) 428 mW pump power.
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Figure 3 illustrates the Q-switched spectrum, which
exhibits a central wavelength of 1553 nm, a
resolution of 1.0 nm, and an output power of -7.9
dB. Several peaks can be seen in the optical
spectrum because of mode competition and a
greater cavity length in the FO8 designs. This is the
situation since the cavity length is longer (Giakos et
al., 2004). This competition mode was created due
to a uniform gain broadening in EDF. However, it

can be mitigated with the help of the
inhomogeneous loss features of nonlinear
polarisation rotation (NPR), which causes

intensity-dependent loss for various frequencies.
Thus, the multiple peaks are exhibited to balance
the effect of mode competition of EDF as well as
inhomogeneous loss caused by NPR (Huang et al.,
2020).
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Figure 3: Output spectrum of Q-switched EDFL
with LMg(NOs)2-SA at pump power of 428 mW.

The Figure 4 shows the relationship between
repetition rate and pulse width against pump
power. When tuning the pump power, the
repetition rate of Q-switched pulse fiber laser rises
continuously from 9.19 kHz to 36.34 kHz. In the
meantime, the pulse width dramatically declines
from 15.25usto 5.94 ps.The reduction in pulse
width and the simultaneous increase in the
repetition rate with rising pump power represent
characteristics of passive Q-switching (Gui et al.,
(2011).
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Figure 4: Repetition rate and pulse width as
functions of pump power of Q-switched EDFL
with liquid Mg(NOs):2 SA.

Figure 5 presents the pulse energy and the average
output power against the pump power. The
average output power increases from 0.031 mW to
0.45 mWby increasing the pump power from 154.3
mW to 403 mW. Meanwhile, the calculated pulse
energy grew from 1.16 nJ to 13.20 n] when changing
the pump power from 154.3 mW to 403 mW similar
trend was reported by Gonzadlez et al. (1996).
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Figure 5: Output power and pulse energy of Q-
switched EDFL with liquid Mg(NOs3)2-SA versus
the input pump power.

Then, the stability of the pulse was investigated
from the OSC, as illustrated in Figure 4.38. The
resolution bandwidth and span from the OSC are
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100 kHz and 100 Hz, respectively (Goulielmakis et
al., 2008). The fundamental frequency is precisely
synchronised with the Q-switched pulse repetition
rate of 36.9 kHz. Regarding the SNR, the
fundamental frequency has a value of 52.3dB. The
SNR is more significant than 50.00 confirm the
stability of Q-switched pulse fiber laser (Gui et al.,
2011).
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Figure 6: RF spectrum of Q-switched EDFL with
Mg(NOs)2-SA at pump power of 387.1 mW with
36.9 kHz repetition rate.

Generation of Q-switched using magnesium
nitrate film

The generation of Q-switched pulse fiber laser was
investigated by inserting Mg(NOs):thin film inside
FO8 cavity. After the incorporation of Mg(NOs):
thin film, it is possible to observe the self-starting
Q-switched pulse fiber laser functioning at pump
power of 154.3 mW. Figure 7 shows the typical
pulse train of Q-switched pulse fiber laser at
different pump power. Figure 7 (a) the pulse train
at minimum pump power of 154.3 mW with pulse
width of 4.240 ps and the period of 28.00 us.
Meanwhile, the pulse width was reduced to 3.005
us with period of 29.34 pus when the pump power
rising to 403.00 mW (Gui et al., 2011).

Further increasing the pump power above 403.00
mW shows an irregular Q-switched pulse, and the
pulse is stable when the pump power in between
154.30 mW to 403.00 mW. These phenomena
indicated the Mg(NOs)2 thin film did not experience
damage of SA (Guy et al., 1994). The oversaturation
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of the Mg(NOQ:s)2 thin film under high incident
intensity leads to instability in the Q-switched state.
The Mg(NOs)2 thin film undergoes a process that is
associated with two-photon absorption, which was
triggered by the presence of high optical intensity
(Haiml et al., 2004). Consequently, the absorption
coefficient escalates as the pump power steadily
climbs. Thus, the Q-switched operation was
impossible to proceed when the pump power
exceeds 403.00 mW. The Mg(NOs): thin film was
removed from the laser cavity to examine the state
of the Q-switched pulse. The findings demonstrate
that only a continuous-wave was observed on the
OSA and OSC, providing evidence that a Q-
switched pulse fiber laser can be created with the
assistance of a thin film of Mg(NOs): Hakulinen &
Okhotnikov 2007).
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Figure 7: Typical pulse trains for the proposed
EDFL configured with a Mg(NOs)z- film SA at a
pump power a) threshold 154.3 mW, and b)
maximum 40.3 mW.
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When changing the pump power, the repetition
rate of the Q-switched pulse fiber laser increases
steadily from 35.36 kHz to 72.56 kHz. Meanwhile,
as depicted in Figure 8, the pulse duration
significantly decreased from 4.240us to 3.005us
(Hamdalla & Hanafy 2016). This occurs because
the pump power was increased, leading to a higher
number of photons being circulated within the FO8
cavity. As a result, the Mg(NOs):2 thin film becomes
saturated. Thus, by increasing the modulation
depth of the Mg(NOs): thin film and optimizing the
design of the fiber laser cavity, it is possible to
achieve a further reduction in the pulse width of the
Q-switched pulsefiber laser (Hammadi et al., 2018).
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Figure 8: Repetition rate and pulse duration
relationships with pump power for Mg(NOs):
film SA.

Figure 9, illustrates the relationship between pump
power, pulse energy and average output power in
the Q-switched pulse fiber laser. According to the
figure, the pulse energy exhibited a rise from 0.877
nJ to 6.200 nJ as the pump power was altered from
154.3 mW to 403.00 mW. The average slope has an
efficiency of 0.022 as reported by Harun et al.
(2015). Simultaneously, the average output power
also demonstrated in increase from 0.031 mW to
0.450 mW when the pump power was changed
from 154.3 mW to 403.00 mW with slope efficiency
of 0.0017 (Hasan et al., 2009).
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Figure 9: Pulse energy and average output power
against pump power.

Figure 10 displays the RF spectrum with resolution
bandwidth of 0.1 kHz. The data was obtained at a
fundamental frequency of 36.1 kHz, showcasing a
SNR of 52.3 dB (Hasegawa & Kodama 1990). The
SNR value more than 50 dB indicates the stable
performance of Q-switched pulse fiber laser similar
with the SNRs of the metal oxides transition such
as zinc oxide (Harun et al., 2015) and graphene (Gui
etal., 2011).
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Figure 10: RF spectrum at pump power of 387.1
mW.

Tunable Q-switched pulse fiber laser using
magnesium nitrate

The stable Q-switched pulse fiber laser at the pump
power of 403.00 mW was observed for the
wavelength tunability by incorporating TBF inside

80 100
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FO8 cavity design and Mg(NOs)2 thin film as SA
Haus (1975). Figure 11 presents the output spectra
of the tunableQ-switched pulse fiber laser for 4
tuned wavelengths. The wavelength was recorded
from the OSA at an interval of 10 nm at pump
powerof403.00mW. A wide wavelength range of
30nm was covered from 1525 nm to 1555 nm (He et
al., 1998).

1535 (nm)

| 1545 (nm)

1325 (nm) 1535 (nm)

Power (dBm)

wavelength (nm)

Figure 11: Output spectra of the wavelength
tunable Mg(NOs)2-based Q-switched EDFL
recorded at wavelength intervals of 10 nm.

Figure 12, displays the graph of the output pulse
train from a tunableQ-switched pulse fiber laserat
pump power of 403 mW, output wavelength of
1555 nm, and repetition rate of 72.56 kHz.
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Figure 12: Output pulse train of the Mg(NOs)2-
based tunable.

In addition, the tuning of the TBF allows for the
investigation and reporting of the changes in
repetition rate at different wavelengths, as shown
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in Figure 13. The repetition rate varies significantly
between 35.36 kHz and 72.56 kHz as the laser’s
wavelength was changing between 1525 and 1555
nm (Herda et al., 2005). This clearly explains that
the intracavity laser is more powerful, and
Mg(NOs): thin film bleaching occurs more quickly
under quicker population inversion/depletion at
alarger-gain EDF wavelength, occasioning in a
higher repetition rate. No Q-switched pulse was
observed beyond the tuning wavelength, showing
the constraint on stable wavelength tenability
(Hideur et al., 2001).
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Figure 13: Repetition rate as a function of
wavelength.

Conclusion

The Q-switched pulse fiber laser also can be
generated when the liquid Mg(NOs): was
implemented in FO8 cavity, which having a
maximum repetition rate of 36.34 kHz, narrow
pulse width of 5.94 us, maximum pulse energy of
13.20 nJ, average output power of 0.45 mW at
maximum pump power of 403 mW. Meanwhile,
high repetition rate of Q-switched pulse fiber laser
was demonstrated when the Mg(NOs):2 thin film
was integrated inside the FOS8 cavity design. When
changing the pump power from 154.3 mW to 403.00
mW, the repetition rate was tuning from 35.36 kHz
to 72.56 kHz while, the pulse duration decreased
from 4.240 ps to 3.005 ps.

The performances of Q-switched pulse fiber laser
were analyzed as tunable laser source using
Mg(NOs): thin film as SA. The experimental setup
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Q-switched
wavelength tunability based on the FO8 cavity by
employing the tunable band pass
wavelength selective element. The tunable Q-
switched pulse fiber laser operates from 1525 to

was improved to become the

filter as

1555 nm with tunable range of 30 nm. The
generated output pulses demonstrate a repetition
rate ranging from 35.36 kHz to 72.56 kHz at fixed
pump power of 403 mW. Thus, the integration,
degradation, and optimization of organic and
inorganic SAs had potential to generate pulsed
fiber lasers for medical applications.
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