
Physica Scripta
            

PAPER • OPEN ACCESS

Q-switched pulse generation in L-band region with
polyacrylonitrile saturable absorber
To cite this article: Aeriyn D Ahmad et al 2024 Phys. Scr. 99 065562

 

View the article online for updates and enhancements.

You may also like
Incorporating MoS2 saturable absorption
with nonlinear polarization rotation for
stabilized mode-locking fibre lasers
Ting-Hui Chen, Yung-Hsiang Lin, Chih-
Hsien Cheng et al.

-

Multi-order bunched soliton pulse
generation by nonlinear polarization
rotation mode-locking erbium-doped fiber
lasers with weak or strong polarization-
dependent loss
Sheng-Fong Lin, Huai-Yung Wang, Yu-
Chuan Su et al.

-

Single- and double-walled carbon
nanotube based saturable absorbers for
passive mode-locking of an erbium-doped
fiber laser
Kuang-Nan Cheng, Yung-Hsiang Lin and
Gong-Ru Lin

-

This content was downloaded from IP address 103.18.0.19 on 28/05/2024 at 08:16

https://doi.org/10.1088/1402-4896/ad4d22
/article/10.1088/1612-202X/aabcfe
/article/10.1088/1612-202X/aabcfe
/article/10.1088/1612-202X/aabcfe
/article/10.1088/1612-202X/aabcfe
/article/10.1088/1612-202X/aabcfe
/article/10.1088/1054-660X/24/10/105113
/article/10.1088/1054-660X/24/10/105113
/article/10.1088/1054-660X/24/10/105113
/article/10.1088/1054-660X/24/10/105113
/article/10.1088/1054-660X/24/10/105113
/article/10.1088/1054-660X/23/4/045105
/article/10.1088/1054-660X/23/4/045105
/article/10.1088/1054-660X/23/4/045105
/article/10.1088/1054-660X/23/4/045105


Phys. Scr. 99 (2024) 065562 https://doi.org/10.1088/1402-4896/ad4d22

PAPER

Q-switched pulse generation in L-band region with polyacrylonitrile
saturable absorber

AeriynDAhmad1, Sameer Salam2 , NorrimaMokhtar1, HamzahArof1, RetnaApsari3,
Belal AhmedHamida4 and SulaimanWHarun1,3,∗

1 Photonics Engineering Laboratory, Department of Electrical Engineering, University ofMalaya, 50603Kuala Lumpur,Malaysia
2 Department of Communications Technology Engineering, Technical College, Imam Ja’afar Al-SadiqUniversity, Baghdad, Iraq
3 Department of Physics, Faculty of Science andTechnology, AirlanggaUniversity, Surabaya, Indonesia
4 Department of Electrical and Computer Engineering, Kulliyah of Engineering, International Islamic University of Malaysia, Gombak,
Selangor,Malaysia

∗ Author towhomany correspondence should be addressed.

E-mail: aeriyndwierni@gmail.com and swharun@um.edu.my

Keywords: polyacrylonitrile, Q-switched laser, L-band, EDFL, thinfilm

Abstract
In this study, we assess the practicality of using Polyacrylonitrile (PAN) as a saturable absorber (SA) for
generatingQ-switched pulses within an erbium-doped fibre laser (EDFL) cavity. A successful
combination of PAN, a resinmaterial, and polyvinyl alcohol resulted in the formation of a SAfilm.
Thisfilmwas utilised to generate stableQ-switched pulses operating in a long-wavelength band of
1572 nm. The greatest repetition rate achievedwas 66.1 kHz, while theminimumpulsewidthwas
2.43μs. Themaximumpulse energy was achieved at 52 nJ andmeasured at a pumppower of
175.9mW.To the best of our knowledge, this study is the first report of EDFL passiveQ-switching
employing a PANabsorber.

Introduction

The Fourth Industrial Revolution (4IR), characterized by the integration of digital technologies into various
industries, demands advanced laser technologies for precise and efficientmaterial processing. Q-switched fiber
lasers have emerged as a promising tool in this context, offering high power, excellent beamquality, fast pulse
generation capabilities andwide-ranging applications such asmicro-machining [1], imaging [2], medical
applications [3] and telecommunications [4]. Q-switchedfiber lasers have also shown important potential in
lasermachining and additivemanufacturing processes. Rung et al [5] investigates the use ofQ-switched fiber
lasers formicro-machining ofmetals with high precision andminimal heat-affected zones. Additionally, studies
byChaudhary et al [6] explore the application ofQ-switched fiber lasers in additivemanufacturing, enabling
rapid prototyping and production of complex parts. The previous reports also have shown thatQ-switched fiber
lasers have demonstrated their effectiveness in laser cutting andwelding applications. Chen et al [7] presents a
study on high-powerQ-switchedfiber lasers for efficient and precise cutting of thinmetal sheets. Furthermore,
studies by Saunders et al [8] explore the use ofQ-switchedfiber lasers for laserwelding of dissimilarmaterials,
offering excellent weld quality and control.

Several Q-switching techniques are employed infiber lasers, including acoustic-opticmodulation (AOM),
electro-opticmodulation (EOM), and saturable absorber (SA). Previously, Qamar et al [9] andTang et al [10]
explore the principles and performance of these techniques, highlighting their advantages and limitations.
Previously, the generation ofQ-switched pulses relied on activemethods like AOMs [11, 12] or EOMs [13, 14].
However, these approaches face limitations due to their bulky nature, complex operation, and costly fabrication
processes [15, 16]. Consequently, passiveQ-switching has emerged as a preferred, cost-effective alternative to
activemethods, typically achieved through a saturable absorber (SA). SAs are commonly employed infiber laser
systems for generatingQ-switched andmode-locked lasers [17–19]. Previous studies have demonstrated that
Q-switching andmode-locking lasers can also be achieved using a nonlinear polarization rotation technique
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(NPR) [20, 21]. In this context, various types of SAs have been investigated for their efficacy in producing high-
performanceQ-switched pulses, including semiconductor SAmirrors (SESAMs) [22], graphene [23, 24], carbon
nanotubes (CNTs) [25, 26], topological insulators (TIs) [27, 28], black phosphorus (BP) [29, 30], transition
metal oxides (TMOs) [31, 32], and transitionmetal dichalcogenides (TMDs) [33].

Recently,many interests have also been focused on Polyacrylonitrile (PAN)material due to its exceptional
electrical andmechanical properties, as well as its chemical resistance and thermal stability. PAN is a synthetic
polymer derived from themonomer acrylonitrile, and it is structurally composed of a linear polymer featuring
repeating units of acrylonitrilemonomers. This organic polymer exhibits a semicrystalline nature and is
characterized by the chemical formula [C3H3N] n, with a nitrile (CN) functional group attached to its
polyethylene backbone as the fundamental unit structure. The nitrile group, acting as a hydrogen bonding
acceptor, possesses a large dipolemoment between the electron-deficient carbon atom and the electron-rich
nitrogen atom, facilitating relatively strong attractive interactions. Consequently, these strong intermolecular
interactions contribute to the polymer’s high strength and resistance to various organic solvents [34]. Such
properties render PANhighly desirable for the development of high-performance composites in automotive
and aerospace technologies, owing to its enhanced physical andmechanical characteristics. Scholars such as
Fitzer [35], Chen andHarrison [36, 37] have suggested that optimizing PAN fiber could ideally result in high-
performancematerials suitable for aerospace applications. Here, we explore the application of PANmaterial in
fiber laser as a SA.

This paper presents the demonstration of a passivelyQ-switched erbium-doped fiber laser (EDFL) utilizing a
newly developed PAN film as a SA for operationwithin the L-band region. The PANfilm SA, fabricated via a
casting approach, was placed between two FC/PC ferrules to generateQ-switched laser pulses at a central
wavelength of 1572.0 nm. The highest repetition rate and the lowest pulsewidth achievedwas 66.1 kHz and 2.43
μs, respectively. Notably, this studymarks the first successful implementation of a PAN film as an SA in an EDFL
operating at L-band region. The proposed PAN film is easier to incorporate into all-fiber geometries and cheaper
compared to other passiveQ-switchers, such as semiconductor saturable absorbermirrors [38].

Preparation and characterization of PANSA

In this study, PANmaterial serves as the SA, facilitatingQ-switching bymodulating the cavity loss. This choice is
motivated by its numerous advantages, including straightforward synthesis, robust conductivity, and cost-
effectiveness. The PANpowder used as the rawmaterial, obtained fromMacklin Biochemical Technology,
appears as awhite to yellowpowderwith the chemical formula (C3H3N)n. Polyvinyl Alcohol (PVA) serves as the
host polymer due to its excellentfilm-forming properties, ease of emulsification, high tensile strength, and high-
water solubility. Additionally, it demonstratesminimal absorption of white light and boasts a highmelting
temperature of 200 °C, rendering it ideal for high-intensity laser applications. The fabrication process is not only
cost-effective but also hazard-free. The fabrication of the PAN-PVAfilm follows a drop-and-casting procedure.
Initially, 1 g of PVApowder is dissolved in 120 ml of distilledwater and stirred for three hours to prepare a
homogeneous PVA solution. Subsequently, 8 mg of PANpowder is added to 10 ml of the prepared PVA
solution, and themixture is stirred for approximately three days. Following this, 5 ml of the thoroughlymixed
PAN-PVA solution is delicately applied onto a 3.5 cmdiameter petri dish. The dish is then left to dry for
approximately three days, resulting in a thinfilmwith an estimated thickness of 50 μm. Figure 1(a) illustrates the
step-by-step preparation process.

The elemental composition and physical characteristics of the PAN-PVA thinfilmwere analysed using
EnergyDispersive x-ray Spectroscopy (EDX) and Field Emission ElectronMicroscopy (FESEM), respectively.
The EDX analysis (depicted infigure 1(b)) probed into the elementalmakeup of the film, revealing a
predominant presence of carbon (C), nitrogen (N), and oxygen (O), with the oxygen component primarily
originating from the PVAmatrix. Figure 1(c)presents the FESEM image, indicating a uniform surface
morphology of the PAN-PVA thinfilm and demonstrating awell-dispersed distribution of PANparticles within
the PVAmatrix. This uniformity significantly enhances thefilm’s efficacy as a SAmaterial.

The linear absorption characteristics of the SAwere determined by illuminating the thin filmwith a
broadband light source emitted from awhite light source andmeasuring the output using an optical spectrum
analyser (OSA). The results, presented infigure 2(a), indicated an absorption of 0.74 dB at awavelength region of
1570 nm. For the evaluation of nonlinear absorption, a balanced twin-detector system (illustrated in the inset of
figure 2(b))was employed [39]. Amode-locked fiber laser, operating at a center wavelength of 1567 nmwith a
pulsewidth of 700 fs and a repetition rate of 21.73 MHz, served as the primary laser source. The laser output
intensity was regulated by passing through an optical amplifier and a variable optical attenuator (VOA). The
beampowerwas then equally divided into twoportions by a 3 dB coupler. One portion acted as a reference
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power, directly connected to an optical powermeter, while the other passed through the PANSA, and the
transmitted powerwas recorded by another optical powermeter.

The nonlinear absorption curvewas fitted using the equation [40]:

a
a

a=
+

+I
1 I

I

ns
0

sat
( )( )

where a ,0 I ,sat and a ,ns represent the saturable absorption, saturation intensity, and non-saturable absorption,
respectively. a I( ) denotes the total intensity-dependent absorption coefficient. Experimental results depicted in
figure 2(b) revealed a0 = 11.4%, Isat= 20MW cm−2, and ans = 45%.Thesefindings indicate that the absorption
properties of the PANSAundergo changes with incident light intensity. At low intensities, the device permits
high transmission, but as intensity rises, absorption saturates, resulting in reduced transmission. This
characteristic can be utilized tomodulate the laser’s cavity loss forQ-switching. However, the SA displays a
notable non-saturable loss of approximately 45%. This characteristic contributes to an elevation in the threshold
pumppower needed to trigger the switching process. Enhancing the performance of the laser system,
particularly in terms ofQ-switching threshold and overall efficiency,may be achievable through additional
optimization of SA fabrication tominimize the non-saturable loss component.

Laser configuration

A ring EDFL setupwas constructed to evaluate the performance of PANfilm, as illustrated infigure 3. The laser
cavity comprises a 0.7 m long EDFwith an absorption coefficient of 68 dBm−1 at 980 nm, a polarization-
independent isolator, a PAN-based SA, a 10 dBfiber-fused coupler, and awavelength-divisionmultiplexer
(WDM). A 980 nm laser diode pumps the EDF via theWDM.An optical isolator positioned between the EDF,
and the SA device ensures unidirectional propagation of light within the cavity. The laser output is extracted
from the cavity through a 90:10 output coupler, which permits only 10%of the output to be collected for
analysis. The PAN-based SAdevice is assembled by placing the fabricated film between two FC/PCfiber ferrules
and then inserted into the laser cavity. The insertion loss of the PANSAmeasures approximately 1.4 dB,
reflecting its inherently low level, which is conducive to efficient laser operation. Thisminimal loss permits a

Figure 1. (a) Step by step procedure fabricating PAN-PVA film, (b)EDX analysis result, and (c)The FESEM image at 15000 times
magnification.
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greater portion of laser light to transmit through the device, facilitating optimalQ-switching performance. The
total length of the cavitymeasures approximately 14 m. Typically, shorter cavity lengths correlate with shorter
pulse durations inQ-switched fiber lasers. However, other factors such as the characteristics of the gain fiber,
dispersion, and SA can also significantly impact pulse duration. For instance, shorter gain fibermay reach
saturationmore rapidly, resulting in shorter pulses. To characterize the spectral properties of the output laser, an
optical spectrum analyzer (ANRITSU,MS9710C) is employed, while optical power ismeasured using a power
meter (THORLABS, PM310D). Analysis of the temporal behaviour of the generatedQ-switched pulses is
conducted utilizing a 350MHz digital storage oscilloscope (GWINSTEK,GDS-3352) and a 7.8 GHz radio
frequency (RF) spectrum analyzer (ANRITSU,MS2683A) in conjunctionwith a 7-GHz InGaAs photodetector.

Results and discussion

The PAN-PVAfilmwasfirst taken out of the laser cavity so that the performance of self-mode-locking or self-Q-
switching in the EDFL cavitywithout the PAN-PVASA could be studied. Despite the vast range of pumppower
variations, only a continuous-wave (CW) laser was obtained. TheCW laserwas first seenworkingwith a
pumping power of 80 mWafter the PAN-PVAfilmwas put into the EDFL cavity using a sandwich-structured
fiber-ferrule platform. Subsequently, steadyQ-switched laser pulses were recorded as the pump powerwas
increased to 113.3 mWand theQ-switching operation remainedwith the further increase of pumppower up to
175.9 mW.The passiveQ-switching relies on the PAN film’s ability tomodulate the loss within the laser cavity in
response to changes in light intensity. Initially, the PANSA absorbs light, causing a high loss in the cavity, which

Figure 2. (a)The linear absorption spectrum (b)nonlinear absorption profile. Inset shows the configuration of a balanced twin-
detector system.
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prevents laser action.However, as the intensity of the light pulses increases, the SA saturates and becomes
transparent, reducing the loss in the cavity. Thismechanism enables the generation ofQ-switched pulses with
precise control over pulse duration and repetition rate. Figure 4(a) displays the pulse trains of theQ-switched
laser at three distinct pumppowers. The pulse output exhibited uniform and stable pulse train as the pump
power varied between 113.27 mWand 175.9 mW,while the pulse-to-pulse interval decreased from20.3 to
15.1μs. The repetition rate and pulse width patterns exhibit conformitywith the characteristic attributes
commonly observed inQ-switched fiber lasers. The pulses also exhibitedminimal amplitudemodulation,
indicating the lack of self-mode-locking effects onQ-switching.

Figures 4(b) and (c) depict the optical and radio frequency (RF) spectra obtained at a power level of
175.9 mWfor the diode. TheQ-switched pulses were observed to function at a central wavelength of 1572.0 nm,
as depicted infigure 4(b). The RF spectrum exhibits numerous harmonics, with the primary frequency observed
at 66.1 kHz. The signal-to-noise ratio (SNR) of the RF signal at this frequency surpassed 50 dB, providingmore
evidence to support the stability of theQ-switching operation. Furthermore, it’s crucial to acknowledge that the
proposed laser setup did not include a polarization controller because polarization had negligible impact on the
laser and pulsing activities. It was noted thatmodifying the polarization state of the cavity hadminimal impact
on the properties of the optical spectrum and pulse trains. It’s also important to note that, in the current
experiment, onlyQ-switched pulses can be generatedwithin the cavity setup.However, extending the cavity
length to incorporate dispersionmanagement holds the promise of transitioning to amode-locked pulse train.
This adjustment facilitates pulse formation, enhances nonlinear effects, and offers external control—essential
elements for attaining stable and efficientmode-locking.

Figure 5 illustrates the attributes of the laser pulses in relation to the power of the pump. Figure 5(a) depicts
the relationship between the average output power, the single pulse energy, and the pumppower. The
Q-switched functioning remained constantwhile the pumppower increased from113.3 mWto 175.9 mW,
while the average output power exhibited a virtually linear growth from0.7 to 3.47 mW.The increase in pump
powerwill result in a greater gain, hence generating a higher pulse energy because of the accelerated
accumulation ofQ-switched pulse. The energy of a single pulse can reach amaximumof 52 nJ. Figure 5(b)
illustrates the relationship between the pulse repetition rate andwidth as pumppower increases. For themode-
lockedfiber laser, the repetition rate stays the same nomatter how long the cavity is. But forQ-switched pulses,
the generation rate changes based on how saturated the surface area (SA) is. Hence, there exists a positive
correlation between the repetition rate of the laser and the pumppower, as depicted infigure 5(b). The frequency
increased from50.0 to 66.1 kHz in conjunctionwith the corresponding increase in pumppower from113.3 to

Figure 3. Schematic of theQ-switched EDFL setup featuring a PAN-PVA SA. Inset highlights a visual depiction of the PAN-PVA thin
film, affixed to afiber ferrule tip, utilized in SA device construction.
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Figure 4.Temporal, spectral and frequency characteristics of the laser (a) typical oscilloscope trace at pumppowers of 113.3, 149.8 and
175.9 mW (b) output spectrum, and (c)RF spectrumwith initial span of 900 kHz.

Figure 5.TheQ-switched laser performances against the input pumppower (a)Output power and pulse energy, (b) repetition rate
and pulse width.
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175.9 mW.The increase in repetition rate is attributed to the SAmechanism,which exhibits a greater saturation
ratewhen subjected to higher pumppower. In contrast, therewas a drop in pulse width from4.04 to 2.43μs as
the pumppower increased from113.3 to 175.9 mW.Apart of the slope efficiencymeasured at 4.4%, the
augmentation of pumppower leads to an elevation in the rate of photon density growth, which serves as a
measure of the duration of energy storage. Consequently, the formation of quicker pulses occurs, leading to an
increased repetition rate. However, as the pumppower surpasses 175.9 mW,we observed instability in the
generated pulses. This instability arises from a combination of saturation effects in both the SA and the gain
medium,mode competition, and thermal effects within the laser cavity.

To thoroughly assess the stability of theQ-switched EDFL, its output spectraweremonitored over
consecutive 10 min intervals, totaling 100 min of observation. The experimental result is illustrated infigure 6,
which indicates the exceptional stability of the proposedQ-switchedfiber laser, demonstrating consistent
performance over prolonged periods. Operating consistently at a wavelength of 1572.0 nm, the spectral
characteristics remained resolutely unchanged throughout the observation period, with peak intensity
fluctuationsmeticulouslymaintainedwithin a narrowmargin of± 0.1 dB. Additionally, extensivemonitoring
via oscilloscope traces spanning three days reaffirmed the robustness of the pulse trains. Notably, the absence of
fluctuations or noise underscored the enduring stability of the laser’s operation. The performance of the
proposed PAN-basedQ-switchedfiber laserwas comparedwith that of recently reported passivelyQ-switched
EDFLs utilizing alternative SAmaterials, as outlined in table 1. The comparison highlights that the PAN-based
SAdemonstrates performance on parwith othermaterials.We anticipate that further optimization of both the
fibre cavity and SAparameters could lead to enhancedQ-switching performance. Compared to alternative
materials like graphene, CNTs, emerging 2Dmaterials, and rare earthmaterials, Polyacrylonitrile SA offers
several collective advantages. These include robust resistance to oxidation, a broad absorption spectrum, and

Figure 6.Output spectra of theQ-switched pulsesmonitored over 100 min.

Table 1.Comparative analysis ofmultiple reportedQ-switched EDFLs utilizing different SAs.

SAmaterials

Modulation

depth (%) Wavelength (nm)
Max. repetition

rate (kHz)
Min. pulse

width (μs)
Max. pulse

energy (nJ) References

Graphene NA 1522∼ 1555 103 2 40 [41]
Bi2Te3 4.1 1558.1 47.1 1.58 17.8 [42]
MoSe2 NA 1562.3 32.8 30.4 57.9 [43]
WSe2 3.5 1560 49.6 3.1 33.2 [44]
WS2 2.1 1560 39.37 3.71 126.96 [45]
Bi2Se3 39.8 1560 68.2 2.4 47.1 [46]
V2AlC NA 1559 53.55 2.54 57.14 [47]
MoAIB 10.4 1559 82.92 2.14 27.49 [48]
PAN 11.4 1572.0 66.1 2.43 52 This work
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suitablemodulation depth.However, it’s important to note that theymay exhibit a lower optical damage
thresholdwhen compared to ceramicmaterials such asMAXphases andMXenematerials.

Conclusion

A straightforward and robustQ-switched EDFL is presented utilizing a PAN-based SA, formed by embedding
PANcompounds onto a PVAhost. Operating at 1572 nm, the EDFL exhibits stability across a pumppower
range of 113.3 to 175.9 mW.Notably, as pumppower increases, both repetition rate and pulse energy of the
EDFL escalate, while pulsewidth diminishes. Employing the PANSA, the EDFL attains peak performance
metrics, including amaximumpulse energy of 52 nJ, highest repetition rate of 66.1 kHz, and lowest pulsewidth
of 2.43μs. These results underscore the potential of PAN for laser applications, particularly within the L-band
wavelength range. Furthermore, the proposed EDFL offers simplicity, cost-effectiveness, and suitability for
diverse applications such asmetrology, environmental sensing, and biomedical diagnostics.
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