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Abstract 

SO2, HCN, and Cl2 gases are extremely toxic and can present significant health hazards even at 
minimal amounts, including respiratory and neurological systems. Timely identification aids in 

averting exposure and alleviating possible health risks, particularly in industrial and densely 

populated regions. Moreover, these gases can contribute to environmental pollution; thus, their 
monitoring is essential for human safety and environmental preservation. This specification 

recommends employing a photonic crystal fiber (PCF) to construct a terahertz octagonal core and 

curved air hole sensor for the detection of SO2, HCN, and Cl2 in the THz region. We routinely 
evaluate the recommended framework numerically, utilizing the entire finite element method. In 

terms of Cl2, the recommended sensor has a larger numerical aperture of 0.2909 and a superior 

sensitivity of 99.58%. Furthermore, this simulation yields a reduced effective material loss equal to 
0.0020 cm-1 with a 3.094×10-12 dB/m confinement loss for this gas. This technology utilizes the 

distinctive interaction between THz vibrations and gas molecules, improving detection sensitivity at 

trace levels relative to other techniques. This type of sensor may have practical applications in 

chemical sensing, biosensing, and gas sensing. 
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1- Introduction 

In the atmosphere, sulphur dioxide is a highly conventional pollutant. Typically, it is ejected through the combustion 

of sulphur-containing coal and oil, as well as the melting of various ores. Because of its exalted ability to dissolve in 

water, sulphur dioxide plays a role in the production of acid aerosol (H2SO4), which causes acid rain or acid accumulation 

that can harm historic structures, trees, crops, and other bodies of water [1]. Exposure to a significant quantity of weather 

containing SO2 can harm the respiratory system of our body, causing signs like sneezing, coughing, or even difficulty 

breathing. Prolonged exposure might exacerbate pre-existing respiratory conditions, such as severe asthma and 

bronchitis. Prolonged exposure to high levels of SO2 is linked to the development of respiratory and cardiovascular 

conditions. Children, older individuals, and individuals with pre-existing medical conditions are the groups who are most 

vulnerable [2]. The cyano band (C≡N) includes hydrogen cyanide (HCN), a hazardous chemical agent that exists as an 

uncolored gas. Hydrogen cyanide prevents cells and tissues from carrying out their normal respiration processes. It firmly 
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binds the iron atoms to the haemoglobin in the bloodstream. Because of this, haemoglobin fails to carry oxygen (O2) to 

the body's respiratory tissues [3]. Cl2 (chlorine) is a very bothersome gas, as well as a reactive gas that can pose a risk to 

human health and the environment. Exposure to a high concentration of Cl2 causes severe damage to the cells lining the 

lungs, increases the sensitivity of the airways, reduces the ability to remove fluid from the air sacs, and causes fluid 

accumulation in the lungs when there is a higher level of inflammation and a large amount of neutrophils accumulating 

in the lungs [4]. Detection of SO2 using Polymer Vesicle Sensors [5], Cl2 using 2D PbSe/Bi2Se3 Heterojunctions [6], and 

cyanide by colorimetric and fluorogenic sensors [7].  

Although colorimetric/fluorogenic sensors, polymer vesicle sensors, and 2D PbSe/Bi₂Se₃ heterojunctions have all 

been used to detect SO₂, Cl₂, and cyanide, each technique has drawbacks. The accuracy and longevity of polymer vesicle 

sensors for SO₂ detection are commonly impacted by their instability in a variety of environmental situations and 

potential degradation over time. Despite their sensitivity, the 2D PbSe/Bi₂Se₃ hetero-junctions for Cl₂ detection have 

scalability issues and are susceptible to temperature and humidity variations, which can cause variations in detection 

accuracy. Similar limitations exist for cyanide detection employing colorimetric and fluorogenic sensors, which can 

compromise accuracy and selectivity in complex combinations due to their susceptibility to external light conditions and 

possible interference from other ions or compounds, despite their high specificity. Collectively, these limitations 

highlight the need for a more stable, sensitive, and interference-resistant detection approach. Various techniques for 

detecting harmful gases have been presented thus far; nevertheless, they all suffer certain drawbacks, including lengthy 

analysis times, complex procedures, and the requirement for a skilled operator. In order to enhance the precision of gas 

detections and improve their usability, researchers have put forward several novel sensing techniques [8-10]. 

Photonic crystal fiber is gaining popularity among photonics researchers as a technology for sensor design because 

of its configurable properties in the interaction between light and matter. By adjusting certain design parameters such as 

the shape of the air holes, the distance between them, and the diameter of the core, one can minimize confinement loss, 

absorption loss, and birefringence, and control dispersion. These adjustments are not possible with conventional optical 

fibers. By adjusting the geometrical adaptation of holes and using the right materials, we can utilize PCF for specific 

applications like chemical sensors and optical communications [11, 12]. PCF is a type of fiber optic that has a photonic 

crystal cladding encircling the cable core. Throughout the fiber, an ordinary pattern of microscopic air holes creates a 

periodic, low-loss dielectric medium called a photonic crystal. The cladding's and the core's differing refractive indices 

create a refraction feature that allows light to pass through the core. The PCF's core centers light, delivering photons to 

a far more powerful waveguide than they would in an ordinary fiber optic system. Polymers, not glass, form the PCF, 

simplifying and lowering the cost of manufacturing a more durable fiber [13]. Multiple PCF types exist depending on 

the core's solid, hollow, or porous nature. As it offers a core region with a larger analyte volume than other core types, 

we have selected HC-PCF within all these types of fibers for sensing purposes [14]. PCF-based sensors are widely used 

because of their dynamic qualities, which include toughness, compact shapes and sizes, excellent sensitivity, cost-

effectiveness, and the capacity to respond in challenging environments like areas with excessive chemical exposure as 

well as elevated electromagnetic fields. These sensors have outstanding applications in chemical, vapor, and gas sensing, 

communication, environmental analysis, bioprocess control, and medical fields, among others [15-17]. The range of 

frequencies from 0.1 to 10 THz (0.003–3 mm) is referred to as terahertz, and it is considered one of the most affirmative 

spectral areas because of its possible utilization in various fields, including imaging [18], communications [19], security 

monitoring [20], and biomedical diagnosis [21]. Because it is situated within the range that lies between the infrared and 

microwave spectrums, the terahertz region transmits characteristics of both [22].  

Over the past few years, numerous studies in the domain of chemical sensing have gained attention. Arif et al. [23] 

recommended chemical sensing designs that yielded a 58.5% sensitivity. Mohamed Nizar et al. [24] devised a highly 

sensitive PCF detector for identifying sulphur dioxide (SO2) with a maximum RS (relative sensitivity) of 59.34%. In 

early 2019, Podder et al. [25] created a photonic crystal fiber framework to detect sulfuric acid that achieved a maximum 

sensitivity of 63.4%. Sultana et al. [26] proposed a PCF with an elliptical core, specifically designed for ethanol 

identification, in 2018. Operating at a frequency of 1 THz, the recommended design provides the highest sensitivity, 

equal to 68.87%, while having a CL equal to 7.79 × 10-12 cm-1. Abbaszadeh et al. [27] introduced a photonic crystal fiber 

gas sensor that detects ammonia in 2022. The sensor utilized a circular ring-based microstructure core and achieved a 

remarkable relative sensitivity of 70.25%. In 2022, Nizar et al. [28] developed a sensor using photonic crystal fiber to 

detect dangerous chemicals. The sensor demonstrated a peak sensitivity of 75.75%. Islam et al. (2018) [3] presented a 

PCF design featuring an elliptical form for the airhole in the core. This design achieved a RS equal to 77.5% as well as 

a CL equal to 5.5 × 10-7 cm-1. Ahmed et al. [29] developed a terahertz detector for identifying components of blood using 

a PCF design in 2018. They constructed the PCF using hexagonally arranged cladding as well as a crystalline core of 

type B that achieved a peak sensitivity equal to 80.56%. Islam et al. [30] obtained a sensitivity equal to 85.8% by utilizing 

their custom-designed PCF operating in the THz frequency range. Islam et al. [31] developed a photonic sensor using 

Zeonex material to detect alcohol that has a remarkably excellent RL equal to 88.6%. Mahmud et al. [32] introduced a 

chemical sensor for detecting toxic substances utilizing PCF in 2019. The sensor features an octagonal-shaped hollow 

core with an exalted RS of 92.08% at a 1.4 THz frequency.  
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Hossain et al. [33] created a rectangular HC-PCF design for identifying harmful chemicals in 2020. This proposed 

design obtains a sensitivity equal to 94.4% with a CL of 1.71 × 10-14 cm-1 at 1.8 terahertz frequency, which is the highest 

sensitivity achieved. Islam et al. [14] introduced a chemical sensing device using a hollow-core photonic crystal fiber 

for terahertz frequencies in 2018. This sensor achieved a remarkable sensitivity of 96.8% at a frequency of 1.4 THz. In 

2024, Hossain et al. [34] proposed design and performance evaluation of a photonic crystal fiber (PCF)-based octagonal 

chemical sensor for the detection of benzene, ethanol, and water within the terahertz band, achieving a responsivity of 

93.80%. As early as 2024, Mahbub et al. [35] suggested gas detection utilizing soliton effect pulse compression with an 

RS of 64%. In same, Ferdous et al. [2] conducted research on the detection of SO2, achieving a sensitivity of 87.39% 

and a confinement loss of 6.8194 × 10−4 dB/m. In 2024, Pourfathi Fard et al. [36] proposed a concept for a Photonic 

Crystal Fiber intended for the detection of Hydrogen Cyanide gas, with a relative sensitivity of 65.13% and a minimal 

confinement loss of 1.5 × 10−3 dB/m. In 2024, Islam et al. [37] proposed a photonic crystal fiber design for cyanide gas 

detection. This design has an RS of 99.62% and a low confinement loss of 5.88 × 10−09 dB/m. However, it is capable of 

detecting NaCN and KCN, not HCN. The research gaps are the sensitivity of multiple toxic gases, innovative core 

structures and materials, and the enhancement of confinement loss (CL). To the best of our knowledge, research should 

be conducted on the detection of such gasses utilizing photonic crystal fibers in the terahertz domain. This research 

proposes the utilization of an HC-PCF sensing in the THz frequency region for the detection of poisonous gases, 

including SO2, HCN, and Cl2, which can be lethal.  

The performance is assessed by evaluating several optical parameters. We evaluate several optical parameters to 

assess the performance. Upon examining the optical characteristics, specifically relative sensitivity, confinement loss 

(CL), effective material loss (EML), spot size (SS), and numerical aperture (NA), we confidently state that this sensing 

will outperform previous studies. Consequently, there is a growing requirement to create innovative methods for 

quickly, accurately, and sensitively identifying toxic gases. The primary goal of creating a high-sensitivity hazardous 

gas sensor using photonic crystal fiber’s (PCF) in the terahertz (THz) band is stated in the text quite clearly. The goal 

of the project is to develop a novel PCF structure that is tailored for the THz spectrum in order to overcome the 

shortcomings of traditional toxic gas sensors and detect dangerous chemicals including SO ₂ , HCN, and Cl₂  with 

remarkable precision and dependability. The article's goal is to get minimal confinement loss (CL) and increased 

sensitivity, both of which are essential for identifying traces of hazardous gases in environmental and industrial 

contexts. The goal is highlighted by contrasting the performance of the suggested sensor with that of current designs, 

demonstrating its improved sensitivity and efficiency and highlighting its potential for useful, high-precision gas 

detection applications. 

In Section 2, we will provide a comprehensive analysis of our methodology, which will include a detailed 

description of the design and optimization process of our high-sensitivity photonic crystal fiber (PCF) sensor, which 

is specifically designed for the detection of toxic gases in the terahertz (THz) spectrum. The analytical and simulation 

techniques used to assess the sensor's performance parameters, including relative sensitivity (RS) and confinement 

loss (CL) for target gases SO₂ , HCN, and Cl₂ , will be discussed in this section, in addition to the specific structural 

decisions made, such as material selection and core configuration. The results and analysis of our findings will be 

presented in Section 3, which will demonstrate the sensor's effectiveness in detecting trace levels of toxic gases. This 

section will provide comparative evaluations of sensitivity and confinement loss under a variety of conditions, which 

will be substantiated by in-depth analysis and graphical data. During the discussion, we will emphasize the sensor's 

potential practical applications and high accuracy, as well as how our results compare to or surpass current 

benchmarks. Lastly, the conclusion will provide a comprehensive overview of the contributions of our research, 

emphasizing the sensor's superior sensitivity and specificity in the detection of toxic gases. We will also discuss the 

implications for future research, including potential deployment in real-world environmental monitoring and industrial 

safety systems and areas for further enhancement. 

2- Research Methodology 

In this study, we effectively designed and analyzed the anticipated PCF sensor using COMSOL MULTIPHYSICS 

6.2 Simulating Programs. We use the finite element method (FEM) for the design of geometry, and MATLAB is used 

for displaying the graphs representing the optical characteristics. Figure 1-a illustrates a 2D cross-sectional representation 

of this recommended photonic crystal fiber. This recommended HC-PCF structure has a centrally located, octagonal-

shaped core. We use a structured octagonal-shaped hollow core to increase the relative sensitivity in comparison to cores 

with hexagonal, pentagonal, square, rectangular, etc., shapes. Moreover, the incorporation of a hexagonal core will 

enable the placement of extra samples in that specific area, hence enhancing the sensing capabilities. We precisely 

indicate the radius of this octagonal core as C = 3.135P. The cladding region of the suggested design was constructed 
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employing semi-circular trapezoid air holes with a radius of R, where R is equal to 6.175P. M stands for the strut size, 

which is the width of material between cladding and core holes or the gap between two adjacent air holes. The separation 

between these two air holes is 0.19 times the P value. In a rectangular perfectly matched layer, the inner layer L1 features 

a height of 6.65P and a width of 7.6P, whereas the outer layer L2 has a height of 7.6P and a width of 8.55P. Within this 

particular framework, the variable "P" spans from 130 to 220 micro-meters. In the fiber's outer region, rectangular PML 

is added to minimize back-reflection. The PML absorbs light that escapes from the core at the outer surface of the 

cladding. The choice of Zeonex as the background material was based on its low absorption and minimal material losses, 

measuring approximately 0.2 cm-1. Additionally, it maintains a consistent index of refraction equal to 1.53 within the 

frequency range, which spans from 0.1 to 2 terahertz. Zeonex is chosen as the substance for the sensor due to its superior 

refractive index as well as transparency in the terahertz frequency spectrum. 

  

(a) (b) 

Figure 1. (a) Geometry of cross-sectional (b) subtle mesh layout of this recommended sensor 

The functional details of this presented sensor as well as its associated mesh arrangement are displayed in Figure 

1-b. The arrangement of the mesh is critical for accurately representing the intricate light interaction within the fiber. 

The PCF model requires mesh structuration to effectively control the fiber's optical properties, which include 

diffraction, light restriction, and mode guidance, which are essential for various optical applications.  The mesh 

analysis consists of 14,198 elements, including 1350 boundary elements and 48 vertex elements. The minimal 

element quality is 0.566. The design procedure for the hollow-core PCF sensor with an octagonal shape is adequately 

thorough and supported by evidence. The structure of the sensor is thoroughly described in the article, along with the 

justification for the octagonal core shape selection, which is meant to optimize light confinement and sensitivity for 

the detection of harmful gases.  

With its semi-circular trapezoid air holes, the cladding zone is purposefully shaped to maximize light interaction 

with target gas molecules, resulting in reduced effective material loss (EML) and confinement loss (CL). To optimize 

relative sensitivity for gases like SO₂, HCN, and Cl₂, the paper also describes the material selection and parameter 

optimization, including core size and operational frequency. Simulations employing the Finite Element Method 

(FEM) demonstrate the sensor's performance improvements by comparing it to similar  ones. The numerical 

simulations carried out using the finite element approach are explained in detail and with clarity in this article. In 

order to mimic light propagation within the octagonal hollow-core, it carefully describes the simulation setup, 

including the material parameters, boundary conditions, and geometric layout of the PCF structure. Important 

simulation factors that directly affect confinement loss (CL), effective material loss (EML), and RS are described in 

the article. These parameters include core size, cladding air hole dimensions, and the selected operational frequency 

in the terahertz region. To guarantee reproducibility and openness, all assumptions made about the distribution of the 

mode field, material RI, and ambient variables are also made clear. This thorough explanation of the FEM setup and 

underlying assumptions supports the design's suggested benefits for high-sensitivity dangerous gas detection and 

strengthens the validity of the simulation findings. 

Using an intensity scale, Figure 2-a shows the PCF's internal electromagnetic field distribution under optimal design 

parameters for the x-polarization mode. This presentation showcases the relationship between the intensity of light and 

the specific substance being analyzed in the core area, as well as the corresponding figures for SO2, HCN, and Cl2 under 

the given geometrical parameters at a frequency of 1.4 THz. These results show that the applied analytes interact 

significantly with the concentrated electric field within the core area. On the other hand, the cladding area shows 

negligible interaction. 
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(a) (b) 

  

(a) (b) 

  

(a) (b) 

Figure 2. (I): Manifesting the distribution of SO2 (a) Power (b) Density, (II): Manifesting the distribution of HCN (a) Power 

(b) Density, (III): Manifesting the distribution of Cl2 (a) Power (b) Density 

The density distribution describes how a material spreads across this sensor. This demonstrates the influence of both 

innermost and outermost components, as well as the material's functional fibers, on its stiffness. Understanding granular 

scattering is critical for manufacturing photonic crystal fibers with directional features, certain accountability, or 

reactions to external influence in applications such as tracking and telecommunication. The quantity of energy delivered 

or generated per unit volume, area, or mass is referred to as power density. Particularly in situations when weight or 

space is restricted, it is frequently used to compare the effectiveness of energy sources, batteries, and devices. In 

applications like mobile electronics and electric cars, where small and effective energy output is crucial, high power 

density is preferred. The mass of a substance per unit volume is called its density, and it shows how dense its particles 
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are. It is computed as the mass to volume ratio and is commonly given in kilograms per cubic meter (kg/m³) or grams 

per cubic centimetre (g/cm³). Particles with high densities are densely packed, whereas those with low densities are more 

widely distributed. The flowchart of the research methodology that was used to achieve the study's aims is shown in 

Figure 3.   

 

Figure 3. The flowchart delineated this methodology 

A system for THz radiation detection and analysis is shown in the flow chart. The first step is transmission, where 

the THz radiation source travels via a gas chamber, photonic crystal fiber (PCF) sensor, and THz detector. Second, 

Sensing and Acquisition: The signal is sent from the PCF sensor to the THz detector via the optical coupling mechanism. 

The THz detector's data is collected via the data acquisition (DAQ) system. Third, Control and Analysis: The computer 

and control software oversee the overall system operation and analysis, while the spectrum analyzer looks at the THz 

radiation spectrum. The gas chamber may modulate or interact with the THz signal in this system, which enables the 

production, detection, and spectral analysis of THz radiation. The integrated hardware is used to collect, process, and 

manage the data. 

3- Results and Analyses 

For the purpose of detecting poisonous gases (𝑆𝑂₂, HCN, and 𝐶𝑙₂) in the terahertz (THz) band, the theoretical 

approach in this study is focused on improving PCF structure to obtain high sensitivity and minimal confinement loss. 

In order to improve the selective detection of gas molecules because of their distinct absorption and scattering properties, 

we first theoretically simulate the PCF design using the principles of light-gas interaction in the THz band. Zeonex, a 

low-loss, high-stability material, is used in our method to help achieve high sensitivity and strong light confinement at 

THz frequencies. This research utilizes FEM to analyze the guiding properties of this recommended framework. We 

employ FEM to resolve Maxwell's formulas in a rectangular perfectly matched layer (PML) and assess the suggested 

sensor through innumerable simulations. In order to guarantee the sensor's outstanding performance for real-world 

dangerous gas detection applications, the theoretical underpinning thus integrates a careful selection of materials, 

structural optimization, and sophisticated computational approaches. Geometrical and refractive index (RI) values are 

utilized to evaluate the refraction properties of each component through calculations. This approach improves the 

reliability of complex PCF setup evaluations, making it simpler and more effective for many optoelectronic applications. 

The recommended approach is being replicated using COMSOL software in order to clarify detection characteristics, 

including spot size, numerical aperture, effective area, confinement loss, relative sensitivity, and effective material loss. 

In this simulation, we utilized a frequency spectrum spanning from 0.6 to 2.4 Terahertz as well as a pitch range of 130 

µm to 220 µm to detect SO2 (RI = 1.3396), HCN (RI = 1.2675), and Cl2 (RI = 1.3834). The sensor's performance 

measures, such as numerical aperture, sensitivity, EML, and CL, are thoroughly and clearly explained in the article. It 

explains how each parameter relates to the effectiveness of the sensor, especially in improving the terahertz range of gas 

detection accuracy. The calculation of relative sensitivity and its importance in detecting low concentrations of gases 

such as SO₂ , HCN, and Cl₂  are explained in depth in the article. It delves deeper into NA, talking about how light 

confinement in the core is impacted, which has an immediate effect on sensitivity. The paper also discusses EML and 

CL, describing how they depict light leakage and absorption losses, respectively, and how minimizing them enhances 

the sensor's high performance. These explanations are accompanied by simulation results that demonstrate the sensor's 

efficacy in comparison to earlier designs and validate the optimization of each statistic. This method not only closes gaps 

in the literature but also lays the foundation for increased dependability and specificity in practical applications. Relative 

sensitivity is defined as the ratio of fractional power transmitted across the core of the sample being sensed to the entire 

electromagnetic wave power transmitted across the entire photonic crystal fiber (core + cladding). The degree of 

interaction between light and analyte is strongly linked to the RS of the analyte in a THz photonic crystal 

fiber. Sensitivity depends on the absorption coefficient at a given frequency. The interaction between light and analyte 

can be determined using the Beer-Lambert law [38]. 

𝐼(𝑓) = 𝐼0(𝑓)𝑒𝑥𝑝[−𝑟𝛼𝑚𝑙𝑐]  (1) 
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In this context, the symbol I(f) represents light intensity in the presence of the sensing element, while I0(f) represents 

light intensity when the sensor component is not present. In addition, the variables r, αm, lc, and f represent relative 

sensitivity, absorption coefficient, channel length, and operating frequency. The sensing element's absorption coefficient 

can be computed using [38]. 

𝐴 = 𝑙𝑜𝑔 (
𝐼

𝐼0
) = −𝑟𝛼𝑚𝑙𝑐  (2) 

To assess the sensor efficiency of this proposed fibers, it's essential to compute RS. The calculation is determined by 

[2]: 

𝑟 =
𝑛𝑟

𝑛𝑒𝑓𝑓
× 𝑝%  (3) 

In this instance, neff refers to the sensing material's effective refractive index, whereas nr denotes the real refractive 

index component of same material. The RI (nr) values for SO2, HCN, and Cl2 are 1.3396, 1.2675, and 1.3834, 

respectively. Moreover, the variable p denotes the percentage of power that light carries, a quantity that is measurable 

[2]. 

𝑝 =
∫ 𝑅𝑒(𝐸𝑥𝐻𝑦−𝐸𝑦𝐻𝑥)𝑑𝑥𝑑𝑦

 
𝑠𝑎𝑚𝑝𝑙𝑒

∫ 𝑅𝑒(𝐸𝑥𝐻𝑦−𝐸𝑦𝐻𝑥)𝑑𝑥𝑑𝑦
 

𝑡𝑜𝑡𝑎𝑙

× 100  (4) 

In this context, Hx & Hy represent magnetic fields, while Ex & Ey represent electric field components of guided modes. 

RS is interpreted as a variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, as seen in Figure 4-a. Another 

side, Figure 4-b, illustrates how a change in pitch from 130 µm to 220 µm might affect the spectrum of integer bands in 

RS. 

  

(a) (b) 

Figure 4. The recommended fiber's relative sensitivity to different toxic gases: (a) operating frequencies at a fixed pitch 

during P = 170 µm and (b) various pitches at f = 1.4 THz 

Figure 4 shows how the proposed sensor's sensing characteristics have changed. Increased sensitivity values assure 

the effectiveness of a PCF sensor. Cl2 maintains the highest relative sensitivity throughout most frequencies, peaking 

around 1.4-1.6 THz and staying close to 0.99. SO2 follows a similar pattern to Cl2 but with slightly lower values, reaching 

maximum sensitivity around 1.4 THz. HCN shows notably lower sensitivity than the other compounds, with a more 

pronounced peak at 1.4-1.6 THz before declining sharply after 2.0 THz. Cl2 exhibits the highest sensitivity of 99.58% 

operating at a frequency of 1.4 terahertz and with a pitch of 170 micro-meters, while SO2 and HCN have sensitivities of 

98.88% and 96.75%, respectively. 

Optical sensors experience losses when used in certain application domains. The primary factors that significantly 

impact these sensors are effective material loss and confinement loss. Therefore, it is imperative to have a flawless 

mechanism in place to accurately measure these losses. Confinement loss is defined as the efficiency of a PCF in 

containing light within the central region of its core. Maintaining a significant property is crucial for designing an 

efficient PCF. Minimal confinement loss is essential for achieving improved sensing capabilities and minimizing power 

loss. The Equation  5 is utilized for determining confinement loss [32]. 

𝐿𝑐 =
40𝜋

𝑙𝑛(10)𝜆
𝑖𝑚𝑔(𝑛𝑒𝑓𝑓) ×

106𝑑𝐵

𝑚
  (5) 

Let f represent the operating frequency, λ denote the real wavelength, and img(neff) represent the complex effective 

RI's imaginary part. CL is interpreted as variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, as 

illustrated in Figure 5-a. Another side, Figure 5-b, demonstrates how a change in pitch from 130 µm to 220 µm might 

affect the spectrum of integer bands in CL. 
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(a) (b) 

Figure 5. The recommended fiber's confinement loss to different toxic gases: (a) operating frequencies at a fixed pitch 

during P = 170 µm and (b) various pitches at f = 1.4 THz 

Both figures demonstrate a decreasing trend in confinement loss as frequency and pitch increase. The primary cause 

of this behaviour is the phenomenon of light propagation with increased confinement in the core zones. Increasing the 

core's size facilitates the transmission of more light, thereby enhancing the zones where light as well as specific analytes 

of interest interact. This leads to a more significant reduction in confinement loss, as illustrated in Figure 5. HCN exhibits 

a comparatively higher CL compared to the other two analytes, SO2 and Cl2, which have lower CL values than HCN 

within their respective operating ranges. At 0.6 THz, HCN exhibits a sharp peak in confinement loss (0.11 dB/m), which 

quickly drops to almost nil above 0.8 THz. at 0.6 THz, Cl2 exhibits a significant loss (0.04 dB/m), which rapidly 

decreases to negligible levels after 0.8 THz. Of the three chemicals, SO2 has the most stable behaviour, maintaining a 

constant low confinement loss at all frequencies. For SO2, HCN, and Cl2, the corresponding values of CL are 3.56×10-

12 cm-1, 1.57×10-10 cm-1, and 3.09×10-12 cm-1 operating at a frequency of 1.4 terahertz and with a pitch of 170 micro-

meters. 

EML stands for the amount of absorbance that background material undergoes. Losses of this nature arise in PCF 

devices as a result of employing microstructure materials. It is feasible to calculate the effective material loss using the 

Equation 6 [33]: 

𝛼𝑒𝑓𝑓 =
(

𝜀0
𝜇0

)
1
2  ∫ 𝑛𝑚𝑎𝑡|𝐸|2𝛼𝑚𝑎𝑡𝑑𝐴

 
𝑚𝑎𝑡

2 ∫ 𝑆𝑧
 

𝑎𝑙𝑙 𝑑𝐴
  (6) 

where μ0 and ϵ0 indicate relative permeability and permittivity of empty space, respectively. The refractive index is 

denoted as nmat, the material's absorption coefficient as αmat, the Poynting vector's z-direction component as Sz, and the 

intensity of the electric field as E. EML is interpreted as a variation in RS, which is interpreted as a frequency spectrum 

spanning from 0.6 to 2.4 terahertz, as illustrated in Figure 6-a. Another side, Figure 6-b, demonstrates how a change in 

pitch from 130 µm to 220 µm might affect the spectrum of integer bands in EML. 

  

(a) (b) 

Figure 6. The recommended fiber's effective material loss to different toxic gases: (a) operating frequencies at a fixed pitch 

during P = 170 µm (b) various pitches at f = 1.4 Terahertz 
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In a HC-PCF framework, the electromagnetic wave is stronger and stays firmly confined within the core region, 

which makes it less likely that light and matter will interact. This leads to a reduction in EML. This article 

demonstrates that Cl2's PCF geometry has an incredibly few EML equal to 0.0020 cm−1 operating at a frequency of 

1.4 terahertz and with a pitch of 170 micrometers. On the other hand, SO2 and HCN's PCF geometries have losses of 

0.2402 cm−1 and 0.4199 cm−1, respectively, which are greater than Cl2. HCN exhibits a U-shaped curve with a 

minimum of about 1.4 THz and the highest EML values. With lower quantities, SO2 exhibits a similar U-shaped 

pattern, with a minimum observed around 1.4-1.6 THz. Overall, Cl2 has the lowest values, progressively declining 

before leveling out above 2 THz. 

The term "total loss" refers to the complete failure of a PCF sensor to function or produce accurate readings. A variety 

of factors, such as electricity outages, physical damage, and sensor malfunctions, can cause this. If a PCF sensor has 

undergone total loss, it is incapable of detecting or registering any alterations in pressure; essentially, it is rendered 

completely non-functional for any intended use. The Equation 7 is used to calculate total loss [39]. 

𝑇𝐿 ≡ 𝐸𝑀𝐿 + 𝐶𝐿  (7) 

In this context, EML stands for Effective Material Loss, and CL refers to Confinement Loss. TL is interpreted as 

a variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, as illustrated in Figure 7 -a. Another side, 

Figure 7-b demonstrates how a change in pitch from 130 µm to 220 µm might affect the spectrum of integer bands 

in TL. 

  

(a) (b) 

Figure 7. The recommended fiber's total loss to different toxic gases: (a) operating frequencies at a fixed pitch during P = 

170 µm and (b) various pitches at f = 1.4 THz 

While SO2 and Cl2 both have lower total loss values than HCN within their respective operating ranges, HCN shows 

a relatively higher total loss. At 0.6 THz (about 0.11 dB/cm), HCN exhibits the largest total loss; however, above 0.8 

THz, it lowers down rapidly to stabilize with other compounds. Cl2 rapidly drops to maintain the lowest loss above 1.0 

THz after beginning at roughly 0.04 dB/cm at 0.6 THz. In contrast to the other chemicals, SO2 exhibits quite little 

fluctuation in its low loss values across the frequency range. Operating at a frequency of 1.4 terahertz and with a pitch 

of 170 micro-meters, the corresponding TL values for SO2, HCN, and Cl2 are 2.40×10-3 cm-1, 4.19×10-3 cm-1, and 

2.005×10-3 cm-1. 

The spot size (SS) refers to the effective area within a photonic crystal fiber that restricts and propagates light through 

the fiber. The core and cladding's differences in RI, band gap layout in photonics, influence the spot size in PCF. A larger 

spot size implies increased light scattering, whereas a smaller spot size indicates more stringent confinement and higher 

spatial resolution. The following formula applies mathematics to determine a spot size [40]. 

 𝑊𝑒𝑓𝑓 = 𝑅 × (. 65 × 1.619 × 𝑉−1.5 + 2.789 × 𝑉−6)  (8) 

Here, R represents the core's radius, whereas V represents frequency level that has been changed. SS is interpreted 

as a variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, as illustrated in Figure 8 -a. Another side, 

Figure 8-b demonstrates how a change in pitch from 130 µm to 220 µm might affect the spectrum of integer bands 

in SS. 
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(a) (b) 

Figure 8. The recommended fiber's spot size to different toxic gases: (a) operating frequencies at a fixed pitch during P = 

170 µm (b) various pitches at f = 1.4 Terahertz 

The characteristic can be derived from the spot size measurements depicted in Figure 7. An efficient PCF sensor often 

favours a smaller spot size. The graph displays the correlation between spot size (4.14 × 10⁻⁴ μm) and frequency (0.6-

2.4 THz) for three molecules: Cl₂, HCN, and SO₂. The spot size of Cl₂ steadily decreases as the frequency increases, 

whereas SO₂ and HCN exhibit U-shaped curves with minimum values at about 1.6 THz. At 2.4 THz, HCN shows the 

most significant shift, with the greatest spot size of almost 13.5 × 10⁻⁴μm. Operating at a frequency of 1.4 terahertz and 

with a pitch of 170 micrometers, the SS of Cl2 is the lowest at 4.47×10-4 cm-1. In the same frequency range, SO2 and 

HCN have SS values of 5.63×10-4 cm-1 and 6.60×10-4 cm-1. 

Numerical aperture quantitatively measures a photonic crystal fiber's capability to collect light. The difference in RI 

between cladding and core quantifies NA. In situations where there is a need for extensive sensing, a larger numerical 

aperture (NA) is anticipated. The calculation for this NA can be determined as follows [2]. 

𝑁𝐴 =
1

√1+
𝜋𝐴𝑒𝑓𝑓𝑓2

𝑐2

≈
1

√1+
𝜋𝐴𝑒𝑓𝑓

𝜆2

  
(9) 

The symbol Aeff denotes the effective area, and light speed as well as the operating frequency are represented by the 

symbols c and f, respectively. NA is interpreted as variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, 

as illustrated in Figure 9-a. Another side, Figure 9-b demonstrates how a change in pitch from 130 µm to 220 µm might 

affect the spectrum of integer bands in NA. 

  

(a) (b) 

Figure 9. The recommended fiber's numerical aperture to different toxic gases: (a) operating frequencies at a fixed pitch 

during P = 170 µm (b) various pitches at f = 1.4 Terahertz 
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Analyzing the numerical aperture is crucial because it governs the incident light's properties, and a higher 

numerical aperture guarantees improved sensor performance. Across the majority of the frequency range, Cl2 

exhibits the largest numerical aperture values. The curves for SO2 and HCN are almost the same until they start to 

somewhat diverge at around 1.6 THz. As frequency rises, all three chemicals exhibit a steady declining trend, with 

their lowest values occurring at 2.4 THz. Operating at a frequency of 1.4 terahertz and with a pitch of 170 

micrometers, Cl2 exhibits the highest NA value of 0.2909, whereas SO2 and HCN have NA values of 0.2487 and 

0.2575, respectively. 

The photonic device's effective area (EA) at the THz frequency is a critical parameter for mitigating the nonlinear 

effect and balancing dispersion. The effective area refers to the specific region within the fiber where the interaction 

between light and matter occurs. This area denotes the operational range of a sensor by quantifying the density of light. 

Using Equation 9, the value of Aeff is determined [41]: 

𝐴𝑒𝑓𝑓 =  
[∫ 𝐼(𝑟)𝑟𝑑𝑟]

2

[∫ 𝐼2(𝑟)𝑟𝑑𝑟]
2  (10) 

The variable 𝐼(𝑟) denotes the magnitude of the optical field at a radial distance r from the fiber's center. EA is 

interpreted as a variation in a frequency spectrum spanning from 0.6 to 2.4 terahertz, as illustrated in Figure 10-a. Another 

side, Figure 10-b demonstrates how a change in pitch from 130 µm to 220 µm might affect the spectrum of integer bands 

in EA. 

  

(a) (b) 

Figure 10. The recommended fiber's effective area to different toxic gases: (a) operating frequencies at a fixed pitch during 

P = 170 µm (b) various pitches at f = 1.4 Terahertz 

The precise location where light is limited is determined by measuring the effective area. In our study, we report the 

Aeff features obtained from the observations in Figure 9. A highly effective PCF sensor typically prefers a smaller value 

of Aeff. Over the majority of frequencies, SO2 maintains the largest effective area, progressively decreasing from 3.1× 

10-7 to 1.8×10-7 m2. After peaking at 3.2×10-7 m2, HCN falls more quickly than SO2, particularly after 1.4 THz, and 

converges with Cl2 at 2.4 THz. Cl2 exhibits a more gradual drop and continuously lower effective area values, stabilizing 

at higher frequencies at about 1.4×10-7 m2. Operating at a frequency of 1.4 terahertz and with a pitch of 170 micrometres, 

Aeff of Cl2 is the lowest at 1.58×10-7 m2. In the same frequency range, SO2 and HCN have Aeff values of 2.21×10-7 m2 

and 2.05×10-7 m2, respectively. 

A comparison between our suggested model and existing research provides Table 1. Every analysis is conducted 

specifically for PCF sensing that operates within the terahertz frequency range. 

The comparative analysis in Table 1 reveals significant advancements in the sensitivity and performance of the newly 

developed octagonal-core PCF sensor for detecting toxic gases like SO₂, HCN, and Cl₂. Notably, the sensor achieves a 

peak relative sensitivity of 99.58% for 𝐶𝑙₂ at an operational frequency of 1.4 THz, outperforming previous designs by a 

considerable margin. For example, Hossain et al. [8] designed a sensor with a maximum sensitivity of 88.5% for KCN 

at 1.8 THz, while Ferdous et al. [2] and Islam et al. [3] reported respective maximum sensitivities of 87.34% and 89.4% 

for SO₂ and NaCN, yet with higher confinement losses (CL) and effective material losses (EML). The novel sensor's 

low confinement loss, at 3.09×10⁻¹² dB/m for 𝐶𝑙₂, and minimal EML of 0.0020 𝑐𝑚⁻¹ reflect enhanced light confinement 
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and reduced energy dissipation compared to previous models, such as those by Bulbul et al. [12] and Jibon et al. [42], 

who reported EML values of 0.0066 cm⁻¹ and 0.0059 cm⁻¹ respectively. Additionally, while designs like that of 

Shahriyar et al. [43] achieved a high sensitivity of 94.06% for C₆H₆, the created sensor exhibits superior performance 

across all parameters, particularly in minimizing CL and EML, making it a leading candidate for accurate, high-

sensitivity detection of hazardous gases in real-world applications. 

Table 1. The study aims to compare the features of recommended and previously released sensors based on PCF 

Ref. of list Shape of PCF Analyte 
Opt. Freq. 

(THz) 

R. Sensitivity 

(%) 
CL (dB/m) 

EML 

(cm⁻ ¹) 

PCF [8] 
Circular-base air holes having a rectangular-

core structure 

NaCN 

1.8 

85.20 1.20 × 10⁻¹¹ 0.005 

KCN 88.50 1.48 × 10⁻¹¹ 0.0052 

PCF [12] 
Elliptical core with hexagonally arranged 

elliptical and circular air holes 

NaCN 1.0 88.64 3.81 × 10⁻¹² 0.0066 

KCN  84.52 9.16 × 10⁻¹⁰ 0.0047 

PCF [2] 
Heptagonal cladding with circular air holes 

surrounding the octagonal-shaped HC 
SO₂  1.6 87.34 6.81 ×  10⁻⁴ 0.0593 

PCF [3] 
Suspension-type cladding has circular-shaped 

air holes 

HCN 

1.8 

85.8 

N/A 

0.023 

NaCN 89.4 0.023 

KCN 88.8 0.023 

PCF [42] 
Rectangular air holes with a core structure in 

the shape of a rectangle. 

HCN  88.2 1.85 × 10⁻¹³ 0.0037 

NaCN 1.8 93.0 1.10 × 10⁻¹² 0.0059 

KCN  91.0 3.76 × 10⁻¹² 0.0044 

PCF [43] 
Octagonal core area is by air holes in the 

shape of rectangles and circles. 

C₆ H₆  1.2 94.06 9.95 × 10⁻²² 0.0148 

SO₃   91.43 1.01 × 10⁻¹⁷ 0.0265 

Created PCF 

Sensor 

Octagonal-shaped core, the cladding region 

has semi-circular trapezoid air holes 

SO₂   98.88 3.56 × 10⁻¹² 0.0024 

HCN 1.4 96.75 1.57 × 10⁻¹⁰ 0.0042 

Cl₂   99.58 3.09 × 10⁻¹² 0.0020 

The practical implications of each proposed sensor can be understood by evaluating its requirements for fabrication. 

Extrusion, 3D printing, and sol-gel, stacking, as well as drawing are widely recognized techniques for fabrication. While 

capillary stacking and sol-gel technologies are viable methods for creating circular micro-structured air cavities, they are 

not commonly used for producing our suggested sensor. The extrusion process provides flexibility in creating 

asymmetrical structures of various shapes, such as circular, rectangular, or square. The Max Planck Institute utilizes 

extrusion and 3D-printing techniques to manufacture a range of intricately structured photonic crystal fibers (PCFs) [44, 

45]. Our proposed sensor may be readily fabricated using extrusion or 3D-printing techniques. 

4- Conclusion 

To detect SO2, HCN, and Cl2 gas, a toxic gas sensor with an octagonal core has been constructed using COMSOL 

Multiphysics. After giving great thought to this issue, we have created our expected detection system with a high 

probability of accurate identification. Our suggested technique surpasses conventional detection techniques, as shown in 

Table 1, with regard to sensing effectiveness as well as reliability in sulphur dioxide and other toxic compounds. 

Following a successful experiment, we discovered that the chlorine sensor we developed has a maximum relative 

sensitivity of approximately 99.58%. Additionally, we observed negligible values for EML (0.002) and confinement loss 

(3.094×10-12 dB/m) of 1.4 terahertz in frequency. By precisely detecting even the smallest changes in refractive index 

(RI), the suggested detector will make it possible to detect SO2, HCN, and Cl2 - even in trace levels. The quick response 

of the sensor makes it possible to monitor SO2, HCN, and Cl2 levels instantly, which is essential for responding quickly 

to dangerous situations. In conclusion, the newly introduced PCF detectors are incredibly versatile instruments that offer 

superior precision and efficacy in accurately detecting SO2, HCN, and Cl2 in a variety of situations. This significantly 

improves the monitoring process. Future research will investigate new materials, redesign the sensor's architecture, and 

use advanced signal processing techniques to improve the accuracy, dependability, and usefulness of a PCF detector for 

the detection of harmful gases. Because of its adherence to fabrication procedures and its capacity to detect SO2, HCN, 

and Cl2, we heartily endorse our suggested sensor. 
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