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Abstract:  In this paper, a gas detection sensor based on photonic crystal fibers with high sensitivity and low 
loss is designed and optimized for the detection of two gases, namely carbon tetrachloride (CCl₄ , n=1.461) and 
tin tetrachloride (SnCl4, n = 1.5086). The finite-difference time-domain (FDTD) method is used to simulate 
light propagation in the PCF. By applying the PSO algorithm and optimizing the geometric dimensions of the 
photonic crystal fiber, including the core diameter, hole diameter, and lattice constant, very low losses are 
achieved, resulting in higher relative sensitivity. The numerical simulation results demonstrate that the designed 
sensor has a sensitivity coefficient of 70.2% and 77.3% for CCl₄  and SnCl4 at a wavelength of 2.6 µm, 
respectively. It also exhibits very low losses (in the range of 10-8dB/cm) compared to other studies. This sensor 
is a suitable tool for detecting toxic gases in industries such as chemical manufacturing, environmental 
monitoring, and occupational health and safety, with absorption in the spectral range of the bandgap from 1 to 
3µm. 
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Received: April 11, 2024. Revised: November 19, 2024. Accepted: December 27, 2025. Published: March 31, 2025. 

 
1 Introduction 
As Photonic crystal fibers are used to design sensors 
for detecting gases and substances based on their 
absorption spectrum. In recent years, gas sensors 
have gained significant traction across diverse 
sectors, including metallurgy, chemical industries, 
petroleum, steel production, mining, environmental 
protection, and aerospace. This trend has established 
gas sensors as a prominent subject within the field 
of sensor technology.[1], [2]. The advancement of 
industrial automation and artificial intelligence has 
created an urgent need for technical progress in 
detecting gas concentration and composition for 
rapid gas leak and explosion warnings [3]. Optical 
spectrum-based gas sensors have features such as 
intrinsic safety, high sensitivity, and excellent 
detection capabilities. Researchers have proposed 
various structures for both hollow-core and solid-
core photonic crystal fibers designed for sensing 
applications. Significant efforts have been made to 
enhance the sensitivity coefficient by modifying the 
physical structure of these fibers.[4]– [7]. Numerical 
results indicate that the sensitivity coefficient for 
solid-core structures is not significantly high, which 
is a disadvantage of these fibers for sensing 
applications. The excellent characteristics of 
hollow-core microstructured fibers have made them 
one of the best candidates for fiber-optic sensors. By 

tuning the fiber-optic structure to have the 
maximum interaction with the sensing material, the 
relative sensitivity of the structure can be 
significantly improved. 
Recently, Rabee et al. [8] presented a Spiral PCF 
gas sensor to achieve high relative sensitivity for 
liquid and chemical sensing applications. They 
demonstrated that the relative sensitivity achieved 
for the optimized parameters are 56.8%, 58.3%, and 
62.7% for water (n=1.33), propane (n=1.34), and 
propylene (n=1.36), respectively. The simulation 
results indicated a relative sensitivity of 27% and a 
loss of 0.034 dB/m at a wavelength of λ = 5 µm. 
Molaieifard et al. presented a photonic crystal fiber 
with a hexagonal structure for gas sensing. They 
showed that a relative sensitivity of 67.07% and a 
loss of 3.2 × 10⁻ ³ dB/m at a wavelength of 1.578 
µm were achieved [9]. Additionally, a photonic 
crystal structure was proposed both vertically and 
horizontally (H-PCF and V-PCF) for sulfur dioxide 
(SO₂ ) sensing [10]. The highest sensitivity of this 
structure was obtained at a wavelength of 1 µm for 
the V-PCF structure. Their results showed that the 
relative sensitivity of the mentioned structure for 
SO₂  sensing was 34.59%. Hossain et al. [11] 
introduced a square-core photonic crystal fiber 
(PCF) for petrochemical sensing, with its 
performance rigorously evaluated numerically 
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across the frequency range of 1.2 to 3.8 THz. This 
sensor exhibits a remarkable relative sensitivity of 
approximately 97% and a minimal confinement loss 
of 10-14 cm-1 at 3.7 THz. Dashtban et al. presented a 
PCF sensor featuring rectangular air holes and 
constructed from Zeonex material for detecting 
ethanol, methanol, and propanol within the 3 to 5 
THz range [12]. This sensor demonstrates high 
relative sensitivities, achieving up to 79.3% for 
propanol, and exhibits near-zero confinement loss, 
thereby outperforming existing designs. 
This paper presents the design of a high-sensitivity, 
low-loss quasi-crystal structure intended for 
detecting a variety of gases., including CCl₄  and 
SnCl₄ , in the MIR range. By pumping the optical 
spectrum into the mid-infrared region at the sensor's 
input, the relative sensitivity of the structure can be 
enhanced, as the absorption of many gases and even 
liquids in the mid-infrared region is several times 
higher. The increased light absorption by gases in 
this region leads to more accurate gas identification. 
Then the geometric dimensions of the structure, 
such as the core diameter, pitch, and the diameter of 
the air holes in the cladding, have been optimized 
using the PSO algorithm to achieve high sensitivity. 
Optimization algorithms play a crucial role in 
enhancing the performance of photonic crystal fiber 
(PCF) sensors by refining their design and operation 
for specific sensing applications. These sensors, 
which leverage the unique properties of PCFs, such 
as their ability to confine light in photonic band 
gaps, offer significant advantages in terms of 
sensitivity, bandwidth, and miniaturization. 
However, to fully harness their potential, 
optimization techniques are required to fine-tune 
their geometrical parameters (e.g., hole diameter, 
pitch, fiber length) and operational conditions (e.g., 
wavelength, refractive index). 
 The bandgap of the designed structure has been 
determined utilizing the plane wave expansion 
method. Then, the linear and nonlinear profiles 
obtained from the numerical results based on the 
FDTD method, including the refractive index, 
scattering, loss, effective cross-section, nonlinear 
parameter γ, and relative sensitivity for the designed 
structure, have been computed. It has been shown 
that the sensitivity of 70.2% and 78.2% for CCL₄  
and SnCl4 at a wavelength of 2.6 µm, respectively. 
2 Structure Design and Numerical 

analysis of optical properties 
Fig. 1 shows a cross-section of a hollow-core 
photonic crystal fiber and the electric field intensity 
distribution profile for both TM and TE modes for 
sensing purposes. The fiber consists of magnesium 

fluoride (MgF₂ ) and has air holes surrounding the 
core, arranged in a quasi-crystalline structure. 
Magnesium fluoride (MgF₂ ) is used as the material  

 
Fig. 1. (a) The cross-section of the gas sensor PCF 
proposed in this study without gas and the gas-filled 
state. (b) Modal intensity distribution along x 
direction along y direction a 2.5μm. 
 
for the photonic crystal fiber to ensure a desirable 
effective refractive index for cladding by selecting 
large air hole diameters (to enhance the sensitivity 
coefficient).  
The designed quasi-photonic crystal fiber has a 
symmetry order of 12, meaning the air holes in this 
lattice are randomly arranged in a geometric pattern 
of squares and parallelograms, with a lattice 
constant of 2µm. Using the plane wave expansion 
method, the band has been calculated. The proposed 
structure has a relatively wide photonic bandgap in 
the wavelength range of 1 to 3 µm. 
3  Particle swarm optimization (PSO) 

algorithm 
The optimization of the dimensions of the proposed 
photonic crystal fiber is performed using a particle 
swarm optimization algorithm, which is a 
population-based random optimization method. This 
technique can be applied to problems whose 
solutions are points or surfaces in an n-dimensional 
space. In such a space, hypotheses are made, and an 
initial velocity is assigned to them. Furthermore, the 
communication channels among particles are taken 
into account. Subsequently, these particles navigate 
through the solution space, and the outcomes are 
evaluated based on a defined 'fitness criterion' after 
each time interval. Over time, the particles exhibit 
an accelerate towards those with superior fitness 
criteria that are part of the same communication 
group. Although each method works well within a 
range of problems, this approach is an ideal solution 
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for solving continuous optimization problems. In 
this paper, the initial population is formed by three 
parameters: core radius (rc), air hole radius (d), and  

 
Fig. 2. The block diagram of the fiber dimension 
optimization process with the PSO algorithm. 
 
lattice constant (ᴧ). The goal is to achieve high 
sensitivity and low loss at a wavelength of 1 to 3 
µm. 
 The optimal parameters, which include the core 
radius, air hole diameter, and lattice constant, are 
derived from the algorithm's output. The 
optimization results utilizing the PSO algorithm 
indicate that the photonic crystal fiber with a core 
radius of 1.275 µm, an air hole radius of 1.2 µm, 
and a lattice constant of 2.5 µm possesses the most 
favorable dimensions. 
4 Results and analysis 
The structure illustrated in Fig. 1 is modeled using 
the finite-difference time-domain (FDTD) method. 
The Sellmeier equation for the refractive index of 
magnesium fluoride as a function of wavelength (λ) 
is written as follows [13]: 
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                                                                              (1) 
The effective refractive index of the fiber at each 
wavelength is calculated using the finite-difference 
time-domain (FDTD) numerical method. This study 
presents the real and imaginary components of the 
effective refractive index for the proposed hollow-
core photonic crystal fiber, illustrated as a function 
of wavelength in Figs 3 and 4. 

 
Fig3. The variation of the real parts of the effective 
refractive index for the proposed PCF gas sensor in 
relation to wavelength. 
 

 
Fig. 4. Variation of the imaginary parts of the 
effective refractive index with wavelength for the 
proposed PCF gas sensor. 
 
By calculating the real part of the refractive index 
(Re[neff]) of the designed photonic crystal fiber, the 
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total dispersion (chromatic dispersion), which is the 
sum of waveguide dispersion (Dw(λ)) and material 
dispersion (DM(λ)), is calculated at each wavelength 
using the following equation. The results are plotted 
in Fig. 5 [14]. 

       
2

eff2 ReW M

d
D D

c d
D n


   


     

 (2) 

 
Fig. 5. Variation of dispersion profile with 
wavelength for the proposed PCF gas sensor. 
 
The losses of the structure depend on the 
arrangement of the circular air holes in either a 
square or hexagonal pattern, their diameter, the 
lattice constant, and similar parameters. By 
optimizing the structure to enhance the effective 
cross-sectional area of the fiber, it is possible to 
minimize losses. The losses of the structure also 
depend on the core diameter, the arrangement of the 
circular air holes (in square, hexagonal, or circular 
patterns in the proposed design), the diameter of the 
holes, and the lattice constant. The structure’s losses 
at each wavelength are calculated using the 
following equation [13]: 

   C 0 eff8.686  Im L k n      
(3) 

Im[neff(λ)] is the imaginary part of the refractive 
index as a function of wavelength, K0, the wave 
number in free space, is equal to Fig 4. Fig 6 
illustrates the total losses, encompassing both 
material and waveguide losses, for both the non-
optimized and optimized structures. 
As shown in Fig 6, with increasing wavelength and 
rc, the fiber losses increase because, as the 
wavelength increases, the mode area enlarges, and 
the optical field extends into the cladding, losing its 
energy. 
The influence of linear and nonlinear parameters on 
light propagation within optical fibers is significant. 
The linear component is represented by loss and 
dispersion. The effective mode area is a vital 
parameter in the design of photonic crystal fibers, as 
it reflects the degree to which the mode is confined 

within the core. Therefore, it is closely related to the 
core size and doping levels. 

 
Fig. 6. Variation of Confinement loss with 
wavelength for the proposed PCF gas sensor for 
d=2.4µm, rc=1.275 µm, ᴧ=2.5 µm (optimized with 
PSO), and d=2.2 µm, rc=1.5 µm, ᴧ=2.3 µm (Before 
optimization). 
 
The effective mode area Aeff can be calculated using 
the following formula [13]: 
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(4) 

Where F(x,y) is the amplitude of the transverse 
electric field propagating inside the fiber. The 
effective mode area (Aeff) for the proposed structure 
at each wavelength for the fundamental mode is 
calculated, and the results are presented in Fig. 7. 
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Fig. 7. Variation of Effective area with wavelength 
for the proposed PCF gas sensor for CCl₄  and 
SnCl4. 
 

 
Fig. 8. Nonlinear coefficient of the proposed PCF 
gas sensor in terms of wavelength for CCl₄  and 
SnCl4. 
 
As seen in Fig. 7, the effective mode area at a 
wavelength of 2.5 µm is 9.22 and 7 µm2 for CCl₄  
and SnCl4, respectively. 
 The nonlinear coefficient γ at the central frequency 

0   is computed according to the following 
equation [15]: 
   

1
2 0 effW m n cA  


   (5) 

n2 is the nonlinear refractive index of the material.  
The nonlinear coefficient γ is calculated based on 
the effective cross-sectional area at each wavelength 
for the proposed structure, as outlined in equation 
(5). The nonlinear coefficient profile as a function 
of wavelength for the proposed structure is 
computed and shown in Fig. 8. 
As shown in fig. 8, the nonlinear coefficients at a 
wavelength of 2.5 µm are 5.4 and 6.96 w-1 Km-1 for 
CCl₄  and SnCl4, respectively. As mathematically 
expected, the effective mode area and nonlinear 
coefficient are inversely related. An increase in 
wavelength leads to a larger mode area, which in 
turn results in a decrease in the nonlinear 
coefficient. 
4 Relative sensitivity of proposed PCF 
In this paper, as shown in Fig. 9, the relative 
sensitivity coefficient (r) of the proposed PCF gas 
sensor in its optimized state, for the case where the 
air holes are filled with CCl4 and SnCl4 gas, is 
computed according to the following equation [16]: 

Re
s

eff

n
r f

n


    

(6) 

The refractive index of the gas is denoted as n while 
f represents the fraction of the total optical power 
contained within the fiber core and other gas-filled 
holes. 

 
Fig. 9. Variation of Relative sensitivity with 
wavelength for CCl₄  and SnCl4. 
It can be observed that a relative sensitivity 
coefficient of 70.2% and 77.3% for CCl₄  and 
SnCl4 at a wavelength of 2.6 µm has been achieved. 
Additionally, the maximum relative sensitivity at a 
wavelength of 3µm is 83.21% and 75.6% for SnCl4 
and CCl4, respectively. 
Furthermore, the variation in relative sensitivity 
with changes in the core radius of the proposed 
structure, ranging from 1 to 3 µm, has been 
examined and is shown in Fig. 10(a). 
As seen, with an increase in the core radius rc, the 
sensitivity coefficient also increases because a larger 
core radius leads to greater interaction of optical 
power with the gas molecules. Additionally, an 
increase in wavelength results in a larger effective 
mode area, ultimately leading to an increase in the 
sensitivity coefficient. 
The lattice constant is one of the parameters that 
affect the relative sensitivity. In Fig. 10(b), the 
effect of lattice constant variations on sensitivity is 
also examined. The lattice constant of the structure 
is changed from 2 to 3 µm while keeping the core 
radius fixed at 1.2 µm, and the relative sensitivity of 
the structure is plotted at each stage. 
As shown in Fig. 10(b), as the lattice constant of the 
structure decreases, the relative sensitivity of the 
structure increases. However, it should be noted that 
reducing the lattice constant also leads to an 
increase in the confinement losses. When the lattice 
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constant is reduced to 2 µm, the sensitivity increases 
to 88.4% at a wavelength of 3 µm. Table 1 
highlights the differences between the 
characteristics of the proposed PCF and those of 
previously introduced PCFs. The proposed design 
exhibits high sensitivity and low loss performance, 
featuring a simple circular ring configuration. 

 
Table1. Comparison of the obtained results with 
other articles. 
 Sensing 

Object 

Wavel

ength(

µm) 

Confinement 

loss(dB/m) 

Sensitiv

ity (%) 

[17] H2s/CH4 1.33 8.6×10-5 62.7 

[18] Hydrogen 
cyanide 

1.533 1.5×10-3 65.13 

[19] C10H16/ 
SnCl4 

1 --------- 65.86 

[20] CO 1.567 3.81×10-3 64.28 

This 

Work 
SnCl4/ 
CCl4 

2.6 2× 10 – 5 77.3 

4 Conclusion 
In this study, the design and optimization of a 
proposed hollow-core photonic crystal fiber (PCF) 
for high sensitivity applications have been 
presented. The FDTD method is employed to 
simulate the structure numerically. The PSO 
algorithm was used to optimize the dimensions of 
the fiber, such as the core radius, air hole diameter, 
and lattice constant. The results indicate that the 
fiber's sensitivity is significantly influenced by key 
parameters such as the core radius, lattice constant, 
and wavelength. The optimization of these 
parameters enhances the fiber's performance, 
achieving a relative sensitivity of maximum relative 
sensitivity at a wavelength of 3µm is 83.21% and 
75.6% for SnCl4 and CCl4, respectively. Moreover, 

the study reveals that the sensitivity increases with 
the core radius and wavelength, as these factors 
facilitate stronger interaction between the optical 
field and the gas molecules within the fiber. The 
lattice constant also plays a crucial role in 
determining the sensitivity, with a decrease in the 
lattice constant leading to a higher sensitivity, 

though at the cost of increased losses. Therefore, 
having both high relative sensitivity and low 
confinement losses simultaneously is very important 
in gas sensors. In many cases, achieving these two 
characteristics at the same time is challenging, as 
improving one often leads to the deterioration of the 
other. In this article, an effort has been made to 
design the gas sensor so that both high relative 
sensitivity and low losses are achieved 
simultaneously by changing the structural features 
and optimizing the design using the PSO algorithm. 
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