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A B S T R A C T   

The distillation method for extracting anhydrous ethanol from the volatile benzene water requires continuous 
supervision in the petro-chemical industry. This paper describes the design process and numerical analyses of a 
PCF sensor with a hollow core for sensing the petro-chemical constituents, namely ethanol, water, and benzene, 
in the 2 THz range. Photonic crystal fiber sensors have many possible applications in the petro-chemical industry, 
environmental monitoring, biomedicine, and food preservation. An optical fiber-based sensor with simultaneous 
low loss and enhanced sensitivity is intended to detect this petro-chemical effectively and safely. The Finite 
Element Method (FEM) framework is used to quantify the exhibition of the suggested fiber sensor. The simulation 
outcomes on the suggested sensor model demonstrate very satisfactory results on the relative sensitivity as 99.55 
%, 99.44 % and 99.59 % confinement loss as 2 × 10− 17 dB/cm, 1 × 10− 16 dB/cm and 1.17 × 10− 16 dB/cm, 
Effective Material Loss (EML) as 0.00043 cm− 1, 0.00054 cm− 1 and 0.00038 cm− 1 for Ethanol, Water and Ben-
zene, respectively and the Effective areas (EAs) are 2.85 × 10− 7 m2 for Ethanol, 2.91 × 10− 7 m2 for Water and 
2.82 × 10− 7 m2 for Benzene at 2 THz frequency regime.   

1. Introduction 

Distillation is a vital separation technique utilized in the petro- 
chemical sector that depends on the chemical properties of the constit-
uent materials, specifically their differing boiling points or relative 
volatility, to effectively separate liquid mixtures [1]. In the petroleum 
industry, distillation is the most common and significant separation 
technique for final product purification. Each of the parts that make up a 
distillation column is employed to either improve mass transfer or 
transmit heat energy. A typical distillation column consists of a vertical 
column with trays or plates to help with component separation, a 
reboiler to provide heat for the necessary vaporization from the bottom 
of the column, a condenser to cool and condense the vapor from the top 
of the column, and a reflux drum to store the condensed vapor so that 
liquid reflux can be recycled back from the top of the column [2]. Most 
distillation control systems, whether traditional or modern, presump-
tively run the column at a constant pressure. Pressure changes impede 
performance and make control more challenging [3]. Conventional 
distillation columns generally cannot separate azeotropic mixtures or 

elements with boiling points that are very close (less than 200 C apart) in 
a single pass. In these situations, it is also used to alter the relative 
volatility of components that are approaching boiling or azeotropic 
formations by adding an extra component known as an entrainer, sol-
vent, or mass-separating agent (MSA) [4]. In the petro-chemical sector, 
it is crucial to study how alcohol is distributed between the two prac-
tically immiscible solvents, water and benzene when they are combined 
with ethanol [5]. In the petro-chemical industry, the distillation mech-
anism for separating anhydrous ethanol from the benzene-water vola-
tility [6], requires continuous monitoring, and traditionally such 
detection mostly relies on a laborious method [7]. 

Petro-chemicals can be monitored in the distillation process using a 
variety of techniques, including the experiment of density, the vapor-
ization, and the vapor-liquid equilibrium (VLE) [8,9]. The methods 
mentioned above are lab-based, take a lot of time, and expensive raw 
materials and equipment. These methods are typically obliged by their 
affectability and precision. Very delicate, light, constrained, and intel-
ligent fiber-based sensors will significantly advance the industry in these 
conditions. To address these challenges, there is a need for the 
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development of highly sensitive, compact, and cost-effective sensing 
solutions that can be integrated into the distillation process. Fiber-based 
sensors, such as fiber optic sensors, have gained attention as a promising 
technology for monitoring petro-chemicals during distillation [10]. 
These sensors rely on the interaction of light with the target substances, 
enabling real-time and continuous monitoring without the need for 
complex and expensive equipment. Fiber-based sensors offer several 
advantages in the petro-chemical industry. They can provide high 
sensitivity, rapid response times, and real-time monitoring capabilities 

[11]. Additionally, fiber sensors can be designed to be small, flexible, 
and immune to electromagnetic interference, making them suitable for 
use in harsh and hazardous environments. HC-PCF (Hollow-Core Pho-
tonic Crystal Fiber) is a type of optical fiber that has unique properties 
and has been explored as a sensing platform for petro-chemical analysis. 
Photonic Crystal Fiber (PCF) sensors are capable of meeting each need. 
There are various advantages to using PCF rather than conventional 
optical fibers, including the ability to employ extremely nonlinear and 
indefinitely single-mode large-mode fibers. Many optical properties, 
including polarization maintenance [12,13], propagation [14–16], low 
loss [13] and fiber birefringence [17] dynamically tuned with the help of 
purposeful cross-sectional patterning of the fiber. Hence, a variety of 
innovative fiber optic applications are feasible: Photonic crystal fiber- 
based high-power laser [18,19], tunable light switch [20] super con-
tinuum generation [21], dispersion compensation [22,23] fiber-optic 
sensors [19,24,25], interferometry [26,27], terahertz propagation [28] 

Fig. 1. The step-by-step process involved in designing and analyzing the model in this study.  

Fig. 2. Meshing output with boundary condition for A quarter segment of the 
Perfectly Match Layer (PML) layer computation window for the recommended 
PCF structure. 

Fig. 3. Proposed rectangle core photonic crystal fiber.  
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and refractometry [29,30]. 
The electromagnetic spectrum's microwave and infrared bands 

contain terahertz (THz) radiation, which has a frequency range of 0.1 to 
10 THz. Terahertz (THz) radiation has been used for PCF in medical 
imaging [31,32], telecommunication [33], bio-photonics [34,35], 
environmental applications [36], pharmaceutical drug testing [37], and 
sensing applications [38–41]. 

In the Solid Core Photonic Crystal Fiber (SC-PCF), the core is made of 
robust silicon, while the cladding section is made up of several air rings. 
Possibly one of the most intriguing PCF types is the hollow core due to its 
distinct light-guiding characteristics. Hollow-Core PCF is a phrase used 
to describe a PCF with a number of small-sized silicate tubes running 
along its longitude and being optically guided by the hollow core (HC- 
PCF) [24]. While a hollow-core PCF structure was taken into consider-
ation for our design, In comparison to the permeable core inside the core 
region the HC-PCF has higher analytical volumes, which improves the 
interaction of light and materials. A polarization mechanism is imple-
mented by the HC-PCF as well. This has been proved by applying stress 
to the core [42,43] and by inducing birefringence due to a strong 
anisotropy in the hole's structure [44]. 

Several researchers have previously developed a number of 
geometrical Photonic Crystal Fibar (PCF) structures using liquid sam-
ples' THz spectrum for chemical sensing [45–49]. A number of 
geometrical design like heptagonal [50] octagonal [51,52], decagonal 
[53], hexagonal [54], elliptical [55], spiral cladding [56], honey comb 
cladding [57] etc. has already been suggested. At 1 THz, the article's 
sensitivity [52] detects Benzene and Ethanol at 77.14 % and 78.06%, 
respectively. Asaduzzaman et al. [58] has less than 50 % sensitivity 
elliptical core but a high birefringence is presented for Eethanol. For the 
purpose of detecting Benzene and Ethanol, a microstructured octangular 
PCF (O-PCF) sensor is available in Ademgil et al. [51]. A revised 
octagonal configuration of [51] in [59] demonstrates increased sensi-
tivity levels of 87% and 47.35% for Ethanol and Benzene, respectively, 
while also exhibiting reduced confinement loss. According to the 
simulation results, [60] for water and the relative sensitivity of ethanol 
is greater, at 88 % or 91 %, respectively, quickly after 1.2 THz, with 
nearly minimal confinement loss. The PCF geometry's rectangular hol-
low core was created [47] and shows confinement loss is 1.71 × 10− 14 

dB/cm with the highest sensitivity of 94.4%. This study still prohibits 
certain crucial characteristics such as dispersion, NA (numerical aper-
ture), and an effective field. As recently as 2021, a number of chemical 
and biosensors have been suggested within the terahertz regime 
[61–64]. A. Maidi et al. [63] and S. Sen et al. [61] both exhibit negligible 
relative sensitivity for ethanol, with values of 65.34 % and 78.56 % for 
Ethanol, respectively. Furthermore, features like Birefringence and EML 
(Effective material loss) are not noted in [61]. The low sensitivity is 
explained by a leaky Mode profile in [63]. The Hollow Core-Photonic 
Crystal Fiber bio-sensor developed by A. Habib et al. [62] is about 
98% immensely sensitive with a low loss (< 0.025 dB/cm). 

The petrochemical sample (ethanol, benzene, and water) is intro-
duced into the central air hole of the HC-PCF, and a numerical study of 
the comprehensive sensitivity is carried out with the aid of a finite 
element method. (FEM). Alcohol liquid samples have been monitored 
using the designed PCF geometry, which, at 2 THz, has a sensitivity of 
more than 99 %. Additionally, a mathematical analysis of the many 
fundamental properties reveals extremely sensing capabilities, low loss, 

flattening dispersion, and low birefringence, which are superior to a 
number of earlier prototypes [61–64]. 

Although Zeonex, Teflon and Topas are utilized successfully in 
photonic fiber as background materials (PCF) [65–68], the 
sodium‑calcium silicate glass SK222 (68.4% SiO2, 12.3% Na2O, 2.4% 
Al2O3, 2% B2O3, 0.7% K2O) [69] was chosen as the background material 
for the concept. In this article, to further improve the sensitivity and 
other performances we propose a straightforward, extremely sensitive 
HC-PCF based on the background material of SK222. Due to their higher 
refractive index, PCFs formed of smooth glasses exhibit increased 
attenuation, making them desirable building blocks for new types of 
polymer- or liquid-infiltrated machinery like liquid crystals [70]. For the 
development of soft glass-based PCF production processes, SK222 is the 
appropriate test bed material because of its negligible cost and 
extremely superior rheological properties. 

2. Numerical analysis 

The proposed petro-chemical sensor has been designed and analyzed 
using the FEM which is the primary approach employed in this study. 
The steps involved in petro-chemical sensor design and performance 
evaluation are illustrated in Fig. 1. Initially, the Global variables (GVs) 
and Structure variables (SVs) were declared in COMSOL Multiphysics 
5.5 software, followed by the design of the PCF sensor structure. Ma-
terials were then assigned to different parts of the sensor, including 
SK222 to PML (Perfectly Match layer) and Strut of the fiber sensor, air- 
holes in the cladding, and analyte in the core for analysis purposes. 
Boundary and initial conditions were applied, and the designed fiber 
was meshed and solved using partial differential equations. The optical 
parameter data was then collected and transferred to MATLAB for 
further analysis. Different results were analyzed, and the relationship 
be-tween the operating frequency and various optical parameters was 
observed. If the results were not satisfactory, the GVs and SVs were 
adjusted, and the entire process was repeated until the desired results 
were achieved [71]. 

A list of different optical properties, such as relative sensitivity, 
effective area, numerical aperture(NA), CL (Confinement loss), EML, 
etc., seems necessary to check the petrochemical sensor's functionality. 
These parameters, i.e. performance indices, will be investigated through 
simulation using the software while injecting an analyte into the core of 
the proposed sensor using a capillary injection strategy. In actuality, 
though, this function will be fulfilled by an optical spectrum analyzer. 
For each analyte, the full procedure will be repeated. 

For numerically resolving issues, the FEM with a Perfectly Match 
Layer (PML) boundary condition is frequently utilized. For investigating 
optical properties and removing leaks, a PML is utilized. A meshing 
technique is used to partition the proposed PCF into homogeneous 
triangular sub-spaces. Modal analysis and frequency transmission 
through the Z-direction of fiber can be used to determine the perfor-
mance of waveforms spanning 1.5 − 3 THz in an x-y cross-section. The 
following equation can be obtained using the Maxwell equations: [72]. 

Δ× [s]− 1
× E − k2

0n2[s]E = 0 (1) 

Where, 
s = Perfectly Match Layer (PML) matrix of 3× 3, []− 1

= is the inverse 

(a) (b) )f()e()d()c(

Fig. 4. Field distribution for different analytes inside the suggested HC-PCF's core. (a, b) Ethanol: x-pol & y-pol, (c, d) Water: x-pol & y-pol, (e, f) Benzene: x-pol & 
y-pol. 
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of s, 
E = Electric field vector, 
n = domain refractive index, 
K0 = free-space wave number, 
λ = operational wavelength, 
E = is the field vector, 
In this simulation, the fiber is split into 2,923,972 triangular seg-

ments. One-fourth of the PML layer computation window is used to 
display Fig. 2 for the recommended PCF structure. 

The effectiveness of detecting chemicals in a terahertz PCF relies 
solely on how strong the interaction is between matter and light. 
Depending on a specific frequency absorption coefficient is necessary. 
This can be explained by the Beer-Lambert law [72]. The Beer-Lambert 
law is commonly applied to chemical analysis measurements to deter-
mine the concentration of chemical species that absorb light. It is often 
referred to as Beer's law and expressed by this equation, 

I(f) = I0(f)e[− rαmlc ] (2) 

Where, 
I0(f) = optical intensity in the absence of the intended substance, 
I(f) = optical intensity in the presence of the intended substance, 
f = the optical frequency, 
αm = absorption factor, 
r = the relative sensitivity, 
lc = the channel range, 
The light absorbance (A) is proportional to concentration and can be 

explained as 

A = log
I
I0

= − rαmlc (3) 

Now, the sensitivity must be determined in order to analyze the PCF's 
sensing effectiveness, which can be done using [44], 

r =
nr

neff
×Y (4) 

Fig. 5. Frequency dependent relative sensitivity of water, ethanol for (a) S=10 
μm (b) S=20 μm (c)S=30 μm. 

Fig. 6. Relation between the relative sensitivity and core diameter for Ethanol, 
Water and Benzene for strut width S = 10 μm, S = 20 μm and S = 30 μm. 

Table 1 
The suggested HC-PCF's geometrical variables that have been optimized.   

Core diameter, Dc (μm) Strut, S (μm) 

Optimum 790 10 
790 20 
790 30  
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where, 
nr = the refractive index (RI) (real) of the analyte to be detected, 
neff = the Effective RI (ERI) of the guided mode, 
Y = represents the light interactivity with substance, 
Which is determined by [44,73]. 

Y =

∫

analytesampleRe
(
ExHy − EyHx

)
dxdy

∫

totalRe
(
ExHy − EyHx

)
dxdy

(5) 

In this case, 
Ex = the electric field components of x, 
Ey = the magnetic field components of y, 
The PCF should be the only source of light in the core area. Any 

optical power that crosses to the cladding air slot as a result of optical 
power escaping is treated as light power loss that occurs during 
confinement loss and is Stated as 

α(dB/cm) = 8.686× koIm
[
neff
]
×104 (6)  

where, 
Im
[
neff
]
= the imaginary segment of the effective mode index, 

During the spreading of light pulses across the fiber, the guided mode 
experiences certain unintended losses. These properties of the PCFs are 
examined using EML, αeff , which is be quantified as 

αeff =
1
2

̅̅̅̅̅̅ε0

μ0

√ (∫
|E|2αmη dA
2
∫

AllSzdA

)

(7) 

Where,as background material SK222, 
amat = represents the loss of absorption, 
nm = the refractive index (RI), 
ε0 = the permittivity of free space, 

Table 2 
The optical properties of the suggested HC-PCF sensor for petrochemical sensing at 2.0 THz.  

Analyte RS (%) CL (dB/cm) EML (cm− 1) EA (m2) B β NA 

Ethanol 99.55 2× 10− 17 0.00043 2.85× 10− 7 0.0000021 0.07962 0.15481 
Water 99.43 1× 10− 16 0.00054 2.91× 10− 7 0.0000033 0.07962 0.15481 
Benzene 99.59 1.17× 10− 16 0.00038 2.82× 10− 7 0.0000016 0.07962 0.15481  
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Fig. 7. The relation between EML and frequency for Ethanol, Water, 
and Benzene. 

Fig. 8. The relation between confinement loss and frequency for Ethanol, 
Water and Benzene. 
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Fig. 10. The frequency dependent effective area for Ethanol, Water and Ben-
zene for x polarization. 
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μ0 = represents the permeability into free space, 
Sz = the z-component of the Poynting vector, 
The physical phenomenon known as birefringence occurs when a 

substance's refractive index is determined by the direction or polariza-
tion of the distribution of light. The material's apparent birefringence 
will be broken by the fiber's cylindrical symmetry, and it may also ac-
quire birefringence, resulting in regular power exchanges between the 
two components. The mathematical representation of birefringence is as 
follows: 

B =
⃒
⃒nx − ny

⃒
⃒ (8)  

where nx and ny are the refractive indexes of fiber in axial and transverse 
direction respectively. 

In the analysis of the suggested THz PCF attributes, Another impor-
tant element is the effective area. Effective area is the area that is 
covered by the light as it is traveling through the PCF. It depends on the 
wavelength, shape of the PCF and effective refractive index. It was 
initially developed as a measure of non-linearity; a low effective area 
indicates a high power density necessary for non-linear effects to be 
meaningful. It is important for the loss of confinement, loss of bending, 
and the numerical aperture. This property also serves to illustrate the 
light beams' efficiency. The mathematical representation of the effective 
area [74], Aeff is Stated as: 

Aeff =

(∫∫

S|E|
2dxdy

)2

∫∫

S|E|
4dxdy

(9)  

where S refers to the entire cross-segment of the fiber and E is the field 
vector. 

Another crucial aspect for multi-channel connection applications to 
be reduced is dispersion. Point to be noted that for the whole spectrum of 
0.8 − 2 THz, it was determined that the material dispersion for the PCF 
for SK222 was minimal. The only factor taken into account is the 
waveguide dispersion. The waveguide's ERI variance is the only factor 
that determines the dispersion of the waveguide. The following equation 
can be used to calculate it [72], 

β2 =
2
c

dneff

dw
+

w
c

d2neff

dw2 (10)  

where, w represents the angular frequency and c represents the free 
space propagation velocity, respectively. 

The numerical aperture (NA) calculates a PCF core's capability for 
light aggregation. Hence, the variation of the index of refraction can be 
calculated as follows [44]. 

NA =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 +
πf2Aeff

c2

)√
√
√
√

(11)  

where, Aeff represents the effective area in the guided mode. 

3. Detail design of the proposed HC-PCF 

A hollow core PCF has a much bigger volume in the core area, which 
has a significant potential to boost sensitivity. Additionally, hollow core 
significantly minimizes the amount of background material used during 
manufacture, which in turn reduces material loss absorption. The whole 
intersection of the suggested HC-PCF is shown in Fig. 3. This article use 
the FEM [71,75,76] as a computational tool to investigate mode prop-
agation characteristics. The simulations were performed using the 
COMSOL Multiphysics 5.5 software. 

The term pitch distance, ∧ refers to the distance between two adja-
cent cladding air-holes. The cladding air-holes have a diameter Ds. The 
Diameter of the core air-holes is designated as Dc. The suggested PCF's 
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Fig. 11. Frequency corresponding dispersion for Ethanol, Water and Benzene 
for x polarization. 

Fig. 12. Simultaneous illustration of relative sensitivity and ERI as in relation 
of frequency for Ethanol. 
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structural parameters are ∧ = 770 μm, Ds = 740 μm and Dc = 790 μm. 
The term “strut” refers to the air-hole cladding thickness. A desirable 
strut thickness is maintained throughout the procedure to avoid 
manufacturing challenges. While a range of strut widths, S, of 10 μm, 20 
μm and 30 μm is taken into consideration, contemporary manufacturing 
techniques can handle strut widths of 6.5 μm. The perfectly matched 
layer has a thickness of 120 μm and a diameter of 1600 μm. Any modi-
fication to the cladding's shape or size may impact confinement loss, but 
it has no impact whatsoever on the core analyte. 

As an anti-reflective layer, a perfectly matched layer (PML) is put in 
place at the cladding's edge [44] in order to absorb the incoming PCF 
waves. The width of PML matters since it has a great impact on nu-
merical analysis. Convergence tests were conducted as a consequence, 
and it was discovered that the best results were obtained at a thickness of 
PML over 10% of the whole diameter. It should be noted that other 
petro-chemical analytes, such as ethanol, water, and benzene, were 
utilized instead of air in the hollow central sections. These analytes had 
respective indexes of refraction of 1.354, 1.33, and 1.366 [68]. 

4. Simulation results and discussions 

Fig. 4 shows the optical field strength when a petrochemical sample 
(i.e., ethanol, benzene, water) is present. The optical field's polarizations 
(x-pol and y-pol) are shown to have very well-guided modes. 

Fig. 5 illustrates the relationship between the relative sensitivity and 
corresponding frequency of three different strut widths of 10 μm, 20 μm 
and 30 μm for the core diameter Dc=790 μm for ethanol, water, and 
benzene. 

Figures clearly show that all three analytes would have better 
sensitivity with a narrower strut. It has also been demonstrated that 
relative sensitivity increases up to a particular frequency before essen-
tially flattening off. This is expressed as follows: when the frequency 
rises, the core power percentage rises as well, improving the effective RI. 
As from Equ. (4) The analyte's RI and the effective RI may be demon-
strated to directly and inversely correspond, respectively, to the relative 
sensitivity. 

Fig. 6 depicts the relationship between the relative sensitivity for 
different core diameters for ethanol. In this instance, a plot for the 
sensitivity is realized by altering the core size. The sensitivity is plotted 
for the strut with S = 10 μm, S = 20 μm and S = 30 μm. 

The optimal value, which will be used throughout the manuscript, 
was found with a core diameter of Dc=790 μm and a strut with S=10 μm. 
Relative sensitivity is seen to rise when the core dimension does as well. 
For the suggested HC-PCF design, the recommended scale Dc=790 μm 
and S=10 μm is the highest and will surpass the cladding area if addi-
tional advancements are made. 

Where as the core power fraction achieved in this mode is larger than 
that of y-polarization, x-polarization has a higher relative sensitivity of 
the y-polarization. 

The suggested HC-PCF's optimized geometrical variables, which 
were obtained from Fig. 5 and Fig. 6, are compiled in Table 1 and that 
will be utilized to examine different performance characteristics 
throughout the manuscript. (See Table 2.) 

The effective analyte detection of a Terahertz sensor is constrained 
by a small number of limiting parameters, including the EML and CL and 
bending and scattering losses. 

Please take note that Fig. 4 expressly states that the interaction of 
light with the cladding is low and strictly controlled the light in the core, 

Table 3 
Table comparing the HC-PCF fiber we recommended to the previously described PCF.  

Ref. Analyte Frequency/wavelength RS (%) CL (dB/cm) EML (cm− 1) EA (m2) B 

[52] Ethanol 1 THz 77.14 2.26× 10− 06 – 1.46× 10− 7 – 
[77] Ethanol 1.4 THz 96:8 6.95× 10− 14 0.0035 – 0.0154 
[78] Ethanol 1.5 μm 23.75 5.5× 10− 05 – – – 
[79] Ethanol 1.33 μm 67.66 7.5× 10− 12 – – – 
[50] Ethanol 1 THz 68.48 5.2× 10− 8 – 1.644× 10− 07 – 
[58] Ethanol 1.33 μm 48 8.1× 10− 12 – – 0.001544 
[59] Ethanol 1.33 μm 46.31 2.28217× 10− 14 – – – 
[61] Ethanol 1 THz 78.56 6.02× 10− 8 – 1.4× 10− 7 – 
[63] Ethanol 1.3 μm 65.34 1× 10− 8 – 1.965 0.0015 
[80] Water 1.5 THz 79.39 4.93× 10− 12 – 1.66× 10− 7 – 
[81] Water 1.6 THz 60.03 1× 10− 11 – 1.63× 10− 8 – 
[61] Water 1 THz 77.51 5.74× 10− 8 – 1.45× 10− 10 – 
[82] Water 1.8 THz 74.54 7.72× 10− 8 0.0168 – – 
[83] Water 1 THz 85.6 4.5× 10− 9 – 7.11× 10− 8 – 
[84] Water 1.7 THz 92.9 1.61× 10− 13 0.0054 7.11× 10− 7 – 
[80] Benzene 1.5 THz 80.27 1.33× 10− 12 – 1.49× 10− 7 – 
[81] Benzene 1.6 THz 63.24 1.2× 10− 11 – 1.44× 10− 7 – 
[61] Benzene 1 THz 79.76 6.02× 10− 8 – 1.35× 10− 10 – 
[82] Benzene 1.8 THz 74.91 4.51× 10− 10 0.0135 – – 
[83] Benzene 1 THz 85.9 1.02× 10− 9 – 6.93× 10− 8 – 
[84] Benzene 1.7 THz 94.2 1.28× 10− 13 0.0059 3.13× 10− 7 – 
Proposed HC-PCF Ethanol 2 THz 99.55 2× 10− 17 0.00043 2.85× 10− 7 0.0000021 
Proposed HC-PCF Water 2 THz 99.43 1× 10− 16 0.00054 2.91× 10− 7 0.0000033 
Proposed HC-PCF Benzene 2 THz 99.59 1.17× 10− 16 0.00038 2.82× 10− 7 0.0000016  

Fig. 14. Schematic Diagram of this work for petro-chemical Detection.  
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ignoring the scattering loss feature. Furthermore, it is better to avoid 
characterizing the bending loss due to the length consideration. There-
fore, by including air spaces in the core region, the EML(which develops 
as a result of the background material used, and may be reduced) is the 
main contributor to optical power loss in the proposed PCF. Another 
benefit of employing a hollow core is that it may significantly reduce the 
thickness of background material from the core, which reduces EML. 

Fig. 7 shows EML characteristics in relation to the frequency of 
changes in analytes. As shown, EML reduces in response to the frequency 
at optimal geometrical variables, ultimately fulfilling the theoretical 
state of the EML computation [58,77]. Additionally, Fig. 7 demonstrates 
that the EML is as small as 0.00043 cm− 1, 0.00054 cm− 1 and 0.00038 
cm− 1 for Ethanol, Water and Benzene, respectively. 

Fig. 8 demonstrates the relationship between the frequency of 
different analytes and confinement loss. 

As the frequency rises, the confinement loss decreases for all three 
analytes because the hollow core area's mode fields constrict more 
tightly. As a consequence, ethanol confinement loss decreases by 2 ×

10− 17 dB/cm, water confinement loss decreases by 1 × 10− 16 dB/cm, 
and benzene confinement loss decreases by 1.17 × 10− 16 dB/cm. 

The acquired EMLs are quite unimportant in comparison to the ob-
tained EML. 

In Fig. 9, the birefringence property is seen by the analytes. As the 
frequency ultimately increases in x-polarity and y-polarity, the bire-
fringence descends with decreasing ERI. The analytes can see the bire-
fringence characteristic in Fig. 9. In both x-polarization and y- 
polarization, the ERI steadily decreases for each analyte as the frequency 
increases due to the birefringence decreasing. At optimal circumstances, 
the obtained birefringence for ethanol, water, and benzene as 
0.0000021, 0.0000033 and 0.0000016, respectively. Please be aware 
that theoretically, reducing the core size might raise the birefringence 
even more, but this would significantly reduce the relative sensitivity. 

The frequency dependency of the effective area for several analytes is 
shown in Fig. 10. The visual representations of this figure show that the 
effective mode area decreases with increasing frequency. At higher 
frequencies in the core portion, the mode field is highly confined, and 
the effective area is less. At ideal design conditions, the suggested PCF 
exhibited a moderate effective area value for ethanol of 2.85 × 10− 7 m2. 
Fig. 8 illustrates this physical result, demonstrating how confinement 
loss diminishes as frequency rises. 

The frequency dependent dispersion relation for each analyte 
applied to the suggested PCF is shown in Fig. 11. As can be seen, the 
dispersion decreases as the frequency increases. 

In Fig. 12,shows a simultaneous plot of the relative sensitivity and 
the ERI (real) in response to frequency for ethanol. As can be shown, the 
adaption of the cladding air hole's size scarcely has an impact on the 
PCF's sensing capability. On the other hand, larger dimensions increase 
the cladding size, which results in stronger optical signal confinement 
because of reduced confinement loss. Although, this enlarges the sensor 
and gives it more mass. Therefore, depending on the size and fabrication 
tolerance of the PCF as indicated in Section 3, we choose the best 
dimension. 

Fig. 13 shows the numerical aperture for Benzene, Water, and 
Ethanol in relation to frequency. The graph depicts how NA behaves, 
acting downward with gradually increasing frequency. In contrast to the 
original set point of 2.2 THz frequency, which was intended to provide 
optimal performance, an increased NA of 0.34 is obtained at the 1 THz 
frequency mark. 

Table 3 compares the suggested PCF model to previously reported 
PCF based on a variety of performance criteria and outperforms the 
earlier design in terms of sensitivity. 

5. Fabrication of the suggested HC-PCF 

Another significant issue is the manufacture of PCF-based devices. In 

spite of the development of numerous manufacturing techniques, 
including boiling techniques, capillary packing, multiple thinning, 
casting, and the sol-gel and stacking and drawing method [85–93] – all 
of which have been used to create hollow-shaped processes – 3D printing 
was utilized for creating a number of hollow-shaped core processes [92]. 
Several PCF structures have been created by D. Pysz et al. using the stack 
and draw technique [91]. Additionally, Z. Lui et al. [94] presented 
various stack and draw techniques for fabricating suspended micro-
structure fibers. Recently, it was reported that a hollow core PCF was 
developed using the stack-and-draw method, which involves stacking 
several layers of extruded material on top of each other and then 
drawing the whole structure into its final shape and was based on 
sodium‑calcium-silicate glass [95]. The HC-PCF-based sensor can be 
rendered using normal stack-and-drawing technology and includes 
circle-formed air holes both in the center and cladding [96,97]. By 
leaving out some capillaries, it is possible to create a hollow air core and 
claddings. In light of current fabrication methods and their shortcom-
ings, we proposed an HC-PCF petro-chemical sensor that could be pro-
duced in any extrusion or 3D printing manufacturing environment. 

Fig. 14 shows the basic structure for detecting petro-chemical using 
the proposed sensor. In the figure, light is incident upon the core of the 
biosensor which is filled with analyte. The light passes through the an-
alyte in the biosensor and goes into the spectrometer. Spectrometer is 
used to analyze spectral properties of the fiber which can provide in-
formation about the refractive index of the surrounding medium and any 
analytes present. Spectrometer can also be used to monitor changes in 
the transmission spectra of the fiber over time, which can be used for 
real-time sensing applications. All these data is transferred to a PC for 
further analysis and comparison. 

6. Application possibilities of the proposed HC-PCF 

The sensor was demonstrated to have extremely high sensitivity 
(supposedly surpassing 99%) for analytes with a 1.3–1.4 RI range while 
operating at peak efficiency. The suggested sensor could be used as a 
biosensor for blood component detection in the medical field [98]. Red 
blood cells have a RI of 1.40, while hemoglobin has a RI of 1.38, white 
blood cells have a RI of 1.36, plasma has a RI of 1.35, and water has a RI 
of 1.33 [34]. Moreover, the suggested sensor can differentiate between 
different types of alcohol (i.e. Ethanol, Benzene, Methanol) [72]. So, it is 
evident that the suggested sensor can identify cancer cells and other 
substances in a variety of industries. Moreover, given the large detecting 
range, it is evident that the proposed sensor model may detect bio- 
chemicals or other compounds in a variety of sectors. 

7. Conclusions 

The design and numerical inquiry for evaluating the sensing per-
formance of a hollow-core PCF at 2 THz for the three widely-known 
elementary chemical constituents, namely water, ethanol, and ben-
zene, are done in this research. After doing the entire experiment, we 
discovered that the same analytes had substantially higher sensitivity for 
ethanol, water, and benzene, measuring 99.55 %, 99.43 % and 99.59 % 
respectively, along with incredibly small confinement losses of 2 ×

10− 17 dB/cm, 1 × 10− 16 dB/cm and 1.17 × 10− 16 dB/cm and EML as 
0.00043 cm− 1, 0.00054 cm− 1 and 0.00038 cm− 1 for Ethanol, Water and 
Benzene, respectively. The EAs are 2.85 × 10− 7 m2 for Ethanol, 2.91 ×

10− 7 m2 for Water and 2.82 × 10− 7 m2 for Benzene. Additionally, nu-
merical aperture measurements are performed in this inquiry, with a 
favorable outcome. The proposed petrochemical sensor holds significant 
potential for future implementation and can be enhanced by incorpo-
rating additional bio applications such as Microfluidic Invasion 
Chemotaxis Platform for 3D Neurovascular Co-Culture [99] and 3D- 
Printed Microneedles (MNs) [100]. Furthermore, the implementation 
of 3D-Printed MNs offers numerous advantages, such as user- 
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friendliness, minimal invasiveness, reduced pain, and lower tissue 
damage compared to conventional needles. These microneedles can be 
utilized for the collection of analytes from the human body, serving as a 
convenient and efficient interface between the sensor and the target 
sample. The integration of 3D-Printed MNs enhances the usability and 
acceptance of the sensor, making it more accessible and suitable for 
various applications. The proposed petrochemical sensor exhibits 
improved sensitivity and features sophisticated packaging to protect the 
detecting head. This ensures accurate and reliable detection of different 
petrochemicals. Additionally, recent advancements in 3D nano- 
fabrication methods provide a promising avenue for the realization of 
the suggested Photonic Crystal Fiber (PCF) structures, further support-
ing the practical implementation of the sensor [71,101,102]. This 
simulated observation also yields a greater effective area with a minimal 
EML and propagation constant. As a result, we may draw the conclusion 
that the suggested sensor has the potential to be used to any type of 
chemical in the petrochemical sector. 
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[91] D. Pysz, I. Kujawa, R. Stepień, M. Klimczak, A. Filipkowski, M. Franczyk, L. 
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