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Abstract:  
Accurate detection of petroleum-based compounds like 

pentanol is vital for quality and efficiency in sectors such 

as energy and lubrication. Conventional techniques often 

lack sufficient sensitivity and real-time monitoring 

capabilities. To address this, we propose a novel photonic 

crystal fiber (PCF) sensor utilizing surface plasmon 

resonance (SPR) for precise identification of petroleum 

compounds, with a focus on pentanol. The sensor 

incorporates three central apertures to enhance 

electromagnetic field concentration and employs gold as 

a durable plasmonic material. Its external analyte 

positioning not only simplifies fabrication but also 

ensures robust performance in challenging industrial 

environments. After thorough optimization of structural 

parameters including air hole diameter and gold layer 

thickness the sensor demonstrates a maximum 

wavelength sensitivity of 9000 nm/RIU and an amplitude 

sensitivity of 2450 RIU⁻ ¹, substantially outperforming 

current alternatives. With its high sensitivity, compact 

structure, and reliable operation, this sensor is ideally 

suited for applications such as fuel blending monitoring 

and quality assurance in the petroleum industry.  
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1. INTRODUCTION  

The global economy's reliance on oil remains a cornerstone of modern energy 

systems, with current demand exceeding 100 million barrels per day. 

Specifically, as of 2025, global oil consumption is projected to reach 

approximately 103.5 million barrels per day, reflecting a growth of 0.8 million 

barrels per day from the previous year [1, 2]. This sustained demand 

underscores the critical importance of technological advancements in oil 

production, refining, and monitoring. Innovations in these areas, including 

advanced refining techniques and leak detection systems, are poised to 

significantly influence global oil production efficiency and market prices [3]. 

Consequently, leveraging cutting-edge scientific advancements and technologies 

in the oil and gas sector is essential for maintaining competitiveness and 

sustainability [4]. 

Cost-effective oil production has never been more vital, benefiting not only oil 

companies and producing nations but also consumer countries that depend on 

this indispensable resource [5]. Crude oil, primarily composed of paraffinic and 

aromatic hydrocarbons, yields key petroleum products such as propanol, 

pentanol, and butane, which are essential for domestic and industrial fuel 

applications [6, 7]. The precise separation and detection of these compounds are 

crucial across various industries, driving the demand for advanced sensing 

technologies. Among these, optical sensors and particularly optical fiber sensors 

have garnered significant attention due to their accuracy, reliability, and 

versatility [8]. 

The future of sensors in chemical and industrial applications is exceptionally 

promising, having spurred a surge in research and development [9, 10]. A 

notable breakthrough has been the integration of plasmonic properties with 

optical sensors, which has led to a marked increase in sensitivity and established 

surface plasmon resonance (SPR) sensors as a leading technology in sensing 

applications [11, 12]. Among the most innovative platforms for SPR sensors are 

photonic crystal fibers (PCFs), which have attracted considerable research 

interest due to their high compatibility with plasmonic materials [13]. PCF-

based SPR sensors offer a range of advantages, including design flexibility, high 

sensitivity, portability, rapid response, and cost-effective manufacturing, making 

them ideal for diverse applications [14]. 

In PCF-based sensors, critical design parameters such as the thickness of the 

plasmonic layer, the radius and arrangement of air holes, and their spacing play 

a pivotal role in determining the sensor's performance and sensitivity [15]. In 

PCF design, circular air holes reduce birefringence compared to angular ones, 
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whereas rectangular air holes minimize confinement losses by increasing the air 

filling fraction. Thus, careful selection of air hole shapes allows for 

simultaneous reduction of birefringence and confinement losses, enhancing 

overall sensor sensitivity [16]. Optimizing these geometric features enhances the 

confinement of the electromagnetic field within the fiber core, thereby 

substantially increasing the sensor's ability to detect changes in the surrounding 

environment. Plasmon resonance-based optical fiber sensors hold great promise 

for oil and gas applications, offering rapid detection and high sensitivity [17, 

18]. 

Recent years have witnessed significant growth in research on SPR sensors 

utilizing PCFs. Advances in plasmonic materials and sensor optimization have 

expanded their applications across various fields [19]. Prior studies have 

demonstrated that positioning the analyte outside the sensor and using gold as 

the plasmonic material facilitate easier fabrication and enhance the coupling 

between the core and plasmonic modes, resulting in higher sensitivity [20]. 

Additionally, while D-shaped fibers may offer certain advantages, they are 

mechanically less robust during manufacturing compared to circular fibers, 

making the latter more practical for sensor applications [21]. 

Despite these advancements, challenges remain. Most research on PCF-SPR 

sensors has focused on enhancing wavelength sensitivity, with less attention 

given to amplitude sensitivity [22]. Many studies utilize these sensors for 

detecting high refractive indices (RIs), particularly in the visible to infrared 

spectrum [23]. However, while PCF-SPR sensors exhibit high sensitivity, their 

detection range is often limited, hindering their practical utility. Furthermore, 

confinement loss a key advantage of fiber sensors is heavily influenced by the 

positioning and geometry of the air holes. Thus, optimizing the arrangement of 

these holes is crucial for maximizing sensor performance [24]. 

The persistent challenges of detecting petroleum products with precision and 

efficiency, vital for industries such as oil and gas, necessitate innovative 

solutions beyond the constraints of traditional methods. This research introduces 

a novel PCF-SPR sensor, meticulously designed for pentanol detection, 

leveraging three central air holes and a gold plasmonic layer to achieve 

remarkable sensitivities of 9000 nm/RIU for wavelength and 2450 RIU⁻ ¹ for 

amplitude. As illustrated in Fig. 1, the sensor’s development follows a rigorous, 

iterative process spanning objective definition, design optimization, simulation, 

performance assessment, and validation highlighted by a central cross-sectional 

image of the fiber’s structure. This systematic approach ensures enhanced 

stability, ease of fabrication, and industrial applicability, promising a 
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transformative impact on real world petroleum monitoring. Subsequent sections 

will explore these advancements in greater depth. 

 

Define Objective:

  Detect petroleum 

products

   Sensor Design 

a. Structure 

b. Core Feature

c. Material

Optimization 
 Simulation 

Setup

 

Performance 

Evaluation

 Validation 

END START  

 

Fig. 1. The proposed iterative development process of the PCF-SPR Sensor for 

petroleum detection 

2. STRUCTURE DESIGN AND THEORY 

In the proposed PCF sensor structure, the RI detection range is from 1.31 to 

1.4, which has been found suitable for measuring petroleum products. 

According to Fig. 2, in the design of the proposed optical sensor, triangular air 

holes have been used as the inner layer, and hexagonal holes have been used as 

the outer layer in the silica substrate, as well as the gold plasmonic layer. In the 

design of this sensor, the gold plasmonic layer is considered in such a way that 

the most concentrated electromagnetic field is placed in the core of the fiber. In 

addition, the gold plasmonic layer makes this sensor suitable for industrial 

applications due to its stability in the chemical environment. The central triangle 

plays an essential role in focusing the electromagnetic field in the fiber core. In 

the proposed sensor, the analyte is placed outside the sensor, which will lead to 

the simplicity of the sensor construction. The use of holes around the hexagon 

reduces the confinement losses and increases the sensitivity of the sensor, and 

the three central holes play the role of more intense control of the 
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electromagnetic field in the fiber core. Optimizing the plasmonic layer and the 

radius of the air holes as well as finding the best placement points of the internal 

holes based on logical principles are other advantages of this sensor. The 

internal holes that form the vertices of a triangle with three different angles, 

including an equilateral triangle with an apex angle of 40 degrees (Fig. 2(d)), an 

isosceles triangle with an apex angle of 135 degrees (Fig. 2(b)) and an 

equilateral triangle (Fig. 2(c)) have been investigated to ultimately lead to the 

intelligent selection of the location of the central holes. 

 

Analyte
PML

Gold
Silica

d

tg

PML an

L1

R

A1

L2

 
                                                    (a) 

A2

A2

A2

A3 A3

A1A1

B1

B3

 
               (b)                                 (c)                                   (d)                                          

Fig. 2. Designed geometry of the proposed sensor. Schematics of (a) the proposed        

optical sensor, (b) isosceles triangle with an apex angle of 135 degrees of the internal 

hole geometry, (c) isosceles triangle of the geometric hole and (d) isosceles triangle with 

an apex angle of 40 degrees of the internal hole geometry 

Table Ι outlines the optimized design parameters, as depicted in Fig. 2 (a), 

which define the sensor’s structural geometry. These include the perfectly 

matched layer (PML) thickness of 1.2 µm, the gold plasmonic layer thickness 

(tg) of 40 nm, the pitch (an) of 1.5 µm, the radius of the central apertures (r) of 7 

µm, and the diameter of the lattice air holes (d) of 0.5 µm. Additional 

parameters, such as L1 = 3.3 µm, L2 = 3.3 µm, A1 = 4.4 µm, A2 = 7 µm, A3 = 

9 µm, B1 = 6.74 µm, and B3 = 5.5 µm, further specify the sensor’s 
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configuration. These values are fine-tuned to maximize the sensor’s 

performance, achieving a wavelength sensitivity of 9000 nm/RIU and an 

amplitude sensitivity of 2450 RIU⁻ ¹, as highlighted in the study. 

The sensor incorporates three central apertures to enhance electromagnetic 

field focus, with their arrangement optimized through different geometric 

configurations. Table Ⅱ compares the amplitude sensitivities of three 

configurations of these central holes, characterized by their vertex angles. The 

configuration with a 60-degree vertex angle, illustrated in Fig. 2(c), yields an 

amplitude sensitivity of 2450 RIU⁻ ¹, significantly outperforming the 40 & 60-

degree configuration, which achieves 512 RIU⁻ ¹ and 786 RIU⁻ ¹ respectively. 

Due to its superior sensitivity, the 60-degree configuration is selected for all 

subsequent analyses and reported results. 

The overall structure, as shown in Fig. 2(a), features a hexagonal lattice of air 

holes embedded in a silica matrix, with the analyte positioned externally to 

simplify fabrication and enhance durability in challenging environments. Figs. 

2(b), 2(c), and 2(d) depict variations in the internal hole geometry, where the 

central holes form isosceles triangles with specific apex angles. Fig. 2(c) 

corresponds to the 60-degree vertex angle configuration, optimizing the 

electromagnetic field interaction for enhanced SPR effects. This design ensures 

the sensor’s high sensitivity, compact footprint, and suitability for industrial 

applications. 

 

TABLE Ι 

THE VALUE OF THE PROPOSED SENSOR PARAMETERS 

 

Parameters name parameters value 

PML 1.2 µm 

tg 40 nm 

an 1.5 µm 

R 7 µm 

d 0.5 µm 

L1 3.3 µm 

L2 3.3 µm 

A1 4.4 µm 

A2 7 µm 

A3 9 µm 

B1 6.74 µm 

B3 5.5 µm 
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TABLE Ⅱ 

VALUES OF TRIANGLE APEX ANGLES IN THE PROPOSED SENSOR 

Fig.2 Vertex angle 

(degree) 

Amplitude sensitivity 

(RIU-1) 

b 135 786 

c 60 2450 

d 40 512 

 

Fig. 3, shows the placement of the proposed sensor in the laboratory setup. 

The polarized light enters the proposed sensor through a single mode fiber. 

Around the proposed sensor is a compartment for the entry and exit of the 

analyte. The analyte is placed on the outer surface of the sensor and the light is 

emitted from the sensor after reacting with the analyte. The output light is 

analyzed through a spectrum analyzer and its waveform is displayed on the 

computer screen. Changes in the output light peak or the displacement of the 

peaks relative to each other cause the sensing property to occur. 

 

 
Fig. 3. Sensor setup for sensing application 

 

According to the analysis of the obtained results, the best possible state is in 

line with the angles of the central holes in the proposed optical sensor, 

completely symmetrical and with an angle of 60 degrees. This case once again 

justifies the use of symmetry in the design and manufacture of optical sensors 

based on photonic crystals. When the central holes form an equilateral triangle, 

the maximum limitation of the core mode occurs inside the fiber core and 

increases the sensitivity of the sensor. In Fig. 4, Electromagnetic fields are 

shown from left to right in core mode (a), coupling mode (b), and plasmonic 
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mode (c), for polarization in the x direction. Because the polarization in the x 

and y direction has the same value, it is enough to obtain all the graphs for one 

of the polarizations. 

 

 
             (a)                                       (b)                                       (c) 

Fig.4. Electromagnetic field for (a) core mode, (b) core-plasmonic coupling, and (c) 

plasmonic mode. 

3. MATHEMATICS AND FORMULAS 

The proposed sensor is based on silica as its background material. The 

dispersion relation for silica is derived 

from the Sell Meier in Eq. (1) [25]. 

                                              (1)    

                                                                                 

                                                 

where λ measured in μm unit is the related wavelength and nsi is the RI of 

fused silica. B1, B2, B3, are 0.696166300, 0.407942600, 0.897479400 and C1, C2, 

C3 are, 4.67914826 × 10− 3 μm2, 1.35120631 × 10− 2 μm2, 97.9340025 μm2, 

respectively [26].  

The sensor utilizes gold metal as its plasmonic material, enhancing its stability 

within biological environments. The incorporation of this material significantly 

influences both the resonance peak and the sensor's detection capabilities. The 

dielectric function of gold is derived from the Drude-Lorentz model which is 

formulized in Eq. (2) [27]. 

 

                                                         (2)                                        

 

where εAu is the permittivity of the gold and ε∞ = 5.9673 is the permittivity at 

a high frequency. The rest of the constant parameters in (2) were obtained from 
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[28]. The efficiency of the sensor is calculated by confinement loss 

characteristics in Eq. (3) 

 

                                        (3) 

 

The parameter k0, defined as 2π/λ, represents the wave propagation number in 

free space, where λ denotes the operating wavelength, and Im(neff) refers to the 

imaginary component of the effective mode index. The sensitivity of the 

proposed sensor is assessed through wavelength interrogation and amplitude 

interrogation techniques [29]. The wavelength sensitivity (WS) of the suggested 

plasmonic sensor is derived from the subsequent equation in Eq. (4) [25]: 

 

                                                                                  (4) 

 

where Δna and Δλ show the RI variation of the two consecutive analytes and 

the wavelength variation of the resonance peak, respectively. The amplitude 

sensitivity (AS) of the proposed sensor can be computed from the following 

relation in Eq. (5) [30]: 

 

                                                                      (5) 

 

where na, δα(λ, na) and α(λ, na), display dielectric RI, the variation of loss 

spectrum for two consecutive na and confinement loss for any na, respectively.  

In the proposed sensor, we place significant emphasis on enhancing amplitude 

sensitivity [31]. Since the amplitude sensitivity does not require spectral 

manipulation, it makes the proposed sensor simple and efficient [32]. 

4.RESULTS AND DISCUSSION 

The proposed sensor is designed, simulated and optimized in the COMSOL 

software environment. This software uses the FEM model to solve wave 

equations and Maxwell's equations inside the structure. According to this model, 

the problem is divided into smaller parts and based on the meshing of the 

structure, the corresponding equations are solved for each part. In this structure, 

after designing the geometry and specifying the dimensions, we have used a 

very fine mesh to solve the wave equations more accurately. Also, a PML layer 

is considered to shorten the calculation area in this sensor. Finally, the results 
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were analyzed by changing the RI of the analyte and the sensing property was 

extracted from the structure. 

 The geometry of the proposed PCF sensor has been optimized in a special 

way, in such a way that the core mode and the plasmonic mode match in it and it 

has increased the amplitude sensitivity. According to Fig. 5, when the effective 

RI of the core mode collides with the plasmonic mode, at the point of their 

intersection, an intensification occurs and a sharp peak of confinement losses 

occurs. The displacement and intensity of this peak in different RIs is the 

sensitivity measure of the proposed sensor. 

 
Fig. 5. Electric field distribution for x polarization, core guided mode and SPP mode 

for na=1.4. 

In Fig. 6, The resonant wavelength of the proposed sensor is displayed based 

on the range of RIs that can be detected by the sensor, and the corresponding 

equation is written as a polynomial. In the proposed third grade equation 

corresponding to the behavior of the sensor, the x parameter represents different 

RIs and the y parameter represents the wavelength in micrometers, according to 

this equation, the resonant wavelength (RW) of each RI can be determined. 

 

 
                                Fig. 6. Linear curve fitting of resonance wavelength 
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The designed sensor covers a wide range of RIs (RI from 1.31 to 1.41). At the 

RI of 1.4, the maximum sensitivity of the sensor can be seen. In Fig. 7(a), the 

amount of confinement losses and the amplitude sensitivity from RI 1.31 to 1.41 

are shown. Fig.7(a), shows that the confinement loss increases as the RI 

increases, and the maximum confinement loss will be at a RI of 1.41. In Fig. 

7(b), the amplitude sensitivity is displayed for different RIs, based on this, the 

highest sensitivity for the RIs of 1.4 and 1.39, respectively, which represents the 

two substances pentanol and butanol, is equal to the wavelength sensitivity of 

9000 nm/RIU and amplitude sensitivity of 2450 RIU-1 for pentanol, and 

wavelength sensitivity of 4000 nm/RIU and amplitude sensitivity of 1400 RIU-1 

for butanol. 

 

(a)  

(b)  

 
Fig. 7. (a) CL as RI changed from 1.31 to 1.41 and (b) AS spectrum for RI from 1.32 

to 1.4. 
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According to the investigations and optimizations carried out in the design of 

the proposed optical sensor, in the case that the central air holes are in the form 

of an isosceles triangle with an apex angle of 40 degrees, the appearance of 

several peaks next to the main peak causes a disturbance in sensitivity, When 

analyzing the sensitivity of different placement positions for the internal holes, 

particularly for the apex angles of 60° and 135°, Fig. 8, demonstrates that the 

sensitivity of the 60° mode is significantly higher than that of the other two 

modes.  

 
Fig. 8. Change of the tip angle of the internal holes of the proposed PCF sensor 

 

Continuing the optimizations discussed earlier, Fig. 9, illustrates the 

confinement loss values (Fig. 9a) and amplitude sensitivity (Fig. 9b) as 

functions of the gold plasmonic layer thickness. Fig. 10, shows the changes of 

the radius of the air holes, confinement losses (Fig.10(a)) and the amplitude 

sensitivity (Fig.10(b)). The highest amplitude sensitivity is obtained at a radius 

of 500 nm and with a value of 2450 RIU-1. If we have a manufacturing tolerance 

of 0.2 micrometer from the optimal radius of the holes, changes in the value of 

the amplitude sensitivity can be seen. 
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(a)

 
                      (b)                                                              

 
Fig. 9. (a) CL for different gold layer thicknesses and (b) AS for different gold layer 

thicknesses 

 

 
(a)                                                               (b) 

Fig. 10. (a) CL for different air hole diameters and (b) AS for different air hole 

diameters 
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Table Ⅲ shows amplitude sensitivity and wavelength sensitivity for different 

RIs and its application in the oil and gas industry. The RIs covered by the sensor 

range from 1.31 to 1.41, which is within the range of the RI of oil and gas 

compounds. By increasing the RI, the amplitude sensitivity and wavelength 

sensitivity of the sensor increased, and in the RI of 1.4, which is assigned to 

pentanol, the highest amplitude sensitivity of 2450 RIU-1 and the highest 

wavelength sensitivity of 9000 nm/RIU occur at the resonant wavelength of 760 

nm. 
TABLE Ⅲ 

 MEASUREMENT PERFORMANCE OF OIL COMPONENT DETECTION 

SENSOR FOR DIFFERENT RI 

Oil 

Derivation 

Analyte 

RI 

Peak 

wavelength 

(nm) 

Resonance 

Peak Shift 

(nm) 

Wavelength 

Sensitivity 

(nm/ RIU) 

Amplitude 

Sensitivity 

(RIU-1) 

NA 1.31 560 100 1000 54 

Methanol 1.32 570 200 2000 55 

Water 1.33 590 100 1000 56 

Acetonitrile 1.34 600 100 1000 57 

NA 1.35 610 200 2000 58.8 

Ethanol 1.36 630 200 2000 152 

Propanol 1.37 650 300 3000 252 

NA 1.38 680 400 4000 403 

Butanol 1.39 720 400 4000 1400 

Pentanol 1.4 760 900 9000 2450 

NA 1.41 850 NA NA N/A 

 

To facilitate a comprehensive comparison of the proposed optical sensor with 

existing structures in the field, Table Ⅳ is presented. The proposed sensor, a 

PCF with three central air holes, operates over a wavelength range of 400 nm to 

1100 nm, covering a significant portion of the visible and near-infrared 

spectrum. This broad range is particularly advantageous for applications such as 

detecting petroleum-based compounds like pentanol, which exhibit refractive 

indices within the measurable range of 1.31 to 1.41. In terms of sensitivity, the 

proposed sensor achieves a wavelength sensitivity of 9000 nm/RIU, which is 

comparable to some of the highest reported values in recent literature. More 

notably, the amplitude sensitivity of the proposed sensor stands at 2450 RIU⁻ ¹, 

surpassing that of most listed sensors. This high amplitude sensitivity is 

particularly beneficial for applications requiring precise detection of small 
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refractive index changes. 

Beyond its sensitivity, the proposed sensor's design is characterized by 

simplicity and flexibility. The use of three central air holes allows for 

straightforward fabrication processes, reducing complexity and cost. 

Additionally, the design permits easy adjustment of structural parameters, such 

as hole diameter and spacing, to optimize performance for specific applications. 

This adaptability, combined with its robust performance, makes the sensor 

highly practical for real-world implementation. In summary, while the proposed 

sensor may not hold the record for the highest wavelength sensitivity, its 

combination of broad operational range, high amplitude sensitivity, and design 

simplicity positions it as a competitive and versatile tool for refractive index 

sensing, particularly in the context of petroleum compound detection. 

 

TABLE Ⅳ 

  PERFORMANCE COMPARISION OF THE PROPOSED SENSOR WITH 

RECENTLY REPORTED RI SENSORs  

 

Structure Type 

Wavelength 

range 

(nm) 

RI 

Range 

Wavelength 

sensitivity 

(nm/RIU) 

Amplitude 

sensitivity 

(RIU-1) 

Ref 

Hollow core 

PCF 
500-900 1.33-1.38 3100 NA [33] 

Asymmetric 

multiple 

holes-PCF 

400-950 1.32-1.41 9000 1540 [34] 

D-shaped 

hollow micro 

structured-PCF 

NA 1.3-1.39 9900 425.58 [35] 

D-shaped-PCF NA NA 3700 1789 [36] 

Nano-layer 

coated-PCF 
400-1200 1.31- 1.41 21000 2127.7 [37] 

Dual core-PCF 1400-2600 1.1-1.45 24300 172 [38] 

Hoop-cut SPR 

PCF 
NA 1.39-1.44 2000 374 [39] 

Dual‑ side 

polished SPR PCF 
560-1860 1.21-1.41 61000 1294 [11] 

Three central 

air holes PCF 
400-1100 1.31-1.41 9000 2450 

This 

paper 
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5. CONCLUSION 

In this paper, we design and present a PCF sensor based on SPR. The 

proposed sensor offers high sensitivity and is easily manufactured for detecting 

petroleum compounds, particularly pentanol and butanol. The incorporation of a 

gold plasmonic layer enhances its stability in chemical and industrial 

environments. Additionally, the use of air holes in a triangular configuration 

enhances the concentration of the electromagnetic field at the fiber’s center 

using the minimum number of holes. Optimized geometric parameters and air 

hole placement yield significant improvements, with the sensor achieving peak 

wavelength sensitivity of 9000 nm/RIU and amplitude sensitivity of 2450 

RIU⁻ ¹ for pentanol, respectively. This performance surpasses that of other 

sensors in the field. The sensor’s stability, compact size, flexibility, simple 

design, and high sensitivity instill confidence in its practical application for 

detecting petroleum compounds. These attributes position it as a promising 

advancement for industrial use, warranting further exploration in future studies. 
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