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Abstract: This research introduces an innovative approach that combines spectroscopy with refractive index (RI) sensing. Photonic crystal fiber (PCF) based surface plasmon resonance (SPR) sensor is designed and presented, specifically for detecting heavy metals (HM) in water samples used in agricultural activities. A spectroscopy-based sensing setup is engineered for real-time analysis, providing detailed insights into transmission (%) and absorbance (AU) caused by HMs in water samples. The study present spectroscopy analyzes of water samples contaminated with HM such as lead (Pb2+), cadmium (Cd2+), copper (Cu2+), and mercury (Hg2+), exhibiting RI variations between 1.3317 and 1.3473 RIU. The RI sensor featuring a tetra core configuration with an external coating of plasmonic material operating in both transverse magnetic (TM) and transverse electric (TE) polarizations is proposed. It functions effectively within the HM RI range, seamlessly integrating spectroscopy and RI sensing technologies. Consequently, this plasmonic sensor demonstrates significant potential in detecting the RI of HMs dissolved in water samples, making it a highly effective tool for assessing water quality in diverse agricultural settings.
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1. Introduction
Heavy Metals (HM) ions are charged particles of metals with higher atomic weights and densities as compared to water. They are generated as a byproduct of industrial processes and cause significant pollution [1]. Some frequently encountered HM include nickel (Ni2+), lead (Pb2+), mercury (Hg2+), cadmium (Cd2+), arsenic (As3+), chromium (Cr3+), and copper (Cu2+) [2]. HMs enters agricultural water, plants, and crops through various pathways. Pesticides and fertilizers contain HMs either as active ingredients or impurities, e.g., phosphate fertilizers can contain Cd2+ [3]. Cow dung used as fertilizer can also function as a source of HMs, specifically if the feed given to animals contains HM [4]. Water bodies contaminated by industrial, municipal, or mining activities when used for irrigation, directly introduces HMs into agricultural soil, crops, and plants. Soil contaminated with HMs from past industrial or agricultural practices can continue to impact current agricultural use, as plants absorb HMs from the soil. HMs in plants and crops can lead to reduced crop growth, impaired photosynthesis, and toxicity, which affect both yield and crop quality [5]. Crops contaminated with HMs pose several health risks to humans and animals consuming them directly or indirectly. Like Pb2+ causes anemia, kidney damage [6], Hg2+ causes tremors, insomnia, memory loss, neuromuscular effects [7], Cd2+ causes weakening of the bone, proteinuria [8], Cr2+ causes lung cancer, skin ulcers, dermatitis, allergic skin reactions [9], Ni2+ causes chronic bronchitis, reduced lung function, lung, and nasal cancers and many more [10]. Thus, HMs detection from agricultural water is quite important for maintaining healthy human and animal life. Figure (1) represents the pictorial view of the consequences of presence of HM in water bodies and agricultural lands.
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Figure 1. Visual representation of agricultural land with and without HM contamination
Spectroscopy includes techniques like atomic absorption spectroscopy (AAS) [11], inductively coupled plasma optical emission spectroscopy (ICP-OES) [12], inductively coupled plasma mass spectrometry (ICP-MS) [13] etc. It is a crucial technique for analyzing HMs contaminated water due to its precision, accuracy, and capacity to detect even a low concentration of HMs. This technique allows for quantitative multi-element analysis with minimal sample preparation, making them ideal for agricultural purposes. While offering the advantage of standardized and reproducible results, the techniques require high skills. Thus, spectroscopy remains a preferred method due to its efficiency and reliability in detecting a wide range of HMs. In this context HM detection through photonic crystal fiber (PCF) based surface plasmon resonance (SPR) sensors can present significant advancement in the agriculture sector. [14]. SPR sensors are now used for several applications like chemical sensing, industrial and household oil sensing, food quality inspection, etc. [15], [16]. PCF can transmit light over long distances, allowing for the detection of HMs in locations that are difficult to access or hazardous. SPR technologies have precision in measuring refractive index (RI) thus can be used to detect RI changes associated with different HMs embedded water samples resulting in the identification of specific HMs, contributing to timely and effective implementation of water treatment strategies [17]. The design architectures of PCF SPR sensors traditionally fall into three primary models, i.e., external metal deposition (EMD), internal metal deposition (IMD), and the D-shaped framework [18]. The geometrical models of the PCF often involve specific lattice structures that define the distribution and arrangement of air holes surrounding the fiber core. Some common air holes’ lattice structures used in the PCF designing are pentagonal, hexagonal, octagonal, etc. This geometric arrangement of air hole structures plays an important role in enhancing optical properties and the functionality of the PCF. Another aspect of PCF is the use of plasmonic materials. Gold (Au), aluminum (Al), copper (Cu), silver (Ag), and graphene which have been favored in several studies [19]. However, modern research efforts are venturing into the use of innovative materials including MXenes, transition metal dichalcogenides (TMDCs), transparent conductive oxides (TCOs), magnesium fluoride (MgF2), perovskites, silicone, and phosphorene [20], as well as material combinations like Au-Ag, Au-Cu, Au-TiO2 alloys, etc. [21]. Therefore, exploring novel combinations of materials is also a key area of research in the development of PCF SPR sensors. This pursuit involves examining various sensing dynamics, employing the foundational concepts of coupled-mode theory for light propagation in transverse magnetic (TM) and transverse electric (TE) orientations. 
Detailed discussions on sensing capabilities and parameters are provided in further sections. The design and analysis of the plasmonic sensor utilizes the finite element method (FEM), which aids in examining mode behaviors, sensitivity, geometric optimization, and interactions between materials. Additionally, it facilitates the exploration of birefringence, dispersion, loss metrics, overall durability, and efficacy of the sensor. Techniques like wavelength and amplitude interrogation are employed to observe resonance wavelength (RW) shifts among different HMs. Thus, by integrating spectroscopy with PCF SPR sensing, this innovative approach enables rapid detection of HMs contaminants, offering a promising solution for improving the quality of agricultural and food products.
2. Technical overview of spectroscopy arrangement and sensor geometry
This section presents the working of the developed spectroscopy setup and a design of PCF based RI sensor to detect various HMs based on RI variations. Figure 2(a) explains the basic prototype and principle of the spectroscopy-based setup which operate in the range of 780 nm to 1320 nm. The system consists of a light source connected to a single-core jacketed optical fiber, which transmits light into the investigating sample via Port 1. The combination of water and HMs samples are stored in quartz cuvettes placed within a sample mount. The sample is covered with sample cover during its processing. As the light interacts with the HM sample, it exits from Port 2. It is crucial to note that the light entering Port 1 experiences no loss, maintaining strong intensity as presented by high light intensity image. However, after interacting with the HM sample, the light's intensity is reduced which is represented by low light intensity image. This loss in intensity occurs because a portion of light gets lost while interacting with the sample. This intensity loss varies differently for distinct HM samples. The light exiting Port 2 is transferred to the optical spectrum analyzer (OSA) where the transmission (Tx) (%) and absorbance (Ab) (AU) of the HM embedded water sample is determined. The behavior of Tx and Ab varies depending on the physical property of the HM fused sample solution, which is determined by their RI values. The data from the OSA is then transferred to a computing system via a USB data transfer cable for storage and further processing. Figure 2 (b) shows the filtered extracts of HM ions solution Pb2+, Hg2+, Cu2+, and Cd2+. The solutions containing HM ions are prepared by dissolving HM ion powders into distilled water in equal proportions. For each solution, ten grams of HM ion powder is weighed and mixed with 20 ml of distilled water. Later incubator shaker is used to mix the prepared sample for approx. ten minutes. It is crucial to perform the mixing in distilled water to prevent further addition of impurities in the solution. Finally, the prepared sample is filtered using filter paper and is collected in plastic cuvette for later analysis. Figure 2 (c-f) represents a quartz cuvette containing a processed Pb2+, Hg2+, Cu2+, and Cd2+ HM solution. As expressed before HM ion solution can be distinguished through their RI values. Thus, Table (1) presents the RI of the HM embedded water samples, expressed in parts per million (ppm).
Table 1. Refractive index of water and heavy metal ion solution
	HM
	Sample concentration
	RI value
	Ref.

	Pb2+
	0.5 ppm - 1000 ppm
	1.3317-1.3392
	[22]

	Hg2+
	0.5 ppm - 1000 ppm
	1.3318-1.3381
	[22]

	Cd2+
	0.5 ppm - 1000 ppm
	1.3317-1.3388
	[22]

	Cu2+
	0.5 ppm - 1000 ppm
	1.3390-1.3473
	[22]


Here it can be observed that the RI of the HM Pb2+ and Cd2+ is 1.3317 RIU which is the minimum RI value among the four HM ion solution. Similarly, the maximum value of RI of Cu2+ is 1.3473 RIU. Thus, this is the RI range of HM embedded water samples that can be detected using the proposed PCF SPR sensor. Therefore, using the RI sensor for HM detection makes it a swift process to identify the presence of HM in water.
Figure 3 (a) illustrates a two-dimensional (2D) model of the prospective PCF SPR RI sensor for distinguishing various HMs. Figure 3 (b) presents the three-dimensional (3D) view of the designed sensor fiber. The sensor operates in the near-infrared (NIR) wavelength of 780 nm to 2500 nm. This wavelength range is commonly used in spectroscopy, due to its ability to penetrate deeper into materials and metal tissues than visible light, with less scattering and absorption. Fused silica (Si) is used as a backdrop material for improving electron excitation and coupling incident light for generating surface plasmon wave (SPW). Sufficient interaction between the surface plasmon polaritons (SPP) and core mode is required to generate the SPR. 
The geometrical parameters of the sensor consist of three dimensions of air holes having diameter d1=3.75 µm, d2=5.90 µm, and d3=8.95µm, respectively. The distance between two air holes is called pitch (Ʌ)=7.25 µm. The diameter of the background material Si surface is 20.57 µm. This arrangement assists in making the core-guided modes more lossy and generation of a tetra core in the sensor body. The number of cores increases sensitivity, multiplexing capability, redundancy, reliability, enhanced spatial resolution, etc. A coat of Au and TiO2 are used as plasmonic materials in the sensor model. Au is widely regarded as one of the most excellent plasmonic materials due to its exceptional stability and resistance to chemical reactions. It possesses strong SPR, enabling high sensitivity to RI changes. Its biocompatibility makes it ideal for HM sensing.
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Figure 2. (a) Spectroscopy setup [27] (b) HM extracts (c) Pb2+ (d) Hg2+ (e) Cu2+ (f) Cd2+ 
Furthermore, Au surfaces can be easily functionalized for specific HM detection, enhancing the sensor's selectivity. TiO2 is biocompatible and chemically stable for sensing applications, ensuring durability. The optimized thickness of the Au layer is selected as 45 nm. A thin layer of TiO2 is installed over the Au layer as it offers unique advantages due to its high RI, enhancing phase-matching for improved sensitivity, and its photocatalytic properties. This keeps the sensor's surface clean and functional over extended periods. The optimized thickness of the TiO2 layer is selected as 85 nm. The third layer serves as the analyte sensing medium, designed specifically for the detection of various HM. The thickness of this layer is chosen as 1.50 µm. In this layer HMs fused water will be inserted using the capillary process for the HM detection. A perfectly matched layer (PML) is applied to the computational boundaries to eliminate unwanted reflections and ensure accurate simulation results. Thus, a PML layer of 2.0 µm is installed over the external surface of the PCF. Therefore, making the total dimension of the sensor to 24.2 µm.
The RI of the fused Si used as background material is expressed by the “Sellmeier equation” [18].
                             
Where  is RI corresponding to wavelength   and  which represents Sellmeier coefficients. Si coefficents values for these constants can be obtained from [23]. The RI of the Au is expressed by the "Drude Lorentz model" [18]. 

Where  is the permittivity dependent on frequency,  denotes permittivity at absolute frequency,  refers to the angular frequency,  is the plasma frequency,  represents the damping coefficient. The terms ,  and  correspond to the damping constant for  "Lorentz" oscillator.
The values of Drude Lorentz model constants for Au can be obtained from [18]. The RI expression of TiO2 can be obtained from [24]. The RI of the air is 1.000293 RIU and can be evaluated using the Ciddor equation [25]. The analytical computational is performed using the FEM based COMSOL Multiphysics software [26]. Default physics-controlled mesh using free triangular meshing elements are used to mesh the sensor components. Extremely fine mesh conditions is used to mesh air holes, Au, and TiO2 layers. Extra fine mesh is used to mesh fused Si, analyte layer, and PML. Statistically 82534 triangles, 8589 edge elements, and 489 vertex elements are meshed. Minimal grid integrity is 0.4295 considering domain element statistics. The element aspect ratio is 0.002174, and the total meshed region is 459.72 . Different mesh conditions are chosen for optimal balance between computational efficiency, accuracy and computational time. Scattering boundary condition (SBC) is applied to the sensor structure to have minimum reflections from outgoing waves [26].
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Figure 3. (a) 2D model of the sensor (b) 3D model of the sensor fiber   
2.1 Production methodologies of the proposed sensor
Several methods are proposed for fabricating the sensor models, with prominent ones being the sol-gel method, injection molding, and notably the "stack and draw" method. Stack and draw methodology are preferred in PCF fabrication due to its cost-effectiveness and adaptability. This method involves aligning capillaries (air holes) of specific dimensions into a pre-determined 2D layout by stacking them together. These capillaries are then heated to merge, followed by drawing them into fiber within a fiber drawing tower. Subsequently, the fiber is cooled and encased in a protective layer. For depositing materials like Au and TiO2 alternative methods such as electro less plating, sputtering, thermal evaporation, end-face polishing, and chemical vapor deposition (CVD) are widely used [18]. Among these, CVD is particularly acknowledged for its straightforwardness in sensor model production.
3. Result analysis 
                         3.1 Spectroscopy of the HM fused water samples
Light intensity can be expressed by the number of photons reaching a specific point at a particular time. Generally, “bright” light represents high intensity whereas “dimmer" light represents light with low intensity. Suppose the intensity of the light beam entering a sample is denoted as ( and the light intensity exiting the sample is (. Then the ratio of exit to entering light intensity for the solution is  "transmission" which is expressed in (%) form and is a dimensionless quantity [18].

The light lost during the interaction with the sample is assumed to be absorbed by the sample. This lost light is referred to as the "absorbance" of the solution. Absorbance is measured in (AU), which refers to arbitrary units [18].
                         
The detection method entails directing a light beam of a specific wavelength (nm) through the HM solution. In dilute solution, fewer photons are absorbed, leading to higher transmission and lower absorbance. Conversely, when the light ray passes through a concentrated solution, it is observed that more photons get absorbed, leading to lower transmission and higher absorbance. This approach is motivated by the "Beer-Lambert Law” [27]. 
Figure 4 (a) and Figure 4 (b) represent the spectral behaviour of the transmission (%) and absorbance (AU) caused by HMs in water sample. Table (2) presents the statistical quantification of the transmission (Tx) and absorbance (AU) obtained from the HM solution.
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Figure 4. Spectroscopy analysis of HM solution (a) Transmission (%) (b) Absorbance (AU)    
                           Table 2. Transmission and Absorbance of heavy metal water solution 
	HM
	Wavelength (nm)
	Tx (%)
	Wavelength (nm)
	Ab (AU)

	Pb2+
	1012.29
	42.89
	1005.45
	0.172

	Hg2+
	1089.84
	38.69
	1068.91
	0.198

	Cd2+
	1162.51
	34.26
	1154.32
	0.214

	Cu2+
	1208.49
	27.84
	1201.84
	0.234


Thus, it can be concluded that the Tx (%) and Ab (AU) both are inversely related to each other. Now SPR sensing of the HM ions is performed to explore the relation between spectroscopy and sensing parameters.
3.2 Methodology for refractive index sensing
In the PCF SPR sensor light localizes in two critical zones, the "core region" and the "metal-dielectric interface". The light trapped in the core region facilitates the creation of the core mode, while that at the interface gives rise to the SPP mode. These two modes interact at a key interaction point, i.e., RW. The coupled-mode light propagation in optical fibers follows two principal directions horizontal and vertical, commonly referred to as TM pol. (longitudinal) and TE pol. (radial), respectively. It is noted that the interaction between the core and SPP mode may be more pronounced in one of these orientations. However, in this study investigation of both TM pol. and TE pol. is expressed in detail. 
Figure 5 (a-b) presents the 2D and 3D, TM pol. and TE pol. field distributions profiles for HM Pb2+ at RW of 756 nm and 777 nm, respectively. Figure 5 (c-d) reveal the SPP mode profiles for HM Pb2+ corresponding to TM pol. and TE pol. respectively. Similar field distributions profiles for other HM ions are possible and can be obtained. Electric field distribution and mode coupling of two or more wave modes interact as they propagate are expressed using the coupled mode light theory [24].


Here, ,  represent the amplitudes of the interacting modes, with z indicating the spatial coordinates along the direction of propagation. The propagation constants for these modes are denoted by ,, and the coupling coefficients, symbolized by , enable their interaction. When the real parts of ,match, phase-matching occurs, which is valuable for energy transfer between the modes, triggering SPR. SPR occurs when light waves interact with plasmons at a metal-dielectric interface. The interaction between core and SPP modes results in coupled mode propagation which is calculated using as [24].

Here  represents the propagation constant of the core and SPP modes coupling,  is the average of and, is expressed as the coupling strength between the modes,  is given by  having imaginary part denoted by  and  respectively. 
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Figure 5. Intensity profiles (2D-left) and (3D-right) for RW corresponding to HM Pb2+, core configuration (a) TM pol. (b) TE pol.; SPP configuration (c) TM pol. (d) TE pol.  
3. Determining the sensor parameters 
The RI range of HM for which the sensor parameters are investigated is 1.3317 RIU to 1.3473 RIU which covers RI range of HM Pb2+, Hg2+, Cd2+ and Cu2+. In SPR sensors, the confinement loss () represents the extent of light intensity attenuation occurring as light propagates through PCF core. This loss significantly influences the sensor's sensitivity, detection capabilities, and overall operational efficacy. It is represented as [18].

Where  represents the imaginary part of the effective mode index, and depicts the wavelength in . SPP and core mode coupling occurs at the RW, achieving its peak value. The distinction between HM can be discerned by examining their specific wavelengths at TM pol. and TE pol. respectively. 
Figure 6 (a-d) illustrate the  behavior of HM for TM pol., respectively. It is apparent that HM components demonstrate unique  peaks at different RWs. Consequently, an individual HM component can be precisely represented by its characteristic RW and  spectrum. Table (3) provides a consolidated overview of the key insights, which corresponds to the TM pol.
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Figure 6.  behavior of the HM sample for TM pol. (a) Pb2+ (b) Hg2+ (c) Cd2+ (d) Cu2+
Table 3. Analysis of primary outcomes from confinement loss spectrum
	
HM
	RI
	
	TM Pol.

	
	
	
	 (dB/cm)
	RW (nm)

	Pb2+
	1.3317-1.3392
	0.0075
	5.84-18.64
	756 &1121

	Hg2+
	1.3318-1.3381
	0.0063
	6.24-17.82
	776 & 825

	Cd2+
	1.3317-1.3388
	0.0071
	5.84-18.02
	756 & 897

	Cu2+
	1.3390-1.3473
	0.0083
	18.21-24.86
	989 & 1282


Figure 7(a-d) illustrate the  behavior for TE pol., respectively. Here also it can be identified that HM components demonstrate unique  peaks at different RWs. An individual HM component can be identified accurately by its characteristic RW and  spectrum. Table (4) provides a detailed overview of the key insights, corresponding to the TE pol., respectively.
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Figure 7.  behavior of the HM sample for TE pol. (a) Pb2+ (b) Hg2+ (c) Cd2+ (d) Cu2+
            Table 4. Analysis of primary outcomes from confinement loss spectrum
	
HM
	RI
	
	TE Pol.

	
	
	
	 (dB/cm)
	RW (nm)

	Pb2+
	1.3317-1.3392
	0.0075
	6.82-19.62
	777 & 1142

	Hg2+
	1.3318-1.3381
	0.0063
	6.47-18.94
	815 & 856

	Cd2+
	1.3317-1.3388
	0.0071
	6.82-19.87
	777 & 927

	Cu2+
	1.3390-1.3473
	0.0083
	20.57-28.92
	1014 & 1294


It can be observed from Table (3) and Table (4) that with an increase in the  RW is reported to be increased for different RI of HM. The change in RW concerning RI is expressed using wavelength sensitivity () which is represented as [18].

Where the shifts between two individual RI are measured by  and change in their RW is represented by . 
Thus, the obtained results of  for TM pol. analogous to Pb2+, Hg2+, Cd2+ and Cu2+ are 12800, 12800, 14400, and 54400 nm RIU-1 respectively. Similarly, the  for TE pol. analogous to Pb2+, Hg2+, Cd2+ and Cu2+ are 11200, 13200, 14600, and 54000 nm RIU-1 respectively. The average values of  for TM pol. and TE pol. are 18800 nm RIU-1 and 18600 nm RIU-1 respectively. 
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Figure 8. Variation in  for HM components (a) TM pol. (b) TE pol.
Additionally, the amplitude interrogation method is employed to evaluate the change in the amplitude sensitivity ( of the sensor model. This approach provides insights into change in the amplitude of light due to SPR effects. It is computed as [18].

Where  represents the change in the confinement loss. Figure 8 (a-b) represents the  for TM pol. and TE pol. respectively.  for TM pol. analogous to Pb2+, Hg2+, Cd2+ and Cu2+ are 12230, 15412, 18311 and 22142 RIU-1, respectively. Similarly,  for TE pol. analogous to Pb2+, Hg2+, Cd2+ and Cu2+ are 11420, 15231, 17428 and 19428 RIU-1 respectively. It can be observed that the highest  is obtained for the HM component Cu2+ for both pol. High  further enhances the resolution of the sensor.
Sensor resolution ( represents the ability of the sensor to discern extremely minor variations in the RI of HM components. It is determined as [18].

Where minimum spectral resolution is represented by  and is equivalent to 0.1 nm. The relationship between alteration in RW and the change in RI is important for sensor optimization which is crucial for improving and assessing the sensor’s performance.
The calculated  for Pb2+, Hg2+, Cd2+ and Cu2+ for TM pol. are 2.05×10-6 RIU, 1.28×10-5 RIU, 5.03×10-6 RIU and 2.83×10-6 RIU respectively. 
Similarly, the  for Pb2+, Hg2+, Cd2+ and Cu2+ for TE pol. are 2.05×10-6 RIU, 1.53×10-6 RIU, 4.73×10-6 RIU and 2.96×10-6 RIU respectively. Thus, it can be observed that the highest SR is obtained for the HM component Pb2+ for both TM pol. and TE pol. respectively. Meanwhile high  in the order of 10-6 is reported by the proposed sensor model for both pol. modes.
Finally, the polynomial fitting between RW and RI of the HM components Pb2+, Hg2+, Cd2+ and Cu2+ analogous to TM pol. and TE pol. is presented in Figure 9 (a) and Figure 9 (b) respectively with 90% confidence bound. Fitting parameters R2, SSE, and RMSE obtained a value of 0.9846, 3796.2, and 30.807, analogous to TM pol. 
Similarly concerning TE pol. fitting parameters R2, SSE, and RMSE have obtained a fitting value of 0.9989, 217.67, and 7.3768, respectively. Thus, the proposed sensor shows a good fitting towards the RI of HM and their RW. 
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                              Figure 9. Fitting of RW with RI for various HM components (a) TM pol. (b) TE pol.
Therefore, for TM pol. and TE pol., the value of R² approaches unity, demonstrating a high degree of correlation between the RW and RI. Thus, it can be concluded that the presented RI sensor can effectively detect HM fused water samples with 90% confidence. 
4. Impact of varying material thickness on sensor efficacy and refractive index spectroscopy correlation
4.1 Evaluating sensor parameters
In PCF SPR sensors it is expected that with optimized parameters, the sensor will produce the most efficient sensing results. However, when the thickness of  plasmonic material is increased beyond the optimum thickness, sensing parameters are expected to degrade. Considering this scenario in this section we present result of the sensor parameters when the optimized thickness of plasmonic materials Au and TiO2 is increased from 45 nm and 85 nm to 50 nm and 90 nm respectively. 
Table (5) provides detail of the sensing parameters derived from Figure 10 (a) and Figure 10 (b), which correspond to the TM pol. and TE pol., respectively. Here, it can be clearly observed that increasing the thickness of the plasmonic materials results in a significant increase in the  for both polarizations, which means that now less light with penetrate inside the PCF as compared with the amount of light propagating inside the fiber at the optimum thickness. 
Table 5. Analysis of primary outcomes from confinement loss
	RI of HM
	
	TM Pol.
	TE Pol.
	Shift 

	
	
	

	RW

	
	RW

	

	

	1.3317
	0.0001
	8.64
	819
	8.31
	814
	0.33
	05

	1.3318
	0.0063
	10.12
	862
	10.21
	854
	0.09
	08

	1.3381
	0.0007
	24.18
	1026
	25.42
	1008
	1.24
	18

	1.3388
	0.0002
	29.52
	1097
	31.22
	1081
	1.70
	16

	1.3390
	0.0002
	42.84
	1266
	46.41
	1207
	3.57
	59

	1.3392
	0.0081
	58.72
	1331
	57.71
	1317
	1.01
	14

	1.3473
	NA
	73.82
	1425
	73.11
	1418
	0.71
	07


A shift in the RW of 43 nm, 164 nm, 71 nm, 169 nm, 65 nm, and 94 nm is obtained for RI 1.3317, 1.3318, 1.3381, 1.3388, 1.3390, 1.3392 and 1.3473 corresponding to TM pol. Similarly, a shift in RW of 40 nm, 154 nm, 73 nm, 126 nm, 110 nm, and 101 nm is obtained for RI 1.3317, 1.3318, 1.3381, 1.3388, 1.3390, 1.3392 and 1.3473 corresponding to TE pol. These shifts in RW are less as compared to the shift obtained at the optimum layer thickness. The  is also increased significantly when compared with the  obtained at the optimum thickness. 
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                               Figure 10.  of the HM components with increased thickness (a) TM pol. (b) TE pol.
Figure 11 (a-b) illustrate the  of the presented sensor with enhanced width of the plasmonic materials. It can be noticed that as the width of the plasmonic material is slightly increases, there is a decline in the  compared to the  obtained at the optimum thickness. The reason for this decline is that when thickness of the plasmonic material is increased it become difficult for the evanescent field to penetrate the material coating for the efficient generation of the SPR effect, thus more loss occurs at the interface of the metal and dielectric surface resulting in the reduction of .
[image: ]
Figure 11. Variation in amplitude sensitivity of the HM components with increased thickness (a) TM pol. (b) TE pol.
Figure 11 (a) represents the  for TM pol. corresponding to HM Pb2+, Hg2+, Cd2+ and Cu2+ which is numerically quantified to 11134, 14329, 17812 and 19522 RIU-1 respectively. Similarly,  for TE pol. analogous to HM Pb2+, Hg2+, Cd2+ and Cu2 are 10540, 14236, 16423 and 17244 RIU-1 respectively as presented in the Figure 11(b). Therefore, it can be noted that due to increase in the thickness of the plasmonic materials a decrease in the of the sensor for both polarizations is obtained. Consequently, several other sensing parameters also decline when the thickness of the plasmonic materials exceeds the optimum thickness.
4.2 Evaluating relation between sensing and spectroscopy parameters
This section presents a new outcome obtained from the performed experiment and simulation. Firstly, it can be observed that when spectroscopy of the water embedded with HM is performed, Tx (%) and Ab (AU) can be correlated, as shown in Figure (12), which establishes an inverse relationship between Tx (%) and Ab (AU) as presented by the expression.

Secondly the HM ions Pb2+, Hg2+, Cd2+ and Cu2+ merged with water samples can be distinguished from each other on the basic of RI variations, light confinement, sensitivity towards plasmonic materials, wavelength shift, etc. It is further observed that the transmission is directly proportional to the RI of the HM. It means that when the RI of the HM is low Tx (%) is high and Ab (AU) is low and vice versa. Thus, the modified expression of the relation between Tx (%), Ab (AU) and RI are expressed as follow.

Thus, this research work represents that the HM detection from PCF SPR sensor is possible. Further, in the presented research work two different schemes are fused together to present a novel solution for quick detection of the HM ions. It is evident that SPR sensing technique can be used effectively for the HM detection and can further effectively used in water quality monitoring for agricultural applications. Consequently, this study undertakes a dual-mode exploration, encompassing both TM pol. and TE pol. In this investigation the proposed sensor has successfully attained high values of  and  displaying its proficiency in detecting minute variations in the RI of the HM. The  in the order of 10-6, further indicates an elevated level of sensitivity.
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                                       Figure 12. Established relation between Tx (%) and Ab (AU) of the HM sample
Finally to evaluate the real-world applicability of our sensor, a detailed comparison of the sensing parameters of our designed sensor with previously reported sensors is presented in Table (6).
   Table 6. Comparing sensing parameters of proposed sensor with previously reported sensors
	RI Range
	Pol.
	
	
	
	Ref/Year

	1.33-1.41
	TM
	16000
	4596
	2.18×10-6
	[28], 2020

	
	TE
	17000
	4557
	2.19×10-6
	

	1.42-1.46
	TM
	15000
	230
	6.67×10-6
	[29], 2020

	1.42-1.46
	TM
	15000
	560
	--------
	[30], 2021

	1.360-1.401
	TM
	12857.14
	13240
	7.77×10-6
	[31], 2021

	
	TE
	14285.71
	15010
	7.00×10-6
	

	1.355-1.385
	TM
TE
	5200
	-------
	--------
	[32], 2022

	
	
	3340
	-------
	--------
	

	1.340-1.380
	TM
	20000
	2158
	5.0×10-6
	[18], 2022

	
	TE
	18000
	3167
	5.55×10-6
	

	1.40-1.45
	TM
	18800
	3152
	--------
	[33], 2023

	1.37-1.42
	TM
	19600
	2300
	--------
	[34], 2023

	1.32-1.37
	TM
	14100
	-------
	9.17×10-6
	[35], 2024

	1.3317-1.3473
	TM
	54400
	22142
	2.05×10-6
	PRIS

	
	TE
	54000
	19428
	2.05×10-6
	


Unit:  (nm/RIU), (RIU-1), (RIU), PRIS: proposed RI sensor
5. Conclusion
This study introduces an innovative method that merges spectroscopy with RI sensing, creating a new methodology and providing additional parameters to PCF SPR optoelectronic sensor tailored for detecting HM in agricultural water sources. The sensor employs a tetra core structure coated with a plasmonic material Au and TiO2. A spectroscopy-driven setup facilitates real-time analysis, offering precise measurements of Tx (%) and Ab (AU) for various HM in the water samples. HM ions Pb2+, Cd2+, Cu2+, and Hg2+ which present RI change between 1.3317 and 1.3473 RIU is used to craft a RI sensor for HM detection, seamlessly integrating spectroscopy and RI sensing techniques. Dual mode investigation is performed, and high sensing parameters are obtained from the presented plasmonic sensor. Consequently, the presented sensor shows significant potential in bridging spectroscopy and RI sensing parameters together. Thus, the proposed sensor proves to be a valuable instrument for monitoring water quality across various agricultural activities. 
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