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Abstract

In this work, an enhanced Photonic Crystal Fiber (PCF) based on Surface Plasmon Resonance (SPR)
sensor using a sided polished structure for the detection of toxic ions Arsenic in water was designed
and implemented. The SPR curve can be obtained by polishing the side of the PCF after coating the
Au film on the side of the polished area, the SPR curve can be obtained. The proposed sensor has a
clear SPR effect, according to the findings of the experiments. The estimated signal to Noise Ratio
(SNR), sensitivity (S), resolution (R), and Figures of merit (FOM) are approaching; the SNR is
0.0125, Sis 11.11 um/RIU, the resolution is 1.8x [10) ~(-4), and the FOM is 13.88 for Single-mode
Fiber- Photonic Crystal Fiber- single mode Fiber (SMF-PCF-SMF). While the effective performance
parameters for Multi-Mode Fiber- Photonic Crystal Fiber- Multi-Mode Fiber (MMF-PCF-MMF) such
as the sensitivity is approaching 9.5 um/RIU, SNR is 0.0173, FOM is10.86 and the resolution is 4x [
10) ~(-4) is achieved. The concentrations were calculated practically and theoretically for each of the
sensors, and it was found that the practical concentrations that were obtained are close or equal to the
concentrations that were theoretically obtained through the dilution law, where the concentrations
were obtained 0.096, 0.15, 0.26, 0.38, 0.49 practically and 0.1, 0.2 and 0 3, 0.4 and 0.5 theoretically
For SMF-PCF-SMS, concentrations of 0.089, 0.16, 0.23, 0.34, and 0.45 were practically obtained, and
0.1, 0.2, 0.3, 0.4, and 0.5 theoretically for MMF-PCF-MMF. The suggested sensor has a strong
mechanical structure, low cost, and easy fabrication, allowing it to provide a greater measurement
range and action area to the measured samples without lengthening the sensor.

Keywords: Arsenic, Mach-Zehnder Interferometer, Photonic Crystal Fiber, Surface Plasmon Resonance,
Toxic metal ions.

Introduction

Photonic crystal fibers (PCFs) have grown fibers, is a superior form of optical fiber that has a

significantly in recent years due to their distinct
microstructures and  dispersive  properties: .
Microstructure, another name for photonic crystal

configuration of air holes running down its length
that resembles a crystal lattice®. unlike regular
single mode fibers, which turn into multimode
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below the singlemode cutoff wavelength of each,
photonic crystal fibers have the unusual ability to
remain single-mode across a large wavelength
range. One form of PCF with this capability is the
endlessly single-mode fiber (ESM-12) Solid Core
Photonic crystal fiber a typical PCF®. PCFs are
divided into two categories depending on their
light-guiding mechanisms: solid core photonic
crystal fibers (SC-PCFs), which use a Modified
Total Internal Reflection (MTIR) and hollow core
photonic crystal fibers (HC-PCFs) which use the
Photonic Band Gap (PBG) effect’. Surface Plasmon
Resonance (SPR) is a very sensitive method for
identifying changes in refractive index at the
boundary between a metallic layer and a dielectric
medium®®. This technology is extensively used as a
detecting foundation for many sensors in a number
of fields, such as gas sensing, chemical detection,
and bio detection'®!!. Surface Plasmon Resonance,
also known as SPR, is an optical phenomenon that
happens when light induces a charge density
oscillation at the metal dielectric interface by
attaining the phase-matching condition between the
polarized light and SP*?5, PCF-SPR sensors have
been created by the integration of plasmatic science
and the benefits of photonic crystal fiber
technology, and they offer a wide variety of
possible uses, including water monitoring?,
environmental surveillance, biochemistry study®’,
medical diagnostics, gas detection, and so forth'e,
PCF-SPR uses an evanescent field to create its
sensing mechanism. An evanescent field is created
when the light of a certain wavelength is shined on
the core of the photonic crystal fiber and some of
the fields pass into the cladding®. The surface
Plasmon wave is produced when free electrons in a
layer of plasmonic metal, such as silver, gold,
aluminum, or copper, interact with evanescent
fields. Now that the core guided and SPP modes are
connected, a phenomenon known as phase
matching has occurred where the core guided
mode's refractive index (RI) (real value) is identical
to that of the SPP mode®. Mach Zehnder
Interferometer MZI is among the most often
utilized structures in optical and photonic devices.
It has been shown that sensors based on the Mach
Zehnder Interferometer exist to have an extreme
very sensitivity to the medium in which they
operate. A typical Mach Zehnder interferometer has

a sensing arm and a reference. A fiber coupler
divides the incident light into two arms, which are
then recombined by another coupler. The difference
in optical pathways between the two arms causes an
interference fringe when the two photons join at the
second coupler. The reference arm of the MZI is
kept apart for ambient refractive index sensing,
while the sensor arm is exposed to solutions with
varying refractive indices®. By examining the
alteration in the interference pattern, it is possible to
identify the signal deflection in the sensing arm
caused by the ambient refractive index changing the
optical path variation of the Mach Zehnder
Interferometer MZI?%. In contrast, the 3m of fiber
required by the in fiber and coupler-free PCF-MZI
indicates a substantially better delay efficiency and
offers various advantages, such as compactness and
cost savings??. The PCFs -Mach Zehnder
interferometer is an all-fiber device with enhanced
thermal stability and effective optical sensing
capabilities 2. In-fiber free (PCF-MZI) applications
are now mostly focused on optical sensing rather
than communications, which is the fundamental
goal of this effort?*®, This work involved the
creation and implementation of a Mach-Zehnder
mode interferometer for a solid core photonic
crystal fiber of endlessly single mode (ESM-12)
sensor using a sided polished structure that relies on
SPR for the purpose of sensing variations in the
refractive index for the toxic metal in ion (Arsenic).
The solid core of the PCF sensor's properties has
improved due to the coating of a gold layer in the
middle of the PCF.

PCF-based interferometry sensors

The Mach Zehnder interferometer MZI, Sagnac
interferometer, Fabry Perot interferometer FPI and
Michelson interferometer are four examples of
interferometry sensing based photonic crystal fiber
and their sensor applications. In contrast to
traditional optical fibers, PCF structures have a
number of desirable characteristics and adjustable
qualities that are wuseful when creating
interferometry sensors with improved performance.

Photonic crystal fiber for Endlessly Single
mode (ESM-12)
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The endlessly single mode solid core photonic
crystal fiber a typical PCF, ESM exhibits minimal
loss throughout the broadest wavelength range
(200 nm to above 2000 nm) while maintaining a
nearly constant mode field diameter. The ESM-12
is compatible with all popular fiber tools and has a
standard 125 m outside diameter. ESM-12-02 was
utilized to produce broadband radiation in a single
spatial mode for sensors, interferometers, and
short-wavelength applications (visible light and
UV). Table.l, lists the ESM-12's physical
characteristics (Thorlabs Company).

Table 1. Physical Properties of ESM-12

Physical Properties

Core measurement 12.2 pm
OD, or outer cladding 125 pm
diameter

Size of the coating 245 pm
cladding and core materials Pure silica
single-layer coating material Acrylate
Continuity of the coating <10 pm
Proving level 0.5%

Fabrication Mach Zehnder interferometer

When the single light source's incident beam is
divided into two arms and then merged to form an
interference  pattern, the Mach  Zehnder
interferometer operates. As a result of a problem in
one arm, the interference signal fluctuates,
changing the optical path length?. As shown in Fig
(@), a MZI may be made from two fibers, and the
light can be separated and recombined using fiber
couplers. Two fibers can be used to create a Mach-
Zehnder interferometer, and fiber couplers can
divide and recombine the light as illustrated in
Fig.1 (a). The reference beam is referred to as such,
and the detecting beam as such. Making an in line
Mach Zehnder interferometer with a single fiber as
shown in Fig.1 (b), thus the cladding and core are
both coupled to the propagating modes. Even if the
two arms are physically the same length, the phase
velocity will differ because the clad and core
refractive indices are different %7

Reference arm

J2 N
Laser Detector
S /48
3 dB coupler 3 dB coupler

Sensing arm
(b) Optical fibri
Laser |—» — — | —» |Detector
splitter recombiner

Figure 1. (a) Schematic for a MZI employing two
fibers.
(b) Schematic for an in line MZI utilizing a single
fiber?.

Performance Properties

Performance characteristics to be studied
include sensitivity, signal to noise ratio, Figure
of merit, and resolution. In the case of spectral
interrogation, sensitivity can be defined as the
change in resonance wavelength per unit
change in the refractive index of the sensing
medium, and it can be written as®:

A}\res
=—= 1
S Ang

Where AA,..s and Ang are the change of the
resonance wavelength and the change of
refractive index, respectively. From this
equation, the unit of sensitivity is nanometers
per refractive index unit (nm/RIU).

Signal to noise ratio (SNR) and Fgure of merit
(FOM) are inversely proportional to the width
of SPR spectral curve and can be written as?:

SNR (n) :[AA%]

Where A/, < is the width of the spectral curve?

_ S
FOM = Phe

The resolution of the sensor can be defined as
the minimum of change in refractive index that
is detectable by the sensor, and is given as®:

An
R=—"= A\
Adyes DR

Where ( AApR ) is the spectral resolution of the
spectrometer.
Experimental Set-up and devices

The setup for estimating toxic ions Arsenic in
water based on SPR consist of the following:
Systems using photonic crystal fibers
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Solid core endlessly single mode photonic
crystal fiber based on a surface plasmon resonance
sensor, a D-shaped photonic crystal fiber was built
using the ESM-12 SC-PCF. ESM-12 PCF was
used for this project because it has the strength to
be polished. The characteristics of the PCF are a
single mode ESM 12 with cladding diameter of
125 um and core diameter of 12.2 um, both made
of pure silica. The PCF has two air holes that are
each 4.5 pum in diameter (d) and 7.8 pum apart in
the center (A). The D-shaped PCF, which has flat
fiber cladding on top, has drawn interest for SPR
sensing. The D-shaped PCF, which has a flat top
fiber cladding, has drawn interest for SPR sensing.
The metal layer and sample are stacked on top of
the flat section of PCFs with the polished portion
of the cladding, giving them a D-shape
appearance. The placement of a metallic layer
close to the core in a D-type PCF allows for strong

/////// >

sThickness of Gold 40 nm 7
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contact with the sample and an improvement in
sensing capability. Fig.2 shows cross section of
the D shaped photonic crystal fiber on SPR (a).
The distance between the core of the fiber and the
side polished flat plane, or polishing depth (h), of
3.8 um is applied to the upper side of the PCF in
order to create a flat surface plane. The coating
machine equipment subsequently sputters a 40-nm
thick Au coating over the polished surface. A
microscope is used to look at the cross section of
ESM12-photonic crystal fiber and the side-
polished surface of the D shaped PCF, as shown,
respectively, in Fig. 2(b) and 2(c). The primary
goals of the side polish are to enhance the
plasmonic mode and core-guide mode's phase
alignment, produce oscillations in the surface
plasma, and create a D shaped sensing probe as
well as a loss of the main optical field.

> 00

Figure 2. (a) SPR based D shaped PCF cross-section.
(b) SEM image of the PCF taken before polishing.
(c) D shaped for PCF gold-coated cross-section.

Sensor construction with a Mach Zehnder mode interferometer MZI

Mach Zehnder interferometer sensor is built using the SMF-PCF-SMF and MMF-PCF-MMF structures.
At the two ends of the sensor, there are single-mode and multi-mode fibers (10um and 62.5um core
diameters, respectively, and 125um cladding diameters for both modes). Using a common fusion optical
fiber splicer (The Shinho S16) and an optical fiber cleaver, a PCF was inserted between two single mode
fibers and multimode fibers in the center of the sensor (Shino X-50C). The PCFs covering layer was
removed in order to detect the sensing region. The sensing region was next covered with a 40 nm layer of
gold film to achieve the best surface plasmon resonance (SPR) signal using a sputtering coating machine
method. Figs. 3 and 4 show single-mode fibre (PCF) and multi-mode fibre (PCF) schematics respectively.
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SMF

Figure 3. (a) The SMF-PCF-SMF sensor's schematic diagram.
(b) The SMF-PCF fusing splice diagram.

MMF 2 PCF L, MMF
—g - o :
(a) H
— e ——
()
PCF Coll;'ipsed reqi;m MNMF

Figure 4. (a) The MMF-PCF-MMF sensor’s schematic diagram.
(b) The MMF-PCF fusing splice diagram.

Experimental work

Fig.5, shows the optical setup for SPR-based
spectroscopic studies. In the case of SMF-PCF-
SMF, is primarily separated into four components.
a light beam produced by a HeNe laser with a
wavelength of 632 nm with power 0.05mW, PCF
(ESM-12) (Thorlabs Co.), Single Mode Fiber,
couplers, and a computer-connected
spectrophotometer (HR4000CG UV-NIR). While

in the case of MMF-PCF- MMF, a halogen lamp
light source (DH-2000), PCF (endless single
mode-12) (Thorlabs Co.), multi-mode fiber,
couplers, and spectrophotometer (HR4000CG UV-
NIR) It created many poisonous metal ions
(Arsenic) and was connected to a computer. Fig. 5
(a) and (b) show an image of the experimental
setup (b).
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Figure 5. (a) Experimental work of the S PR SMF-PCF-SMF sensor
(b)Experimental work of the S PR SMF-PCF-SMF sensor

Results and Discussion

By immersing the coated middle surface of PCFin ~ were determined. The calibration curve for SMF-
the NaCl solution and measuring the solutions' PCF-SMF and MMF-PCF- MMF, as well as the
refractive indices, the performance of the sensor is linear connection between refractive index RI and
determined. For the sensing technique, a number of  solution concentration, are displayed in Figs. 6 and
solutions were made, and their refractive indices 7.
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Figure 6. Refractive index via concentration of NaCl solution for SMF-PCF-SMF.
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Figure 7. Refractive index via concentration of NaCl solution for multimode fiber-Photonic Crystal
Fiber-multimode fiber.

Using a 4 cm long photonic crystal fiber sensor, a
coated metal layer (d) thickness of 40 nm, refractive
index RI values ranging from (1.334 to 1.346), and
a PCF diameter (D) of 125 um, The sensing process
was finished. Figs. 8 and 9 illustrate how the
resonance wavelength sharply decreases and shifts
toward longer wavelengths (redshift) when the
refractive index RI of the sensed area increases.
This takes place because the energy decreases and
thus the sharp dip of the resonance wavelength will
be shifted to the longer wavelength side (red shift),
the communication. The spectrum is created by
using an optical area to capture light curves. The
optical signal intensity (lo) obtained without a
sample (sensing area) is divided by the intensity (1)

measured with a sample to determine the
transmission (sensing medium). One option is to
utilize the transmission as a function of wavelength
(nm). The surface plasmon resonance curve is
referred to as the resonance wavelength. The
wavelength  shift,  refractive  index, and
concentration all follow a constant curve
relationship. According to Blank's law, which states
that the energy is inversely proportional to
wavelength, rise in the concentration of toxic metal
ions causes an increase in the resonance
wavelength, which then causes an increase in the
refractive index RI where RIU stands for refractive
index unit.
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Figure 8. The refractive index as a function resonance wavelength 4,..; for a gold-coated layer for

SMF-PCF-SMF.
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Figure 9.The refractive index as a function resonance wavelength 4, for a gold-coated layer for
MMF-PCF-MMF.

The SPR curves for the sensor are displayed in Figs.
10 and 11. As the RI of the arsenic sample varies
between 1.34638 and 1.34665, A,.;for SMF-PCF-
SMF shifts from 632 nm to 635 nm, while the
resonance wavelength for multimode fiber-photonic
crystal fiber-multimode fiber shifts from 775 nm to
793 nm as the refractive index of the arsenic sample
varies between 1.4445to 1.4517. The SPR response
curve demonstrates that each sample has a unique
breadth and dip location, or refractive index, which is

seen in the change in the regression position for
samples containing arsenic. Where (a, b, ¢, d and e)
represent the concentrations that were obtained from
Fig. 6 by applying the equation for SMF-PCF-SMF,
Y=0.0015X+1.331, while in the case of MMF-PCF-
MMEF, the equation is Y=0.0083X+1.3288 As in Fig.
7 where y is the refractive index and x is the
concentration where this relationship is a constant for
measuring the concentrations and refractive indexes
of different samples for these sensors.
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Figure 10. Surface Plasmon Resonance
curve for the SMF-PCF-SMF a various of
samples of toxic metal ions using gold metal
(Arsenic).

Table. 2, displays the performance parameter of a
sensor coated with gold, while Table 3 gives the
concentration and refractive index values for each ion
toxic Arsenic sample at various resonance
wavelengthA,..;. Because of the abrupt wavelength
variations caused by the red-shift, as the refractive
index RI increases, so do the resonance

wavelengthsA,.. and sample concentration, Where the

Concentration of Experiment (C)% represent the
concentrations that were obtained from Fig. 6 by

Figure 11. SPR curve of the MMF-PCF-MMF
with gold metal for various toxic metal ions
samples (Arsenic).

applying the equation for SMF-PCF-SMF,
Y=0.0015X+1.331, while in the case of MMF-PCF-
MMF, the equation is Y=0.0083X+1.3288 as in Fig.7
where y is the refractive index and x is the
concentration where this relationship is a constant for
measuring the concentrations and refractive indexes of
different samples for these sensors. While
Concentration of Theory (C) % that was obtained
through the dilution law.

Table 2. Performance parameters of gold layer.

Type of fiber Metal Sensitivity(S,,) Signal to noise  Figure of merit Resolution
um/RIU ratio (SNR) (FOM) (RIV)

SMF-PCF-SMS  Gold 11.11 0.0125 13.88 1.8x 107*

MMF-PCF-MMF  Gold 9.5 0.0173 10.86 4x10~*

Table 3. Concentration sample and refractive index IR values for various arsenic4, .

Resonance Refractive  Concentration of  Concentration
Type of fiber Samples wavelength index(RIU) Experiment (C)% of Theory (C)%
Ares (nm)

a 632 1.34638 0.096 0.1
b 632.5 1.346425 0.15 0.2
SMF-PCF- c 633 1.34647 0.26 0.3
SMS d 634 1.34656 0.38 0.4
e 635 1.34665 0.49 0.5
a 775 1.4445 0.089 0.1
b 779 1.4461 0.16 0.2
MMF-PCF- c 784 1.4481 0.23 0.3
MMF d 788 1.4497 0.34 0.4
e 793 1.4517 0.45 0.5
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Conclusion

As the refractive index grows, the resonance
wavelength rises (strong shift to the red
wavelength) due to an increase in arsenic content in
water. Because the sensing medium’s refractive
index is relatively high, the rear portion of the SP-
wave is greater than the imaginary part. As a result,
the resonance criterion is met at longer
wavelengths. The results show that the optical fiber
based on SPR sensing with a 40 nm thickness Au
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