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Abstract: A refractive index sensor has been developed using a D-shaped coreless fiber (DSCF) sensor technique.
This sensor comprises a segment of coreless fiber (CF) spliced between two single-mode fibers (SMFs). The middle
of the CF length was polished using a grinding wheel to reduce the diameter on one side, creating a D-shaped cross-
sectional profile. The DSCF sensor's performance was tested using different concentrations of sodium chloride (NaCl)
solutions, with refractive indices (RI) ranging from 1.33 to 1.38. The optimal polishing depth (PD) of 31 um was
determined experimentally, and this was achieved by extending the polishing duration using a grinding wheel. This
led to a sensitivity increase from 70.2nm/RIU to 98nm/RIU, meaning the sensitivity increased by 1.4 times. The DSCF
sensor is a high-performance, versatile, and cost-effective device with strong interference ability, suitable for various
applications.

Keywords: D-shaped coreless fiber (DSCF), refractive index(RI )sensor, coreless fiber (CF), multimode
interference (MMI), Mach— Zehnder Interferometer (MZI).

1. Introduction

In a rapidly changing technical world, fiber optic sensors are essential in a wide range of fields such as
mechanical, biochemical, biomedical, and spacecraft applications [1-4] to measure physical, chemical, or
biological properties due to their excellent sensing and physical properties by examining the wavelength
shift, polarization or change in light intensity [5-7]. The optical fiber sensor often incorporates an optical
fiber interferometer to measure the phase difference between light beams. There are various layouts of
optical interferometers such as Fabry—Perot interferometer , Sagnac fiber interferometer ,Michelson fiber
interferometer, and MZI [8-11]. The MZI is the more traditional interferometer to sense RI, concentrations,
temperature, and strain because it has versatile flexible geometry and high sensitivity [12—14]. This type of
interferometer can be fabricated using various structures, such as the (SMS) structure, which consists of a
segment of multimode fiber (MMPF) spliced between two single-mode fibers (SMF), or the (SCS) structure
involves splicing a CF to act as the sensing part instead of the typical MMF between two SMFs [11]. There
are many techniques were used to enhance the sensitivity via increase the evanescent wave leaks from the
sensing part(CF) in SCS structure by etching the CF [15] , utilizing offset optical fiber [16], heating and
tapering a CF-SMF[17,18] or by removing a layer from one side of the CF to obtain the DSCF [19,20].
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D-shaped optical fibers are manufactured using various methods such as chemical etching, laser ablation,
and mechanical polishing [15,19,21] .Sensors based on D-shaped optical fiber were developed in two ways
, the first was without the need for splicing and used only one type of fiber, such as MMF which showed
relatively high sensitivity [22,23]. Another type of sensor based on the D-shape was designed using a
structure consisting of photonic crystal fiber (PCF) or coreless fiber as the sensing part [19,24,25]. In
addition, a D-shaped sensor was fabricated using plastic optical fiber core for an expanded RI measurements
[26]. The SCS MZI structure was used in this paper utilizing the grinding wheel to side-polish the CF to
enhance the structure's sensitivity and then attain DSCF sensor for the RIs measurement .Also, the optimal
depth was determined by extending the polishing process duration through three experimental tests.

2. The principles of the DSCF sensor

The SCS-MZI interferometer used in this work comprises of two splicing regions, the first splicing region
represents a beam splitter coupler where the light enters and splits into two beams, the reference beam
travels into the core of the CF, while the sensing beam is guided by air or another medium, with the
condition that RI of the ambient environment is lower than the RI of the CF to ensure that the principle of
total internal reflection is achieved and the second splicing region is represented a combiner where the
reference beam recombined with the sensing beam at the second splicing region causes interference that is
represented in Fig.1which shows the SCS structure .The changing in length and diameter of CF caused
changing in the sensitivity and the peak spectral response of CF according to MMI theory that was caused
by the self-imaging effect can be calculated by using Eq.1 [27-29].

Ao = P(ncg Dycr/Lr ) €y

nCF and DCF were the Rl and the diameter of the CF segment in the SCS proposed sensor, respectively
and P acts as the self-imaging number which means constructive interference number.

SMF CF SMF

Fig.1: Schematic of in line MZI with inner couplers SCS structure

The principle of the DSCF sensor enhances sensitivity by reducing the distance between the CF and analytes
by polishing one side of a coreless fiber. As the polishing deepens, the evanescent wave strength increases,
allowing for more precise measurements. The RI of the external environment is determined by changes in
transmitted light power or wavelength shifts. Increasing the polishing depth decreases the output intensity.
As shown in Fig .2, there are five sections in the DSCF structure: lead in SMF, transitional length (L1),
coreless flat section (CFL), transitional length (L2), and lead out SMF. The light inputs from the lead in
SMF into the CF divide into two divisions, one of which is transmitted in the air in L1 and the other is
coupled to the CFL. The CFL works as a multimode waveguide. The L1 provides an efficient way to excite
the high-order modes and strong evanescent waves of the CFL multimode waveguide, which enhances the
RI sensitivity. Then the light is recollected from the CFL by the fiber core in the L2 section for output
measurement. This technique is based on the interaction between the evanescent wave of the surface of the
D-shaped fiber and the external environment resulting in optical transmission attenuation. In other words,
The optical transmission structure can be disrupted by reducing the diameter of the optical fiber on one side
that disruption allows for the excitation of higher order modes, which in turn brings the fiber core in closer
proximity to the measured physical quantity [19,20].
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Fig2: Schematic diagrams of (DSCF) (a) vertical section, and (b).cross section of DSCF

This adjustment facilitates more precise and accurate measurements. The RI of the external environment
(analyst) is measured by detecting the change in transmitted light power or the shift in wavelength. The RI
sensing characteristics of three fabricated DSCFs with different PDs based on the percentage of output
intensity of DSCFs were experimentally investigated by extending the duration. It is also clear that as the
PD increases, the evanescent field becomes stronger.

3. Materials and method
3.1 The fabrication and characterization of SCS sensing structure

SCS structure was fabricated by splicing a single segment of 6¢cm long of CF [30,31] with a uniform RI of
1.46 and a diameter of 125 pm (Thorlabs) between two single-mode fibers (SMF-28) with an RI of 1.451
for the core and 1.444 for the cladding by an optical fiber arc fusion splicer (FSM-60S) to create the SCS
structure. To prepare the fibers for the splicing process, the outer coating of the CF and 2 cm from the end
of the SMFs were stripped using an optical fiber stripper. Then, the fiber terminations of SMFs and CF
were cut at a right angle using an optical fiber cleaver (CT-30), this precise cut ensures proper alignment
during splicing. After that, SMF was spliced with CF using an optical fiber arc fusion splicer, the splice
mode was auto SM/NZ/DS/MM and the heater mode was 60 mm FP-03. Finally, the other end of CF was
spliced to the other SMF in a similar manner. Fig.3 illustrates (a) a schematic diagram of the SCS structure
and (b) the transmission spectrum (reference) of the SCS structure measured by an optical spectrum
analyzer (OSA).
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Fig.3: SCS MZI structure (a)schematic diagram of SCS structure(b)transmission spectrum of SCS structure.
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3.2 The fabrication and characterization of the DSCF sensing structure

The SCS sensor was initially fixed onto a holder fiber from the SMFs at both ends. One end of the SMF
was connected to a 635 nm laser diode (Thorlabs), while the other end of the second SMF was connected
to a visible spectrometer (CCS series spectrometer-Thorlabs) with a wavelength range of 350-700 nm as
shown below in Fig.4.

Fiber Holder

Vis

Diode laser Spectrometer

635nm

Fig.4: The polishing device to fabricate and characterize the DSCF sensor.
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Fig.5: The relation between the intensity and the wavelength with different polishing depths

The middle of CF was placed on a grinding wheel for polishing until the desired depth was achieved,
resulting in the fabrication of the DSCF. The peak of the output intensity (I in) was recorded before the
DSCF (operating the grinding wheel) at an external R1 of air=1. As the grinding wheel operated, the peak
of intensity gradually decreased as the polishing duration extended. After turning off the grinding wheel,

University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
¥ Journal homepage: https://ijl.uobaghdad.edu.iq/index.php/IJL



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Issue 2, Vol. 23, 2024 89

the peak of the intensity after DSCF (I out) was recorded, and the remaining intensity was calculated using
Eq. 2:

The remaining intensity = (lou / lin) % (2

To determine the optimal PD experimentally, the first step was repeated three times with three SCS
structures. Each time, the polishing period was extended more than the previous period to increase the PD.
The output intensity recorded by the spectrometer decreased as the PD increased, as shown in Fig.5. This
indicates that there is attenuation in output power because the evanescent wave leaks from the surface of
the DSCF structure due to a decrease in the diameter of the CF from one side. This resulted in three different
PDs (20 pum, 31 pum, 42 pm) as shown in Fig.6. The remaining intensity was calculated using Equ.3 for
each PD of the fabricated DSCF structure. Then, the transmission spectrum was measured by OSA as shown
in Fig.7, and the sensitivity was calculated to choose the optimal polishing depth which achieved the highest
sensitivity among the three structures, as shown in Fig.8.

L3 20,461 um

Fig.6: The image under the microscope showed the cross-section of DSCF when PD equal to (a) 20um, (b) 31um,
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Fig.7: DSCF structure (a)schematic diagram of DSCF structure(b)transmission spectrum of DSCF structure.
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3.3 The preparation of Sodium Chloride ( NaCl ) solution

The NaCl solutions used in this study had concentrations ranging from 5% to 25%. To prepare these
solutions, specific amounts of NaCl powder were weighed using an electronic scale and then dissolved in
100 ml of deionized water (DI) at room temperature using a magnetic stirrer. For example, to prepare 5%,
10%, 15%, 20%, and 25% of NaCl solutions, 5g, 10g, 15g, 20g, and 25g of NaCl powder should be added
to 100 ml of DI, respectively. The RIs corresponding to these concentrations were demonstrated in Table 1
[32]. The RIs of the prepared solutions were measured by an Abb refractometer to evaluate the sensitivity
of this proposed sensor.

Table 1: The refractive indices of the NaCl concentrations.

NaCl Concentrations (%) DI 5 10 15 20 25
Refractive Index (RIU) 1.33 1.34 1.35 1.36 1.37 1.38

4. The experimental setup

Firstly, one end of the SCS sensor was connected to a broadband source (BBS) with a wavelength range of
1500-1600 nm, and the other end of the sensor was connected to the OSA (YOKOGAWA AQ6370C
OSA\) to determine the sensitivity of this structure by measuring its transmission spectra before polishing
the CF.
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Fig.8: Experimental setup of DSCF RI sensor with different concentrations of NaCl solution by OSA (a) Testing
the sensor before DSCF (b) Testing DSCF sensor.
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The SCS structure was examined by OSA with different concentrations of NaCl from 5% to 25 % with an
increase of 5%. Secondly, after fabrication, the DSCF sensor was connected with OSA from one side and
BBS from the other side as present in Fig.8(a) to calculate the sensitivity by OSA for the three different
polishing depths with the same previous method and concentrations that were used before the DSCF sensor.
This is demonstrated in Fig. 8 (b)
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Table 2: The relationship between the remaining intensity and the sensitivity to choose the optimal depth.

Structure Name Polishing Depth(um) (I out/ 1 iny%0 Sensitivity (nm/RIU)
structurel 20 80 90
structure 2 31 70 98
structure 3 42 42 93.14

was done to prevent any interference from the residual solution on the surface. The SCS sensor was placed
on a lifting table and fixed at both ends with fiber holders. The sensing area was placed on the slide, and
the NaCl solution was dripped onto the slide until the sensing area was fully immersed. Every step was
recorded and fixed, starting with air, so that the spectrum coincided with the previously recorded air
spectrum. Each step was recorded and fixed by OSA starting with air to investigate its transmission spectra,
and the sensitivity(S) was calculated from the slope between the shift in wavelength and the corresponding
RI (n) of each using concentration. This is illustrated in Eq.3 [33]:

S = Mlshife/An 3)
Where AX shift represented the shift in wavelength.

OSA tested the DSCF sensor to measure the transmission spectra shown in Fig. 9 using various Rls of NaCl
solutions ranging from 1.33 to 1.38 in increments of 0.01 for each Rl measurement. These measurements
were taken both before and after the polishing process, with the NaCl solutions replacing air as the cladding.
Fig. 9(a) and (b) compare the transmission spectra measured by OSA before and after using the grinding
wheel, respectively.

It was observed that several dips will appear in the transmission spectrum due to the MMI in the FCL ,
Then this dip shifted towards longer wavelengths as the RI of the NaCl solution increased. In Fig. 9 (¢),
the experimental results show an increase in sensitivity, calculated from the slope of the linear fitting, from
70.8 nm/RIU before the DSCF to 90 nm/RIU after the DSCF as demonstrated in (c) and (d) respectively.
In this study, three different PDs were created of 20 um, 31 um, and 42 um. The corresponding sensitivities
were 90nm/RI1U, 98nm/RIU, and 93.14nm/RIU, respectively, as shown in Fig. 11. When the PD had a depth
of 20 um, the peak of the output intensity decreased, but there was no significant energy loss. Upon
increasing the PD depth to 31 um, the sensitivity increased to 98nm/RIU, indicating the optimal polishing
depth. Fig. 10 illustrates the transmission spectra measured by OSA, and the sensitivity calculated from the
linear fitting demonstrated that the 31 um PD achieved the highest sensitivity among the three DSCF
sensors, with a good linearity of 9.8. The three polishing depths and their corresponding sensitivities are
summarized in Table 2.

It was observed that the linear fitting curve of the experiment after one month is very close to the linear
fitting curve of the original experiment, and the sensitivity decreased from 98.2 to 93.7 which confirms that
the sensor is with good repeatability which is illustrated in Fig.11. To compare with the proposed structures,
Table 3 shows a comparative analysis of the results between the sensors of different structures reported
previously.
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Table 3: shows a comparative analysis of the results between the sensors of different structures reported
previously To compare with the proposed structures.

RI Sensitivity
Structure RI Range (nm/RIV) References
Core-offset SMF 1.33-1.374 78.8 [32]
Double tapered SMF 1.348-1.403 68.6 [34]
SCS Structure offset fiber [16] 1.33-1.38 98.768 [16]
Tapered Splicing SMF-PCF-SMF 1.33-1.38 20 pm/ RIU [17]
DSCF SCS Sensor 1.33-1.38 98.2 In this work
1657 4 ~m-Experimental origional
== Exparimental alter one menth
—linear fitting
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o
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|Equatian [ y=a+by
|Siape 9828571 1 6,180
1652 - [RGquara (COD) | 0.98a38
Equation | ymasbx |
Slope 83.71420 1 7.21299
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Refractive index(RIU)

Fig.11: A comparison chart of the original experimental result when the PD was 31um and the
experimental result after one month.

5. Conclusion

A DSCF for RI sensors based on SCS structure has been created using a grinding wheel to improve
sensitivity to the surrounding refractive index. Three different DSCF structures with varying polishing
depths were fabricated for experimental comparison and their RI sensing characteristics are demonstrate.
The optimal polishing depth was 31 pum achieved the highest sensitivity of 70 to 98 nm/RIU for different
concentrations of NaCl solution ranging from 1.33-1.38 and the correlation coefficient (R2) was 9.8.
Further optimization schemes are under study to enhance the sensitivity. This makes the DSCF sensor

suitable for many applications like biosensors and environment pollution, easy to fabricate, good stability,
and compact.
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