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We experimentally demonstrated a periodically collapsed solid-core photonic crystal fiber (SCPCF) based modal interferometer for sensing refractive index (RI) of chemicals. A given piece of SCPCF is periodically collapsed using an easily and widely available commercial splicer machine and a micropositioner. The distance between the collapsed and number of collapsed regions can be controlled precisely by the inexpensive micropositioner. The effect of the number of periods on the RI sensitivity has been studied. Our experimental results show that this simple and easily fabricated interferometer has an RI sensitivity of 230 nm/RIU with negligible cross-temperature error.
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1 INTRODUCTION
Fiber-based interferometers have been widely used in the field of sensing due to their high accuracy, stability, electromagnetic immunity, and remote sensing capability. Different interferometry-based configurations such as Mach-Zehnder, Michelson, and Sagnac loop have been proposed for various sensing applications using conventional fibers (Cao et al., 2015; Liang et al., 2015; Luo et al., 2015; Shao et al., 2015). SCPCFs can be used as an alternative to conventional fiber-based interferometers due to their several attractive features such as endlessly single-mode property, large mode area, and tunability of geometrical parameters (Jha et al., 2009; Dash et al., 2015; Dash and Jha, 2015; Zhao et al., 2015). Further, the stronger evanescent field in SCPCF makes it preferable for sensors based on interferometry (Wang et al., 2013). SCPCFs have been used in different interferometric setups such as SMF-SCPCF splicing and tapered PCF for sensing applications (Jha et al., 2009; Zhao et al., 2015). Periodic variation of refractive index along the length of PCF has also been utilized for various sensing applications (Bock et al., 2007; Lázaro et al., 2010; Wang et al., 2013; Iadicicco et al., 2015; Zhong et al., 2015). For example, periodically tapered long-period grating (LPG) written in SCPCF and periodically tapered SCPCF have been utilized for pressure and refractive index sensing, respectively (Bock et al., 2007; Wang et al., 2013). However, the LPG-based pressure sensor has not explained the effect of change of the refractive index of the surrounding environment around the periodically collapsed region. Although the periodically tapered SCPCF has been utilized for RI sensing, a high-power, expensive CO2 laser is required to develop this system (Wang et al., 2013). Moreover, in this case, the interference pattern is formed due to the effect of periodic variation of the refractive index because of the partial or complete collapse of the air holes (Wang et al., 2013). However, there is no interference pattern formation due to the splicing of SMF and SCPCF. Therefore, the effect of periodic variation of the collapsed region on the interference pattern formed due to the splicing of SMF and PCF has not been studied and analyzed. In addition to the abovementioned sensors, LPGs have also been written on SCPCF and hollow-core PCF (HCPCF), respectively (Iadicicco et al., 2015; Zhong et al., 2015). However, LPG has been written on SCPCF by periodic inflation of holes using a femtosecond laser, which is neither economical nor easy to operate and involves complex and expensive systems (Zhong et al., 2015). Moreover, in the case of HCPCF-based LPG, RI sensing has not been analyzed, and fabrication requires more careful observation of the collapse of holes as the percentage of air content is more than SCPCF(Iadicicco et al., 2015).
This study analyzes the effect of air holes’ periodic collapse on the performance of SCPCF-based modal interferometer used for chemical sensing applications. The periodic collapse of air holes has been achieved using a commercial splicing machine and a micropositioner, which are simple and economical. Furthermore, this method does not require any complex optical arrangements. The arc current of the splicer has also been optimized to realize a complete collapse of air holes arranged periodically along the length of SCPCF.
2 FABRICATION OF PROBE
A short section of SCPCF (LMA 8, NKT Photonics) is spliced between two conventional SMFs, with one of the SMF connected to a broadband source, whereas the other end is connected to an optical spectrum analyzer (OSA). The core and cladding diameters of PCF were 8.5 and 125 μm, respectively. Seven rings of air holes arranged in triangular geometry surround the core. The air holes’ average diameter (d) is 2.32 μm, with a pitch (Λ) of 5.6 μm. The mode field diameter was 7 ± 1 µm, whereas the filling factor d/Λ was 0.414. The splicing of SMF with SCPCF leads to the collapse of air holes over an approximate distance of 220 μm on both sides of SCPCF. The arc power and arc time for splicing of SMF with PCF were Std-20 and 2000 milliseconds, respectively, where the term Std refers to the standard value. The SMF spliced SCPCF is placed in the splicer machine so that the middle portion of SCPCF remains between the two electrodes of the splicer, and the spliced SMFs are fixed in V-grooves of two micropositioners (Nanomax, Thorlabs), with a pitch of 10 μm. One of the SMFs is completely fixed on the micropositioner while the other SMF remains free so that it can move. When an arc is applied, the holes of the SCPCF completely collapse over an approximate distance of 120 μm. The arc current and arc time are optimized such that the holes of the SCPCF collapse with negligible taper. After each arc, the SMF is moved to one side by a fixed distance (Λ) with the help of a micropositioner, thereby resulting in SCPCF displacement by the same distance. Repeating this procedure, we fabricated the desired probe with a particular period Λ and the number of periods’ n (number of collapsed regions). In addition to this, n can easily be varied using this simple, which is an easily available and cost-effective technique. In principle, the value of Λ can be tailored by proper choice of the pitch of the micropositioner. We also fabricated three samples of SCPCF with the number of periods n = 5, 9, and 14 for a constant period Λ = 300 μm. These probes with different numbers of periods have been characterized and used to analyze the response of the sensor for chemical sensing along with temperature study.
3 EXPERIMENTAL SETUP AND RESULTS
The schematic of the experimental setup is shown in Figure 1A. Light is launched into the fabricated probe from a broadband source (Super Luminescent Light Emitting Diode), and the transmitted light is analyzed using OSA. The sensing region—the periodic collapsed SCPCF—is kept in a container of the analyte. The schematic of the periodic collapsed SCPCF is shown in Figure 1B, whereas the microscope image of the same is shown in Figure 1C. As shown in Figure 1C, the holes are completely collapsed along the length of SCPCF. Accordingly, the refractive index of SCPCF’s collapsed region differs from that with air holes, resulting in a periodic variation of refractive index along the length of SCPCF. During the formation of the collapsed region, we continuously monitored the interference pattern of the transmission spectrum for different n values, as shown in Figure 2. The variation in the transmitted power with wavelength significantly changes with an increase in the number of collapsed regions. Following the above procedure, we have fabricated three probes, with the number of periods n being 5, 9, and 14.
[image: Figure 1]FIGURE 1 | (A) Schematic of the proposed experimental setup. (B,C) Schematic of the SCPCF with collapsed region and the microscopic image of the collapsed region, respectively.
[image: Figure 2]FIGURE 2 | Variation in the interference pattern with increase in number of collapsed regions.
When light is coupled from SLED to the probe, the fundamental mode of the SMF diffracts and broadens at the collapsed region at the junction of SMF and SCPCF, resulting in the excitation of core and cladding modes in SCPCF. The modes with different propagation constant propagate along the length of SCPCF acquiring different phases depending upon the length of SCPCF. The phase difference leads to the formation of the interference pattern when these modes interfere at the first collapsed region. The intensity of the intensity pattern after the first collapsed region is given by
[image: image]
where Lp is the length of the SCPCF and ∆neff is the difference between the effective index of core and cladding mode in the uncollapsed SCPCF. When the collapsed region along with SCPCF is dipped in analyte, the change in the effective index of cladding mode in the uncollapsed SCPCF and the periodically collapsed SCPCF change, resulting in a shift of the interference pattern.
We have used different chemicals such as isopropanol, ethanol, hydrogen peroxide, and methanol sucrose solutions with different refractive indices to investigate the refractive index sensitivity of the proposed sensor. The refractive indices of the chemicals are first calibrated using an Abbe refractometer. The collapsed section of SCPCF, along with the splicing region of SMF and SCPCF, was kept in a small container containing the analyte, with an inlet and outlet, as shown in Figure 2. After each measurement, the probe is dried with dry nitrogen to ensure that the interference pattern returns to its original position. First, we kept one of the three probes with n = 5 and Λ= 300 μm in the container. When the refractive index of the analyte is changed from 1.3310 to 1.3740, the dip of the interference pattern shifts from 1,524.97 nm to 1,529.79 nm, as shown in Figure 3. Similarly, the response of the probe for probes with the number of periods of 9 and 14 is investigated. We found that the dip of the interference pattern shifts from 1,519.18 nm to 1,526.32 nm and from 1,530.4 nm to 1,540.2 nm for the probes with the number of periods of 9 and 14, respectively. The shift of the wavelength of the dip of the interference pattern with change in RI of analyte is shown in Figure 4. The shift is linear, which is the best choice for sensing applications. The power loss in our case increases with the increase in the number of collapsed regions. The loss is more compared to LPG-based sensors (Bock et al., 2007; Zhong et al., 2015) because of the presence of a completely collapsed region and the reflection of light from each of the air hole silica interface. As shown in Figure 4, the loss is maximum (−74 dBm) for configuration with 14 perturbations.
[image: Figure 3]FIGURE 3 | Shift in interference pattern with RI of different chemicals and n is fixed at 5.
[image: Figure 4]FIGURE 4 | Shift in interference pattern with RI of chemicals. The black squares show the experimental data, and the red lines show the linear fit.
The wavelength sensitivity, defined as the ratio of the shift in wavelength of dip to the change in RI of the analyte, is calculated for all three samples. The probe with n = 14 showed a wavelength sensitivity of 230 nm/RIU, whereas the probes with the number of periods 5 and 9 showed a sensitivity of 112 nm/RIU and 166 nm/RIU, respectively. The sensitivity variation for the three probes with different numbers of periods is shown in Figure 5. Sensitivity increases linearly with an increase in the number of periods. The sensitivity of 230 nm/RIU is higher than what was previously reported (Wang and Tang, 2012; Wang et al., 2014; Ni et al., 2016; Dash et al., 2020). Considering the resolution of OSA as 0.01 nm, the resolution of the proposed sensor was 4.34 × 10−5 RIU. This is comparable to commercially available spectrometers. In principle, the distance between the collapsed regions (Λ) can easily be tuned by proper choice (pitch) of micropositioner to optimize the sensor’s performance using this easy fabrication technique. Apart from external analyte and parameters such as n and Λ, the number of collapsed regions, the interference pattern also gets affected by temperature change. However, as the spliced and collapsed regions are permanent, the nature of the interference pattern is not affected by a small change in temperature. Therefore, temperature compensation may not be needed in these refractometers.
[image: Figure 5]FIGURE 5 | Variation in sensitivity with number of collapsed regions.
In order to investigate the effect of temperature on the interference pattern, we kept the periodic collapsed SCPCF along with the SMF on a hot plate. When the hot plate temperature is gradually increased from 50°C to 130°C, the interference pattern shifts from 1,517.16 to 1,518.54 nm, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Shift in interference pattern with temperature.
The shifting of interference pattern toward higher wavelength occurs due to the positive thermal expansion and thermo-optic coefficient of silica. The variation of the wavelength of the dip with temperature can be explained by (Wang and Wang, 2012)
[image: image]
where Lp is the length of SCPCF, ns is the RI of silica, and m is the order of the interference dip. With an increase in temperature, Lp and ns increase due to the positive thermal expansion and thermo-optic coefficient of silica. The thermos-optic coefficient of air in the holes of SCPCF is neglected as its value is nearly zero. The shifting of the wavelength of dip of interference pattern with temperature is linear, as shown in Figure 7. Moreover, the temperature sensitivity of the proposed structure is calculated as 13.8 pm/°C. Although this sensitivity is more than (Bock et al., 2007), it is significantly less than the shift due to the change in RI of the analyte. The cross-sensitivity is 6 × 10−5 RIU/°C by considering the RI and temperature sensitivity of the sensor. The low cross-temperature sensitivity can be attributed to the absence of dopants in the core and the presence of air holes in PCF. As the effect of temperature is almost insignificant compared to that due to the refractive index of the analyte, the proposed structure can be used as a temperature-insensitive sensor.
[image: Figure 7]FIGURE 7 | Shift in wavelength of dip with temperature.
4 CONCLUSION
An SCPCF-based modal interferometric sensor incorporating periodic collapsed air holes has been reported. The periodic collapsed SCPCF has been fabricated with the help of a micropositioner and a commercial splicer machine. The number of periods has been varied using this simple and economical technique. The proposed interferometer shows a RI sensitivity of 230 nm/RIU along with a resolution of 4.34 × 10−5 RIU. Moreover, the sensor is temperature-insensitive, with a temperature sensitivity of 13.8 pm/°C. Due to low-temperature sensitivity, temperature compensation may not be required in these refractometers. The low-cost proposed sensor can sense different physical parameters such as strain and pressure.
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