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In this paper, a novel refractive index sensor based on photonic crystal fiber and Sagnac ring is studied. The sensor adopts Mach-Zehnder interference principle. The production and experimental steps are as follows: The first step is to fuse the single-mode fiber with the photonic crystal fiber to form a basic sensing unit. The second part uses the coupling birefringence effect of the tapered coupler to fold and fuse the single-mode fiber together to form the Sagnac interferometer. Through this structure, the sensor has the characteristics similar to the polished photonic crystal fiber sensor, while the fabrication complexity is greatly reduced. The refractive index sensing capability and temperature stability of the two structures are analyzed experimentally. Simulation results show that the structure has high birefringence effect. Experimental results show that the proposed photonic crystal fiber combined with Sagnac ring sensor has good sensing performance in the refractive index range of 1.3355–1.3560. Compared with the sensor structure without Sagnac ring, the performance is greatly improved, the maximum sensitivity is up to 234 nm/RIU, and it has good temperature stability. The sensor has the advantages of miniaturization, high integration and high sensitivity, and can be used in industry, chemical detection, agriculture and other fields.
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INTRODUCTION
Optical fiber sensor is different from traditional electrical sensor, the complex mechanical structure is replaced by optical fiber [1–3]. Fiber optic sensors are widely used in strain, temperature, refractive index and other parameters measurement because of their small size, anti-electromagnetic interference and high speed [4–6]. As one of the basic physical parameters, refractive index has important applications in the fields of medicine, biochemistry and life science [7–9]. Optical fiber refractive index sensor is the basis of optical fiber sensor. An excellent fiber refractive index sensor can be extended to other fields of sensing detection. If it is extended to the temperature detection field, only temperature-sensitive materials need to be coated in the sensing area. Extending to the field of humidity detection only requires coating the sensing area with moisture-sensitive material. Therefore, it is very important to propose a kind of fiber refractive index sensor with good performance [10–12].
At present, fiber optic devices used for sensing mainly include fiber Bragg grating, long period grating and Mach-Zehnder interferometer based on special fibers [13–16]. Vanita et al. designed a fiber refractive index sensor with a sensitivity of 197.33nm/RIU through malposition fusion mach-zehnder structure [17], but this structure has the disadvantage of low mechanical strength. In 2021, Zheng et al. proposed three kinds of fiber fusion interference structures, with the sensitivity reaching 101.996 nm/RIU [18]. But it is very difficult to manufacture. Abdul-jabbar et al. designed a fiber refractive index sensor in 2021 based on Fabry-Perot principle, with a sensitivity of 34.338nm/RIU [19]. However, due to the characteristics of the structure, it is greatly affected by temperature. PCF is also a hot topic in optical fiber sensing [20]. But at present, most photonic crystal fiber sensors are only studied in the simulation range [21]. In the research of photonic crystal fiber sensor, the performance of polished PCF sensor is higher than that of ordinary PCF sensor due to its high birefringence [22], but it is difficult to manufacture in practical experiment.
In order to solve the above problems, we put forward a new scheme. In this study, a Sagnac ring was added into the sensing structure of traditional single-mode fiber (SMF) and PCF, and a novel refractive index sensor was fabricated by using the cone-region coupling and the evanescent field superposition effect at the interference region of PCF. The Sagnac ring structure has a high birefringence characteristic even without polishing because the two beams travel in opposite directions and have inconsistent optical paths. The performance of Sagnac combined with PCF was compared with that of conventional SMF-PCF-SMF. The experimental results show that the sensitivity reaches 234.78252 nm/RIU in the refractive index 1.3355-1.3560 range.
SENSOR MANUFACTURING AND PRINCIPLE ANALYSIS
SMF-PCF-SMF structure is a basic refractive index sensor unit that achieves Mach-Zehnder interference principle through fiber core mismatch. The structure is shown in Figure 1. In this paper, the refractive index sensing ability and temperature stability of SMF-PCF-SMF structure were measured first. The experimental device is shown in Figure 1. The two ends of single-mode fiber are respectively connected with broadband light source (ASE) and spectrum analyzer (OSA).
[image: Figure 1]FIGURE 1 | Single-mode fiber—PCF- Single-mode fiber structure diagram.
Next, we will remove the coating layer of the single-mode fiber on both sides, and stack them together, and put them into the fiber fusion taper platform. We operate a computer to control the length of the pull-out cone. In the pull-out process, the waveguides of two optical fibers are coupled and the light in one waveguide begins to affect the square distribution of the waveguides in the other fiber. A fused tapered Sagnac ring with a coupling length of 25 mm is formed and the tapered region is encapsulated. The structure of the Sagnac ring is shown in Figure 2, and which shows the instrument and method for manufacturing and testing. After the light signal is emitted by the broadband light source, the beam is evenly divided into two beams of equal intensity from both directions to the PCF by the fused tapered coupler. At this time, PCF and the pull cone area act together to form the sensing unit. Compared to Figure 1, there is an increased phase delay of π/2 when light passes through the coupler. In addition, due to the structure of PCF, the light source at PCF enters the cladding and produces interference, and the spectrum at this time can be measured by OSA.
[image: Figure 2]FIGURE 2 | Sagnac interferometer sensor structure diagram.
Figure 3 shows the simulation results of mode refractive index and electric field distribution of the two parts of the structure used in this paper. Figure 3A part of photonic crystal fiber, Fig in the section for the refractive index of the two models, the red arrow for the direction of the electric field, electric field can be seen from the simulation results, under the condition of without considering manufacture error, we use the PCF structure of the odd and even mode refractive index are the same, there is no double refraction phenomenon. In Figure 3B, it can be seen that the refractive index values of the two modes in the pull-cone coupling part are different, indicating obvious birefringence phenomenon. It can be inferred that the proposed structure should have higher sensitivity than the simple PCF sensor.
[image: Figure 3]FIGURE 3 | Optical fiber mode refractive index simulation and electric field diagram. (A) Partial refractive index simulation and electric field diagram of PCF. (B) Partial refractive index simulation and electric field diagram of tapered coupler.
Ignoring the insertion loss in the Sagnac ring, the transmittance T of the injected Sagnac interferometer is [23]:
[image: image]
In the experimental structure designed by us, light first excites even and odd modes through the cone region. Even mode and odd mode form interference in the coupling region of the taper. Due to the birefringence effect in the coupling region, the superposition of two interference spectra with different polarities and different interference periods can be obtained at the output end. At this point, the phase difference between even mode and odd mode can be expressed as [24]:
[image: image]
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Where, L is the length of the draw-cone 25mm, [image: image] and [image: image] are the effective refractive index of even and odd modes. [image: image], [image: image] represents the birefringence coefficients of even mode and odd mode in the waveguide respectively. The [image: image] is the wavelength of incident light. Due to the structural characteristics of Sagnac ring, the two beams propagate in opposite directions, and the phase difference between even mode and odd mode is [25]:
[image: image]
Where, B is the birefringence coefficient, specifically, B = [image: image]-[image: image].
When the light beam reaches the mismatch region of PCF core, the light of the core is excited to the cladding layer, and the light in the cladding layer is coupled with the light in the core. When the external environment changes, the optical diameter difference between the cladding transmission light and the fiber core transmission light changes, and the phase difference is [26]:
[image: image]
In this formula, x is the wavelength of the working light wave, Z is the total length of PCF, 20 mm in this paper, neff = N1-N2 is the refractive index of the fiber core, and N2 is the refractive index of the cladding. The total phase difference of the structure in Figure 2 is [image: image]. In this paper, ethanol fusion deionized water (hereafter referred to as solution) was used as the test solution and the temperature stability of the structure in air was analyzed.
EXPERIMENTAL MEASUREMENT AND DISCUSSION OF REFRACTIVE INDEX SENSOR
First of all, we carried out the fusion of single-mode fiber-PCF-single-mode fiber. After the fusion, a basic Machzand structure sensing unit was formed and tested.
We first put the sensor unit into solutions with different refractive indexes at room temperature of 24°C. For the accuracy of the experiment, eight solutions with different concentrations were conFigd for comparison. And after this measurement, the sensor unit is cleaned with deionized water and put into the next solution after drying. As can be seen from Figure 4A, with the increase of refractive index of solution (1.3355-1.3560), the spectrum appeared red-shift. The principle of this structure is the Mach-Zehnder interference caused by core mismatch caused by connecting single mode fiber and photonic crystal fiber. When the refractive index of solution changes, the coupling effect of single-mode fiber and PCF changes. The spectrum drifts. Subsequently, we performed a fitting analysis on dip1 and dip2 in Figure 4B, and it was clear that the sensitivities reached 53.48587nm/RIU and 90.93913nm/RIU, respectively, with R2 saying 0.96102 and 0.95503. Experimental results show that the sensor using photonic crystal fiber has good refractive index sensitivity. However, when the refractive index of the solution increases further, the spectral shape changes, so we do not analyze the higher refractive index.
[image: Figure 4]FIGURE 4 | SMF-PCF-SMF Index sensor performance diagram. (A) Interference spectrum. (B) Fitting diagram.
Next, we measured the temperature sensitivity of the sensor in the air, and the experimental device was a blast drying oven and a thermometer. In order to ensure the accuracy of measurement, we kept the same temperature for 20 min and then extracted the spectrum. It can be seen from Figure 5A that when the sensor unit detects the temperature in the air, the first trough of the spectrum becomes smaller, while the second trough remains unchanged. When the temperature rises (20–80°C), the wavelength is red-shifted, and we fit the dip. It can be clearly seen from Figure 5B that the temperature sensitivity of the sensing unit is 19.54 p.m./°C, and R2 is 0.73366. The results show that the sensor is not suitable for temperature sensing, and the temperature sensitivity is far less than the refractive index sensitivity, which shows that the temperature stability of the sensor is very good.
[image: Figure 5]FIGURE 5 | SMF-PCF-SMF Temperature sensor performance diagram. (A) Interference spectrum. (B) Fitting diagram.
Next, the two sides of single-mode fiber are fused and tapered to form Sagnac structure. The same refractive index and temperature sensing experiments were carried out. It can be seen from Figure 6A that when the refractive index of solution increases, the spectrum also occurs red shift. Different from the above structure, there are two Mach-Zehnder interferences in this structure, respectively in the part of the tapered coupler and the part of the single mode and photonic crystal junction. In addition, light is split through the tapered coupler, and there is a certain optical path difference causing the second Mach-Zehnder interference with birefringence effect. Dip1 and dip2 are relatively obvious regions where wavelength drift can be distinguished. And it has good linearity. The peak on the side can also be used. In fact, there is little difference in sensitivity, but there is some deformation near the peak of high wavelength, so it is not possible to accurately judge which one is the correct peak. Dip is chosen for all. The fitting analysis of dip1 and dip2 shows that the refractive index sensitivity reaches 204.13572 nm/RIU and 234.78252 nm/RIU, respectively, which increases significantly compared to the sensor structure without Sagnac. And R2 reached 0.98563 and 0.98431, respectively, proving that Sagnac structure of the sensor performance is superior.
[image: Figure 6]FIGURE 6 | Sagnac interference structure refractive index sensor performance diagram. (A) Interference spectrum. (B) Fitting diagram.
Figure 7 shows the temperature sensing performance of Sagnac structure. It can be seen that when the object to be measured is room temperature, the spectrum becomes smooth. As the temperature rises, the spectrum also appears red shift, but the displacement amplitude is smaller than that of Sagnac free structure, which is contrary to the case of refractive index sensor. Through our analysis, this is because when the Sagnac ring is formed, the internal loss of the structure increases. Therefore, although the refractive index sensitivity increases, the temperature sensitivity with smaller change decreases due to the loss. Figure 7B shows that the temperature sensitivity of Sagnac structure is 2.48 p.m./°C and 1.21 p.m./°C, and R2 is 0.91092 and 0.61781, respectively. The experimental results show that the structure is not suitable for temperature sensing because of its weak temperature sensing. It is also proved that the structure has high temperature stability.
[image: Figure 7]FIGURE 7 | Temperature sensing performance diagram of Sagnac interference structure. (A) Interference spectrum. (B) Fitting diagram.
As can be seen from the comparison in Table 1, the refractive index sensing ability of the sensor structure designed by us is better than that of some other optical fiber sensors published in recent years within similar sensing range, and is less affected by temperature. We selected and compared the experimental papers published in recent years, and the difficulty of the process is similar to this experiment. Some are difficult to verify by repeated experiments, require very high technological level and pure simulation sensors are not in the range of comparison. The structure is also less difficult to make. In general, it can be regarded as excellent among the experimental fiber sensor papers published in recent years.
TABLE 1 | Compared with the experimental data of optical fiber sensor published in recent years.
[image: Table 1]CONCLUSION
This paper presents a PCF refractive index sensor with Sagnac ring structure. Through simulation analysis, it is proved that the structure has high birefringence effect and strong evanescent field, and it is speculated that it has higher sensing ability. We experimentally analyzed the sensitivity and temperature stability of refractive index measurement, and compared it with Single-Mode Fiber-PCF-Single-Mode Fiber. Experimental results show that Sagnac ring structure can enhance the refractive index sensitivity and reduce the influence of temperature on the sensor. The maximum refractive index sensitivity was 234.78252 nm/RIU in the refractive index range 1.3355–1.3560.
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