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In this article, a method to improve refractive index (RI) sensitivity of single‐mode–no core–single‐mode fiber (SNS) sensor structure is addressed by optimization of geometric parameters of no-core fiber (NCF), which could be used to accurately measure the irreversible deformation of the battery expansion state caused by temperature change. From the perspective of temperature changing RI of the electrolyte solution, the impacts of diameter, length, and waveband on the performance of the fiber sensor have been discussed as RI measurement range is 1.340–1.390. After optimization, RI sensitivity can reach approximately 2,252.7 and 2037.3 nm/RIU with the length of 6.55 and 6.75 mm when the RI is from 1.380 to 1.390.
Keywords: battery expansion monitoring, refractive index sensitivity, parameter optimization, SNS, waveband
INTRODUCTION
Optical fiber sensor is widely applied in industry, medical treatment, energy storage, aerospace, and other fields for sensing measurement due to its anti-electromagnetic interference, small size, easy access, etc. Single-mode–multimode–single-mode fiber (SMS) structure based on multimode interference (MMI) has been used for strain (May-Arrioja et al., 2016; Zhou et al., 2008), temperature (Tripathi et al., 2009; Su et al., 2014; Han et al., 2014; Zhang et al., 2013; Li et al., 2006), humidity (An et al., 2014), and RI (Zhao et al., 2015; Zhang et al., 2020; Zhao et al., 2014) measurement in harsh environment. Compared with SMS, SNS structure can directly sense changes of its surrounding RI, and there is no need to strip or corrode the cladding of multimode fiber (MMF) using hydrofluoric acid. The geometric parameters of the waveguide structure based on MMI and RI measurement range have a great effect on sensing sensitivity (Qiang et al., 2011). The RI sensitivity of SNS reflective structure with the range of 1.330–1.380 is 141 nm/RIU (Zhou et al., 2015) and 327 nm/RIU when the reflective structure is based on single-mode–multimode structure (S-M) coating gold layer with small NCF diameter (Zhou et al., 2017). It illustrates again that RI sensitivity of SNS structure can be improved by optimizing NCF’s geometric parameters.
However, there are few reports on structural parameter optimization or the analysis process of SNS sensor. Meanwhile, in view of the huge research space for expansion and deformation of lithium batteries when overcharged, lithium batteries tend to have many internal chemical reactions before and after expansion to release a large amount of heat (Wang et al., 2014; Yan et al., 2018; Zla, et al., 2020; Maleki and Howard, 2006; Shin et al., 2002). The higher the temperature, the more obvious is the bulging degree of battery. If not controlled, it is easy to evolve into the phenomenon of lithium battery thermal runaway (Feng et al., 2017; Liang et al., 2021). Since the sensitivity of SNS structure with temperature change is insufficient in this study, the real-time monitoring of fine temperature changes cannot be performed using SNS structure (Chen et al., 2015). Therefore, the idea of predicting the battery expansion degree by monitoring the variation of RI caused by surrounding temperature with SNS structure is proposed.
MATERIALS AND METHODS
In order to improve RI sensitivity, the key point of SNS structural parameter optimization is to apply low-cost and easily accessible NaCl with concentration of 5–25%, instead of electrolyte solution to monitor the RI varying from 1.340 to 1.390 (Li et al., 2012; Wang et al., 2016). The schematic diagram of SNS structure sensing is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of SNS sensor structure.
In SNS structure, the single-mode fiber (SMF) is Corning SMF-28e with core diameter of 8.2 μm, cladding diameter of 125 μm, core RI of 1.45, and cladding RI of 1.444. Since the normalized power of SNS structure is higher when the length of NCF is a multiple of self-imaging period, the wavelength shift of the interference peak in the transmission spectrum can be easily observed at this time. And the smaller the NCF diameter, more energy will transmit into the surrounding liquid material in the form of evanescent wave (Wu et al., 2007; Tan et al., 2013). Besides, RI sensitivity is closely related to the sensing waveband. Therefore, SNS structure with higher RI sensitivity can be obtained within a certain waveband by continuously optimizing the geometric parameters of NCF.
At first, the initial diameter Dcore of NCF is 125 μm, the appropriate initial length L1 of NCF is 15 mm obtained from the self-imaging period. Then, the diameter D1 is optimized according to RI sensitivity of SNS structure and the curve overlap of different RI in a certain diameter’s transmission spectrum. The values of L1 and D1 are large, and RI sensitivity is not ideal at this moment, so it is called the initial rough optimization. For the secondary meticulous optimization, the length L2 is optimized based on the self-imaging period to achieve higher RI sensitivity of SNS structure when the diameter is D1. On the premise of L2 and D1, a smaller diameter D2 can be optimized again by analyzing RI sensitivity and the spectral line overlap phenomenon of transmission spectrum. Since SNS structure’s self-imaging period is different with different NCF diameters, length optimization is carried out again on the basis of D2. Considering that L2 is already short, the value of optimized length L3 should be close to L2, and then another diameter optimization can be avoided. After the geometrical parameters of NCF are finally determined, RI sensitivity is re-analyzed by changing waveband.
In addition, the effect of SMF parameters on RI sensitivity should also be considered. Then, the diameter of SMF and the difference of RI square between the core and cladding are finally simply analyzed according to the normalized frequency and numerical aperture.
RESULTS AND DISCUSSION
NCF First Roughly Parameter Optimization Process
The initial diameter 125 μm is a common and easily available diameter (Dcore) of NCF in SNS structure. RI of NCF’s core (ncore) changes with incident wavelength[image: image] and then ncore is 1.443989951 according to the Sellmeier function of Eq. 1 when [image: image] is 1550 nm (Malitson, 1965). Meanwhile, according to Eq. 2 (Ma et al., 2014), the length(L) of NCF is 14.556 mm when the number(P) of self-imaging period is 1, which is close to the simulation result of SNS monitor value with finite difference beam propagation method (FD-BPM) in Figure 2D. As a result, the minimum self-imaging length is approximately 15 mm.
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[image: Figure 2]FIGURE 2 | NCF normalized power of Dcore variation: (A) 25 μm; (B) 30 μm; (C) 50 μm; (D) 125 μm.
Equation 2 shows that the self-imaging period increases with the increase in Dcore, as shown in Figure 2. Since Dcore involved in this article is less than 125 μm and L should meet the requirement that all fiber diameters mentioned have at least one self-imaging period within this length, then a multiple of 15 mm is an appropriate value and L1 is determined to be 15 mm.
L1 is set to be a constant, and Dcore is yet to be optimized to obtain a higher RI sensitivity. RI is monitored according to wavelength shifts of interference peaks, and the diameter D1 value is determined by the relationship between Dcore and RI sensitivity.
Figure 3 shows the effect of Dcore on RI sensitivity when the L1 value is 15 mm. Since the adjacent optimized diameter value varies greatly, it is difficult to find the same interference peak in a fixed waveband, but the general trend is the same, that is, the wavelength red shifts when RI increases, and RI sensitivity increases when Dcore decreases. However, it is not that the smaller the Dcore, the better will be the result. In the transmission spectrum of L1 shown in Figure 4, the smaller the diameter, the higher will be the overlap ratio of different interference peaks, then it is difficult to distinguish different peaks. Therefore, D1 is determined to be 30 μm according to Figure 4.
[image: Figure 3]FIGURE 3 | Wavelength shift of Dcore variation when L1 = 15 mm.
[image: Figure 4]FIGURE 4 | Transmission spectrum of Dcore variation when L1 = 15 mm: (A) 20 μm; (B) 30 μm.
After preliminary parameter optimization, D1 is obtained and then the effect of length on RI sensitivity is roughly analyzed. Figure 5 shows wavelength shifts of interference peaks with different lengths at D1. It is worth noting that only appropriate but not the same interference peak is selected due to the large variation of length. The result indicated that the length has little effect on RI sensitivity when a diameter of NCF is relatively large. Then, in the next simulation process, we do not need to pay more attention to long length, just a few self-imaging periods is enough. Meanwhile, it proves that L1 is an appropriate value in the previous simulation. This is the first rough geometric parameter optimization process of NCF in SNS structure, and then L1 and D1 are finally optimized to be 15 mm and 30 μm.
[image: Figure 5]FIGURE 5 | Wavelength shift of L variation when D1 = 30 μm.
NCF Second Precisely Parameter Optimization Process
D1 is set to be a constant, the length L2 is yet to be optimized to make SNS structure achieve a higher RI sensitivity. The normalized power at D1 is shown in Figure 2B, and then a multiple of self-imaging period and its adjacent values are selected to analyze the effect of NCF length on RI sensitivity, as shown in Figure 6A. Since there are many scattered points overlap in Figures 6A,B is the numerical refinement of partial RI range and linear fitting of RI sensitivity.
[image: Figure 6]FIGURE 6 | RI sensitivity of self-imaging length variation when D1 = 30 μm: (A) wavelength shift; (B) linear fitting; (C) transmission spectrum of 6.70 mm; (D) transmission spectrum of 6.80 mm.
Figure 6A shows that RI sensitivity corresponding to L of 3.35 and 6.70 mm is basically the same and relatively high, but the interference peak is approximately 1,700 nm when L is 6.70 mm in Figure 6C, which is not in an ideal waveband. For small diameter, the shorter the length, the more difficult will be to find a suitable interference peak for monitoring. Therefore, 3.35 mm is abandoned and it is considered that the length should not be too short.
In Figure 6B and Table 1 formed by linear fitting of scattered points, RI sensitivity obtained by taking the 4th, 8th, 12th, and 16th self-imaging period as L is basically identical, which is also applicable to the adjacent length of the 4th self-image period and the 8th. Therefore, SNS structures with the same normalized power value in Figure 2 have approximately consistent RI sensitivity. Although RI sensitivity of 3.40 mm is slightly higher than that of 6.80 mm, as mentioned before, the short length of 3.40 mm is abandoned in favor of 6.80 mm. Then, as shown in Figure 6D, L2 of 6.80 mm is not a multiple of self-imaging period but an adjacent value.
TABLE 1 | Linear fitting of wavelength shift when D1 = 30 μm.
[image: Table 1]Then L2 is set to be a constant, and D2, which is smaller than D1, is yet to be optimized to obtain higher RI sensitivity of SNS structure. Because the smaller the NCF diameter, the more overlap occurs in the transmission spectrum. Therefore, during the re-optimization of Dcore, 16 μm is selected as the minimum optical diameter of NCF. Figure 7 shows that 16 μm can achieve higher RI sensitivity.
[image: Figure 7]FIGURE 7 | Wavelength shift of Dcore variation when L2 = 6.80 mm.
However, in Figure 8A, there is still so much overlap that it is not easy to distinguish a complete interference peak when Dcore is 16 μm. And the same as 18 μm, then D2 is optimized to be 20 μm according to Figure 8B.
[image: Figure 8]FIGURE 8 | Transmission spectrum of Dcore variation when L2 = 6.80 mm: (A) 16 μm; (B) 20 μm.
D2 is set to be a constant, and the appropriate length L3 is yet to be optimized by calculating the self-imaging period corresponding to D2 using Eq. 2. The length of the 18th self-imaging period is approximately 6.70 mm, which is close to L2, so 6.70 mm is taken as the reference value for length optimization. In Figure 9A, adjacent lengths are also selected to find out the optimal length L3 with higher RI sensitivity.
[image: Figure 9]FIGURE 9 | RI sensitivity of L variation at 1,500–1,700 nm when D2 = 20 μm: (A) wavelength shift; (B) linear fitting.
When RI is in the range of 1.340–1.370, it can be seen from Figure 9A that the change in length has little effect on RI sensitivity. So, only the RI range of 1.370–1.390 is analyzed specifically in Figure 9B. Meanwhile, the wavelength values of interference peaks corresponding to RI of 1.370 are marked in Table 2 obtained by linear fitting the data in Figure 9B. From Table 2, RI sensitivity is higher with L3 of 6.55 mm.
TABLE 2 | Linear fitting of wavelength shift at 1,500–1,700 nm.
[image: Table 2]Effects of Waveband
Sometimes, as shown in Figure 10A, the transmission spectrum contains more than one interference peak in the waveband of 1,500–1,700 nm. Figure 9A shows the wavelength monitoring results of the interference peak with better RI sensitivity corresponding to each length. Therefore, the next step is to analyze the effect of waveband on RI sensitivity.
[image: Figure 10]FIGURE 10 | Transmission spectrum of L variation when D2 = 20 μm: (A) 6.55 mm; (B) 6.75 mm.
If the waveband is selected as 1,550–1,700 nm, only the five lengths of 6.55, 6.60, 6.65, 6.70, and 6.75 mm in Figure 9A can be used for complete RI monitoring, and RI sensitivity corresponding to L3 of 6.55 mm is higher. If the waveband is 1,500–1,650 nm, RI sensitivity is shown in Figure 11A. Similarly, the RI range of 1.370–1.390 is analyzed in Figure 11B.
[image: Figure 11]FIGURE 11 | RI sensitivity of L variation at 1,500–1,650 nm when D2 = 20 μm: (A) wavelength shift; (B) linear fitting.
Table 3 obtained by Figure 11B indicates that RI sensitivity is relatively higher when L4 of NCF is 6.75 mm. The wavelength values with RI of 1.370 are marked in Table 3.
TABLE 3 | Linear fitting of wavelength shift at 1,500–1,650 nm.
[image: Table 3]Tables 2, 3 show that different wavebands limit the appearance of different interference peaks, thus affecting RI sensitivity of different lengths. In order to analyze the reason of higher RI sensitivity when the length of NCF is a certain value, the RI is set to 1.370 and wavelength is fixed to 1,656.3 and 1,601.2 nm, the self-imaging phenomenon is shown in Figures 12A,B, L3 of 6.55 mm in Table 2, and L4 of 6.75 mm in Table 3 are at the maximum normalized power in Figures 12A,B, so they are also consistent with the previous statement that length is related to the self-imaging period.
[image: Figure 12]FIGURE 12 | Comparison of NCF normalized power and RI sensitivity at L3 and L4: (A) NCF normalized power of L3; (B) NCF normalized power of L4; (C) comparison of RI sensitivity at 1.340–1.370; (D) comparison of RI sensitivity 1.370–1.390; (E) comparison of RI sensitivity 1.370–1.380; (F) comparison of RI sensitivity 1.380–1.390.
By comparing and analyzing L3 and L4 in Figures 12C,D, the results can be obtained that the RI sensitivity of L3 and L4 is approximately 1,068.7 and 980.3 nm/RIU when the RI range is 1.340–1.370, approximately 1949.9 and 1769.1 nm/RIU at 1.370–1.390. Because the higher the surrounding RI, the greater is the effect on RI sensitivity. Therefore, the scattered points in Figure 12D are fitted linearly again in Figures 12E,F.
RI varies from 1.380 to 1.390 and then RI sensitivity is approximately 2,252.7 nm/RIU when waveband is 1,550–1,700 nm and L3 is 6.55 mm. Similarly, the RI sensitivity is approximately 2037.3 nm/RIU when waveband is 1,500–1,650 nm and L4 is 6.75 mm. The resolution is 4.4 × 10−5 and 4.9 × 10−5, respectively. This is the whole process of NCF’ parameter optimization to obtain higher RI sensitivity.
SMF Parameter Optimization Process
After NCF optimization is completed, SMF parameter optimization is carried out. According to the guide mode cutoff condition in Eq. 3, in order to ensure that there is only one mode that exists in SMF, it is necessary to make the normalized frequency V < 2.405.
[image: image]
[image: image] and [image: image]are the RI of core and cladding, [image: image] is the number of light waves in vacuum, [image: image] is the diameter of core, [image: image] is wavelength in vacuum, and [image: image] is numerical aperture (NA). Due to waveband needs to be considered and at least one interference peak is in it, the waveband is determined to be 1,500–1,700 nm to further study [image: image], [image: image], and [image: image] of SMF.
Because the core diameter is generally between 8 and 10 μm and simulation is based on Corning SMF-28e, then the diameter varies from 8.20 to 9.00 μm when SMF is optimized. NA indicates coupling efficiency which is related to [image: image] and [image: image], so [image: image] is fixed at 1.45 and [image: image] varies in a small range from 1.444 to 1.449. Although the diameter and NA change, the transmission spectrum is basically the same as that in Figure 10. Therefore, the SMF remains Corning SMF-28e.
CONCLUSION
The geometric parameters of NCF are continuously optimized to obtain higher RI sensitivity. The final diameter of NCF is 20 μm when the RI range is 1.340–1.370 and 1.370–1.390, and RI sensitivity is approximately 1,068.7 and 1948.9 nm/RIU with the length of 6.55 mm, approximately 980.3 and 1769.1 nm/RIU with the length of 6.75 mm. Meanwhile, RI sensitivity can reach approximately 2,252.7 and 2037.3 nm/RIU when RI varies from 1.380 to 1.390, respectively. Although parameters of SMF are also considered to be optimized, the result shows that the effect on improving RI sensitivity of SNS structure can be ignored.
The structure optimization method proposed in this article can provide a reference for the optimal design of other mode interference structures. And SNS structure can have a great application prospect in monitoring battery expansion, especially when the surrounding RI is high.
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