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Optical fiber interferometers have intrinsic sensitivity to temperature, thus, in sensing applications; they need a reference temperature sensor or a mechanism to control the temperature. Here, we demonstrate that a single multicore fiber interferometer can monitor two parameters simultaneously; more particularly, refractive index, and temperature. The interferometer is easy to manufacture; a short segment of an optical fiber with seven coupled cores is fusion spliced at the distal end of a conventional single mode optical fiber. In the coupled-core fiber, two supermodes beat; this makes the reflection spectrum of the device to exhibit a well-defined series of maxima and minima. The refractive index of a sample in contact with multicore fiber alters the amplitude of the interference pattern and temperature induces a shift to such a pattern. The changes of the interference pattern are easy to monitor and decode with a low-resolution spectrometer. As an application of our dual-parameter sensor, the thermo-optic coefficient of a sample was measured.
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INTRODUCTION
Optical fibers are made of materials that have an intrinsic sensitivity to temperature. Consequently, they have been widely used for point and distributed temperature sensing; see for example (Huang et al., 2021) for a brief summary of such applications. However, the temperature sensitivity is an issue when one devises an optical fiber interferometer to sense other physical parameters, as for example, the refractive index of a sample. Thus, for such application, it is necessary to control the temperature during the measurements or to compensate its effect on the interferometer. Another alternative is to monitor temperature and refractive index simultaneously. In this manner, one knows at which temperature the refractive index was measured. In an ideal case, it would be desirable that the same interferometer monitors temperature and refractive index with high accuracy. In addition, the interferometer should be compact, easy to fabricate, and its interrogation should be as simple as possible. We believe that no such ideal dual-parameter optical fiber interferometric sensor currently exists.
The optical fiber sensor community has long been striving to achieve compact and functional dual-parameter fiber optic sensing devices. In (Pevec and Donlagić, 2019), for example, a variety of sensing architectures that can monitor two parameters are reviewed. The vast majority of such schemes need two sensors; one is used as a reference, or two different platforms to monitor two magnitudes, usually temperature, and the target parameter. However, the fabrication of a sensing device that has a reference, or that is composed by two platforms, tend to be complex as it may entail several steps or elaborated procedures. Hence, they may be impractical for real-world applications.
So far, several sensors based on a single platform that are capable of monitoring refractive index and temperature have been proposed in the literature. These include long-period gratings (Hu et al., 2012; Huang et al., 2013; Du et al., 2019;Pang et al., 2020; Shang et al., 2020), tilted fiber Bragg gratings (Wong et al., 2011; Jiang et al., 2017), and Fabry-Perot interferometers with a single cavity (Wang and Wang, 2012; Tan et al., 2014; André et al., 2016; Wu et al., 2019; Flores-Bravo et al., 2021b). Optical fibers coated with a thin gold layer have also been proposed for index and temperature sensing (Xiao et al., 2014; Velázquez-González et al., 2017; Alonso-Murias et al., 2019; Zhang et al., 2021b). The chief disadvantage of grating-based sensors is their low sensitivity in the important refractive index range around 1.33 and their expensive interrogation. The drawbacks of sensors based on cavities or metal-coated fibers include poor reproducibility or issues related with their reusability.
Single optical fiber interferometers have also been proposed for simultaneous sensing of index and temperature. Such interferometer can be built with conventional optical fibers (Xiong et al., 2014; Wang et al., 2016; Yu et al., 2016), polarization-maintaining fibers (Kim and Han, 2011; Zhao et al., 2017), or multicore fibers (Zhang et al., 2017; Madrigal et al., 2019). The inconvenience of such interferometers is the need of multi-step or manual fabrication processes, which usually lead to low reproducibility. Structures composed by a segment of multimode fiber spliced to single mode fiber (Kim et al., 2012; Xue et al., 2013; Zhao et al., 2015; Musa et al., 2018) have been demonstrated for index and temperature measurements as well. The disadvantage in these cases is the lack of control on the number of modes that are excited in the multimode optical fiber. Such lack of control on the mode interference may lead to inaccurate refractive index measurements.
In this work, we report advances on our previously reported index-temperature multicore fiber interferometer (Flores-Bravo et al., 2021a). We have investigated analytically and experimentally the performance of our dual-parameter sensor in a broader refractive index range. Moreover, the signal process reported here is simpler with the advantage that the accuracy of the sensor is improved. A simple expression is provided to calibrate the sensor and its potential to measure the thermo-optic coefficient of a sample is also demonstrated.
THEORETICAL CONSIDERATIONS
The cross section of the multicore fiber (MCF) used to fabricate our interferometer; its structure and interrogation are shown in Figure 1. The MCF has been described in more detail in (Amorebieta et al., 2019; Flores-Bravo et al., 2021a). To assemble the interferometer, the multicore fiber was fusion spliced at the distal end of a conventional single mode fiber (SMF). After that, the MCF was cleaved at a length L. As demonstrated in (Flores-Bravo et al., 2021a), the length of the MCF is not critical in the sensitivity of the interferometer when it is used for refractive index and temperature sensing. Thus, we chose L = 3.7 cm. In our device, the cleaved end of the MCF works as a reflector that is sensitive to the refractive index of a sample.
[image: Figure 1]FIGURE 1 | (A) Cross section of the multicore fiber used in the experiments. (B) Profile of the two supermodes (SM) excited in the MCF. (C) Schematic representation of the interrogation system; the injected and reflected light from the device are illustrated with a broad and multiple peak “spectrum”, respectively. (D) Illustration of the sensor immersed in a sample with refractive index of ns; L is the length of the MCF segment.
The working mechanism of the SMF-MCF structure has also been discussed in (Flores-Bravo et al., 2021a) with certain detail. The fundamental SMF mode excites two supermodes in the MCF whose profiles are shown in Figure 1B. The propagation constants of the two supermodes can be denoted as [image: image] and [image: image]. The difference between them can be expressed as [image: image], where [image: image], the latter are the effective refractive indices of the two supermodes excited in the MCF and λ is the wavelength of the excitation light source. The wavelength dependence of [image: image] of the MCF shown in Figure 1A can be found in (Flores-Bravo et al., 2021a).
The intensity of the reflected spectrum of our MCF interferometer can be expressed as:
[image: image]
In Eq. 1, [image: image] denotes the profile of the light source, [image: image] and [image: image] denote the intensities of the supermodes that are excited in the MCF and the phase difference between them is [image: image]. In Eq. 1, [image: image] is the Fresnel reflection coefficient where [image: image] is the refractive index of the MCF core, which is known or can be chosen, and [image: image] the refractive index of the sample we want to measure. [image: image]; it is known as the visibility of the interference pattern; a parameter that is easy to measure.
When the external medium is air, the Fresnel reflection coefficient can be denoted as [image: image]. In this case, the maximum of the reflection spectrum ([image: image]) given in Eq. 1 is [image: image]; where [image: image] is the maximum of [image: image]. To avoid the effect of power fluctuations of the light source on the performance of our sensor, Eq. 1 can be divided by [image: image], a value that is easy to measure experimentally. Thus, the normalized reflection of our MCF interferometer can be expressed as
[image: image]
From Eq. 2, it can be noted that the reflection spectrum of our MCF interferometer has two well-defined components. The first term on the right hand side of Eq. 2 depends exclusively on the refractive index of the sample, while the second term depends on the supermodes excited in the MCF. As it was mentioned before, the MCF is sensitive to temperature. Thus, the second term on the right hand side of Eq. 2 depends exclusively on temperature. Therefore, when the MCF interferometer is exposed to simultaneous changes of refractive index and temperature, it is expected that the interference pattern shifts and its amplitude changes. Hence, the key to measure index and temperature simultaneously depends on how the changes of the interference pattern are decoded. In our previous work (Flores-Bravo et al., 2021a), the fast Fourier transform was used to decode such changes. The disadvantage of the analysis in the Fourier domain is its low precision with the interference pattern has a long period, i.e., when the segment of MCF is short.
Here, a simpler signal deconvolution is used that works well for short MCF interferometers. For calibration purposes, we will take the reflection spectrum of the MCF interferometer when the external medium is air as a reference. This reference will be taken at a fixed temperature, at 25°C for example. We will see that this will simplify the calibration of the MCF interferometer as a refractive index and temperature sensor.
In Figure 2, we show the calculated interference patterns of an MCF interferometer at different values of [image: image]. For the calculations, it was assumed that V = 0.95, as this visibility is observed experimentally, L = 3.7 cm; the refractive index of MCF core ([image: image]) was considered to be 1.451. The refractive indices of the sample medium were between 1 and 1.440. The spectral distribution of the light source was considered to be Gaussian; [image: image]. In the latter expression, the optical power, the peak wavelength, and the spectral width of the light source are denoted, respectively, as [image: image], [image: image] and [image: image]. In the simulations we considered the following values for the light source, [image: image] = 1,548 nm and [image: image] = 39 nm. These values correspond to the superluminescent light emitting diode (SLED) we used in our experiments. The temperature was assumed to be constant in all cases shown in Figure 2.
[image: Figure 2]FIGURE 2 | Calculated maxima of the interference patterns (dots) shown in the inset graph as a function of the refractive index. The continuous line is a fitting to the data. The list of values shown in the table are values of ns. The dotted vertical line shown the maxima of the interference patterns.
The normalized absolute maximum of each interference pattern displayed in the inset graph of Figure 2 as a function of refractive index is shown in the figure with the continuous solid line. The maximum drops from 1 to nearly 0 when the refractive index of the sample is approximately equal to the index of the MCF core; this means that the measuring refractive index range of our MCF interferometer is between air and refractive indices lower that the index of the MCF core. Note in Figure 2 that for any value of [image: image] between 1 and 1.440, the wavelength position of the interference pattern does not change. This is due to the fact that the temperature was assumed to be constant.
Let us now analyze the effect of temperature on the MCF interferometer and on the sample. The temperature range considered here was between 0 and 60°C approximately. At lower temperatures, a liquid sample may freeze, and at higher temperatures, it may boil or evaporate. In such a narrow temperature range, the index of the MCF core varies linearly with temperature; [image: image], where [image: image] is the index of the MCF core at a temperature [image: image], [image: image] is the thermo-optic coefficient of the material the core is made of, and [image: image], where [image: image] is any temperature in the aforementioned range. The refractive index of the sample has a similar expression; the only difference is the sample’s index at a temperature [image: image] and the value of its thermo-optic coefficient.
According to the literature, see for example (Adamovsky et al., 2012), the thermo-optic coefficient of germanium-doped silica is [image: image]°C−1. Thus, a small change in temperature will induce a minute change of [image: image], hence, of [image: image]. Consequently, the interference pattern will shift linearly with temperature. In fact, this property has been exploited to develop MCF temperature sensors (Antonio-Lopez et al., 2014; Amorebieta et al., 2019). In such works, the temperature sensitivity of an MCF interferometer was found to be around 22 pm/°C for temperatures above 0°C and below 100°C.
It is important to point out that a shift of the interference pattern does not alter its maximum value, particularly, when the shift is small. For example, a temperature change of 45°C to our MCF interferometer will induce a shift to the reflection spectrum of around 1 nm. Hence, temperature cannot perturb the refractive index measurements as they are linked to the maxima of the reflection spectra and not to the maximum at a particular wavelength.
Next, we will show experimental results that were carried out at a constant temperature and when both, the refractive index of a sample and temperature changed in a controlled manner.
EXPERIMENTAL RESULTS AND DISCUSSION
A 3.7 cm-long MCF interferometer was fabricated and calibrated as a refractive index sensor at a constant temperature. For the calibration, liquids with known refractive index from Cargille laboratories were used. Four liquids with indices of 1.295, 1.343, 1.382, and 1.440 (at λ = 1,550 nm) were chosen. As Cargille indices are calibrated at 25°C, we carried out the measurements at such a temperature in a commercial temperature calibrator (Fluke, model 9,103). Before immersing the MCF facet into the Cargille liquids, it was cleaned with ethyl alcohol and dried with air. As mentioned before, the reflection spectrum of the MCF in air at 25°C was taken as a reference.
Figure 3 shows the reflection spectra that were observed when the facet of the MCF interferometer was in air or immersed in the aforementioned calibrated refractive index liquids. All the spectra were divided by the absolute maximum of the reflection spectrum that was measured when the MCF was in air. The maximum of the reflection spectrum measured at each refractive index is also shown in Figure 3. The fitting to the experimental data (discrete squares in the figure) was carried out with the following expression:
[image: image]
[image: Figure 3]FIGURE 3 | Measured maxima of the interference patterns shown in the inset graph as a function of refractive index. The solid line is a fitting to the experimental data which was calculated with Eq. 3. The dotted vertical line shows the maxima of the interference patterns.
In Eq. 3, [image: image] is the maximum of the normalized interference pattern observed for each value of [image: image]; [image: image] can be calculated with the Fresnel equation (mentioned above) provided that the index of air and [image: image] are known. The refractive index of air can be found in the literature; a value of 1.0002739 is usually used, see for example (Kim and Su, 2004).
It is important to point out that most manufacturers of commercial optical fibers tend to keep secret the exact composition of materials they used to fabricate their fibers. For this reason, the exact value of [image: image] may not be known. Hence, the calibration of index sensors based on commercial optical fibers may not be accurate. In our case, an ad hoc MCF was used to fabricate the interferometer. The cores of the MCF were made of germanium-doped silica where [image: image] at λ = 1,550 nm.
With the MCF interferometer and the methodology here proposed, the refractive index of a sample only depends on the measurement of a single parameter; see Eq. 3, which is the maximum of a well-defined interference pattern. The latter can be easily measured experimentally at high speed and with high precision. This ensures accurate refractive index measurement. However, before measuring the refractive index of a sample, the MCF facet must be properly cleaned and dried. Dust particles or residues of a sample remaining on the MCF face can falsify the refractive index measurement. Cleaning of an optical fiber facet is straightforward and it is a common practice in the telecommunications industry. Presently, different fiber optic cleaning products are commercially available; same that can be used to clean the MCF interferometer.
Once the aforementioned calibration was carried out, we proceeded with an experiment in which the refractive index of a sample and temperature changed simultaneously in a controlled manner. For this experiment, the tip of the MCF interferometer was immersed in a Cargille liquid with [image: image]. Then, the MCF and the liquid were placed inside the temperature calibrator mentioned above. The temperature of the calibrator was varied from 0 to 60°C in steps of 5°C. In each step, we waited 10 min before collecting the interference patterns. In this manner, we ensured that the MCF interferometer and the Cargille liquid were at a stable temperature.
In Figure 4, we show some observed interference patterns at different temperatures. It is important to point out that all the patterns were divided by the maximum of the reflection of the MCF interferometer when it was in air and at 25°C. The changes in the interference pattern are evident. The shift of the interference patterns is due to refractive index changes of the MCF core caused by temperature. Changes of the maximum of the interference pattern are due to refractive index variations of the sample, which are also caused by temperature.
[image: Figure 4]FIGURE 4 | Interference patterns observed when the MCF interferometer immersed in a liquid with an index of 1.295 was exposed to different temperatures. The dotted vertical line is to show the shift of the interference patterns.
To calculate temperature from the spectra shown in Figure 4, we found the wavelength positions of the maxima. The shift of the patterns were calculated with respect to that at 25°C. The shift at different temperatures is plotted in the top graph of Figure 5. The slope of the fitting line of the interference pattern shifts versus temperature graph is the temperature sensitivity of our 3.7 cm-long MCF interferometer. It was found to be 21.57 ± 0.452 pm/°C, which is the same temperature sensitivity of an MCF interferometer calibrated in air (Amorebieta et al., 2019; Flores-Bravo et al., 2021a). This means that the presence of a liquid on the MCF face does not alter the temperature measurements and sensitivity of the interferometer, which in good agreement with what is predicted in Eq. 2.
[image: Figure 5]FIGURE 5 | Shift of the interference pattern (top graph) and refractive index as a function of temperature (bottom graph) calculated from the spectra shown in Figure 4. The experimental points of the bottom graph were calculated with Eq. 3.
To calculate the refractive index of the sample at different temperatures from Figure 4, we used the calibration procedure discussed in Figure 3 and Eq. 3. The calculated indices as a function of temperature are shown in the bottom graph of Figure 5. The index of the sample decreased with temperature because the thermo-optic coefficient ([image: image]) of Cargille liquids is negative. The slope of the fitting line is the value of [image: image], which was found to be [image: image]°C−1. In the data sheet of the referred Cargille liquid, a thermo-optic coefficient of [image: image] is provided, however, such a coefficient was measured at λ = 589.3 nm. In our case, the light source had a peak wavelength of 1,548 nm. Thus, we believe that our MCF interferometer can be useful to measure the thermo-optic coefficient of a sample.
It is important to point out that several refractive index sensors, in which the Fresnel reflection is monitored or measured, have been reported so far, see for example (Kim and Su, 2004; Su and Huang, 2007; Zhao et al., 2009; Shlyagin et al., 2013; Martinez-Manuel et al., 2019; Brientin et al., 2021; Xu et al., 2021). However, these sensors cannot provide any information of temperature. Ergo, they are legitimized to be used only when temperature is known or controlled. Refractive index sensors based on different interferometers have also been demonstrated (Zhao et al., 2019; Hu et al., 2020; Zhang et al., 2021a), but such interferometers cannot discriminate refractive index and temperature as in many cases refractive index induces a shift of the interference pattern.
CONCLUSION
In this work, we have reported on a compact and simple multicore fiber interferometer that has the capability to measure two parameters (refractive index and temperature) simultaneously. The multicore fiber used in our experiments had seven identical coupled cores embedded in a common cladding. To fabricate the device, tools, and equipment (optical fiber cleaver, fusion splicer, etc.) widely used in the telecommunications industry were employed. Thus, the fabrication of the MCF interferometers is inexpensive and reproducible.
In the interferometer reported here, two supermodes beat in the MCF segment; such beating gives rise to a reflection spectrum with a well-defined series of maxima and minima. The wavelength positions of such maxima changed with temperature in a predictable manner. It was found that the refractive index of the external medium did not perturb the wavelength positions of the interference pattern. This allowed us to monitor temperature with the interferometer. On the other hand, samples with different refractive indices in direct contact with the MCF facet modified the amplitude of the interference pattern while the wavelength positions of such a pattern were unaltered. We have demonstrated that the maximum of the interference pattern can be correlated with the refractive index of a sample. Therefore, our MCF interferometer can be used as a refractometer and as a thermometer at the same time.
The potential of the device here reported to measure the thermo-optic coefficient of a liquid was demonstrated. It is also feasible to measure the thermo-optic coefficient of gels, polymers or other materials that do not absorb light in the emission wavelength range of the excitation light source. The MCF interferometer can also be used to monitor other parameters along with temperature. The MCF facet can be coated with materials or layers whose refractive index change when they are exposed to physical or chemical parameters or gases. The advantage of our MCF interferometer is that with a simple signal processing it can provide information about the target parameter and temperature.
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