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Abstract

:

A magnetic fluid (MF)-based magnetic field sensor with a filling-splicing fiber structure is proposed. The sensor realizes Mach–Zehnder interference by an optical fiber cascade structure consisting of single mode fiber (SMF), multimode fiber (MMF), and single-hole-dual-core fiber (SHDCF). The core in the cladding and the core in the air hole of SHDCF are used as the reference and sensing light path, respectively, and the air hole of SHDCF is filled with magnetic fluid to realize magnetic field measurement based on magnetic controlled refractive index (RI) characteristics. The theoretical feasibility of the proposed sensing structure is verified by Rsoft simulation, the optimized length of SHDCF is determined by optical fiber light transmission experiment, and the SHDCFs are well fused without collapse through the special parameter setting. The results show that the sensitivity of the sensor is −116.1 pm/Gs under a magnetic field of 0~200 Gs with a good long-term operation stability. The proposed sensor has the advantages of high stability, fast response, simple structure, and low cost, which has development potential in the field of miniaturized magnetic field sensing.
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1. Introduction


Magnetic field measurement is of great significance in various fields, such as biomedical, aerospace, military war, the construction of electrical equipment, and so on [1,2,3]. The traditional electromagnetic sensor is easy to be damaged or disturbed by the magnetic field [4]. In contrast, optical fiber magnetic field sensors, with the advantages of anti-electromagnetic interference, small size, high stability, corrosion resistance, and remote measurement, are widely studied in the field of magnetic field sensing [5,6]. Magnetic fluid (MF) is a kind of promising magneto-optical nanomaterial consisting of magnetic particles and base fluid. The MF has no magnetic attraction in static state, and the magnetic particles are evenly distributed in the base fluid in static state. However, a magnetic linkage structure will be gradually formed by the magnetic particles along the direction of the applied magnetic field when the magnetic field is applied, which will cause the effective dielectric constants of MF to change, and then the change in the refractive index (RI) of the magnetic fluid [7,8,9,10,11]. Hence, the MF has attracted extensive attention for serving as crucial sensing elements of an optical fiber magnetic field sensor owing to the advantages of high sensitivity and good fiber compatibility [12,13,14].



The MF-based optical fiber magnetic field sensors mainly include Fabry–Perot (FP) microcavity magnetic field sensor, fiber Bragg grating (FBG) magnetic field sensor, mode interference magnetic field sensor, and surface plasmon resonance (SPR) magnetic field sensor. In 2016, Xia et al. [15] proposed an FP magnetic field sensor with temperature compensation by FBG; the sensitivity is 0.53 nm/mT. In 2018, Bao et al. [16] designed a phase-shifting fiber Bragg grating magnetic field sensor with micro-slit, with sensitivity of 2.42 pm/Oe and the measurement range of 0~120 Oe. In 2019, Zhang et al. [17] proposed a tapered optical fiber Mach–Zehnder interferometer (MZI) magnetic field sensor with a sensitivity of 71.98 pm/Oe and 0.11 dB/Oe at 40~120 Oe. In 2019, Zhou et al. [18] demonstrated an optical fiber magnetic field sensing system based on SPR with a sensitivity of 303 pm/Gs. In the above literature, the method of gluing-immersing MF was used in preparation of the sensor, which is simple to operate, but generally requires the use of capillary tubes for packing MF, and it also has disadvantages including a high dosage of MF, relatively large volume, and long response time. In addition, because of the use of glue to seal the sensing structure, the MF is prone to be contaminated, which will affect the sensing properties of MF. Compared with the gluing-immersion method, the all-fiber structures prepared by filling-splicing have the advantages of small volume, fast response rate, strong stability, and low cost. According to the research, the smaller the volume of magnetic fluid, the faster the response speed of the MF sensor [19]. In 2017, Yin et al. [20] prepared photonic crystal fiber misplaced fused magnetic field sensors by the method of filling-splicing, and the X-axis sensitivity reached 114.5 pm/mT. In 2018, Li et al. [21] used multimode fiber and photonic crystal fiber to make a magnetic field sensor by the method of filling-splicing with a sensitivity of 72 pm/Gs. However, the MF inside the porous fibers is carbonized and gasified when fused, which affects the reflectivity of the fiber end face, and eventually the performance of the entire sensor is affected. In order to avoid the influence of the carbonization and gasification of the MF on the performance of the sensor, the air hole filled with the MF should not be used as the light transmission channel. If an optical waveguide can be added to the air hole, it can not only ensure the transmission of light, but also sense the change of liquid refractive index in the air hole, which will be very helpful to improve the sensing performance.



In this paper, an intracavity micro-waveguide structure is proposed based on the SHDCF. The air cavity plays the role of filling MF and protecting micro-waveguide, and micro-waveguide as a sensing arm can sense the change in the RI of MF. The effective RI of the biased core as a reference arm in the cladding is hardly affected by the magnetic fluid. In addition, the theoretical feasibility of the proposed sensing structure structural scheme is verified by Rsoft simulation, the optimized length of SHDCF is determined by optical fiber light transmission experiment, and the SHDCFs are well welded without collapse through the special splicing parameter setting. The transmission spectrum of proposed sensor is blue shifted with the magnetic field intensity increase in the range of 0~200 Gs, and the sensitivity is −116.1 pm/Gs.




2. Principle and Preparation


The proposed MZI sensor is composed of a cascade structure of SMF1-MMF1-SHDCF-MMF2-SMF2. A beam of light is coupled into MMF1 through SMF1, and then expands to two cores of SHDCF, and the two beam lights in the SHDCF are coupled to SMF2 through MMF2. The schematic diagram is shown in Figure 1a. The MF is filled into the air hole of the SHDCF by capillary action, as shown in Figure 1b and the cross-section diagram of the SHDCF is shown in Figure 1c. The SMF used in the experiment is commercial SMF with a cladding diameter of 125 μm and core diameter of 8.2 μm, and the cladding diameter and core diameter of MMF are 125 μm and 105 μm, respectively. The structural parameters of the SHDCF can be referred to in Table 1.



The fabrication process of the proposed sensor is shown in Figure 2. First, a segment of SMF and a segment of MMF are cleaved and welded together by an optical fiber cleaver (Fitel, S325) and fusion splicer (Fitel, S179), as shown in Figure 2I. Second, The SMF-MMF section is obtained by cutting with an optical fiber cleaver, and the SHDCF with a flat end face is vertically inserted into the MF for capillary effect filling, as shown in Figure 2II. Third, SMF-MMF and SHDCF are fused together without collapse. Finally, another MMF-SMF section is fused to the right side of the SHDCF.



In this structure, the output transmission spectrum can be described as follows [22]:


   I  o u t   ( λ ) =  I 1  +  I 2  + 2    I 1   I 2    cos ( Δ φ )  



(1)




where I1 and I2 are the light intensity of core 1 and core 2, respectively;   Δ φ   is the phase difference between the guide lights in core 1 and core 2, which can be calculated by the following formula:


  Δ φ =   2 π L Δ  n  e f f    λ   



(2)




where λ is the wavelength of operation, L is the length of the SHDCF, and the Δneff is the RI difference between core 2 and core 1. Hence, the calculation formula of interference valley wavelength λk is as follows:


   λ k  =   2 Δ  n  e f f   L   2 k + 1    



(3)




where k is an integer. The RI of the MF in air hole (nMF) will change with the external magnetic field, which changes the reflection condition of the core in the air hole, and finally affects the effective RI of the core in air hole with reference to the research results of Chen et al. [23]; under a constant temperature value of T, the relationship between the RI of the MF and the magnetic field is as follows:


   n  M F   = (  n s  −  n 0  ) [ coth ( α   H −  H  c , n    T  ) −  T  α ( H −  H  c , n   )   ] +  n 0   



(4)




where ns is the saturation value of the RI of MF, which depends on the type of carrier liquid and the concentration of MF; n0 is the RI of the MF with the critical magnetic field; Hc,n is the critical value of the applied magnetic field (H > Hc,n); H is the field strength in Oe; T is the temperature in Kelvin; and α represents the fitting parameters, which is a data fitting value of magnetic saturation experiment of fixed magnetic fluid at 8 ℃. Δneff are related to the changes in the RI of MF (Δ  n  M F   e f f    according to the classic perturbation theory, through the overlap factor f defined as follows [24]:


  Δ  n  e f f   = Δ  n  M F   e f f   × f  



(5)







When the intensity of the external magnetic field changes, the refractive index of the magnetic fluid (nMF) will change, resulting in the change in the effective refractive index of core 2, according to Formula (3), the characteristic wavelength of the interference spectrum will shift. Hence, the measurement of the external magnetic field can be realized by detecting the shift of the interference spectrum.




3. Results


3.1. Simulation of Sensing Structure


The change in the effective RI of the suspension core is determined by MF, and eventually leads to the movement of the interference spectrum. Therefore, the sensitivity of the RI change of the suspension core waveguide of this structure is simulated based on Rsoft software. The optical path diagram of the simulation model is shown in Figure 3a, and the simulated optical path diagram is consistent with the optical path structure shown in Figure 1. The RI of the core in the air hole of the simulation model is changed in the input light wavelength range of 1520~1600 nm, and the wavelength shift of the simulated transmission spectrum as RI rises of the suspension core is shown in Figure 3b. There are obvious interference valleys (peaks) at 1525, 1540, 1565, and 1570 nm of the transmission spectrum, and it is found that the sensitivity is 1620 nm/RIU at about 1565 nm after wavelength demodulation. The linear fitting of wavelength demodulation is shown in Figure 3c, and the value of R2 is 0.9881.




3.2. The Light Path Receiving Verification


To verify the actual sensing optical path, an experimental system is built as shown in Figure 4. The SMF-MMF-SHDCF structure connected with a light source and the SMF connected with a spectrometer are placed on the left and right motors of the fiber fusion splicer, respectively, and the distance between SHDCF and SMF is as small as possible. Move the SMF in the X-axis and Y-axis directions to receive the transmitted light from core 1, core 2, air hole, and cladding of the SHDCF, respectively. The position of core 1 can be determined by observing the transmission spectrum in the spectrometer, and the position of core 2 and cladding can be determined by geometric calculation of cross section and transmission spectrum.



The SMF receives transmitted light from SHDCF with lengths of 3 cm, 5 cm, and 7 cm, as shown in Figure 5. The core in the air hole is exposed and the loss is greater than that in the cladding, so core 2 in Figure 5 is the core in the air hole. It can be seen from the results that the loss of core 2 is much less than that of the air holes and the cladding, and the longer the SHDCF, the greater the loss of transmitted light. According to Formula (5), the longer the length of SHDCF, the higher the sensitivity. As shown in Figure 5a, the light intensity in the cladding and air holes in the 3 cm SHDCF is too high, which will bring high-order mode interference. As shown in Figure 5c, the loss of core 2 in 7 cm SHDCF is too large, so the intensity of interference spectral will be very low. Referring to the above factors, the length of SHDCF is determined as 5 cm, and the light transmission intensity of each part of the SHDCF is shown in Figure 5b. The length of MMF is 1 mm, because of the beam can be expanded into two cores of SHDCF with the length, and the relevant theoretical analysis can refer to the published article [25].



The splicing parameters are observed to fuse well. The automatic splicing procedure in the splicing machine is used to fuse SMF and MMF, and manual splicing mode is used to fuse SHDCF and MMF. The main parameters of splicing are discharge intensity and discharge time, and the collapse of the air hole (Figure 6a) and the over carbonization of the MF (Figure 6b) will be caused when the discharge intensity is too high, or the discharge time is too long. The SHDCF and MMF cannot be fused when the discharge time is short and the discharge intensity is small, and multiple discharges are needed, which will lead to the taper (Figure 6c). After a series of comparative experiments, the discharge time of 300 ms and the discharge intensity of 30 unit were finally selected; the effect drawing of no collapse splicing is shown in Figure 6d.




3.3. The Experimental Analysis


The magnetic field measurement platform is shown in Figure 7. The optical spectrum analyzer (AQ6370D) amplified spontaneous emission source, Gauss meter (CH-1500), and two 700-turn coils are used in the measurement platform. The programmable DC power (IT6164B) is used for power supply, and the magnetic field calibration is carried out by a Gauss meter with precision of 0.01 Gs.



The coil will heat up with a long working time, which will lead to the increase in coil resistance and instability of magnetic field environment. The temperature will also affect the RI of MF, which will cause inaccurate magnetic field measurement data. Therefore, circulating coolant is used to reduce the temperature. The coolant driven by a motor pump circulates in the inner of the coil frame, and the pumped coolant is cooled by the fan and finally flows back to the power coil. During the experiment, the temperature was set at 20 °C.



The prepared magnetic field sensor is placed on the magnetic field measurement platform, as shown in Figure 7. Gauss meter zeroing and pre-heat treatment for 30 min. The magnetic field strength is increased by 25 Gs every 20 min by increasing the output current of the DC power supply, and the measured data of each magnetic field strength are saved on the optical spectrum analyzer. Fourier transform of the magnetic field measurement data is carried out, as shown in Figure 8a, and a small amount of light passes through the air hole and cladding and causes high-order mode interference, according to the results of Fourier transform. The band-pass filter is used to eliminate the high-order mode interference from the air hole and cladding in magnetic field measurement data; the comparison of transmission spectrum before and after filtering is shown in Figure 8b.



As shown in Figure 9a, the transmission spectrum after band-pass filtering of the sensor in the magnetic field range of 0~200 Gs is blue shifted with the increase in magnetic field intensity, and the sensitivity is −116.1 pm/Gs with a linearly fitted index of 0.9940, as shown in Figure 9b. The magnetic field measurement data are saved every 30 min at the magnetic field of 0 Gs for the verification of sensor stability, as shown in Figure 10. The maximum wavelength shift is 0.12 nm within 120 min through wavelength demodulation.



The performance comparison of the proposed sensor with the MF-based optical fiber MZI sensors in recent years is given in Table 2. From Table 2, the sensitivity and the measurement range of [21,26,27,28] are lower than that of the structure proposed in this paper, and although the sensitivity of [29] is higher than that of the proposed sensor, the measurement range is only from 0.024 to 0.2 Gs and the glue immersion method is adopted. In addition, only the basic fusing structure is used in this paper, and the sensitivity of the sensor can be further improved through the methods of tapering, bending, and dislocation of SHDCF. The simple preparation process, low cost, and fast response make the sensor proposed in this paper a potential candidate in practical magnetic field measurement applications.





4. Conclusions


A magnetic field sensor based on MZI fabricated by filling-splicing is proposed in this paper. The SHDCF is fused after filling MF in the air hole to ensure that the MF is in a completely enclosed space, which makes the sensor stable. The sensitivity of the RI change of the suspension core waveguide of this structure is simulated based on Rsoft. The SMF connected to the optical spectrum analyzer is used to receive the transmitted light from core 1, core 2, air hole, and cladding of the SHDCF, respectively, to verify the sensing theory and determine the optimized length of SHDCF. Finally, the sensor was fabricated with the appropriate splicing parameters, and the experimental results show that the sensitivity of the sensor is −116.1 pm/Gs in the range of 0~200 Gs with a good linearity. The sensor has the advantages of a simple structure, low cost, fast response, and high structural strength, and the structure is expected to be used in magnetic field measurement of industrial production.
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Figure 1. (a) Schematic diagram of the sensing structure; (b) the effect drawing of magnetic fluid filling in the air hole of SHDCF; (c) the cross-section diagram of SHDCF. 
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Figure 2. Fabrication process of the optical fiber magnetic field sensor, (I~IV) are the preparation steps of optical fiber sensing structure. 
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Figure 3. (a) Optical path diagram of the simulation model; (b) the wavelength shift of the simulated transmission spectrum as RI rises of the suspension core (core 2); (c) the linear fitting curve of RI sensitivity. 
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Figure 4. The experiment of light receiving verification. 
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Figure 5. (a) The SMF receives transmitted light from SHDCF with the different lengths of SHDCF: (a) 3 cm; (b) 5 cm; and (c) 7 cm. 
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Figure 6. The splicing effect diagram of MMF and SHDCF under different discharge intensity and discharge time: (a) 40 unit and 300 ms; (b) 30 unit and 400 ms; (c) 20 unit and 300 ms; (d) 30 unit and 300 ms. 
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Figure 7. The measurement platform of the magnetic field. 
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Figure 8. (a) Fourier transform of transmission spectrum; (b) comparison of transmission spectrum before and after filtering. 
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Figure 9. (a) The wavelength shift of the interference spectrum as the magnetic field rises from 0 to 200 Gs; (b) linear fitting curve of the magnetic field sensitivity. 
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Figure 10. The change in wavelength of the proposed sensor at a magnetic field of 0 Gs within 120 min; the illustration shows the change in transmission spectrum with time intervals of 30 min. 
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Table 1. The parameters table of SHDCF.
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	Parameter
	Core Diameter
	Cladding Diameter
	Core Refractive Index
	Cladding Refractive Index





	Value
	9 μm
	125 μm
	1.4682
	1.4627
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Table 2. Comparison between MZI magnetic field sensors based on MF in recent years.
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	Sensitivity (pm/Gs)
	Range (Gs)
	Reference





	72
	0–66.6
	Li et al. [21]



	92.463
	0~1.0
	Wang et al. [26]



	40.782
	0~2.5
	Zhang et al. [27]



	73.34
	0.2~2.0
	Ding et al. [28]



	−288.6
	0.024~0.2
	Hao et al. [29]



	−116.1
	0~200.0
	This paper
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