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Abstract

:

In this paper, a novel and compact magnetic field sensor based on the combination of an optical microfiber coupler interferometer (OMCI) and magnetic fluid (MF) is proposed. The sensor is made up of an OMCI cover with polydimethylsiloxane (PDMS) and MF, and it uses MF as a material for adjusting the magnetic refractive index and magnetic field response. The sensing characteristics of the sensor are analyzed, and the experimental test is carried out. Under the condition of the same OMC waist length, the sensor sensitivity increases with the decrease of the OMC waist radius. The sensitivity of 54.71 and 48.21 pm/Oe was obtained when the OMC waist radius was set at 3.5 and 4 μm, respectively. In addition, we also tested the sensing response time and vector response characteristics of the sensor. At the same time, we discuss the demodulation idea about the cross-sensitivity of the magnetic field and temperature. The sensor has the advantages of high sensitivity, low cost, small size, optimized performance, and convenient integration. It has huge application potential in the fields of navigation and industrial intelligent manufacturing.
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1. Introduction


The magnetic field sensor has important application value in navigation [1], military equipment application [2], biomedicine [3], and so on. With the development of ground vehicle detection [4,5], unexploded ordnance (UXO) detection [6,7], and unmanned aerial vehicles [8,9], new application requirements such as high sensitivity, high integration, wearable, low cost, miniaturization, and vector sensing are proposed for magnetic field sensors. Traditional magnetic field sensors are mostly based on electricity, and most of them have problems such as large volume, high cost, and weak anti-electromagnetic interference ability. Compared with traditional electrical magnetic field sensors, optical fiber magnetic field sensors have been widely studied due to the advantages of small size, low cost, convenient reuse, and easy integration [10].



At present, optical fiber magnetic field sensors can be divided based on the Faraday optical rotation effect [11,12], the magnetostrictive effect [13], and the refractive index control on MF [14,15,16] according to different sensing mechanisms. Among them, MF-based refractive index control sensors mainly use the light guide and magnetic response characteristics of the magnetic fluid to realize the magnetic field sensing function, and the optical field transmitted in the optical fiber is usually coupled with the magnetic fluid through a specific structure (this process is mainly realized by attenuating field coupling). In addition, the optical fiber magnetic field sensor with MF refractive index control has been widely studied because of its simple manufacturing and low cost. Depending on the fiber structure used, many structures of fiber have been proposed to make magnetic field sensors, and these structures include microfiber, fiber grating (FBG), photonic crystal fiber (PCF), etc. For example, Pu [14] developed the tapered fiber magnetic field sensor for the first time by combining the OMC-Sagnac ring with MF with a sensitivity of 19.4 pm/Oe, but the influence of the birefringence effect of the ring on the error of the response result was not considered. Moreover, the ring structure not only limits the sensor integration, but also the device is affected by temperature. Bao [15] made use of FBG and the Fabry–Perot (F-P) cavity structure combined with MF to fabricate a FBG-type magnetic field sensor, which obtained the magnetic field sensitivity of 2.42 pm/Oe; however, the realized sensitivity was too low. Li [16] used MF to fill the PCF hole and realized the magnetic field sensitivity of 0.072 nm/Gs in combination with the structure of the Mach–Zehnder interferometer, but the special fiber is expensive, and the production cost is high.



The evanescent field transmission fiber represented by OMC has a relatively large proportion of evanescent field transmission characteristics, and the transmitted light field will directly interact with the substance, which can greatly improve the sensitivity of the transmission fiber sensor.



Given this, we fabricated a new fiber-optic magnetic field sensor by combining OMC evanescent field transmission characteristics and magnetic fluid refractive index regulation characteristics. Under the theoretical guidance of the OMC coupling transmission principle and Michelson interferometer (MI) principle, two output ports of OMC were connected with Faraday rotation mirrors (FRM) to form an OMCI-MF structure. Compared with an FBG and PCF-integrated structure [15,16], the OMCI structure is vectorized and expands the integration performance of devices. At the interference arm region, we discussed the non-correlation of the interference arm to the magnetic field response and established the dual-parameter sensitivity matrix for the OMCI and MF refractive index control sensors. Compared with the traditional OMC-Sagnac ring [14] and OMC transmission structure [17], if the proposed sensor integrates temperature-sensitive or pressure-sensitive materials on the interference arm, it is expected to achieve multi-parameter sensing or temperature compensation performance based on magnetic field sensing. In addition, we verified the effect of the OMC radius on the magnetic field sensitivity through experiments. The proposed sensor has great application potential in national defense, medicine, marine applications, and so on.




2. Sensing Principle and Fabrication


2.1. Principle


The structure of the core optical component OMCI used in this sensor is shown in Figure 1. It was made by connecting two output ports of OMC with Faraday rotary mirrors. The OMC we used was made of two ordinary single-mode fibers fused and tapered. The OMCI consists of four ports, two transition regions, and a waist region.



According to the OMC coupling theory, Port 1 is adopted as the input port and Port 2 as the output port. The optical power (P3 and P4) reflected from Port 3 and Port 4 to the waist region can be respectively expressed as [18]:


   P 3  =  P 1    cos  2  ( C L )  



(1)






   P 4  =  P 1    sin  2  ( C L )  



(2)




where P1 is the input power of Port 1, L is the coupling length of the waist region, and C is the coupling coefficient. For the OMC with a melting taper, the coupling characteristics of the whole OMC in the uniform waist region play a leading role, and C can be respectively expressed as [17]:


  C =   3 π λ   32  n 2   R 2    ×  1    ( 1 + 1 / V )  2     



(3)






  V = [ ( 2 π R ) / λ ]   (  n 2 2  −  n 3 2  )    1 2     



(4)







In Formula (3) and (4), V is the normalized frequency, and λ represents the wavelength of the incident light, R represents the radius of OMC in the uniform waist region, n2 and n3 represent the refractive index of optical fiber cladding and MF, respectively. The output power (P2) of Port 2 can be expressed as [18]:


   P 2  = 2  P 1    cos  2  ( C L )   sin  2  ( C L ) ( 1 + cos ( ϕ ) )  



(5)







In Formula (5),   ϕ = 2 π  n 2  Δ l / λ   represents the phase difference of the interference,   Δ l =  l 2  −  l 1    represents the arm difference of the interferometer. It can be seen that when n3 changes, the output power P2 also changes, which will cause the output spectrum to change, and the refractive index of the MF (n3) can be expressed by the Langevin model function as [19]:


   n 3  ( H , T ) = [  n s  −  n 0  ]  [  coth  (  α   H −  H  c , n    T   )  −  T  α  (  H −  H  c , n    )     ]  +  n 0   



(6)




wherein ns is the saturation value of the refractive index, n0 is the initial refractive index of MF, α is the fitting coefficient, T is the temperature, Hc,n is the threshold domain. Due to the magneto-induced refractive index adjustability of MF, the characteristic wavelengths (dips or peaks) and reflection loss of the output spectrum will be sensitive to the external magnetic field. Therefore, the magnetic field can be measured by tracking the wavelength shifting and transmission loss of the output spectrum. For OMCI structure, because different arm differences will produce the phenomenon of change of interference fringe spacing in the envelope of each interference wave peak or interference wave trough, Δl should be controlled within 5–20 mm [18] to shape their envelope.




2.2. Structure and Fabrication


The structure of the sensor is shown in Figure 2, which mainly consists of two regions. In the OMC-MF region (the sensing region), the OMC transition regions and the waist regions covered by MF is encapsulated in a cuboid PDMS (104 × 8 × 12 mm) to effectively prevent air from entering the MF. The two interference arms of the sensor are of different lengths, and the two FRMs are connected to Port 3 and Port 4, respectively, so that the sensor is following the Michelson interferometer structure. In addition, compared with the ordinary coated mirror, the Faraday rotation mirror used by OMCI can reduce the polarization fading phenomenon caused by the birefringence effect of the single-mode fiber [20]. Stable interference waveforms can be observed intuitively on the output spectrum.



Before making the sensor, we designed a special metal bottom groove for the PDMS package model, which was used to make the U-shaped groove and sensor package based on PDMS, as shown in Figure 3a. First, we put the metal rod into the corresponding groove, and fixed the metal rod. Then we dropped the viscous PDMS into the groove. Note that the height of the gel liquid volume was parallel to the groove. We put it on a horizontal table for 20 min, and then we put it in the oven and heated it at 120 °C for 15 min. After heating, we cooled it for 5 min. After the PDMS was effectively cured, we carefully removed the metal rod to obtain a U-shaped groove as shown in Figure 3b.



We put the OMC finished products with melted tapering into the U-shaped groove. After sealing the two gaps of the U-shaped groove with PDMS liquid, we covered the U-shaped groove with pre-prepared PDMS sheets (about 1 mm thickness), as shown in Figure 3c. Then we put it in the oven and baked it at 120 °C for 15 min again [21]. After the PDMS was fully cured, we obtained the sensor probe sample without injection of the diluted MF, and the mixed MF liquid was injected into the PDMS void through a syringe. After the injection, vacuum tape was used to seal the injection hole. Finally, two Faraday rotary mirrors were connected to Port 3 and Port 4, respectively, and the sensor was finished as shown in Figure 3d. The sensor’s appearance is shown in Figure 3e.





3. Experiment Result


3.1. Magnetic Field Sensing Sensitivity Test


The setting of the magnetic field measurement system is shown in Figure 4. Input light from an amplified spontaneous emission (ASE, 1520~1620 nm) output was injected into the optical fiber via Port 1 and transmitted to an MF-filled OMCI sensor for the magnetic field. The programmable DC controls the power of the output current and generates a stable magnetic field through a set of Helmholtz coils. The reflected light was detected by the spectrometer (OSA, 600~1700 nm, Yokogawa, Japan, AQ6370D) through Port 2, and the data of the output spectrum were processed by a personal computer (PC).



First, sample 1 with the structural parameters of OMC as R of 3.5 μm and L of 9 mm was fabricated. We placed the sensor in the center of the coil and the initial arm difference of the interferometer was controlled as Δl ≈ 8 mm. The light travels through the sensor in a direction perpendicular to the magnetic field generated at the center of the coils. At the same time, to prevent FRMs from affecting the experimental results, FRMs were placed 3 m away from the Helmholtz coil. The magnetic field intensity was set to rise from 0 to 60 Oe, and the output spectrum was recorded every 10 Oe, and each recording interval was 10 min. The output spectrum of Port 2 was observed on OSA, as shown in Figure 5a. We used OSA to record the response spectrum (rapidly oscillating spectrum) of the sensor under a certain magnetic field intensity, and then used the “Peak Search” and “Bottom Search” functions of OSA to find these dips or peaks and record them. The spectral data derived from OSA were processed by MATLAB on the PC, which made it easy for us to filter and display the data in the form of images (including the setting of colors, line sizes, and axis values).



It can be seen from the result that the two characteristic wavelengths (dips) of the output spectrum redshift as the magnetic field increased. The refractive index of the magnetic fluid increases with the increase of the magnetic field [19] and the evanescent field generated in the OMC waist region was very sensitive to the change of refractive index around it, which leads to the dip shifts. Magnetic field sensitivity SB can be expressed as:


   S B  =   Δ  λ   dip   or   peak      Δ B    



(7)




where ∆B is the changing magnetic field intensity and ∆λdip or peak is the drift of characteristic wavelength. Based on the above experimental results, we effectively realized the magnetic field sensing function of the sensor. According to the fitting curve in Figure 5b, the magnetic field sensitivity of the sample 1 is 46.68 pm/Oe for SB1-dip1 and 54.71 pm/Oe for SB1-dip2.



To verify the effect of OMC waist radius on sensitivity, sample 2 with the structural parameters of OMC as R of 4 μm and L of 9 mm was fabricated. In the experiment, the experimental testing process of sample 2 was the same as that of sample 1—between 0 and 60 Oe—and the obtained output spectrum is shown in Figure 6.



Similarly, by tracking the characteristic wavelengths (peak 1 and peak 2) in Figure 6a, we can see that they redshift as the magnetic field increases. According to the fitting curve in Figure 6b, the magnetic field sensitivity of sample 2 is 43.75 pm/Oe for SB2-peak1 and 48.21 pm/Oe for SB2-peak2.



In addition, we also estimated that the measurement resolutions of the sensors corresponding to sample 1 and sample 2 are approximately 0.183 and 0.207 Oe, respectively. It is worth noting that we found that the sensitivity of sample 1 is higher than that of sample 2. According to the theory of OMC evanescent field transmission [22], the smaller the uniform waist radius of OMC, the larger the proportion of evanescent field energy transmission. Compared with sample 2, the R of sample 1 is smaller (the L of the two samples is the same), so the OMC of sample 1 is more sensitive to changes in the refractive index around its uniform waist region, resulting in higher sensitivity of sample 1 (in the same magnetic field measurement range).




3.2. Test of Response Time


In addition, the response time of sample 1 was tested. The test system was mainly composed of a 1550 nm pumped laser source, a photodetector, a data acquisition card, a PC, a DC power supply, and a pair of Helmholtz coils.



The pumped laser source was injected through Port 1 of the fiber-optic sensor and Port 2 was connected with the photodetector. Then, the magnetic field strength was slowly increased to 60 Oe and was kept there for more than 10 min. The curve data of the magnetic field intensity and the voltage of the photodetector over time were recorded on the personal computer by the acquisition card. When the voltage reached a plateau at 60 Oe, we turned off the DC power supply, and the magnetic field dropped from 60 to 0 Oe quickly. Finally, after the voltage was stable, the time domain waveform of the whole test process was recorded, as shown in Figure 7. The response time of the sensor was measured to be 995 ms.




3.3. Test of Vector


Considering that the alignment direction of Fe3O4 nanoparticles in MF is different in different magnetic field directions, the refractive index around the uniform waist region of OMC will change accordingly [23]. To verify the influence of the direction of the magnetic field on the proposed sensor, sample 3 with the structural parameters of OMC as R of 4 μm and L of 9 mm was fabricated and the response of the sensor to the vector of the magnetic field at different angles in the X–Z plane was tested.



The sensor was placed under the magnetic field intensity of 50 Oe by rotating the angle dial at the center of the Helmholtz coil, as shown in Figure 8a,b. At 23.5 °C, we followed the shifts of characteristic wavelength and recorded its information every 10° at an interval of 5 min, and obtained the experimental results as shown in Figure 8c. We took the characteristic wavelength corresponding to 0° as the reference wavelength, and the positive direction of the Z-axis of the sensor was parallel to the 0° direction of the angle dial. It was found that under the action of different angles, the peak of the output spectrum drifts with the change of the magnetic vector, and the period of waveform drift was 90°. From 0° to 90°, the wavelength drift decreases and gradually approaches 0 with the increase of the angle. When the magnetic vector (0–90°) changes, the direction of the alignment chain of Fe3O4 nanoparticles around the OMC uniform waist region changes accordingly, thus affecting the refractive index around the OMC uniform waist region. Therefore, the output spectrum of the magnetic field response changes accordingly, indicating that the magnetic field sensor based on the OMC-MI refractive index control type was vectorizing compared with the OM-MF type [24].





4. Discussion


4.1. Influence of Interference Arm on Output Spectrum


Above, we have experimentally verified the response of the OMC-MF region of the sensor to the magnetic field, in which the interference arm and FRMs were not placed in the coil. To verify the influence of the interference arm on the output spectrum, sample 4 with the structural parameters of OMC as R of 3.5 μm and L of 9 mm was fabricated, and the sensor packaging process was the same as sample 1. Under the condition of 23.5 °C, we placed the two FRMs of the sensor in the center of the coils, gradually increased the magnetic field intensity from 0 to 40 Oe, and observed and recorded the output spectrum every 20 Oe interval. To prevent the influence of the OMC-MF region on the experimental results, we placed the OMC sensing region 3 m from the Helmholtz coil. The output spectrum of the sensor obtained in the experiment is shown in Figure 9a–c.



According to [18], the interference component assembly was used to make the sensor quasi-resonant, which can improve the sensitivity of the sensor and eliminate the polarization fading caused by the traditional OMC-Sagnac ring structure. In addition, the spacing of interference fringes within the interference envelope was also different according to the difference in arm difference. Formula (5) can be further decomposed into:


   P 2  = 2  P 1    cos  2  ( C L )   sin  2  ( C L ) + 2  P 1    cos  2  ( C L )   sin  2  ( C L ) cos ( ϕ )  



(8)




where   2  P 1    cos  2  ( C L )   sin  2  ( C L ) cos ( ϕ )   is the output power change caused by the round-trip phase delay of the interferometer. According to   ϕ = 2 π  n 2  Δ l / λ  , we can see that the phase delay has the wavelength dependence and the arm difference (Δl) dependence. If the arm difference Δl is not 0, this is reflected in the interference fringes in the interference envelope of Figure 4, Figure 5, and Figure 9. On the contrary, if the arm difference Δl is 0, there will be no interference fringes in the interference envelope.



Figure 9a shows the output spectrum of the sensor at different magnetic field strengths when the interference arm is placed in the Helmholtz coil. We tracked the drift of dipB (1579.58 nm) in the magnified image. With the increase of magnetic field intensity, we found that the dipB did not drift. Meanwhile, the interference fringe spacing dB (the distance between dipB and its adjacent dip, dB = 0.1 nm) did not change, but there is a very small change in the output power, as shown in Figure 9b,c. Because we calibrated the sensitivity by tracking the drift of dipB, the small change of its output power did not affect the results of magnetic field measurement using the OMC-MF region.



The cause of output power changes under different magnetic fields may be the influence of ambient noise or background noise of the light source and OSA, or the effect of magnetic field on FRM may produce a small amount of polarization fading, but in general, the envelope of the output spectrum does not drift. Compared with the response result of the OMC-MF region to the magnetic field, the response result of FRM to the magnetic field can be ignored. Therefore, for the proposed sensor, the OMC-MF region plays a dominant role, while the FRMs act as a reflection device to shape the envelope of the output waveform.



The interference arm can be integrated with temperature-sensitive, pressure-sensitive, salt-sensitive, or humidity-sensitive expansion materials, which can be used to change the interference arm difference when the sensing parameters change so that the interference fringe spacing dB changes (but the change of dB may cause errors in magnetic field measurement). Therefore, the performance of multi-parameter sensing or parameter compensation correction (such as temperature compensation) can be achieved by changing the interference arm difference within the allowable error range.




4.2. Dual-Parameter Demodulation


It can be seen from Equation (6) that the variation of the MF refractive index n3 is not only related to the size of the magnetic field but also related to the temperature. To verify the temperature response characteristics of the sensor, sample 4 with the structural parameters of OMC as R of 4 μm and L of 8 mm was fabricated. We put the sensor (sample 4) into the oven, and the temperature of the oven was increased from 20 to 30 °C, and the output spectrum was recorded at an interval of 2 °C. According to the fitting curve in Figure 6b, the temperature sensitivity of sample 4 is 523.1 pm/°C for ST1-peak1 and 592.9 pm/°C for ST1-peak2, as shown in Figure 10a,b.



Therefore, the change of temperature also causes the shift of the output spectrum, but the shift directions of the output spectrum for the temperature response and the magnetic field response is different. For one of our proposed sensors, if we calibrate its magnetic field sensitivity (SB1-Dip1 and SB1-Dip2) and temperature sensitivity (ST1-Dip1 and ST1-Dip2) respectively, a dual-parameter demodulation matrix can be established to demodulate ∆B and ∆T:


   [    Δ  λ  d i p 1       Δ  λ  d i p 2      ]  =  [       S  B 1 −      d i p 1        S  T 1 −      d i p 1          S  B 1 −      d i p 2        S  T 1      − d i p 2        ]   [    Δ B     Δ T    ]   



(9)




wherein the ∆λdip1 and the ∆λdip2 are the drift of dip1 and dip2. According to Equation (8), it can be observed that the characteristic of solving the matrix is that the output waveform of the sensor must generate more than two dips or peaks. Therefore, the difficulty in demodulating the matrix lies in the degree of mutual matching between magnetic field sensitivity and temperature sensitivity. Therefore, by making magnetic field sensors based on OMC-MF under different R values, we aim to optimize the magnetic field sensitivity of the sensor.



For the demodulation of the sensitivity matrix, the current data volume was not enough to demodulate the sensitivity matrix. Therefore, in the future, we will make different samples with different OMC sizes for the magnetic field and temperature response test, strive to demodulate and optimize the above sensitivity matrix, realize double-parameter demodulation or temperature compensation, and improve the demodulation accuracy.





5. Conclusions


In this paper, a new type of optical fiber magnetic field sensor based on OMCI was proposed. We have successfully carried out magnetic field experiments and theoretical verification. At the same time, we also verified the effect of the structural parameters of OMC (the radius of OMC) on the sensitivity change through different samples. The results show that the sensitivity of 54.71 and 48.21 pm/Oe was obtained when the OMC’s waist radius was set at 3.5 and 4 μm (under the same length of OMC’s waist), respectively. Compared with the traditional magnetic field sensors of OMC-Sagnac [14], OM-MF [24], and PCF-MF [16] structures, the advantages of the proposed sensor lie in its increased interference arm region. It is possible to integrate temperature-sensitive, pressure-sensitive, salt-sensitive, or humidity-sensitive materials into the interference arm of OMCI, which is of great significance for the realization of multi-parameter sensing or compensation performance, and the proposed sensor shows good vector property and time response.



The magnetic field sensor proposed in this paper has the advantages of high sensitivity, low cost, small volume, strong plasticity, and high integration, which is of great significance for wearable sensing, submarine pipeline detection, submarine resource exploration, biomedical sensing, and other aspects.
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Figure 1. Structure of OMCI. 






Figure 1. Structure of OMCI.
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Figure 2. The structure of the sensor. 






Figure 2. The structure of the sensor.



[image: Photonics 08 00364 g002]







[image: Photonics 08 00364 g003 550] 





Figure 3. Sensor fabrication process. (a) Fabrication process of U-shaped groove. (b) U-shaped groove after cooling. (c) Place the OMC in the U-shaped groove. (d) Injection of magnetic fluid. (e) Picture of sensor appearance. 
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Figure 4. (a) Diagram of magnetic field test system. (b) The sensor is placed in Helmholtz coils. 
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Figure 5. (a) Sample 1: Output spectrums under a magnetic field range of 0-60 Oe. (b) Linear fitting of characteristic wavelength (dips) shifting for magnetic response. 
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Figure 6. (a) Sample 2: Output spectrums under a magnetic field range of 0-60 Oe. (b) Linear fitting of characteristic wavelength (peaks) shifting for magnetic response. 
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Figure 7. Response time of the sensor and Helmholtz coils from 60-0 Oe. 






Figure 7. Response time of the sensor and Helmholtz coils from 60-0 Oe.



[image: Photonics 08 00364 g007]







[image: Photonics 08 00364 g008 550] 





Figure 8. (a) The sensor is placed in a Helmholtz coil with an angle dial. (b) The experiment measured the shifts of characteristic wavelength for different magnetic field vectors at 50 Oe. (c) Characteristic wavelength shifts when the rotation angle changed from 0° to 360° at 50 Oe in the X-Z plane. 
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Figure 9. (a) The output spectrum of the sensor at different magnetic field strengths when the interference arm is placed in the Helmholtz coil. (b) Detailed diagram of interference fringe spacing dB. (c) Details of dipB. 
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Figure 10. (a) Sample 4: Output spectrums under a temperature range of 20–30 °C. (b) Linear fitting of characteristic wavelength (peaks) shifting for temperature response. 
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