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Abstract

:

A novel structured magnetic field sensor based on dual-core photonic crystal fiber is proposed which has two elliptical central holes filled with magnetic fluid and some elliptical cladding air holes. The transmission characteristics of the dual-core photonic crystal fiber such as coupling length, birefringence, and coupling loss are analyzed with changing structural parameters. Enhanced birefringence is obtained by the novel structure of two elliptical central holes and some elliptical cladding air holes. The sensitivity of the magnetic sensor is calculated, and the numerical simulation result shows that the highest sensitivity of 1200 pm/Oe can be achieved.
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1. Introduction


Photonic crystals are artificial microstructures composed of different refractive index media arranged periodically which are characterized by photonic band gap. According to the different spatial configurations of the media composed of photonic crystals, they can be divided into one-dimensional, two-dimensional, and three-dimensional photonic crystals. The one-dimensional photonic crystals can be used for various photonic and electronic applications, such as superconducting photonic crystals [1,2,3,4,5,6,7], water desalination [8], gas sensor [9], bio-photonic sensors [10,11], superconducting resonators [12], optical resonators [13], photonic crystals incorporated with nanocomposite materials [14], and PZT-5H background photonic crystals [15].



Photonic crystal fiber (PCF) is a two-dimensional photonic crystal. Compared with traditional optical fibers, it possesses many unique optical transmission properties, such as endlessly single-mode transmission, low confinement loss, high birefringence, high flexible design structures [16,17,18,19,20], etc. Because of these characteristics, PCF has been widely used in optical communications, optical devices, medical instruments, fiber sensors [21,22,23], etc. PCF is composed by solid substrate and a periodic array of microscopic air holes. Different sensitive materials can be easily filled in some air holes of PCF, including solids, liquids or gaseous substances, such as gold-filled or metal wire-filled [24,25], Ti-filled [26], liquid crystal-filled [27], benzene and chloroform liquid-filled [28], fluorine-doped, liquid ethanol-filled [29], etc. We can improve the characteristics of PCF by filling various sensitive materials into the air holes, such as high extinction ratio, polarization-dependent, shorter coupling length, ultrabroad bandwidth, tunable electro-optical modulator, etc. Due to its simple structure, small package dimensions, strong anti-interference ability, and high sensitivity, PCF sensors are one of the most potential applications. Especially, refractive index sensors [30,31,32], temperature sensors [33], salinity detectors [34], bending sensors [35], strain sensors [36], gas sensors [37], glucose sensors [38,39], electric field sensors [40], and magnetic field senors [41] can be easily achieved.



Magnetic fluid, as a new functional material, is sensitive to magnetism. The magnetic field sensor can be constructed from a PCF filled with magnetic fluid, which has strong anti-electromagnetic interference capability and high sensitivity; they have begun to attract research interest. R. Gao et al. have presented a new method of using PCF combined with magnetic fluid to measure the magnetic field [41], the PCF they used consists of a solid core surrounded by five rings of air holes, and the air holes of the cladding layer in the PCF have been filled with magnetic fluid, and the resolution reaches 0.09 Oe. Jianhua Li et al. have proposed a novel and simple magnetic field sensing system. It is a regular triangular lattice arrangement of the air holes in the PCF. The two air holes of the PCF, next to the central air hole, are filled with magnetic fluids. The results show that the magnetic field sensor with 15 cm PCFs has a large sensing range and high sensitivity of 4.80 pm/Oe [42]. Rahul Kumar Gangwar et al. have reported a PCF magnetic field sensor with 1 cm length which has a large sensitivity of 305.8 pm/Oe [43]. There are two big air holes in the center of the PCF filled with magnetic fluid, and the cladding air holes are arranged in a hexagonal shape around the central large holes. Chen et al. designed a magnetic field sensor using a polarization-maintaining PCF that filled the magnetic fluid in the cladding layer of the fiber, with a high sensitivity of 542.9 pm/Oe [44]. Moutusi De et al. have designed a magnetic field sensor using a square lattice PCF, and sensitivity reached 799.07 pm/Oe [45]. Qiang Liu et al. have reported a PCF magnetic field sensor with two microholes which formed two defect cores [46]; the magnetic field was measured by measuring the drift of resonance wavelength, and the highest sensitivity was 948 pm/Oe when the external magnetic field was 50 Oe.



Different structures of PCF will obtain different performances. In this paper, we propose a novel structure magnetic field sensor that infiltrates magnetic fluid in the dual-core PCF. The PCF has a new structure with two elliptical cores filled with magnetic fluid and some elliptical cladding air holes in the cladding layer. Using the finite element method (FEM), we analyze the influence of the structural parameters and magnetic field on the refractive index, coupling length, birefringence, coupling loss, and output power of the fiber. The results of numerical simulation show that the magnetic sensor has high birefringence, and the magnetic sensitivity that can be achieved is 1200 pm/Oe.




2. Structure and Principle


The cross-section of the dual-core PCF is shown in Figure 1. The air holes are arranged in a hexagonal lattice, the diameter of the circle holes of the cladding is d. In addition, other air holes in the cladding are elliptical holes whose minor axis diameter is b = 0.8 d, the ellipticity is η, and its refractive index is nair = 1.0. The distance between two air holes is Λ named pitch. The background material is silica, and its refractive index is nsi = 1.45. By employing sol–gel techniques, the suggested structure can be easily fabricated [9]. There are two big elliptical symmetrical holes in the center of the fiber, filled with magnetic fluids of Fe3O4. The minor axis diameter of the elliptical core is cd, the ellipticity is ηc, and the refractive index is nf.



The proposed magnetic field sensor can be realized experimentally [23,41]. As shown in Figure 2, the experimental setup of the magnetic field sensor consists of a broadband source (BBS), single-mode fiber (SMF), electromagnet, and optical spectrum analyzer (OSA). The BBS emits the broadband light to the SMF and then injects it into one fiber core of the PCF; light from the other fiber core of the PCF passes through the SMF, and the output spectral response of the PCF with a different magnetic field can be obtained by the OSA. Meanwhile, the magnetic field strength and the sensitivity can be measured. It is difficult to transmit light between SMF and PCF in experiments. Wang has achieved this by constructing tapered optical fibers [47].



Magnetic fluid (MF) is a gel-like liquid combined with Fe3O4 nanoparticles, surfactant, and base liquid. The presence of surfactant makes the magnetic fluid form a stable colloidal system. When the external magnetic field changes, it changes the distribution of the Fe3O4 nanoparticles which are the main components of magnetic fluid; meanwhile, the refractive index of the magnetic fluid changes. Magnetic fluid has magnetic reaction properties and the flow characteristics of liquid at the same time, making it easier to fill PCF. In the numerical calculation process, the effects of temperature and magnetism on the refractive index of silica can be ignored [29] for the reason that the thermo-optic coefficient of the magnetic fluid is much larger than that of silica, which is the background material of PCF. When the external magnetic field or temperature changes, the refractive index of magnetic fluid changes, which can be calculated by the Langevin function [48] shown as Equation (1).


  n =    n s  −  n b      coth   α   H −  H  c , n    T    −  T  α   H −  H  c , n         +  n b   



(1)




where Hc,n is the critical magnetic field, ns is the saturated refractive index and nb is the initial refractive index of magnetic fluid, α is the fitting parameter, and T is the external temperature. In this paper, the corresponding parameters are nb = 1.4620, Hc,n = 30 Oe, ns = 1.4704, α = 3, and T = 300 K [48]. The magnetic field can be generated through an electromagnet; the strength of the applied field can be adjusted by the current of the electromagnet and monitored with a Gaussmeter. Since the refractive index of the silica background is smaller than that of the fiber cores which are filled with magnetic fluid, the light is transported in the two magnetic fluid-filled cores by a transport mechanism of total internal reflection. Using the injection–cure–cleave process will selectively infiltrate the core air holes of PCF with MF [49].



We can derive the electromagnetic wave equation of PCF from the Maxwell equations, shown in Equation (2) [16].


  ∇ ×    1   μ r    ∇ × E   =       2 π  λ     2   ε r  × E  



(2)




where E denotes the electric field, μr and εr are the relative permittivity and relative magnetic permeability, and λ is the wavelength of light in a vacuum, respectively. The distribution of electric fields can be calculated by solving Equation (2).



According to the mode coupling theory, there are four fundamental supermodes in dual-core PCF, such as the x-even, y-even, x-odd, and y-odd modes. The electric field distributions of four fundamental supermodes are obtained through FEM numerical calculation, as shown in Figure 3.



We can treat the two cores of this PCF as independent waveguides according to the mode coupling theory, and the energy of the light emitted by BBS in the two cores is fully coupled. The coupling length of the dual-core fiber is defined as Equation (3) [50].


   L  x , y   =  λ  2    n e  x , y   −  n o  x , y        



(3)




where λ is the free space wavelength, nex and nox are the effective refractive indices of x-polarized even mode and odd mode, and ney and noy are the effective refractive indices of y-polarized even mode and odd mode.



Due to the asymmetric geometrical shape of the fiber, the refractive index difference of x and y in the orthogonal polarization direction increases, which greatly reduces the coupling between them, thus achieving high birefringence polarization-maintaining fiber. Birefringence can measure the performance of polarization-maintaining fiber. It is defined as the difference between the mode indices of the orthogonally polarized modes, and it can be calculated by Equation (4) [18].


   B  e , o   =    n  e , o  x  −  n  e , o  y     



(4)







The light is emitted by BBS launch at the A core of the PCF, then the optical power transfer from the A fiber core to the other B fiber core; after a length L along the PCF, the normalized output power of the B core can be represented as [51].


   P  x , y    λ  = s i  n 2         n e  x , y   −  n o  x , y     π L  λ     



(5)







The total output power of the PCF must be the sum of two orthogonal x and y polarizations, which can be represented as Equation (6) [51].


  P  λ  = 1 − cos    π λ       n e x  −  n o x   +   n e y  −  n o y      L   · cos    π λ       n e x  −  n o x   +   n e y  −  n o y      L    



(6)







The variation of the external magnetic field causes the variation of the refractive index of the magnetic fluid that filled in the PCF; afterwards, the output spectrum shifts. The sensitivity of the magnetic sensor can be represented as Equation (7) [45].


  S   pm / Oe   = Δ λ /  Δ n   



(7)




where Δλ is the wavelength shift of transmission curve and Δn is the change in magnetic field.




3. Results


3.1. Coupling Lengths


Figure 4 shows the coupling length of our dual-core PCF, which is obtained by numerical calculation. When the magnetic field is 90 Oe, d is 0.84 μm, and Λ is 2.1 μm; the variation of coupling length with wavelength of the light is shown in Figure 4. When the diameter of the cladding air hole remains unchanged, the coupling length decreases, meanwhile, the wavelength of the light increases. The smaller the coupling length, the easier the coupling between two cores of the PCF. It is because the fiber cores have a descending light-binding ability. The coupling length of x-polarized mode is slightly lower than that of y-polarized mode. This is because the max axis of the central liquid-filled hole is in the x direction, which makes the coupling more difficult. The coupling lengths of x and y polarizations are almost the same, and the fiber can achieve good polarization-maintaining performance. The coupling length is fewer than 0.6 mm, indicating that the coupling of the two fiber cores is easier than the previous design [46].



Figure 5 shows the coupling length of x-polarized input light with varying structure parameters when the magnetic field is 90 Oe. Figure 5a shows the coupling length of different d for 0.84 μm, 1.05 μm, and 1.26 μm, and the coupling length decreases with the increase in d. Figure 5b shows the coupling length of different Λ for 2.1 μm, 2.3 μm, and 2.5 μm, and the coupling length increases with the increase in Λ. Figure 5c shows the coupling length of different ηc for 0.4, 0.6, and 0.8, and the coupling length decreases with the increase in ηc. Figure 5d shows the coupling length of different η for 0.4, 0.5, and 0.6, and the coupling length increases with the increase in η. The influence on coupling length of Λ and ηc is obviously greater than that of d and η because adjusting Λ and ηc can change the optical binding capacity of the core, and the coupling length will obviously change. From the result, we can see the coupling length of the PCF can be significantly adjusted by adjusting the distance between two air holes called Λ.




3.2. Birefringence Properties


High-birefringence PCF can be used as polarization-maintaining fiber, which can stabilize the polarization states of the guided light. The asymmetric structure of PCF can obtain greater birefringence. The birefringence is calculated by even mode of x- and y-polarized light. The numerical results of birefringence in this kind of dual-core PCF are shown in Figure 5. Because of the new structure of elliptical holes filling with magnetic fluid, the birefringence of this PCF is higher than the previous design [46]. The values of birefringence for all cases are greater than 10−3. The higher birefringence coefficient makes the fiber have stronger ability of maintaining polarization and reduces the coupling of the signals transmitted in the fiber communication system in the two polarization directions.



Figure 6 shows the birefringence of PCF with varying structure parameters when the magnetic field is 90 Oe. Figure 6a shows the birefringence of different d for 0.84 μm, 1.05 μm, and 1.26 μm, and the birefringence increases with the increase in d. Figure 6b shows the birefringence of different Λ for 2.1 μm, 2.3 μm, and 2.5 μm, and the birefringence decreases with the increase in Λ. Figure 6c shows the birefringence of different ηc for 0.4, 0.6, and 0.8, and the birefringence decreases with the increase in ηc. Figure 6d shows the birefringence of different η for 0.4, 0.5, and 0.6. The influence on the birefringence of d, Λ, and ηc is obviously greater than that of η because adjusting d, Λ, and ηc can enhance the asymmetry of the fiber. The difference between the propagation constants between the two axes of the fiber increases, so the birefringence increases. From the result, we can see the birefringence of the PCF can be significantly adjusted by adjusting the d or the distance between two air holes Λ.




3.3. Output Optical Power, Magnetic Sensitivity, and Coupling Loss


The refractive index of a fiber core which is filled with magnetic fluid is different with different magnetic field environments, and the total transmission spectra of dual-core PCF changes accordingly. Figure 7 shows the total transmission spectra of dual-core PCF with different magnetic field strength when their structure parameters are set as cladding air hole diameter d = 1.05 μm, pitch Λ = 2.1 μm, and fiber length L = 1 mm. The transmission spectra of the dual-core PCFs approximate a sinusoidal curve. The dual-core PCFs used as a magnetic field sensor can be longer when the transmission spectrum is considered in a shorter wavelength range. As the magnetic field increases from 90 Oe to 120 Oe, the valley wavelength of the optical power for our PCF fiber shifts 28 nm to long wavelength, and there is 12.5 nm shifting when the magnetic field increases from 240 Oe to 270 Oe. There is a red shift of transmission spectrum. The greater the magnetic field, the smaller the shifting of the valley wavelength of the optical power. Therefore, the magnetic field intensity can be detected by measuring the valley wavelength of optical power at the output end of the dual-core PCF.



There are different transmission curves with different structure parameters. Figure 8a represents total transmission spectra when d changes and is solid curves when d = 0.84 μm and dashed curves when d = 1.05 μm. Figure 8b shows the transmission curves when the pitch (Λ) of the fiber changes. The transmission spectrum line is solid curves when Λ = 2.1 μm and dashed curves when Λ = 2.3 μm, because the increasing pitch causes the widening of the channel and the transmission curve shift. Figure 8c represents total transmission spectra when ηc changes, which is solid curves when ηc = 0.5 and dashed curves when ηc = 0.6. Figure 8d shows the total transmission curve shift with η changing, and the curve is solid curves when η = 0.6 and dashed curves when η = 0.7. We can see the structural parameter variation for a PCF-based magnetic field sensor must have effect on sensitivity, such as the distance between two air holes Λ, the diameter of circle holes of the cladding d, the ellipticity of elliptical air holes, and the magnetic fluid-filled holes ηc and η. The shifting of transmission curves depending on Λ is more significant than the other structure parameters. There is small shifting of the transmission curves with the ellipticity of elliptical air holes and the magnetic fluid-filled holes. This magnetic field sensor of PCF has strong robustness to the ellipticity of the elliptical air holes, although it is more difficult to make PCF with elliptical air holes.



Figure 9 shows the valley wavelength of the optical power with different magnetic field strength for different structural parameters of dual-core PCF. The slope of the curve is the magnetic sensitivity. As can be seen from Figure 9, with the increase in d, ηc, and η, the valley wavelength of the optical power decreases, and the valley wavelength of the optical power increases as the Λ increases. The magnetic field sensitivity decreases as the magnetic field increases, as shown in Figure 9, and the magnetic field sensitivity does not change much. When Λ = 2.3 μm, d = 1.15 μm, ηc = 0.4, and η = 0.5, the sensitivity curve of the magnetic field sensor is shown in Figure 10. The maximum magnetic field sensitivity is up to 1200 pm/Oe.



The coupling loss of PCF is defined as the ratio of the output power to the input power, which can be described by Equation (8) [26]. The normalized output power of PCF can be calculated by Equation (6), and the input power of PCF is reduced to 1; rewrite Equation (8) as Equation (9).


  Loss = − 10 l o  g  10      P  o u t      P  i n      



(8)






  Loss = − 10 l o  g  10     − cos    π λ       n e x  −  n o x   +   n e y  −  n o y      L   · cos    π λ       n e x  −  n o x   +   n e y  −  n o y      L      



(9)







Figure 11 shows the coupling loss of PCF by varying wavelength at optimized structural parameters when the magnetic field is 90 Oe. We observe that the PCF has a minimum coupling loss of 0.04 dB at 1.65 µm, this means that most of the input power can couple into the output ports.



Finally, a comparison Table 1 has been inserted with several optical parameters. Here, it can be easily noticed that the suggested structure enhanced the sensing performances over the existing model. The magnetic field sensor we proposed has higher sensitivity. Furthermore, we analyzed the lower coupling length, coupling loss, and the birefringence of the fiber.





4. Conclusions


In this paper, we propose a novel structured magnetic field sensor based on dual-core PCF. In the fiber, there are two elliptical cores filled with magnetic fluid (Fe3O4). Coupling length, birefringence, and sensitivity variation with changing structural parameters are studied by using FEM. The coupling length of the fiber is fewer than 0.6 mm, indicating that the coupling of the two fiber cores is easier. The structure of two elliptic central holes and some elliptic cladding air holes increases the birefringence of the fiber, which is greater than 10−3, obtaining stronger ability of polarization maintaining. The externally applied magnetic field can be detected by measuring the valley wavelength of the optical power in the designed PCF sensor. The maximum sensitivity of the magnetic field sensor is up to 1200 pm/Oe. This designment provides a research basis for the design of the magnetic field sensor based on dual-core PCF filled with magnetic fluid.



Different geometrical structures of the dual-core PCF and different magnetic fluid materials may improve the performance of the magnetic field sensor. Magnetic field sensors with high sensitivity and practicability will be the direction of further research in the future.
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Figure 1. Cross-section of designed magnetic fluid-filled dual-core PCF magnetic field sensor. 
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Figure 2. The experimental setup of the magnetic field sensor. 
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Figure 3. Electric field of four fundamental supermodes in the proposed dual-core PCF. The arrows indicate the direction of the electric field vectors. (a) x polarize even mode, (b) x polarize odd mode, (c) y polarize even mode, and (d) y polarize odd mode. 
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Figure 4. Coupling length for x and y polarizations with varying wavelength when the magnetic field is 90 Oe, d is 0.84 μm, and Λ is 2.1 μm. 
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Figure 5. Coupling length of x-polarized input light with varying structure parameters. (a) Coupling length with different d/Λ, (b) coupling length with different Λ, (c) coupling length with different ηc, and (d) coupling length with different η. 
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Figure 6. Variation of birefringence in the proposed dual-core PCF. (a) Birefringence at different d/Λ with varying wavelength. (b) Birefringence at different Λ with varying wavelength. (c) Birefringence at different ηc with varying wavelength. (d) Birefringence at different η with varying wavelength. 






Figure 6. Variation of birefringence in the proposed dual-core PCF. (a) Birefringence at different d/Λ with varying wavelength. (b) Birefringence at different Λ with varying wavelength. (c) Birefringence at different ηc with varying wavelength. (d) Birefringence at different η with varying wavelength.



[image: Crystals 12 01383 g006]







[image: Crystals 12 01383 g007 550] 





Figure 7. The total transmission spectra of dual-core PCF with different magnetic field strength. 
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Figure 8. The total transmission spectra of dual-core PCF with different structure parameters. (a) Transmission spectra with different d = 0.84 (solid curve) and 1.05 (dashed curve), (b) transmission spectra with different Λ = 2.1 (solid curve) and 2.3 (dashed curve), (c) transmission spectra with different ηc = 0.5 (solid curve) and 0.6 (dashed curve), and (d) transmission spectra with different η = 0.6 (solid curve) and 0.7 (dashed curve). 
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Figure 9. The valley wavelength of the optical power with different magnetic field strength. (a) The valley wavelength for different d. (b) The valley wavelength for different Λ. (c) The valley wavelength for different ηc. (d) The valley wavelength for different η. 
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Figure 10. The sensitivity of the magnetic field sensor. 
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Figure 11. The coupling loss of the PCF. 
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Table 1. Comparisons of essential properties of previous PCFs with the suggested PCF.
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	PCFs
	Coupling Length
	Coupling Loss
	Birefringence

(×10−3)
	Sensitivity





	Ref. [26]
	2.352 mm
	-
	-
	4.8 pm/Oe



	Ref. [27]
	1.13 mm
	-
	-
	305.8 pm/Oe



	Ref. [29]
	0.67 mm
	-
	-
	799.07 pm/Oe



	Proposed
	0.42 mm
	0.04
	0.99
	1200 pm/Oe
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