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Abstract

:

Anti-resonant fiber (ARF) works well in a relatively strong magnetic field due to its weak Faraday effect, which results from the fundamental mode mainly transmitting in the air core. Accurately measuring the Faraday effect strength, i.e., the effective Verdet constant, of an ARF determines its applicable scenarios. However, the effective Verdet constant of ARF is ~3 orders of magnitude lower than that of a standard single-mode fiber, which is very difficult to measure. In this paper, we reveal that intermodal interference is the main obstacle to measuring the ultralow effective Verdet constant of ARF and propose using a narrow-band low-coherence light to suppress it. The measured effective Verdet constant of ARF is 0.423 ± 0.005 mrad/T/m at 1550 nm.
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1. Introduction


In recent years, anti-resonant fiber (ARF) has attracted a lot of attention due to its excellent potential and performance and has shown good application prospects in the field of optical communication and optical sensing [1,2]. ARF has a multilayer tubular cladding structure [3] with a low-index region in the core and a tube ring in the cladding region [4]. The transmitted beam is guided in the air core by an anti-resonance effect within the glass film surrounding the core [5]. This structure reduces the confinement loss and allows most of the light to be transmitted in the air core. ARF has a wide range of applications, such as high-power lasers [6], photothermal spectroscopy [7,8], and high-precision sensors [1,9], due to 99.9% of the light propagating in the air core. This unique property also gives ARF weak Faraday effect strength (i.e., the actual measured uncorrected Verdet constant, defined in this paper as the effective Verdet constant), making it work well in a relatively strong magnetic field [10]. The application of ARF in a fiber-optic gyroscope (FOG) can suppress the phase error caused by the Faraday effect [11,12], and may replace the bulky magnetic shield structure [13], which helps to improve the accuracy of the FOG and achieve miniaturization of the FOG.



The Verdet constant of optical fiber is usually measured with the balanced polarization method [14]. For fibers with a high Verdet constant of >500 mrad/T/m [15], such as standard single-mode fiber, spun fiber [16], or europium-doped silica fiber [17], the Verdet constant measurement accuracy can be ~10 mrad/T/m. To measure fiber with a small Verdet constant of ~10 mrad/T/m, such as photonic bandgap fiber, one can use the lock-in detection method to improve the accuracy to 0.3 mrad/T/m [18]. However, there is no reported method to measure the Verdet constant of ARF because the predicted Verdet constant is only about 0.3 mrad/T/m.



When ARF is spliced to a solid core fiber, the high-order mode will excite the fiber to produce intermodal interference, resulting in excessive intensity fluctuation noise at the fiber output [19]. Because the coherence length of the light source is inversely proportional to the bandwidth, it is possible to reduce the intensity fluctuation noise caused by intermodal interference effectively by enlarging the bandwidth of the light source.



In this paper, we reveal that intermodal interference is the main obstacle to measuring the ultralow Verdet constant of ARF and propose using a narrow-band low-coherence light to suppress it. We demonstrate that the Verdet constant sensitivity of our measurement system is <0.3 mrad/T/m by using either a narrow-band low-coherence light or a narrow-linewidth laser light when measuring the air optical path. Nevertheless, for the ARF-45-240 fiber (IXblue Photonics, Paris, France), we obtain an effective Verdet constant of ~0.4 mrad/T/m by only using the narrow-band low-coherence light.




2. Theory


Based on the magneto-optical Faraday effect, a magnetic field causes the polarization rotation of light with a rotation angle that is expressed as [20]


  θ = V ( λ )    ∫ L   B ( l ) d l     



(1)




where L is the length of the fiber sample under test, B(l) is the magnetic field projection along the fiber direction, and V(λ) is the Verdet constant of the fiber sample that depends on the light wavelength λ.



A schematic diagram of the Verdet constant measurement for ARF is shown in Figure 1. Assuming that the intensity of the injected light is I0, the light intensity of P polarization and S polarization at the detector can be expressed as [21]


   I  P D 1   =  I 0    cos  2  ( α + θ )  



(2)






   I  P D 2   =  I 0    sin  2  ( α + θ )  



(3)




where α is the initial polarization angle, and θ is the rotation angle due to the Faraday effect. Since the sinusoidal AC magnetic field can be expressed as B = B0sin(ωst + φ0), and θ is proportional to B, the Faraday rotation angle can be described as θ = θ0sin(ωst + φ0). When the initial polarization angle is α = 45°, we can obtain an intensity-independent quantity, namely the T-parameter, that is expressed as


  T =      I  P D 1   −  I  P D 2      I  P D 1   +  I  P D 2       =   sin   2  θ 0  sin    ω s  t +  φ 0         



(4)




where θ0 is the Faraday rotation angle, ωs is the modulated signal frequency, and φ0 is the initial phase. It can be seen from the formula that compared with the rotating polarization method (based on two cross polarizers) [22], the balanced polarization method has the advantage of eliminating the influence of light source intensity fluctuation on the measurement results and improving the accuracy of the measurement results.



Because the Verdet constant of ARF is very small, we apply sinusoidal field modulation to the measured signal and use the lock-in detection technology to demodulate the signal to improve the signal-to-noise ratio, as shown in Figure 1b. Since the higher-order term of θ is much less than 1, ignoring the higher-order terms about the small θ, we can express the demodulation T-parameter as Tlock-in ≈ |2θ0|.



Therefore, the Verdet constant of the fiber under test is


  V ( λ ) =    T  l o c k − i n     2    ∫ L   B ( l ) d l       



(5)








3. Experimental Setup


The measurement system for measuring the ARF Verdet constant is composed of a light source module, measurement module, driver module, polarization adjustment module, and demodulation module, as shown in Figure 2. A tunable optical filter (Santac, OTF-980, Nagoya, Japan) filters the low-coherence light output from the wide-spectrum light source (Conquer, ASE-CL-D, Beijing, China) to generate a narrow-band low-coherence light that is then successively injected into the isolator (Iso.), the 45° polarizer (Pol.), and the measurement module. The narrow-band low-coherence light with an expanded linewidth suppresses the influence of intensity fluctuation noise caused by the intermodal interference in the ARF on the measurement. The function of the isolator is to prevent the reverse transmission of reflected light in the fiber from affecting the light source.



The measurement module comprises two pairs of six-degree-of-freedom alignment systems, the samples under test, and a magnetic field generation device. We fixed the gradient index lens on the alignment system and used the alignment system to complete the coupling of spatial light. We use a solenoid as a magnetic-field-generation device. In the driver module, the function generator generated two signals. One was input to a power amplifier (YingPu Magnetoelectric, HEAS-20, Changchun, China) as a modulation signal driving the solenoid. The other was fed into a lock-in amplifier (Zurich Instruments, UHFLI-600, Zurich, Switzerland) as a reference signal for the demodulation.



The light output from the device module under test was input to the polarization adjustment module. In the polarization adjustment module, we adjusted the polarization controller (PC) to achieve a polarization balance state of the polarization beam splitter (PBS), i.e., the orthogonal polarization outputs of the PBS were equal, IPD1 = IPD2. The PC (Thorlabs, MPC320, Newton, NJ, USA) was programmable with 3 paddles and a minimum step size of 0.12°. The demodulation module was used to collect the orthogonal polarization light intensity and demodulate the signal without and with the magnetic field effect using the lock-in amplifier. When no magnetic field was applied, the demodulation results of the lock-in amplifier corresponded to the measurement noise at the frequency ωs, that is, the measurement limit of the system. When the magnetic field was loaded, the demodulation results corresponded to the Faraday rotation angle.




4. Experiment Result and Discussion


4.1. System Measurement Sensitivity


To measure the Verdet constant of the fiber, we first needed to measure the magnetic field distribution of the solenoid accurately. The solenoid used had a length of 28 cm, an inner diameter of 1 cm, and an outer diameter of 8 cm. We used a shield box [23] to reduce the magnetic field outside the solenoid and its influence on the measurement accuracy of the Verdet constant. We set the modulation signal frequency to 100 Hz and applied the signal to the solenoid using a power amplifier. The magnetic field distribution of the solenoid was measured at 2 mm intervals with a Gauss meter (CH Magnetoelectricity, CH3600, Beijing, China) starting from the center. The measurement result is shown in Figure 3a. The driving current of the power amplifier recorded at this time was 1.70 A, and the magnetic field integral intensity was 3.31437 × 10−3 T·m at 1.70 A and 100 Hz.



To evaluate the sensitivity of our measurement system, we first measured the Verdet constant of air, whose Verdet constant is known and is reported in the existing literature as sub-mrad/T/m near 1550 nm [24]. We use two gradient index lenses to achieve spatial light coupling, allowing light to be transmitted through air and acted upon by magnetic fields. The actual coupling device is shown in Figure 3(aI). According to the spectral range of the wide-spectrum light, we set the bandwidth of the tunable filter to 1 nm and the drive current of the power amplifier to 1.70 A, and measured every 10 nm interval in the range of 1530–1600 nm using narrow-band low-coherence light. Keeping the same conditions, we took measurements based on a laser source (Santec, TSL-570, Nagoya, Japan) with a linewidth of 100 kHz in the 1525–1605 nm range, with the same wavelength interval of 10 nm for each measurement. Figure 3b shows the measurements of the Verdet constant of air based on two different light sources and a comparison with the other results. Because the Verdet constant is wavelength-dependent (proportional to the square of the optical frequency v) [25], we linearly fit our measurement results (two different light source schemes) based on the square of the optical frequency v, as denoted by the blue line in Figure 3(bII). We also linearly fit the measurement results of earlier scholars [24] based on the square of the optical frequency v, and the fitting curve is denoted by the black dashed line in Figure 3(bII). We measured the Verdet constant of the air at 1550 nm as 0.280 ± 0.013 mrad/T/m, and earlier scholars measured the Verdet constant of the air at 1547 nm as 0.12 ± 0.02 mrad/T/m. The difference between these two measurements is more than double. However, we can clearly see that the measurement results of the early scholars at 1547 nm deviated from their linear fitting curve (i.e., the black dashed line in Figure 3(bII)) by about twice, while our results had good stability, and the measurement results of the early scholars at 1500 nm fell well on the linear fitting curve of our measurement results. The measurement results near 1550 nm in the reference do not conform to the linear fitting curve, which may be due to the extremely low Verdet constant of the air (in the order of sub-mrad/T/m), and the common mode noise in the system (such as solenoid current source noise, detector noise, etc.) is not completely suppressed. Our measurement results of air’s Verdet constant at different wavelengths are in good agreement, and the measurement results of earlier scholars at 1500 nm agree well with the linear fitting curve of our measurement results, which verifies the measurement sensitivity and accuracy of our measurement system.




4.2. The Verdet Constant Measurement of Anti-Resonant Fiber


The main objective of this paper is to measure the Verdet constant of ARF. We compare the effects of different light source schemes on the Verdet constant measurement of ARF, verify the effectiveness of narrow-band low-coherence light, and report the Verdet constant results of ARF under this light source scheme. We achieve ARF coupling through splicing based on a fusion splicer (Fujikura, FSM100P+, Tokyo, Japan). We measured the transmission spectrum of a 2 m long ARF with an optical vector analyzer (LUNA, OVA5100, Virginia, USA) and used the Fourier transform method to obtain the wavenumber distribution of the transmission spectrum. The transmission spectrum of ARF is shown in Figure 4A, and the loss of ARF at 1550 nm is 11.3 dB. The wavenumber distribution of the transmission spectrum of ARF is shown in Figure 4B. In Figure 4B, we can clearly see several different beat frequencies corresponding to the interference between different modes. At this time, the polarization of the total composite mode field is random, and the polarization balance cannot be adjusted by the polarization controller, that is, the intermodal interference noise is introduced. The beam profile of ARF is shown in the inset in Figure 4B. Figure 4C shows a microscope image of the ARF cross-section. The fiber diameter is 240.0 µm, and the cladding diameter is 102.4 µm. The cladding consists of seven tubes with a thickness of 2.3 µm, a tube diameter of 26.4 µm, and an inter-tube gap distance of 6.8 µm. The entire core is filled with air, including the space between and within the silica tubes. In each light source scheme, the final light power output to the detector is guaranteed to be consistent.



We compared the Faraday effect strength of ARF at 1550 nm under three different light source schemes with linewidths of 100 kHz, 40 MHz, and 125 GHz, respectively. The laser source (Santec TSL-570) output a 100 kHz linewidth light when the coherence control was turned off and a 40 MHz linewidth light when the coherence control was turned on. The narrow-band low-coherence light source output a 125 GHz linewidth light when the bandwidth of the tunable filter was set to 1 nm. The polarization balance state was measured for 60 s in each light source scheme. Then, we set the power amplifier drive current to 1.70 A and turned on the magnetic field. In this process, the demodulation results correspond to the Faraday rotation angle. We maintained the magnetic field loading time for 100 s, and then, turned off the magnetic field and measured again for 60 s at the polarization balance state. The measurement results for the three light source schemes are shown in Figure 4. The results show that the Faraday rotation angle of ARF is only about 1.4 μrad at a 1.70 A driven current, and only the narrow-band low-coherence light scheme can effectively suppress the intermodal interference noise and respond to the Verdet constant measurement of ARF.



The Verdet constant of the ARF was then measured based on the narrow-band low-coherence light. We set the center wavelength of the tunable optical filter to 1550 nm and the bandwidth to 1 nm and measured the response of ARF under different magnetic field intensities at about a 0.10 A peak current interval starting from a 0.20 A peak current, keeping each peak current stable for 100 s. Figure 5a shows the variation in the Faraday rotation angle θ with the magnetic field strength. The blue dashed line is the Faraday rotation angle of ARF measured in real time with the change in magnetic field strength. The pink line is the average value of the Faraday rotation angle measured at each stable magnetic field strength. The measurement noise of Faraday rotation mainly comes from the adjustment accuracy of the polarization controller, but also from random weak disturbance in the environment and common noise that is not completely suppressed, such as the detector noise. Figure 5b shows the relationship between the Faraday rotation angle θ and the integral of the magnetic field intensity. The slope of the linear fitting curve of the measurement results represents the effective Verdet constant of the ARF, which is 0.423 ± 0.005 mrad/T/m at 1550 nm.



The effective Verdet constant of ARF can be expressed as [26,27]


   V  H C   = η  V  S i  O 2    + ( 1 − η )  V  a i r    



(6)




where η is the optical power proportion transmitted in the silica part of the fiber, VSiO2 is the Verdet constant of silica, and Vair is the Verdet constant of air. Because the Verdet constant of SiO2 is 550 mrad/T/m at 1550 nm, it can be determined that the proportion of light propagating in the air core of the ARF is 99.97%, which conforms to the characteristics of this fiber (its modes overlap with the core at a rate of >99%).



In a ring fiber interferometer, assuming that the influence of the Earth’s magnetic field Bearth is integrated constructively along the whole fiber length L, the maximum non-reciprocal phase difference can be expressed as [28]


  Δ  ϕ   F  max     = 2 ⋅  V  f i b e r   ⋅  B  e a r t h   ⋅ L  



(7)




where Vfiber is the Verdet constant of the fiber under test. Since Bearth is typically 5 × 10−5 T, ΔϕFmax is about 0.04 mrad at 1550 nm based on a 1 km ARF coil, which is smaller than the 55 mrad at 1550 nm based on a 1 km single-mode fiber coil. These results show that ARF can effectively suppress the magnetic error in FOG, and has potential application advantages in strong magnetic fields.



We also measured the effective Verdet constant of ARF in the 1540–1560 nm range, as shown in Figure 6. We set the bandwidth of the tunable filter to 1 nm and the power amplifier drive current to 1.70 A, continuously measuring at 1 nm intervals in the 1540–1560 nm range by changing the center wavelength of the tunable filter. The minimum value of the effective Verdet constant is 0.373 ± 0.026 mrad/T/m at 1546 nm, and the maximum value is 0.430 ± 0.024 mrad/T/m at 1554 nm. The best measurement repeatability of the Verdet constant is 0.009 mrad/T/m at 1545 nm, and the worst is 0.052 mrad/T/m at 1553 nm. The measurement repeatability variation of Verdet constants at different wavelengths results from weak fluctuation in the initial polarization balance state.





5. Conclusions


In conclusion, for the first time (to the best of our knowledge), this paper reports that the effective Verdet constant of ARF is 0.423 ± 0.005 mrad/T/m at 1550 nm. We built a Verdet constant measurement system with a sensitivity of 0.280 mrad/T/m and a repeatability of 0.013 mrad/T/m based on the balanced polarization method combined with lock-in detection technology. However, because of the intermodal interference, the measurement system cannot obtain any Faraday effect response from the ARF when using a laser as the light source. We propose using a narrow-band low-coherence light to suppress the influence of the ARF mode noise and obtain a remarkable Faraday effect response. Finally, the Verdet constants of ARF at various wavelengths were measured. The Verdet constant measurement for ARF provides a basis for analyzing the diamagnetism of ARF and the phase error caused by the Faraday effect in ARF-based fiber-optic gyroscopes.
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Figure 1. Schematic diagram of Verdet constant measurement for ARF. (a) Measurement setup based on Faraday effect. (b) Signal–to–noise ratio improvement based on lock–in detection technology. (c) Evolution of Faraday rotation angle. Pol., polarizer; FUT, fiber under test; PC, polarization controller; PBS, polarization beam splitter; PD1 and PD2, photodetector 1 and photodetector 2; LF, low–pass filter; Ep and Es, light amplitude of P polarization and S polarization. 
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Figure 2. Experimental configuration of Verdet constant measurement for ARF based on narrow–band low–coherence light. Iso., optical isolator; Pol., polarizer; FUT, fiber under test; PC, polarization controller; PBS, polarization beam splitter; PD1 and PD2, photodetector 1 and photodetector 2. 
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Figure 3. (a) Comparison of magnetic field distribution results with or without shielding box based on Gauss meter. (b) Measurement results of Verdet constant of air and comparison with other results [24]. (I) Practical experimental device for measuring Verdet constant of air based on a gradient index lens. (II) Linear fitting result of air Verdet constant corresponds to the square of the optical frequency v. 
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Figure 4. Comparison of Faraday effect strength results of ARF with linewidths of 100 kHz, 40 MHz, and 125 GHz under consistent optical power and magnetic field intensity (total light intensity: 8 μW; power amplifier drive current: 1.70 A). (A) Transmission spectrum of ARF. (B) Wavenumber distribution of transmission spectrum of ARF. Inset: Beam profile of ARF. (C) Microscope image of ARF cross−section. 
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Figure 5. (a) The measurement results of the Faraday rotation angle of ARF at 1550 nm based on a wide−spectrum light source and tunable filter (Faraday rotation angle increases with time). (b) The relationship between the measured mean value of the Faraday rotation angle of ARF and the integral of the magnetic field intensity of the solenoid. The slope of the fitted curve is the Verdet constant of ARF. 
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Figure 6. The measurement results of the Verdet constant of ARF in the 1540–1560 nm range based on a wide−spectrum light source and tunable filter under consistent optical power and magnetic field intensity (total light intensity: 8 μW; power amplifier drive current: 1.70 A). 
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