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Magnetic field sensor of enhanced sensitivity
and temperature self-calibration based on
silica fiber Fabry-Perot resonator with silicone
cavity
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Abstract: In this paper, a magnetic field sensor with enhanced sensitivity based on a fiber
Fabry-Perot (F-P) cavity formed by a pair of identical fiber Bragg gratings (FBGs) is
demonstrated. The F-P cavity which was filled with silicone rubber was bonded to a magnetic
alloy at two positions such that when longitudinal strain is applied, the cavity is lengthened
while the FBGs was virtually strain-free, effectively magnified the magnetic-field induced
strain of the magnetic alloy. The FBGs could also be used for temperature-compensation
because the FBG spectrum change is negligible compared to the F-P spectrum.
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1. Introduction

With the help of Faraday effect [1,2] and functional packaging, optical fiber magnetic sensor
has become one of the promising devices in the measurement of magnetic fields and electric
current. However, Faraday effect based sensors require long length of optical fiber [1] to
generate a detectable Faraday rotation or employed special material (e.g. terbium) doped fiber
to enlarge the Verdet coefficient [2] so as to shorten the sensing fiber. In recent years several
technologies have been developed to enhance the performances of optical fiber current and
magnetic sensors [3—6], with better sensitivity [3], temperature-compensation [4],
reconfigurable feature, larger signal to noise ratio (SNR) [5], and distributed magnetic field
and current sensing capabilities [6]. Magnetostriction is a property of ferromagnetic materials
that change shapes during magnetization [7]. Magnetostrictive materials are the most popular
material used to fabricate optic fiber magnetic field sensors by directly bonding an FBG onto
a magnetostrictive bar [8—11], coating an FBG with magnetostrictive film [12,13], or using
magnetostrictive materials to change the optical path length of optical fiber Mach—Zehnder
interferometers [14,15]. These magnetic sensors are gradually being used in the scientific
research and industry areas. However most of them still suffer two deficiencies: one is the
low sensitivity, because the magnetic-field induced strain of most magnetostrictive materials
is very small, usually less than several ppm/mT, and although giant magnetostrictive
materials are available and the total strain at saturation magnetic field can reach 10%, their
sensitivities are still limited to ~100 ppm/mT [8,16,17]; the other issue is temperature
crosstalk, which requires external temperature-compensated sensors [18] or temperature self-
calibration technologies [19,20].

In this paper, we addressed the issues of low sensitivity of magnetostrictive material
packaged fiber sensor, and temperature crosstalk. We proposed the use of a Fabry-Perot
cavity formed by two identical FBGs to magnify the magnetic-field induced strain of a
magnetic alloy. The sensor’s structure was well designed, and a silica/silicone/silica
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composite Fabry-Perot (F-P) cavity was applied to enhance the sensitivity. The fiber magnetic
sensor can achieve high magnetic-field sensitivity even with magnetic materials of very small
magnetostriction. In addition, the FBGs are insensitive to magnetic-field and thus could be
used for temperature-compensation.

2. Magnetic field sensor design and fabrication

Figure 1 shows the design of the proposed optical fiber magnetic-field sensor and the
experimental setup. The magnetic-field sensor was constructed by sandwiching a thin layer of
transparent silicone rubber between two FBGs with identical Bragg wavelength to create a F-
P cavity. The silicone helps to keep the optical alignment between the two FBGs. As the
Young's modulus and Poisson's ratio of the silicone are much smaller than silica, when
longitudinal strain is applied, the silicone is lengthened while the FBGs are virtually strain-
free. This arrangement effectively magnified the magnetic-field induced strain of the
magnetic rod on which the F-P cavity is bonded. The sensitivity enhancement and the self-
calibration properties are realized at the same time by using the F-P resonant wavelength as
sensor and the FBG Bragg wavelength as reference.
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Fig. 1. Sensor structure and experimental setup. The left inset is the detailed structure of the
fiber F-P interferometer, which is fixed to a magnetostrictive rod on two ends. The right inset
is the microscope image of the sensitivity enhanced F-P resonator with silicone filled cavity.
OSA: optical spectrum analyzer.

This magnetic alloy has high saturation flux density (2.4 T) and very low magnetic field
sensitivity. It is not sufficient for small magnetic field measurement and is only suitable for
large dynamic range sensing. However, with the help of the proposed sensitivity enhanced F-
P resonator, its performance can be greatly improved, and this low-cost magnetic alloy is
capable for small magnetic field measurement. The experimental results shows that the
sensitivity of this composited sensor is even higher than the giant magnetostrictive materials
based FBG sensors that have been reported, such as magnetic shape memory alloy [8] and
Terfenol-D [10,11] composited sensors.

The fabrication processes of the proposed highly sensitive magnetic sensor are as follows:
1. Inscribe a uniform FBG (grating length: 3 mm) on a hydrogen-loaded single mode fiber
with phase mask technology; 2. Cut the uniform FBG into two equal segments; 3. Manually
align and soft splice the two identical FBGs with a small drop of silicone glue (PDMS,
Dowcorning Ltd., model: Sylgard 184, mixed weight ratio: 10:1) to form an F-P cavity; 4.
Stretch the F-P cavity gently to produce the pre-stress and bond it to the magnetostrictive rod
from two ends with UV glue.

The fabricated magnetic sensor and experimental setup are shown in Fig. 1. The left inset
is the detailed structure of the magnetic sensor and the right inset is the microscope image of
the sensitivity enhanced F-P cavity in which the silicone filled cavity is shown. The physical
length of the FBGs, the physical length of the FP cavity at zero magnetic field intensity, and
the total physical length of the sensor (L in the left inset of Fig. 1) are 1.5 mm, 15 um and 45
mm, respectively. To demonstrate the sensitivity enhancement, a reference FBG was bonded
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directly onto the magnetic rod using a UV glue to measure the magnetic-field induced strain

of the magnetic rod.
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Fig. 2. Elongation of the F-P resonator with silica/silicone/silica structure with applying axial
force. (a) The simulated diagrams (left) and the microscope images (right) of F-P resonator
with (bottom) and without (top) axial force. The color bar shows the lengthening at fiber axis
direction. (b) The simulation elongation of the silica fiber and silicone cavity. The inset shows
the zoomed in elongation and strain of the silica fiber.

The lengthening of the silicone cavity and the silica fiber are studied using the simulation
software COMSOL (3D structural mechanics model). The structure parameters in the
simulation are the same as described in Fig. 1. The Young's modulus of silica fiber and
silicone cavity here are 73 GPa and 4.18 MPa, and the Poisson's ratio of silica and silicone are
0.167 and 0.034 respectively, which are the typical values reported [21]. The difference in the
Young's modulus between these two materials is so large, that, when the F-P interferometer is
pulled at axis direction, most of the lengthening happens at silicone cavity, and most of the
force is absorbed by the silicone, leading to virtually strain-free in the silica fiber. Figure 2(a)
shows the simulated and tested deformation when pulling the F-P resonator. The color bar
shows the lengthening at fiber axis direction. Figure 2(b) shows that the elongation of the
silica fiber is nearly negligible compared to silicone, and the inset of Fig. 2(b) shows that the
strain in the silicone area is about 25000 times larger than that of silica fiber under the same
stress. There are two important conclusions from the above analysis: 1. The sensitivity of the
F-P spectrum to the stress is enhanced, as virtually all the elongation occurred in the silicone.
2. The FBG inscribed on the silica fiber is insensitive to the stress and can be used as
temperature-compensation.

In the experimental setup the fiber sensor is glued to the magnetic rod at its two ends.
After applying magnetic field, the length of the magnetic rod changes and its magnetic-field
induced strain is AL/ L , where AL and L are defined in Fig. 1 and Fig. 2(a). When the silica
fiber is pulled, the contribution of the photoelastic effect to the optical path length change in
the fiber is comparable to the physical elongation, while on the contrary, the contribution of
the photoelastic effect to the optical path length change is negligible in the silicone compared
to the physical elongation [22,23]. The normalized wavelength shift A1/ A of an FBG
directly glued onto the magnetic rod would thus be (1-P.)AL/L [10,23], where P, is the

photoelastic coefficient of silica and its typical value is 0.22.
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To describe the sensitivity enhancement of the proposed structure, here we define the
enhancement 4 as: the ratio between normalized wavelength shifts of the F-P structure and
the FBG directly glued to the magnetic alloy. In the proposed fiber sensor, most of the
deformation occurred in the silicone, so the sensitivity is enhanced by:

n AL/ L

silicone eff _FP __ nsiliconeL

(1-P)AL/L ~ (1-P)L, .

M

where n

(20, Ly rp

than L, thus the sensitivity can be enhanced greatly. It should be mentioned that the F-P
resonator is formed by two FBGs that work as the reflectors, and as the grating length is not
negligible, the cavity optical path length L, ., not only includes the silicone area, but also

includes some part of the FBG [24,25].

is the reflective index of silicone which changes a little while being stretched

silicone

is the effective optical cavity length of the F-P resonator, which is much shorter
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where n, . and L,  are the reflective index and the physical length of the silicone.
L, s 1s the effective optical path length of the FBGs which is defined as:
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L., and R are the reflective index, physical length and reflectivity of the FBG.
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where n

silicone

In the experiment, L,,; and L, . are 1.5 mm and 15 pum, respectively. n_,  and n, . are

1.445 and 1.41, which are the typical values around room temperature [26]. The reflectivity of
the FBG is 12 dB. The length of the magnetic alloy L is 45 mm. So L, ,, is 1.04 mm and

the sensitivity enhancement is estimated to be 78 times, i.c., 18.9 dB.
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Fig. 3. (a) The transmission spectrum of F-P cavity (solid line) and its fitted envelope, i.e. the
FBG spectrum (dashed line) shift with the increasing magnetic field. The 20 dB offset is for
graphic clarity. (b) One of the F-P peak wavelength and the FBG Bragg wavelength vary at
different magnetic field. (c) Large scale and repeatability testing. Negligible hysteresis effect
observed as the soft magnetostrictive alloy applied.
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3. Experiment and sensitivity enhancement analysis

An iron cobalt vanadium supermendur alloy (Hongwon, Ltd, China, model: 1j22) was used in
our experiment. The magnetic alloy has high saturation flux density (2.4 T) and very low
sensitivity of less than 100 pe even at the saturation magnetic field, and it is too insensitive to
measure magnetic field directly. The proposed sensitivity enhanced F-P structure was glued
onto the magnetic alloy as shown in Fig. 1 to make it possible to measure small magnetic
field. Figure 3 shows the transmission spectra of the F-P sensor and the FBG at different
magnetic field intensities. The 20 dB offset between each spectrum is for graphic clarity. The
FBG spectrum is recovered by fitting the envelope of the F-P spectrum. The envelope curves
(dashed lines in Fig. 3(a)) are actually polynomials fitted from the F-P spectra and then
multiplied by a suitable coefficient. The silicone rubber in the F-P resonator was pre-stressed
prior gluing onto the magnetic alloy, The resonance peaks of F-P cavity decreases linearly
with magnetic field (sensitivity: —34.83 + 0.37 pm/mT) while the recovered FBG Bragg
wavelength remains almost unchanged.

The sensitivity of the proposed sensor is so large that its dynamic range is limited by the
FBG bandwidth. In order to enlarge its measurement range, multi resonant peaks are used as
shown in Fig. 3(c). The FBG spectrum shift is 1 nm offset from the F-P spectrum and shown
at right axis for graphic clarity. The response of the F-P and recovered FBG spectra are
recorded and shown in Fig. 3(c) when the magnetic field was increased to 70 mT and
decreased to 0 mT. The iron cobalt vanadium supermendur magnetic alloy used here is a soft
magnetic material, and its small magnetic hysteresis effect is due to the fact that it is
operating far from the saturation region of ~2400 mT. The repeatability during magnetization
and demagnetization processes shown in Fig. 3(c) is very good. The magnetic hysteresis
effect is always a troublesome problem for sensing. The negligible hysteresis property makes
the sensor magnetization path insensitive and able to work at any complicated varying
magnetic field.
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Fig. 4. The tested wavelength shifts to the magnetic field when the F-P sensor and an extra
reference FBG glued together to the magnetic alloy. The inset shown the FBG response. The
result demonstrates the large sensitivity enhancement of the soft cavity F-P structure.

In order to specify the exact value of the sensitivity enhancement of the silicone cavity F-
P senor, an extra FBG is glued directly onto the magnetic alloy. Figure 4 shows the
wavelength response of the F-P and the extra reference FBG. The inset is the wavelength
change of the extra reference FBG and from which the enhancement is calculated to be 18.7
dB (the wavelength changes are 3.472 nm and 0.046 nm respectively), and this result matches
the theoretical estimation value mentioned earlier.

In order to demonstrate the temperature self-calibration capability, the sensor was heated
and the F-P spectrum was recoded. Figure 5(a) shows the F-P spectra and their fitted
envelope, i.e. the FBG spectra when temperature increases from 30 °C to 34 °C, and Fig. 5(b)
shows the F-P resonant wavelength and the recovered FBG Bragg wavelength shifts. Their
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linear fitting coefficients are 255.75 £ 2.27 pm/°C and 10.31 £ 0.40 pm/°C, respectively. The
high temperature coefficient of the F-P cavity is from the relatively high thermal expansion
coefficient of the magnetic alloy and silicone. The sensitivity enhancement structure not only
enhances the magnetic sensitivity of the alloy but also enhances temperature sensitivity. So it
is important to calibrate the temperature induced wavelength change of the F-P cavity. The
tested FBG temperature coefficient is the typical value of an FBG fabricated on a single mode
silica fiber [19], so the influence of the thermal expansion of the magnetic alloy to the FBG is
negligible. Thus, it indicates that the recovered FBG spectrum can be used for the
temperature-compensation.
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Fig. 5. (a) The transmission spectrum of F-P cavity (solid line) and its fitted envelope, i.e. the
FBG spectrum (dashed line) shift with the increasing temperature at zero magnetic strength.
The 20 dB offset is for graphic clarity. (b) One of the F-P peak wavelength and the FBG Bragg
wavelengths vary at different temperature.

4. Summary

We propose a magnetic field sensor with enhanced sensitivity, temperature self-calibration
capability, and negligible hysteresis effect. The sensitivity enhancement was measured to be
18.7 dB which is in excellent agreement with the predicted result. The recovered FBG
spectrum used for temperature-compensation, is influenced slightly by the stress and thermal
expansion of the magnetic alloy. Soft magnetic alloy with high saturation flux density of 2.4T
was used. Operating the sensor far from the saturation flux density significantly reduced the
troublesome magnetic hysteresis effect, which makes the sensor magnetization path
insensitive and able to work at any complicated varying magnetic field. The proposed sensor
using inexpensive magnetic alloy and simple structure is a good candidate for magnetic and
current sensing.
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