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We fabricate an Ampere force based photonic crystal fiber (PCF) magnetic field sensor by bonding a PCF
in-line modal interferometer (PCFMI) with an aluminum (Al) wire together. This sensor is very compact,
cost-effective, temperature insensitive, highly stable over time and easy to be fabricated only including
cleaving and splicing processes. An electrical current flowing through the Al wire in a perpendicular
magnetic field can generate Ampere force to lead to the curvature of the Al wire and the PCF. As the
cladding mode of the PCF with a large mode field diameter is very sensitive to the curvature, the average
magnetic field sensing sensitivity can reach 32.4 pm/mT when 100 mA electrical current is applied with
excellent repeatability. Higher sensitivity and a minimal detectable magnetic field of less than 0.1 mT can
be realized by increasing the applied electrical current.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fiber magnetic field sensors have been proposed for over 30
years and have always been widely studied because of their
advantages such as lightweight, resistance to electromagnetic
interference, small size, and capability of remote operation [1].
Much research has been concentrated on the development of mag-
netic field sensors utilizing Faraday effect [2,3], magnetic fluid
[4-7], magnetostrictive effect [8—11], magnetic force [12] and other
mechanisms. However, the magnetic field sensing sensitivities
based on Faraday effect are usually very low because the Verdet
constant of silica fibers is fairly small. In order to enhance the sen-
sitivities, it normally needs to coil a long piece of fiber with multiple
turns to increase the polarization rotation angle but bend-induced
linear birefringence may easily affect the state of polarization and
affect the measurement results [2,3]. As there exist magnetic mate-
rials, magnetic fluid [4-7], magnetostrictive effect [8-11], magnetic
force [12] based magnetic field sensors have the intrinsic mag-
netic saturation and hysteresis effect, which will largely decrease
the measurement range and cause measurement error. Recently, a
novel Ampere force based magnetic field sensor has been reported,
which does not have the intrinsic magnetic saturation and hystere-
sis effect and the sensitivity is high [13]. But their dual-polarization
fiber laser beat frequency demodulating equipments are expensive
and complex.
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Photonic crystal fibers (PCFs), also known as microstructured
optical fibers, have attracted more and more attention in the past
10 years because of their unique optical properties [14]. In recent
years, PCF based in-line modal interferometers (PCFMIs) built via
fusion splicing has been widely investigated because of its sim-
ple fabrication and low cost [15-18]. Some research groups have
also fabricated PCF based magnetic field sensors by filling mag-
netic fluid into the air holes of PCF [19,20]. But these magnetic
fluid filled PCF magnetic field sensors also have the drawbacks of
intrinsic magnetic saturation.

In this letter, we propose a novel Ampere force based PCF mag-
netic field sensor by bonding a PCFMI with an aluminum (Al)
wire together. This sensor is simple, cost-effective and temperature
insensitive, and it does not have the intrinsic magnetic saturation
and hysteresis effect as it does not consist of any magnetic mate-
rial. The Ampere force is generated by an electrical current flowing
through the Al wire in a perpendicular magnetic field, which leads
to the curvature of the Al wire and the PCF. Because the cladding
mode of the PCF with a large mode field diameter is very sensitive
to the curvature, this magnetic field sensor can realize a high sen-
sitivity of 32.4 pm/mT when 100 mA electrical current is applied in
our experiment. If we increase the applied electrical current, higher
magnetic field sensing sensitivity and a minimal detectable mag-
netic field of less than 0.1 mT can be realized easily. Finally, we
have to say that a similar sensor is possibly realized by attaching
the Al wire to other fiber device, for example, a standard fiber Bragg
grating (FBG) [21]. However a standard FBG sensor is temperature
sensitive and needs complex fabrication technology. In addition, a
standard FBG sensor is not as sensitive as a PCFMI sensor when it
bends under the Ampere force because a standard FBG only includes
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core modes (insensitive to bend) while a PCFMI includes core and
cladding modes.

2. Fabrication and principle

In our experiment, we used a commercial single mode PCF (LMA-
8 NKT Photonics) to fabricate the PCFMI. This LMA-8 PCF includes
a solid core surrounded by six rings of air holes. The core diam-
eter, the average diameter of air holes and the average separation
between the air holes are 8.4 um, 2.17 wm and 5.3 pm, respectively.
Initially, the PCFMI was fabricated by fusion splicing a 18 mm-long
PCF between two standard single mode fibers (SMFs) with a com-
mercial fusion splicer. In the fusion splicing region, about several
hundred micrometers long air holes of the PCF collapsed com-
pletely. Then we kept the PCFMI and the Al wire straight, and we
sticked the SMF sections of the PCFMI to the Al wire with glue. But
we did not stick the PCF section to the Al wire because the cladding
mode of PCF would be leaky with glue as the refractive index of the
glue is higher than that of fiber. Finally, the bonding PCFMI and the
Al wire were fixed with two holders. In the final process, we kept
the PCFMI and the Al wire between the two holders a little slack
without stress so that the PCF and the Al wire can bend more easily
when the Ampere force is applied. We can further encapsulate the
sensor device to keep long-term mechanical stability.

The schematic diagram of the experimental setup used for
magnetic field sensing measurement is shown in Fig. 1(a).
The broadband amplified spontaneous emission (ASE) source
(1525-1610 nm) and the Ando AQ6317B optical spectrum analyzer
(OSA) were used during the whole experiment to detect the inter-
ferometric behavior of the PCFMI. The glue is highlighted in yellow
in Fig. 1(a) to show it more clearly while in fact the thickness of the
glue was negligible and the Al wire was very close to the PCFMI.
The electromagnet was connected to a control power supply. We
used an Al wire instead of a copper wire because Al wire is much
softer than copper wire and is easier to bend when the Ampere
force is applied. The Al wire length in the magnetic field section
is about 10 cm and the sensitivity will be higher if the Al wire is
longer.

Fig. 1(b) shows the schematic diagram of the modal interference
of the PCFMI. When the light transmits from the SMF to the col-
lapsed PCF region, the SMF fundamental mode diffracts and excites
core and cladding modes in the PCF section with different propaga-
tion constants [15-18]. Thus the modes accumulate a phase differ-
ence before they propagate to the other collapsed PCF region. Then
the modes will further diffract and will be recombined through the
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Fig. 1. (a) Schematic diagram of the experimental setup used for magnetic field

sensing measurement. (b) Schematic diagram of the modal interference of the

PCFMLI.

filtering of the subsequent SMF. In fact many different cladding
modes may be excited in the PCF and the transmission spectrum
is the result of multiple-mode interference. But in order to sim-
plify the analysis, we can only consider a cladding mode and a core
mode. Therefore the transmission spectrum can be expressed with
the following two-beam optical interference equation [15-18]:

L
Ito = Ico + Iy + 24/ Icol COS (ZnAnefX) @)

where I, is the total transmission optical intensity, and I, and
I are the optical intensities of the core and cladding modes,
respectively. Ang is the effective refractive indices difference
between core and cladding modes. L is the PCF length and A is the
wavelength. From Eq. (1), we can see the maxima of transmission
optical intensity will appear when 27 AngL/A =2mm, where m is
an integer. Therefore the transmission spectra exhibit peaks at
wavelengths given by Am = Angl/m.

With a perpendicular magnetic field applied by the electromag-
net, an electrical current flowing through the Al wire will generate
Ampere force to lead to the curvature of the Al wire and the PCF.
And a corresponding strain will also be induced in the PCF. There-
fore three factors (curvature induced Angyvariation, strain induced
Ang variation and curvature induced L variation) together lead to
the A shift. If we define the group refractive index ng as [22]

8(nef)
A
the theoretical A;; shift can be expressed by [23]

A a(Anef)
A = (Anef_Ang =) AR
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where Ang is the group refractive indices difference between core
and cladding modes, R is the curvature radius and ¢ is the strain.
As the cladding mode of the PCF with a large mode field diameter
is very sensitive to the curvature while the core mode of the PCF is
insensitive, the curvature induced An, variation (the first item in
Eq. (3)) plays a leading role for the A, shift, which can be utilized
to detect the magnetic field accurately.

(2)

Ng = Mg — A -

3. Experiment results

Fig. 2(a) shows the transmission spectra of the sensor under
different magnetic field when 100 mA electrical current is applied.
From Fig. 2(a), we can see different peaks and valleys show dif-
ferent magnetic field sensing properties. Some peaks and valleys
are sensitive to magnetic field variation while other peaks and val-
leys are not so sensitive. We think this is because many different
cladding modes are excited in the PCF and some cladding modes
with larger mode field diameters are more sensitive to the cur-
vature of the PCF while some other cladding modes with smaller
mode field diameters are not so sensitive.

Fig. 2(b) shows the relationship between the resonant dip wave-
length and magnetic field in ascending and descending directions.
As the last valley shown in Fig. 2(a) is the most sensitive to magnetic
field variation, we select it to detect the magnetic field magni-
tude here. From Fig. 2(b), we can see the results in ascending and
descending directions both keep good linearity and are in good
agreement with each other. The maximum deviation is 0.016 nm
at the magnetic field of 45 mT, which may result from the fitting
error of OSA data because the spectral data shown are based on
fitting performance on raw data recorded on the OSA. In fact, the
maximum deviation should be same as the OSA resolution 0.02 nm.
Through calculation, the average magnetic field sensing sensitivity
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Fig. 2. (a) Transmission spectra of the sensor under different magnetic field when
100mA electrical current is applied. (b) Relationship between the resonant dip
wavelength and magnetic field in ascending and descending directions.

is32.4 pm/mTin a perpendicular 100 mA electrical current. Consid-
ering the 0.02 nm resolution of the OSA, the minimal detectable
magnetic field is about 0.6 mT. Obviously if we increase the applied
electrical current, higher magnetic field sensing sensitivity can be
realized. For example, we only need to increase the applied electri-
cal current to over 600 mA and a minimal detectable magnetic field
of less than 0.1 mT can be realized easily. So this proposed sensor
can have potential application in detecting the geomagnetic field
as the geomagnetic field magnitude is about 0.05-0.06 mT.

In our experiment, we also keep the magnetic field constant and
detect the electrical current variation. Fig. 3(a) shows the transmis-
sion spectra of the sensor under different electrical current when
75 mT magnetic field is applied. The spectra in Fig. 3(a) are similar
with the spectra in Fig. 2(a). Because the minimal output electrical
current of the electrical power source is 100 mA, we shunt nine Al
wire outside the magnetic field with the original Al wire in parallel
to detect lower electrical current.

Fig. 3(b) shows the relationship between the resonant dip
wavelength and electrical current in ascending and descending
directions. We also select the last valley shown in Fig. 3(a) to detect
the electrical current magnitude here as it is the most sensitive.
From Fig. 3(b), we can see the results in ascending and descending
directions also keep good linearity and the average electrical cur-
rent sensing sensitivity is 25.2 pm/mA in a perpendicular 75mT
magnetic field. Considering the 0.02 nm resolution of the OSA,
the minimal detectable electrical current is about 0.8 mA. But the
repeatability of the results in ascending and descending directions
are not as good as that in Fig. 2(b) and the maximum deviation is
0.0838 nm at the electrical current of 60 mA. We think this is rea-
sonable because the precision of the electrical power source is low.
When we increase and decrease the electrical current to 60 mA,
the actual electrical current may be 60 + 5 mA as the electrical cur-
rent precision in a single Al wire is 10 mA, therefore the maximum
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Fig. 3. (a) Transmission spectra of the sensor under different electrical current
when 75 mT magnetic field is applied. (b) Relationship between the resonant dip
wavelength and electrical current in ascending and descending directions.

possible error is as high as 0.252 nm. Similarly, if we increase the
applied magnetic field, higher electrical current sensing sensitivity
and a minimal detectable electrical current of less than 0.1 mA can
also be realized easily.

It is well known that an electrical current in a perpendicular
magnetic field generates an Ampere force which can be expressed
by

Fy=I1-H-Ly (4)

where Fy is the Ampere force, I is the electrical current, H is the
magnetic field, and Ly is the length of the electrical current experi-
encing the perpendicular magnetic field. From Eq. (4), we can see
Ampere force is proportional to the product of the I and H. There-
fore the resonant dip wavelength should be linear with the product
of I and H in theory. In order to quantitatively compare the sensor
sensitivity, we combine the data in Figs. 2(b) and 3(b) together and
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Fig. 4. Relationship between the resonant dip wavelength and I - H in ascending and
descending directions.
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draw the relationship between the resonant dip wavelength and
I-H, as shown in Fig. 4. All the results keep good linearity and the
average sensitivity is about 330.3 pm/mAT. As the resolution of the
OSAis 0.02 nm, the minimal detectable - His 0.06 mAT.InFig.4, the
maximum deviation is 0.1955 nm at the I-H of 4.5 mAT. And this
deviation is also mainly due to the low precision of the electrical
power source.

4. Conclusion

In summary, a novel Ampere force based PCF magnetic field
sensor is proposed and demonstrated by bonding a PCFMI with
an Al wire together. The principle of the PCFMI is the interference
among the core mode and excited cladding modes, and it has advan-
tages of simple fabrication, low cost and temperature insensitivity
compared with other types of interferometers. The Ampere force
is generated by an electrical current flowing through the Al wire
with a perpendicular magnetic field applied, and the Ampere force
leads to the curvature of the Al wire and the PCF. As the cladding
mode of the PCF with a large mode field diameter is very sensi-
tive to the curvature, this magnetic field sensor can realize a high
sensitivity of 32.4 pm/mT in a perpendicular 100 mA electrical cur-
rent. Similarly, we also keep the magnetic field constant and detect
the electrical current variation and the average electrical current
sensing sensitivity is 25.2 pm/maA in a perpendicular 75 mT mag-
netic field. Higher sensitivity and a minimal detectable magnetic
field of less than 0.1 mT or a minimal detectable electrical current
ofless than 0.1 mA can be realized by increasing the applied electri-
cal current or increasing the applied magnetic field. And this sensor
can have potential application in detecting the geomagnetic field
as the geomagnetic field magnitude is about 0.05-0.06 mT. In addi-
tion, as Ampere force is proportional to the product of the I and H,
this sensor can realize an average sensitivity of 330.3 pm/mAT and
a minimal detectable I-H of 0.06 mAT. Our proposed and demon-
strated sensor does not have the intrinsic magnetic saturation and
hysteresis effect. Therefore the sensing range can be very large and
the repeatability of the results in ascending and descending direc-
tions can be in good agreement with each other if the precision of
the electrical power source is high.
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