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Abstract: Optical magnetic field current sensors could overcome the shortcomings of traditional sensors based on electrical principles,
such as large volume, insufficient sensitivity, and limitations of working environment, which can be applied to medical, military, and other
fields with higher sensing requirements. We demonstrated experimentally the inscription of the long-period fiber gratings (LPFGs) in the
thin-cladding fiber (TCF). The magnetic field current sensor is fabricated by encapsulating the TCF–LPFG with magnetic fluid (MF)
nanoparticles. The principle of the sensor is based on the refractive index tunability of the MF with the magnetic field (current). The
measurement of the external magnetic field (current) can be obtained by detecting the wavelength shift of the coated TCF–LPFG,
which changes with the applied magnetic field. In the intensity range of 0 ∼ 11 mT, the experimental sensitivity of magnetic field
measurement is up to −0.31 nm/mT. The proposed magnetic field current sensor has potential applications in practical measurement
of magnetic field.
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1. Introduction

The research and applications of the magnetic field sensors
have attracted much attention in broadband areas. The magnetic
field sensors using the traditional techniques are mainly used in
the mobile phone and automotive industries, which are generally
based on the principles of electrical effects, such as Hall effect
[1], Faraday effect [2], and nuclear magnetic resonance [3].
Conventional electrical magnetic field sensors tend to have these
drawbacks: difficult size reduction, high energy consumption,
small measurement range, expensive cost, and harsh operating
environment requirements [4]. Optical magnetic field sensors,
however, can be applied to more demanding devices in biology,
medicine, and military because of their advantages of small size,
light weight, corrosion resistance, strong resistance to
electromagnetic interference, and higher sensitivity [5–8]. Based
on the principle of operation, optical magnetic field sensors
could be further classified into magnetostrictive sensors, Faraday
effect-based sensors, and magnetic fluid (MF)-based sensors
[9–13]. Among them, the advantages of the MF-based optical
sensors are more obvious with the rapid developing of

nanomaterial technology. MF is an important nanomaterial,
which is composed of colloidal magnetic nanoparticles that
are highly stable and colloidal magnetic nanoparticles distribute
in a suitable carrier liquid uniformly [14, 15]. MFs are rich in
magneto-optical properties [16], such as Faraday effect, and
refractive index (RI) tunability that varies with applied
magnetic field.

Optical magnetic field sensors using MFs with fiber
technologies usually include the following two types. One is to
combine with the micro-structured fibers such as photonic
crystal fibers (PCFs) to fill them with MF [17], the other is to
realize the sensing measurement based on the fiber sensor head,
which is sensitive to the RI variations induced by the
surrounding MF [18]. For second scheme, the RI of the MF
nanoparticles will alter in response to variations in the applied
magnetic field’s intensity. Therefore, the interaction of
evanescent field of the coupled fiber cladding mode and MF can
be adopted for the measurement of the magnetic field. The
evanescent field coupling can be realized by different
components such as tapered fiber, long-period fiber grating
(LPFG), and D-shape fiber. The LPFG is a passive component,
which can be designed to couple the light from fundamental
LP01 mode to high order cladding modes. The MF-coated LPFG
optical magnetic field sensors have a promising future
application, thanks to the high RI sensitivity of the cladding
modes and RI tunability of the MFs.
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2. Literature Review

Li and Ding [19] proposed knot resonator in the microfiber and
MF to create an optical magnetic field sensor, and the sensor
wavelength responses linearly to the applied magnetic field.
When the magnetic intensity was 60 mT, the wavelength shift up
to 100 pm was achieved. The work reported in Gao et al. [20]
stuffed the pores of the PCF with liquid MF. By aligning the MF
nanoparticles under the influence of an applied magnetic field,
the RI difference between the PCF’s core and cladding can be
altered. The magnetic field measurement with a resolution of
0.009 mT was achieved. An optical fiber magnetic field sensor
utilizing the MF packed LPFG was proposed by Zhang et al.
[21] with a sensitivity of 1.54 dB/mT in the magnetic intensity
range from 0 to 0.74 mT. Li et al. [22] fabricated a magnetic
field sensor according to the principle of optical polarization
modulation of microfiber coated by MF. By immersing the
microfiber in the MF, the optical polarization detection was used
to track the magnetic field’s direction and strength. Sang et al.
[23] demonstrated an optical magnetic field sensor consists of a
cladding-etched LPFG coated with MF and encapsulated in a
capillary. The cladding-etched LPFG has dual dips, which move
in the opposite wavelength direction with the changes of the
magnetic field. By detecting the wavelength difference between
two dips, the magnetic field was measured with a sensitivity of
0.408 nm/mT in the intensity range of 0∼12 mT. Jiang et al.
[18] demonstrated a vector magnetic field sensor using the MF-
encapsulated LPFG inscribed in the polarization-maintaining
fiber. Thanks to the fast development of MF nanoparticles, the
MF-encapsulated fiber magnetic field sensors could have better
sensing performance.

3. Sensor Design and Experiments

3.1. Grating fabrication

The LPFGs can be inscribed using different techniques
including ultraviolet light writing method, arc discharge method,
carbon dioxide laser writing method, and femtosecond laser
writing method. Compared with other methods, the carbon
dioxide laser writing method has the advantages that the
fabricated LPFGs have good thermal stability and can be
inscribed in any kinds of optical fibers.

We fabricated the LPFGs in a thin-cladding fiber (TCF) using a
carbon dioxide laser. The average power of the laser is ∼0.6 W. The
laser scanning is controlled by computer program. By changing the
grating period, the LPFGswith different order claddingmodes can be
inscribed in the TCF. The LPFG couples the light from fundamental
core mode to high order cladding modes. The stronger evanescent
field can be excited by the TCF–LPFGs, which have much
smaller cladding diameter, so the grating can be more sensitive to
the changes of surrounding RI than that of the conventional
LPFGs. Figure 1(a) shows the measured index distribution of the
TCF cross-section using a RI profiler (S14, Photon Kinetics), and
the inset shows the microscopic view of the TCF. As shown in
Figure 1(a), the cladding diameter, the core diameter, and the RI
difference between fiber core and cladding are 5.6 μm, 80 μm,
and 0.012, respectively, for the TCF used in the experiments.

In experiments, the transmission spectra of the LPFGs were
measured by the system, which consists of a broadband
supercontinuum light source (NKT Photonics) and an optical
spectrum analyzer (OSA, AQ 6375, YOKOGAWA). To measure
the transmission spectra real time, the two ends of the TCF were
connected with single-mode fiber (SMF) by a commercial fusion
splicer. The fusion splicing pictures of the TCF and SMF are
shown in Figure 1(b). The length of the TCF for the fabrication
of the LPFG is 5 cm, which constitutes the fiber structure of
SMF–TCF–SMF (STCS), as shown in Figure 2. When the light
beam enters the TCF at the incident end of the SMF, part of the
beam is coupled into the core and the other part is coupled into
the cladding of the TCF due to the mismatch of the mode field
diameters of SMF and TCF. After the light transmits in both core
and cladding of the TCF, part of beam in the TCF cladding is
coupled back to the core area of the output SMF and interferes
with the light transmitted in the TCF core, which is ultimately

Figure 1
(a) RI distribution of TCF cross-section. (b) The CCD diagram of splicing between TCF and SMF
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Figure 2
Schematic diagram of the STCS structure
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coupled into the SMF at the output end. Therefore, the STCS fiber
structure forms a fiber-type Mach–Zehnder interferometer. In the
experiments, the length of the fused TCF is short and the fusion
points are gently connected, so the interference has no effect on
the spectral measurement of the TCF–LPFGs.

The LPFGs were inscribed in the TCF by the carbon dioxide
laser. The grating period is 280 μm and period number is 50. By
repeating the laser scanning cycles, the LPFG with high grating
contrast can be written in the TCF. Figure 3 shows the
experimental and simulated transmission spectra of the TCF–
LPFG with a grating period of 280 μm. According to the phase
matching condition of the LPFGs, the resonance wavelength of
the LPFG is λ ¼ n1 � n2ð ÞΛ, where Λ is the period of the
TCF–LPFG, and n1, n2 represent the effective RI of the fundamen-
tal LP01 mode and the high order cladding mode, respectively. We

use Rsoft software to calculate the transmission spectrum of
TCF–LPFG theoretically. The difference of transmission spectra
consists of interference caused by mismatch in core diameter
between TCF and SMF. The resonance wavelength and mode order
of the cladding mode can be given according to the simulated phase
matching curve. The resonance dip around the wavelength of 1881
nm can be determined to be LP05 mode according to the phase
matching curves.

The RI sensing characteristics of the fabricated TCF–LPFGs
were investigated in the experiment. Figure 4(a) shows the
transmission spectra of the TCF–LPFG with different surrounding
RI. The initial wavelength of the resonance dip was measured to
be ∼1881 nm in air. With the increasing surrounding RI, the
resonance dip shifts toward the shorter wavelength, as did
the conventional LPFGs. Figure 4(b) shows the dependence of the

Figure 3
Transmission spectra of the TCF–LPFG with a period of 280 μm. (a) Experimental transmission spectrum. (b) Simulated
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Figure 4
RI sensing characteristics of TCF–LPFG. (a) Transmission spectra of TCF–LPFG at different refractive indexes.

(b) Variation of wavelength shift on surrounding RI
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resonance wavelength shift on the surrounding RI. When
the surrounding RI changes from 1.000 to 1.454, the maximum
wavelength shift was measured to be 80 nm. A linear fit of
the scatter plot of wavelength shift versus surrounding RI over the
range of 1.445–1.454 yields a surrounding RI sensitivity of
3366 nm/RIU.

3.2. MF nanoparticle encapsulation of LPFG

MF is a special kind of nanostructured material that a colloid is
composed of surfactants and magnetic particles. The magnetic
nanoparticles are uniformly distributed in the base fluid (organic
solvent or water), which is widely used in optical fiber magnetic
field detection due to the tunable properties. With the applied
magnetic field, the nanoparticles in the MF will change from
random uniform distribution to aggregation and formation of
chain structure along the magnetic field, which changes the RI of
the MF. By coating the LPFG with MF liquid, the external
magnetic field could be measured based on the wavelength
measurement of the coated TCF–LPFG.

In experiment, a capillary tube of 2.0 mm inner diameter is used
to encapsulate the LPFG with the MF. The MF is a commercial
product (Ferrotec, EMG 605). The MF appears black–brown fluid
composed of 10 nm particles and water. Firstly, the TCF–LPFG
was placed in the axial position of the quartz capillary tube, and
the MF was introduced into the tube. Then both ends of the tube
were encapsulated with UV glue. A small strain was applied on
the LPFG to keep the fiber in straight during the packaging.
Figure 5 shows the transmission spectrum of TCF–LPFG
packaged with MF in the red solid line. The black line shows the
transmission spectrum of the TCF–LPFG before encapsulation for
comparison. The resonance wavelength is blue-shifted by 21 nm
after the TCF–LPFG encapsulated with MF. The change of
resonance wavelength before and after encapsulation can be
attributed to the variations of the surrounding RI due to MF
coating. By comparing with the RI characteristics of the TCF–
LPFG, the RI of the MF is estimated to be about 1.39. The
wavelength shift due to the MF encapsulation is consistent with
the RI characteristics of the TCF–LPFG.

3.3. Magnetic field response characteristics

Figure 6 shows the schematic diagram of the experimental
setup. An image of the packaged sensor is shown in the inset of
the figure, which consists of TCF–LPFG, MF, UV-glue, and
capillary tube. The encapsulated TCF–LPFG is placed
horizontally at the center of the uniform magnetic field between
the two magnetic poles of solenoids, so that the applied magnetic
field acts perpendicularly on the LPFG. By changing the output
voltage of the regulated power, the intensity of the generated
magnetic field can be controlled. Therefore, the sensor can be
designed for the sensing measurement of the magnetic field or the
electrical current applied on the solenoids. The magnetic field
intensity can be measured around the sensor head by using a
Tesla magnetometer. Finally, the transmission spectra of the
coated TCF–LPFG were measured by the OSA real time when the
electrical current applied on the solenoids; thus, the external
magnetic field around the sensor head was changed.

Figure 7(a) shows the transmission spectra of the TCF–LPFG
when the applied magnetic field around the sensor head is
changed. In the intensity range from 0 to 11 mT, the resonance
dip shifts toward shorter wavelength direction, and when the
maximum offset is reached, the resonance wavelength no longer
shifts and tends to be constant. Figure 7(b) shows the dependence
of the wavelength shift of the coated TCF–LPFG on the intensity
of external magnetic field. The response of the MF-encapsulated
TCF–LPFG is not completely linear. In the intensity range of
0–11 mT, a high sensitivity of 0.31 nm/mT was achieved, as
shown in the figure. When the intensity of the magnetic field is
larger than 11 mT, the resonance wavelength of the TCF–LPFG
remains unchanged. The wavelength shift of the TCF–LPFG is
affected by the RI changes induced by the aggregation and
formation of chain structure of magnetic nanoparticles in MF. The
magnetic nanoparticles motion reaches saturation when the
applied magnetic field exceeds 11 mT.

To verify the reliability and repeatability of the sensor, we
fabricate more TCF–LPFGs and encapsulate them with MF. All of
them have a linear relationship between magnetic intensity and
resonance wavelength. In Figure 8, different symbols represent the
magnetic field response of three TCF–LPFG sensors. The
experimental results show that the TCF–LPFG packaged with MF
has good reliability and repeatability.

Figure 5
Variation of transmission spectra of the TCF–LPFG before and

after packaging
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Schematic diagram of magnetic field sensing
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4. Conclusion

In conclusion, we demonstrated experimentally an optical fiber
magnetic field sensor using the MF encapsulated TCF–LPFG. The
LPFGs were inscribed in the TCF using a carbon dioxide laser,
and the RI sensing characteristics of the gratings were
investigated. The fabricated magnetic field sensor achieved a
sensitivity of 0.31 nm/mT in the intensity range of 0–11 mT due
to the high RI sensitivity of the TCF–LPFG. The fiber magnetic
field sensor based on TCF–LPFGs is more sensitive than the
conventional LPFG-based magnetic field sensors, which has
potential applications in practical measurement of magnetic field
(electrical current).
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