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Optical fiber magnetic field sensors with peanut-shape
structure cascaded with LPFG"
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An optical fiber magnetic field sensor for the dual-parameter simultaneous measurement is proposed and demonstrated.
The sensor head is constructed by a peanut-shape structure and long period fiber grating (LPFG) coated by magnetic
fluid (MF). The external magnetic field intensity can be measured by the variation of characteristic wavelength (Dipl
and Dip2) in interference spectrum since the effective refractive index of MF changes with external magnetic field in-
tensity. When the external magnetic field intensity changes from 0 mT to 20 mT, the magnetic field sensitivities of
Dipl and Dip2 are —0.064 nm/mT and —0.041 nm/mT, respectively. Experimental results show that the temperature
sensitivities of the Dip1 and Dip2 are 0.233 nm/°C and 0.186 nm/°C, respectively. Therefore, the simultaneous meas-
urement of the magnetic field intensity and temperature is demonstrated based on the sensitive matrix. It has some po-

tential applications in aerospace, environmental monitoring and medical sensing fields.
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Compared with the traditional magnetic sensor, which is
with large size and influenced by electromagnetic inter-
ference easily, optical fiber magnetic field sensor has
outstanding merits in magnetic sensing. It has been
widely applied in aerospace technology, environmental
monitoring and medical fields!'™). Since the optical fiber
itself is insensitive to the magnetic field, magnetic field
sensor based on ferrofluid™”' is widely researched by
domestic and foreign scholars. In 2011, Zu et al'® pro-
posed an optical fiber Sagnac magnetic field sensor
based on magnetic fluid (MF), where the magnetic field
sensitivity is 16.7 pm/Oe when MF film parallels to the
direction of the external magnetic field. In 2011, Wu et
al”l improved a magnetic field sensor based on MF and
long period fiber grating (LPFG), where the magnetic
field sensitivity is 31 pm/mT. In 2012, Gao et al®® pro-
posed a magnetic field sensor based on LPFG within a
D-shaped fiber, where the magnetic field sensitivity is
176.4 pm/mT. In 2015, Luo et al'” presented a magnetic
sensor based on a hybrid LPFG and an ester-based Fe;0,
MEF, where the temperature and magnetic intensity sensi-
tivities are —0.044 9 nm/°C and —0.005 2 nm/QOe, respec-
tively.

In this paper, a magnetic field sensor based on pea-
nut-shape structure cascaded with LPFG is proposed. It

can realize sensing for external magnetic field and tem-
perature through observing the drift of interference val-
leys. The sensor achieves simultaneous measurement of
magnetic field and temperature based on a sensitivity
matrix. It has a widely application in aerospace, envi-
ronmental monitoring and medical field.

Schematic diagram of the experimental setup and the
sensor structure is shown in Fig.1. The length between
peanut-shape structure and LPFG is L=3 cm. The pea-
nut-shape structure is made by a commercially available
fusion splicer (FITEL S176). Firstly, two spherical
structures should be fabricated with two sections of sin-
gle mode fiber (SMF). In this step, the fusion splicer’s
discharge intensity is 200 bit, and discharge time is
750 ms. Secondly, the two spherical structures are
welded to form the peanut-shape structure. In this step,
the fusion splicer’s discharge intensity is 115 bit, and the
discharge time is 1 350 ms. The length of LPFG used in
our experiment is 2 cm, and the resonant wavelength is
1 548.87 nm at room temperature.

Light emitted from the broadband light source (BBS)
is transferred into the peanut-shape structure and then
coupled to LPFG. Some light propagates in fiber core,
and the other is coupled into the cladding and propagates
as cladding modes which is more sensitive to the envi-

#  This work has been supported by the National High Technology Research and Development Program of China (863 Program)
(No0.2013AA014200), the National Natural Science Foundation of China (No0.11444001), and the Municipal Natural Science Foundation of Tian-

jin (No.14JCYBIJC16500).
#%  E-mail: 13821538563@163.com



CAOetal.

ronment. Finally, these modes are transmitted to optical
spectrum analyzer (OSA) through the SMF. Pea-
nut-shape structure and LPFG act as the sensing area to
monitor the change of external parameter.

Magnetic field
—

Tesla meter

Sensor head

Fig.1 Schematic diagram of the experimental setup
and the sensor structure

The fringe visibility of interference spectrum can be
described as!'*'*!
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where ... and I.,q are the light intensity in fiber core
and cladding, respectively. Theoretically, while I oe~I(jaq,
K will be the maximum, and the interference fringe pat-
tern will be the best. Therefore, it’s important to control
the diameter of the peanut-shape structure. The phase
matching condition between the fundamental core mode
and the ith cladding mode of fiber can be expressed as!'’)
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and #™ are effective refractive indices of

where n o
the core and the ith order cladding mode, respectively, L
is the distance between the peanut-shape structure and

LPFG, and Anl, is the effective index difference be-

tween the fundamental core mode and ith order cladding
mode of fiber. The interference fringe is obvious when
0~=2n+1)n (n=0,1,2,...).

The sensing structure coated by MF is naturally en-
capsulated in capillary with rosin to avoid the influence
of strain and curve. The magnetic fields perpendicular to
the fiber axis with various intensities are applied. Tesla
meter is used to measure the intensity of the magnetic
field. The experimental results are measured and re-
corded by a step of 2 mT when the magnetic field inten-
sity is changed from 0 mT at room temperature. The ex-
perimental results are shown as Fig.2.

Fig.2(a) shows that Dip1 and Dip2 both blue shift with
the increase of magnetic field intensity. Dipl changes
from 1537.32nm to 1536.06 nm, and Dip2 changes
from 1537.32 nm to 1536.06 nm. Fig.2(b) shows that
the magnetic field sensitivities of Dipl and Dip2 are
—0.064 nm/mT and —0.041 nm/mT, respectively. The
drift of interference valley is significantly reduced when
magnetic field intensity increases over 20 mT. When the
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external magnetic field intensity increases to nearly
magnetic saturation, the variation of MF’s effective re-
fractive index reduces, so the shift of interference valley
significantly reduces.
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Fig.2 (a) Output spectrum with different magnetic field
intensities of 0 mT and 20 mT; (b) Magnetic field in-
tensity response characteristic curve

S

The sensor is fixed straightly along the surface of a
thermostatic heater plate and connected to the measure-
ment system. In the experiment, the temperature changes
from 25 °C to 43 °C with a step of 2 °C.

The thermo-optical effect and thermal expansion effect
both have important influence on temperature sensitiv-
ity!"*"*! It can be seen from Fig.3(a) that the interference
valleys shift to longer wavelength with the increase of
temperature. The experimental results shown in Fig.3(b)
show that temperature sensitivities of Dipl and Dip2 are
0.233 nm/°C and 0.186 nm/°C, respectively.

According to the above experimental results, the mag-
netic field and temperature sensitivity coefficients of
Dipl and Dip2 are obtained, respectively. The relation-
ship between the shifts of Dipl and Dip2 and the exter-
nal magnetic field, temperature can be expressed in ma-
trix form as

A2, B K, K, ||AT 3)
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where is sensitivity matrix, and A4, and Ak,
T2 H2
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are the shifts of the Dipl and Dip2, respectively. K7 and
Ky are the temperature sensitivity and magnetic field
sensitivity of Dipl, respectively. K, and Ky, are the
temperature sensitivity and magnetic field sensitivity of
Dip2, respectively. AT and AH are the change of tem-
perature and magnetic field, respectively.
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Fig.3 (a) Output spectrum with different temperatures
of 25°C and 43 °C; (b) Temperature response char-
acteristic curve

It can be obtained from Eq.(3) that

AT _ 1 KHZ _KHI M 4)
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where D= KTIKHZ_KTZKHI .
Substituting the sensitivity coefficients into the sensi-

tivity matrix, it can be obtained that
AT | 1 —0.041  0.064 || A4, )
AH | 227x10°|-0.186 0233 || AL |~
As a result, when magnetic field intensity and tem-
perature change simultaneously, the change of tempera-
ture and magnetic field AT and AH can easily be got ac-
cording to Eq.(5).
An optical fiber magnetic sensor is proposed based on

peanut-shape structure cascaded with LPFG. The sensing
structure and MF are encapsulated in capillary. Experi-
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mental results show that magnetic field sensitivity and
temperature sensitivity of Dipl are —0.064 nm/mT and
0.233 nm/°C, respectively. And the magnetic field sensitiv-
ity and temperature sensitivity of Dip2 are —0.041 nm/mT
and 0.186 nm/°C, respectively. The sensor can be used to
measure magnetic field and temperature simultaneously.
It can be widely applied in aerospace technology, envi-
ronmental monitoring and medical fields.

References

[1] Azam Layeghi, Hamid Latifi and Orlando Frazdo, IEEE
Photonics Technology Letters 26, 1904 (2014).

[2] Jicheng Bian, Tingting Lang, Wen Kong and Jiajun Jin,
Journal of Optoelectronics:-Laser 27, 353 (2016). (in
Chinese)

[3] Zhiyong Bai, Weigang Zhang, Shecheng Gao, Peng-
cheng Geng, Hao Zhang, Jieliang Li and Fang Liu,
IEEE Photonics Technology Letters 25, 2111 (2013) .

[4] Linghao Cheng, Jianlei Han, Zhenzhen Guo, Long Jin
and Bai-Ou Guan, A Novel Miniature Magnetic Field
Sensor Based on Faraday Effect Using a Heterodyning
Fiber Grating Laser, Photonics Global Conference, 1
(2012).

[5] Thomas A. Baudendistel and Michael L. Turner, Sen-
sors Journal 7, 245 (2007).

[6] Peng Zu, Wanghua Xiang, Yangbo Bai and Yongxing
Jin, Acta Optica Sinica 31, 0806005 (2011). (in Chi-
nese)

[7] Lin Wu, Ciming Zhou, Li Ding, Dongli Wang and
Wenju Zhang, Journal of Wuhan University of Tech-
nology 33, 24 (2011). (in Chinese)

[8] Lei Gao, Tao Zhu, Ming Deng, Kin Seng Chiang,
Xiaokang Sun, Xiaopeng Dong and Yusong Hou, IEEE
Photonics Journal 4, 2095 (2012).

[9] Jianhua Luo, Gui Zhang, Nanjie Xie, Tianxi Wang,
Yanran Gu, Shuhang Gong and Conglin Wang, IEEE
Photonics Technology Letters 27, 998 (2015).

[10] Changyu Shen, Chuan Zhong,Yang You, Jinlei Chu, Xin
Zou, Xinyong Dong, Yongxing Jin, Jianfeng Wang and
Huaping Gong, Optics Express 20,15406 (2012).

[11]  Chang-Yu Shen, Jin-Lei Chu, Yan-Fang Lu, De-Bao
Chen, Chuan Zhong, Yi Li, Xin-Yong Dong and
Shang-Zhong Jin, IEEE Photonics Technology Letters
26, 62 (2014).

[12]  Youqing Wang, Changyu Shen, Weimin Lou and Fen-
gying Shentu, Optics Communications 364, 72 (2016).

[13] Ye Cao, Wen Liu, Shun Zhao, Zhengrong Tong and
Huiying Liu, Journal of Optoelectronics-Laser 26, 1233
(2015). (in Chinese)

[14] Di Wu, Tao Zhu, Kin Seng Chiang and Ming Deng,
Journal of Lightwave Technology 30, 805 (2012).

[15] Yingping Miao and Jianquan Yao, Acta Physica Sinica
62, 044223 (2013).



