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a  b  s  t  r  a  c  t

We  present  a new  photonic  magnetic  sensor  that can  yield  information  on the  spatial  angle  of  rotation
of  the  sensor  within  a given  static  magnetic  field  that  based  upon  an  optical  fiber  platform  that  has  a
wavelength-encoded  output  and  a demonstrated  sensitivity  of  543  pm/mT.  This  optical  fiber  magnetic
field  sensor  combines  a conventional,  UV-laser  inscribed  long  period  grating  (LPG)  with  a  magnetostric-
tive  material  Terfenol-D  that coats  and  fills  50-�m  micro-slots  running  adjacent  and  parallel  to the  fiber
central  axis.  The  micro-slots  are  produced  using  a femtosecond  laser  and  selective  chemical  etching.  A
eywords:
agnetostrictive material

ong period gratings
ptical sensing
agnetic sensors

detection  limit  for a  static  magnetic  field  strength  of  ±50  �T is  realized  in  low  strength  DC  magnetic
field  (below  0.4  mT),  this  performance  approaches  the  Earth’s  magnetic  field  strength  and  thus,  once
optimized,  has  potential  for navigation  applications.  Our  method  addresses  the  major  drawback  of con-
ventional  sensors,  namely  their  inadequate  sensitivity  to low  strength,  static  magnetic  fields  and  their
inability  to  provide  information  about  the  orientation  and  magnitude.

© 2018  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

There is significant interest in detecting and monitoring elec-
romagnetic fields (EMF) generated in a number of industries, for
pplications related to process control, electric field monitoring in
edicine, ballistic control, electromagnetic compatibility measure-
ents and the potential health risks associated with environmental

xposure to overhead power cables [1,2]. Other potential appli-
ations have been explored such as current sensors, load cells,
ccelerometers, proximity sensors, non-contact torque sensors and
agnetometers [3–6]. Specifically, magnetometers are widely used

or navigation and in geophysical research involving measuring
he Earth’s magnetic field (25–65 �T) [7]. There is interest in
sing optical fiber sensors that stems from their many advantages;
hey have high reliability, with low maintenance requirements,
mmunity to high voltage and electromagnetic interference, light
eight, compactness and the capability to function in many hos-
ile environments where conventional sensors would possibly fail.
rthodox EMF  measurement systems are based on an active metal-

∗ Corresponding author.
E-mail address: wangc15@aston.ac.uk (C. Wang).
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924-4247/© 2018 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

lic probe that can perturb the EMF  being sensed. Moreover, this
sensing approach is susceptible and vulnerable to electromagnetic
noise [8]. There are other types of magnetic field sensors that are
based upon on different magnetic effects. These types of sensors
include, one, magnetoresistance sensors [9] which are generally
sensitive to a magnetic field applied in a single direction but they
can have issues with angular cross-field errors and possible satura-
tion response with small field strengths. Two, magnetoimpedance
which are used to measure alternating magnetic field and not
static magnetic fields, furthermore some of the materials used pro-
duce stripe domains [10] that can affect the performance of the
sensor and complex designs are been used with varying success
[11]. Three, anisotropic magnetoresistance but typically don’t have
good sensitivity to measure low strength DC magnetic fields [12].
Again, the aforementioned three effects are measured electrically
which have the same vulnerable as the conventional EMF detection
systems. In contrast, the sensing of EMF  with fiber optic sensors
demonstrates great benefits compared with electronic devices;
these beneficial attributes include excellent galvanic insulation,

high sensitivity and very large bandwidth.

There are a myriad of fiber optic sensing platforms for detecting
magnetic fields that utilize the magnetostrictive effect in specific
materials. These ferromagnetic materials produce a strain in the

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.sna.2017.12.021
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2017.12.021&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:wangc15@aston.ac.uk
https://doi.org/10.1016/j.sna.2017.12.021
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


5  Actua

d
w
s
p
s
o
m
a
l
t
s
n
o
a
m

p
a
fi
t
[
D
n
s
r
a

r
d
fi
a
t
g
fi
i
fi

fi
t
o
o
a
c
o
a
o
w
e
i
w
fi
m
l
v

2

b
p
t
e
r
M
r

46 T. Allsop et al. / Sensors and

irection of the magnetic field, thus generating a longitudinal strain
ithin the optical fiber itself [3,13–15]. All of these fiber optic

ensors have several operating deficiencies, principally, their poor
erformance leads to an inability to detect low static magnetic field
trengths. Researchers have used an array of magnetostrictive fiber
ptic to yield directional information and magnitude of the applied
agnetic field [16,17] but operated in high strength magnetic fields

nd poor sensitivity to low strength fields. Furthermore, from the
iterature there is no reported sensitivity dependence on orienta-
ion within a magnetic field for single magnetostrictive fiber optic
ensor. There are other types of optic fiber sensor that yield mag-
etic field orientation, such as, those based upon the interaction
f guides modes or surface plasmons with magnetic fluids [18,19],
gain these sensors have a poor performance in detecting low static
agnetic fields.
We  present here a new optical fiber magnetic field sensor, com-

rising a conventional UV-laser inscribed long period grating (LPG)
djacent to 50-�m long micro-slots that are located parallel to the
ber central axis. The micro-slots were delineated using a fem-
osecond laser and revealed by a hydrofluoric acid etching process
20]. The fiber was coated, and the micro-slots filled, with Terfenol-
, a magnetostrictive material, by using sputtering technology. This
ew optical fiber magnetic field sensor has a very high maximum
pectral sensitivity to B-field (��/�B  of −543 pm/mT), an optimum
esolution of ±50 �T for magnetic field strengths below 0.4 mT and

 resolution of ±100 �T above 1 mT.
The LPG attenuation band response to B-fields exhibits both

ed and blue spectral shifts; these change in wavelength is depen-
ent upon the spatial orientation of the sensor to the magnetic
eld. The wavelength shifts produced by the fiber devices are

 combination of geometrical shape birefringence, created by
he micro-slots/Terfenol-D monoliths, and stress induced birefrin-
ence produced by the Terfenol-D in response to a DC magnetic
eld (expansion or contraction), along with changes to the polar-

zation state of the illuminating light produced by rotation of the
ber.

The investigation is to create a single optical fiber magnetic
eld sensor to that as a marked improvement in performance over
he existing fiber optic sensors with regards to sensitivity, limit
f detection and to have the intrinsic ability to differentiate vari-
us directions of the DC magnetic fields. Furthermore, to achieve
n increase in performance such that the earth’s magnetic field
an be detect with such a fiber optic magnetometer offers vari-
us applications already mentioned above. Whilst our device is not

 true vectorial fiber optic magnetic field sensor, nevertheless it
ffers information on the orientation and magnitude of the sensor
ithin a DC magnetic field. We  note that the Faraday effect can be

xploited for such purposes [21], but the Verdet constant is very low
n glass, thus limiting the range of potential applications to those

here large field strengths are present, for example as a magnetic
eld sensor for use in high power, electrical machinery. Further-
ore, the resolution of this type of fiber optic magnetometer in

ow strength DC magnetic field is ±50 �T which is approaching the
alues of the earth’s magnetic field (25–65 �T).

. Magnetic sensor modelling

An LPG structure was chosen over a fiber Bragg grating [22],
ased on earlier experimental investigations that showed the latter
rovided lower sensitivity [3]. The LPG’s phase matching condi-
ion has many dependent parameters, in particular, the cladding

ffective index, and the Terfenol-D monoliths in our structures, can
egionally change this value in the presence of a magnetic field.
oreover, the transmission spectra of LPGs written into asymmet-

ic fibers (in this case caused by the femtosecond laser microslots)
tors A 269 (2018) 545–555

can yield information on the orientation of any bend experienced
by the fiber [23].

The period of the LPG was  chosen so that the attenuation bands
coincided with the bandwidth of the available light sources. This
involved calculating the propagation constants for the core and
cladding modes [24] (the optical fiber is commercial grade SMF-28
from Dow Corning Inc.) over a range of wavelengths and produc-
ing phase matching curves, leading to a suitable period of 430 �m.
For this period, there are several attenuation bands present from
1300 nm to 1700 nm (Fig. 1 a). The second step was to determine
the spatial position of the Terfenol-D monoliths, with reference to
the core of the optical fiber, which yields the greatest perturba-
tion on an individual cladding mode, and thus higher, geometrical
shape birefringence. This was estimated by using a Finite Element
Method software package (Comsol) to inspect the radial E-field dis-
tributions of the cladding modes and looking at the largest overlap
between the monolith and the E-field at a radial distance from the
core sufficient to yield asymmetric spectral behavior. In the pres-
ence of magnetic field the monoliths would produce detectable,
asymmetric strains dependent on the direction of any local mag-
netic field. This radial distance was  estimated to be approximately
28 �m (Fig. 1b). The monolith length of 50 �m and width of 10 �m
was chosen from previous work [25]. Increasing the size of the
micro-slots and their number causes an increase in mechanical
fragility [25], so this size represents something of a compromise.
The final step was  to estimate the strain-inducing effect of the
Terfenol-D in a magnetic field and thereby determine the change
in the effective refractive index of the cladding glass by using the
strain-optic coefficient of SMF-28 (0.24) [24], as a first approxima-
tion. Furthermore, if the fiber with the sensor is rotated, the authors
realize this rotation will generate additional torsional strain (via the
strain-optic coefficients [26]; p4,4) inducing elliptical birefringence
and change the polarization. This rotational action in an asym-
metric fiber (possessing elliptical birefringence), when rotated
clockwise or anticlockwise, results in increasing or decreasing bire-
fringence [27]. Hence the Terfenol-D monolith, with the correct
orientations to the magnetic field, can produce stress to either add
or reduce the local birefringence, resulting in red or blue wave-
length shifts of the LPGs attenuation bands. The calculation of the
induced strain was undertaken in several steps. Using information
provided by the manufacturer of the Terfenol-D [3], and assuming
an ideal mechanical coupling between the monoliths and the glass,
the magnetic field induced radial variation in the effective index
was included in a FEM model of the machined fiber incorporating
the Terfenol-D. An example of radial variation in strain across the
optical fiber is shown in Fig. 1c, and an example of the perturbed
E-field of a cladding mode in the perpendicular plane of travel is
shown in Fig. 1d.

Using the FEM model for different strength magnetic fields
and including the spatial orientation of the B-field lines, the
model allowed us to calculate variations in the propagation con-
stants associated with magnetic field strength and orientation. This
approximation assumes that the propagation constants already
incorporate the shape birefringence, and the Terfenol-D stress-
induced birefringence, caused by the radial generated strain by the
Terfenol-D monoliths in the presents of static magnetic field, can
be calculated using the approach given in REF 28, which includes
the assumption that stress contribution wavelength dependence
P� is attributed to chromatic dispersion of the stress optical coef-
ficient given in REF 28, thus the stress birefringence �nstress and
polarization dispersion P�:

( )

�nstress = PSmax and P� = Smax

c
P − �

dP

d�

Where P is the stress optical coefficient,  Smax is the maximum
difference in the radial stress/strain produced by the Terfenol-D
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Fig. 1. (a) The phase-matching curves for a few of the attenuation bands for a long period grating with a period of 430 �m using SMF  Telecoms optical fiber (b) The radial
E-field distribution for the cladding modes HE1,4 and HE1,5 of the optical fiber and the position of the Terfenol-D monolith within the optical fiber (c) Shows the predicted
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adial  strain induced by a Terfenol-D monolith in a static magnetic field with a ma
adial  E-field distribution for the HE1,4 mode. (e) and (f) shows Finite Element Meth
odes along the fiber for a two  and three monolith device, respectively.

onoliths, c is the velocity of light in vacuum. In this calculation
 is taken at fours angles, (parallel and perpendicular) to the mag-
etic field lines resulting from p4,4 from the mechanical rotation
f the fiber in the magnetic field. The authors do acknowledge the
odels used here to predict the spectral behavior of the new type

f magnetic sensor are simplistic and that the strain created by the
erfenol-D monoliths will be a vector quantity, generating strains
long the major three axes and additional shear strains.

Another factor that needs to be included is the overall effect of
wo or three monoliths on the entire LPG. This was analyzed by
sing the FEM package to simulate the electric field of the cladding

odes in the z,y plane of travel for the experimentally investi-

ated devices. Two monoliths perturb the E-field over a length
f ∼1.1 mm,  whereas three monoliths produce a perturbed E-field
ver a length of 1.7 mm;  Fig. 1e shows the perturbed E-field for the
e of 1mT  (d) Shows how the sculpted modified and coated optical fiber alters the
del predicting the effect of the Terfenol-D monoliths on the E-fields of the cladding

two cases. To better compare with experimental results, we esti-
mate the net effect over the grating length by scaling the strain
by the ratio of the total grating length to the sum of the lengths
of the monoliths, this takes into the creation of longitudinal strain
along the axis of the fiber, produced from the Terfenol-D mono-
liths. This leads to a reduction of 1/27 for the two-monolith device
or 1/17 for that with three monoliths. Typical theoretical predic-
tion results are shown in Fig. 2 for three monoliths. We  note that
any bending of the fiber in the presence of the B-field is excluded
from the model. Inspecting the predictions shows that this device
can produce a detectable wavelength shift for magnetic fields of

moderate strength and has the ability to distinguish the direction
of the field lines by producing either a red or blue wavelength shift,
depending on the particular LPG attenuation band that is being
assessed. It is expected that the induced bend generated by the
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Fig. 2. (a) Theoretical prediction of the spectral sensitivity of single magnetostrictive fiber optic sensor to a static magnetic field consisting of three Terfenol-D monoliths
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unning completely through the cladding (dimensions: length 50 �m, width 10 �
ore/cladding interface, inscribed in the central region along the LPG length in th
isualization of the orientation magnetic sensor and the illustration of the spatial o

onoliths of Terfenol-D would amplify the wavelength shift of the
ttenuation bands in addition to the strain-induced wavelength
hift. This curvilinear waveguide can be visualised as an equivalent
adially asymmetric index variation (using the conformal map-
ing technique [29]). This asymmetric index variation increases
ith increasing bend curvature of the optical fiber, these effective

hanges the index of the core and cladding modes to increase the
efractive index differential and thus produce a wavelength shift
hich would be in addition to the stress/strain produced from the
onoliths.

. Fabrication of sensors

Based on our model, the parameters for the fabrication of the
ensors were determined, and a three-stage, fabrication procedure
as implemented. The first step involved the hydrogenation of

tandard single mode fiber (Corning SMF-28e) at a pressure of 200
ar, followed by the laser fabrication of a conventional LPG [22,23]
length of 30 mm,  period 430 �m)  into the fiber core, using a 244-
m UV laser (Coherent Sabre FreD); the average laser power was
00 mW.  Following the LPG inscription, the fiber was  annealed for
4 h at a temperature of 90 ◦C. Micro-slots were formed in the sec-
nd step, using a femtosecond laser (Amplitude Systèmes s-Pulse
P femtosecond laser, operating at 1026 nm). The laser produces
00 fs laser pulses with a repetition rate of 1kHz, and the micro-
lots were finished using the etching technique [20,30]. To reach
he required power density, the laser pulses were focussed using

 100x objective lens (Mititoyo MPlan Apo NIR Series, numerical
perture 0.5) leading to a spot size on the sample of 1.5 �m,  whilst
sing a pulse energy of 350 nJ [20,26]. Details of the procedure used
or the aligning and the inscription of each micro-slot into the opti-
al fiber are published elsewhere [13]. The device is subsequently
ubmerged into a 5% hydrofluoric acid solution for chemical etch-
ng, which is placed in an ultrasonic bath for approximately 25 min
o assist in the removal of the glass swarf; Fig. 3 c and d show the

esultant sculpted fiber. The final step is to functionalize the sensor
o a magnetic field; this is achieved by using the magnetostrictive

aterial Terfenol-D. The microslots are “back filled” by using a RF
puttering machine, creating monoliths of Terfenol-D within the
ith spatial separations of 70 �m,  with a radial displacement of 28 �m from the
ical fiber. � and � are labels for orthogonal data sets in the same quadrant. (b)
tions of the Terfenol-D monoliths in the optical fiber to the magnetic field lines.

cladding of the fiber. As part of the process, a uniform coating of
Terfenol-D was also applied along the length of the LPG with a coat-
ing thickness of 1�m [3]. The resultant fiber devices have either
two or three monoliths of Terfenol-D (length 50 �m, width 10 �m,
depth ∼100 �m)  that go completely through the fiber’s cladding,
with each monolith separated by 70 �m and with a spatial offset
of 28 �m from the core/cladding interface. They are located in the
central section of the LPG.

4. Experimental characterization of the magnetic fiber
sensor to static fields

Two permanent ferromagnets were used in the assessment of
the magnetic sensors. Firstly, a ring magnet (pulling force of 6.4 kg)
was used to examine the sensitivity of the magnetic fiber sensor
to small magnetic fields (< 10 mT). Secondly, a horseshoe magnet
(pulling force of 5.4 kg) was used to investigate two aspects of the
sensors: the sensitivity of the sensor to much stronger magnetic
fields (<60 mT)  and to illustrate the potential of the fiber devices
as vectorial sensors, measuring the magnetic field direction (Fig. 4
). The spatial arrangement of apparatus for the first experiment is
shown in Fig. 4b. The fiber sensor’s monoliths were positioned along
the central axis and at the midpoint within the ring magnet for
the sensors to experience maximum field strength. Following this
positioning the ring magnet was then translated along the length
of the optical fiber away from the sensor, thus subjecting the sen-
sor to a decreasing strength magnetic field. Because the sensor is
anisotropic, the illuminating light used in the Characterization of
the magnetic sensor was polarized to maximize the strength of the
attenuation bands produced by the grating. The apparatus used
for the illumination of the sensors, and the mechanical arrange-
ments for the determination of the magnetic spectral sensitivities,
is shown in Fig. 4. Typical transmission spectra are shown in Fig.
5 , it can be seen that an additional monolith (from two to three,)
has reduced the optical strength of the resonances associated with

the cladding modes HE1,4 and HE1,5 which is expected from the
modelling, Fig. 5b.

The overall sensitivity of the sensors was  investigated using
the ring magnet; the results can be seen in Fig. 6 a and b for
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Fig. 3. (a) Picture of the opto-mechanical components of the femtosecond laser inscription scheme used to produce the slots in the optical fiber. (b) Schematic of the
inscription set-up. The views of the finished sculpted LPG with slots: (c) the y-z plane; (d) the x-y plane (brightfield microscope images).

Fig. 4. The optical and mechanical apparatus used to investigate the magnetic spectral behavior and sensitivities of a single magnetostrictive fiber optic sensor. (a) The
s he mo
m sensit
b

t
p
s

chematic of the apparatus used to illuminate and polarize the light and to identify t
agnetic  field. (b) Mechanical arrangement used to determine the overall spectral 

ehavior on the orientation of the magnetic field.
wo and three monolith optical fiber sensors, respectively, com-
aring the same attenuation bands at approximately the same
pectral location. Fig. 6 suggests that the response of the 3 monolith
difications in the spectral features in the transmission spectra when subjected to a
ivities. (c) Mechanical arrangement used to investigate the dependency of spectral
sensor saturates at a lower field (4 mT)  than the 2 monolith sen-
sor (8 mT). The three monolith device yields a larger wavelength
shift over the non-saturated condition of 93 pm compared to only
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Fig. 5. Typical transmission spectra of the optical fiber magnetic sensors that have (a) Two Terfenol-D monoliths (b) Three Terfenol-D monoliths.
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ig. 6. Typical spectral sensitivities for magnetostrictive fiber optic magnetic senso
�)  magnetic field strength. (b) Three Terfenol-D monoliths with an insert with an 

n  transmission spectra with an applied static magnetic field for a three monolith fi

 pm for the two  monolith device. The sensors produced maximum
pectral sensitivities of ��/�B  = 5 pm/mT  over 0 to 8 mT  (2 ele-
ent device) and ��/�B  = 543 pm/mT  over 0 to 0.4 mT  (3 element
evice), the spectral sensitivity is a linear approximation over the
rst 4 measurements, insert in Fig. 6b. The three monolith sen-
or has approximately 18 pm/mT  spectral sensitivity ranging up to

 magnetic field strength of about 4 mT.  A stability test was per-
Two Terfenol-D monoliths, showing the response to increasing (�) and decreasing
ded scale of the lower magnetic field strengths applied. (c) and (d) typical changes
vice.

formed on the LPG’s attenuation band strength and wavelength as
determined from both the band minimum and using the centroid
approach over 56 spectra taken over around 20 min  at a constant

temperature. This yielded a peak wavelength standard deviation of
0.05 nm and optical strength standard deviation of 0.05 dB along
with a centroid wavelength standard deviation of 0.001 nm with
a centroid optical strength standard deviation of 0.02 dB. Further-
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ore, inspecting Fig. 6c and d shows small and negligible changes
n the optical strength of the attenuation band associated with the
E1,5 cladding mode and there are no additional spectral features,

uch as a notch in the attenuation band, that would be associated
ith a grating phase change. These results have shown that chang-

ng the number of monoliths changes the effective operating regime
ith regards to the range of strength of magnetic field before device

aturation occurs and are an indication that these devices can be
ailored for a range of strengths of magnetic field. Furthermore, it
s known that the magnetostrictive material Terfenol-D exhibits
ysteresis, this was investigated for all sensors by observing the
pectral responses of the sensors with increasing magnetic field
trength to a maximum and then decreasing the magnetic field
trength to zero, a typical example is shown in Fig. 6a. The spectral
ysteresis of the sensors was limited and was of similar magni-
ude to the error within the experiments. These results appear to
e consistent with results obtained with Terfenol-D monoliths in
ber working in conjunction with fiber Bragg gratings [3].

The directional dependency of the magnetic field sensitivity was
nvestigated using the apparatus shown in Fig. 4c. The results for
he three Terfenol-D monolith devices are shown in Fig. 7 . The
ensitivities of the different attenuation bands are shown in Fig.
a and b for attenuation bands associated with the HE1,3 and HE1,5
ladding modes, respectively. The different spectral behavior of the
wo bands is expected due to the differences in the radial distribu-
ion of the two cladding modes [25].

Differences in behavior were observed between the two sen-
ors when subjected to changes in the applied magnetic field
irection. The three Terfenol-D monolith sensor produced spec-
ral sensitivities ranging from ��/�B  = −8 pm/mT to −130 pm/mT
nd ��/�B  = +4pm/mT to + 76 pm/mT  for opposite orientations of
he fiber within the magnetic field and negligible response for par-
llel orientations, please see Fig. 7b. The corresponding values for
he two Terfenol-D monolith sensor were between −2 pm/mT  and

 pm/mT. Another experiment was performed to verify that polar-
zation is the key mechanism responsible for the blue and red

avelength shifts with regards to magnetic fields that are opposite
n directions. In this experiment, the sensing fiber remained static
nd the magnetic field was rotated through 180◦; this revealed that
he wavelength shifts are red shifted for both magnetic field line
irections. These last two results confirm that the rotation of the
ber produces additional elliptical birefringence that enables infor-
ation about the orientation of the sensor within the magnetic field

nd magnitude of that field.

. Discussion

Comparing the theoretical predictions of Fig. 2 with the experi-
ental results of Fig. 6b indicates a difference in spectral sensitivity

nd overall maximum wavelength shift. For example, the experi-
ental spectral sensitivity at 90◦ for the 3 monolith is greater by

 factor 3 than is predicted theoretically. There are several factors
hat could account for this difference. Firstly, the shear stresses pro-
uced by the Terfenol-D monoliths in a DC magnetic field may  be
ore significant than initially considered and have greater effect on

he elliptical birefringence generated by the rotation of the fiber.
Secondly, we have used a simple approximation that from the

echanical rotation p4,4 is the only strain-optic coefficient respon-
ible for the elliptical birefringence; the authors realize there will be
ther p coefficients that will also contribute to the overall change in

irefringence. Furthermore, the overall generation of birefringence
ue to strain from the Terfenol-D monoliths is simplistic; only
ccounting for radial and longitudinal strain, the authors acknowl-
dge that the true strain is a vector quantity.
tors A 269 (2018) 545–555 551

Thirdly, an additional wavelength shift of the attenuation bands
may  result from the sensor becoming curvilinear in shape under
the influence of the magnetic field induced strain in the mono-
liths. The conformal mapping technique [28] says that a curved
optical fiber waveguide having a curvature R can be replace with
an equivalent straight waveguide with the following index pro-
file n(R) →

(
n0 + dn

dε · ε
)

exp
(

d
R

)
. Where n0 is the initial refractive

index of the core/cladding, R is the curvature experienced by the
fiber and d is the distance from the center of the fiber and ε is the
longitudinal strain created from the curvature. Thus, for very small
displacements d, and using the expression for wavelength shift as a
function of curvature Reference 23, leads to LPGs wavelength shift
as proportional to d/R2as a first approximation This is made com-
plicated by the fact that sensor has been coated Terfenol-D, thus
the cladding modes associated with the attenuation bands could be
leaky or at least effected by the Terfenol-D material and therefore
would change the overall sensitivity. Thus, these two  factors can
help to explain the larger wavelength shift observed experimental
than predicted theoretically.

The sensor’s resolution was  determined using the method out-
lined in [31]. Considering the three monolith device, the full width
half maximum of the attenuation band is 29.8 nm, using an optical
spectrum analyzer provides 1000 discrete wavelength measure-
ments, therefore ��min could in principle be 0.03 nm, however,
this is beyond the resolution limits of the optical spectrum ana-
lyzer which has a minimum detectable wavelength change of
��min = 0.06 nm.  However, using the centroid approach yields a
higher resolution of 0.01nm, leading to the following results. For
��/�B = 543 pm/mT  we  obtain a static magnetic field resolution
��min (�B/��)  of ± 50 �T for strengths below 0.4 mT and using
a spectral sensitivity of 18 pm/mT  gives a magnetic field strength
resolution of ± 250 �T over a range of a few mT,  as shown in Fig.
6b.

The sensors’ operating range (defined as the maximum mag-
netic field strength before saturation in wavelength shift occurs)
depends upon on the number of Tefenol-D monoliths. The direc-
tional magnetic field experimental data in Fig. 7b, when compared
with the results obtained from the ring-magnet (Fig. 5b for 0◦ and
180◦ orientations) indicate saturation at ∼ 5 mT,  which is simi-
lar to the previous results shown in Fig. 6b. The attenuation band
associated with the HE1,3 cladding mode shows that the satura-
tion condition occurs at a higher magnetic field strength of ∼ 8 mT.
Furthermore, the HE1,5 cladding mode yields higher sensitivities,
larger wavelength shifts and saturation levels occurring at higher
magnetic field strengths of −40 mT  and + 20 mT, compared to the
attenuation band associated with the HE1,3 cladding mode at the
90◦ and 270◦ orientations. Another observation is that there is
some asymmetric spectral response, between 90◦ and 270◦ orien-
tation (perpendicular to the magnetic fields line) yielding different
maximum wavelength shifts, which is seem in the theoretical pre-
dictions. This is the result of the birefringence induced from the
mechanical rotation of the fiber adding to the overall spectral
sensitivity and the maximum wavelength shift produced by the
stress induced from the Terfenol-D monoliths in one rotation direc-
tion, i.e. 90◦ and when the fiber is rotated in opposite direction to
270◦ this is subtractive to the birefringence stress induced by the
Terfenol-D monoliths. Also, this spectral behavior may suggest that
the monolith slots are not parallel to the central axis of the fiber,
having a slight angle of incline.

Saturation at these low field values could be considered unusual
behavior just considering the magnetostrictive properties of the
Terfenol-D material, which has a saturation magnetic field strength

of 1 T [32]. The monoliths are situated within another material
that is effectively pure amorphous silica then this saturation may
be expected. The Terfenol-D changes shape in the presence of a
magnetic field, thus generating a force against the medium that
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ig. 7. The spectral response of different attenuation bands of the three Terfenol-
ladding modes, at 1385 nm and 1576.75 nm respectively. (c)Visualization of the sp

urrounds the monoliths, the stress field in the medium in turn pro-
ides mechanical resistance to the change in shape of the monolith
and changes in birefringence). With the ring magnet, the mag-
etic field lines are along the central axis of the fiber (with a large
ulk of material), thus as the monolith changes shape it experiences
echanical resistance from the optical fiber. Furthermore, this net
echanical resistance to movement, produced in the silica cladding

egion, would be reached for a lower DC magnetic field if there were
ore monoliths present in the fiber device. This is observed experi-
entally; there is higher spectral saturation response for the device
ith two monoliths compared to the three monolith device, 10 mT

nd 2 mT,  respectively.
Using the same argument with the horseshoe magnet, the mag-

etic field lines are perpendicular to the optical fiber central axis
nd thus there is less bulk silica to offer mechanical resistance so
he saturation occurs with a higher magnetic field strength, which
gain is observed experimentally. Furthermore, with the horseshoe
agnet the Terfenol-D monolith produces a curve along the fiber

nd thus create additional wavelength change in the attenuation
ands of the LPG that wouldn’t be seen with the ring magnet.

Other possible additional effects that can produce further wave-
ength shifts are the changes in the effective refractive index of the

onolith itself under the influence of a DC magnetic field, along
ith additional shear strains at the cladding-monolith interface.

his effect would be small with insignificant change to the cou-
ling coefficients and efficiency resulting in a negligible change in
he optical strength of the attenuation band.

We have stated that the fiber asymmetry and its mechanical
otation are responsible for any red and blue wavelength shifts
n the presence of the magnetic field. As the fiber is rotated to

 new relative orientation (0◦, 90◦, 180◦ and 270◦), there will be
 section of fiber with elliptical birefringence [24,27,28] that the
lluminating light will pass through. Prior to any measurement at
 new rotation angle, the polarization controller is used to reset
he LPG’s resonance wavelength to its original spectral value. Sec-
ndary to this elliptical birefringence the asymmetric geometry
roduced by the Terfenol-D monoliths within the cladding, gives
noliths device. (a) and (b): attenuation bands associated with the HE1,3 and HE1,5

rientation of the sensor to magnetic field lines.

rise to an azimuthal polarization dependency. Examples of typi-
cal azimuthal polarization dependencies of the attenuation bands
of the devices with no applied magnetic field are shown in Fig.
8 a and b. The results shown are associated with the attenuation
bands used in Fig. 5a and b and show wavelength dependences
of 7 pm/degree and 17 pm/degree for the two and three monolith
devices, respectively, with the same optical strength variation of
0.05 dB/degree. The degree of azimuthal polarization sensitivity is
dependent upon which cladding mode, and its associated atten-
uation band, is being monitored. The different attenuation bands
displayed polarization sensitivities varying from 4 pm/degree to
42 pm/degree with greater sensitivities produced at longer wave-
lengths and an average polarization value of 7 pm/degree.

The temperature sensitivity of the attenuation bands used for
the magnetic measurements was also investigated, yielding values
of 18 pm/◦C and 26 pm/◦C for the two and three Terfenol-D mono-
lith sensors, respectively. The wavelength cross-talk between the
static magnetic field strength and ambient temperature was esti-
mated using experimental data and other material properties from
reference [24], Table 1.

A Taylor expansion of the phase matching condition � = ın�
leads to

��Tot = ın + ∂�

∂B
�B  + ∂�

∂T
�T  + ∂2

�

∂B ∂T
�T�B

Writing ∂�
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[
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])
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}
where we have assumed that the increase in the period of the

LPG is linearly proportional to strain, thus ∂�
∂ε

= 1. This yields an

insignificant value of approximately 1.6 × 10−2 pm◦C−1 mT−1. This

cross-sensitivity result and the experimentally determined low
temperature spectral sensitivities show that it would be feasible
to operate the device in an uncontrolled environment, so long as
the temperature of the device were measured with an accuracy
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Fig. 8. Examples of the LPGs attenuation bands wavelength and optical strength dependence upon azimuthal polarization with no applied magnetic field from the maximum
wavelength (a) a two  monolith (b) a three monolith fiber device.

Table 1
Optical constants.

Layer Refractive Thermal Expansion Strain-optic Thermo-optic Radius Material

core n = 1.458 4.1 × 10−7 0.28 7.3 × 10−6 3.8 × 10−6 GeO /B / SiO
4 
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1

cladding n2 = 1.4446 4.1 × 10−7 0.2

round 0.1. This could be readily achieved suing a collocated FBG,
or example.

It is informative to compare the results of this paper with those
f other researchers investigating optical fiber magnetic sensors
sing fiber Bragg grating technology [3,13,14]. Typical values for
ensitivity range from 0.5 pm/mT  to 1 pm/mT, which are approxi-
ately 2 orders of magnitude smaller than ours. Typical resolutions

re ±300 �T [3], which is 6 times poorer than we are reporting here.
here are magnetostrictive fiber optic sensors/array that have been
sed to yield orientation and magnitude of magnetic fields [16,17]
he exhibit low sensitivities of 1.2 pm/mT  and 2.5 pm/mT  with typ-
cal detection limits ranging from 0.3 to 0.4 mT  [16,17] which are 2
rders of magnitude smaller than ours and their resolution is poor
ompared to the presented sensor in this paper.

Other optical fiber magnetic sensors using magnetic fluids and
hotonic crystal fibers (PCF) yield lower sensitivity values, for
xample 29 pm/mT  to 45 pm/mT  [33–35]. These sensors based
pon magnetic fields have issues detecting low strength magnetic
elds with typical detection limits of 2 mT  [18,19,27]. There are
ther examples of fiber sensors that use tapers [11]; again, the over-
ll sensitivity is lower compared to the sensor presented in this
aper. Yet another sensor using the Verdet effect [36] yields high
ensitivity (with a resolution of 2 �T) but only at high magnetic
eld strengths. More recently researchers have used a plasmonic
evice with a tilted fiber Bragg grating and a magnetic fluid 19]
hat yields good spectral sensitivity but appears to be usable from
round 2 mT  and higher. The researchers show orientation wave-
ength shift dependence; it is well known that plasmons and tilted
ragg gratings are highly sensitive to the polarization of the light
ut the researchers didn’t present the polarization dependence,
hich may  have a major effect on the performance of the plasmonic
evice.

The time response of our devices has not been investigated due
o the fact that an optical spectrum analyzer has been used to inter-
ogate the devices, which would be the limiting factor at present;

hus, we are only considering DC magnetic fields in this study.

The main advantage with this sensor is a significant increase in
ensitivity of approximately 2 orders of magnitude over other sim-
2 2

7.8 × 10−6 62.5 × 10−6 SiO2

ilar fiber optic magnetic field strength sensors. This device yields
a typical spectral sensitivity of ��/�B  = 540 pm/mT  in low static
magnetic field values up to 4 mT  with a resolution of ±50 �T for
field strengths of sub-mT. Moreover, the sensing device presented
has an overall detection limit that is approximately one order of
magnitude smaller than the best previously reported fiber optical
DC magnetic sensing devices. Furthermore, whilst the sensor is not
a vectorial magnetic field sensor it can yield information on the
sensor’s orientation within a static magnetic field.

The reported performance values are approaching the require-
ments for determining the earth’s magnetic field (25–65 �T) [7],
suggesting that once optimized this approach has potential applica-
tions in geophysical activities, which to date have not been possible
with these types of magnetic sensors.
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