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Abstract: An all-solid waveguide array fiber (WAF) is one
kind of special microstructured optical fiber in which the
higher-index rods are periodically distributed in a low-
index silica host to form the transverse two-dimensional
photonic crystal. In this paper, one kind of multidimen-
sional microstructured optical fiber photonic device
is proposed by using electric arc discharge method to
fabricate periodic tapers along the fiber axis. By tun-
ing the applied magnetic field intensity, the propaga-
tion characteristics of the all-solid WAF integrated with
magnetic fluid are periodically modulated in both radial
and axial directions. Experimental results show that
the wavelength changes little while the transmission
loss increases for an applied magnetic field intensity
range from O to 500 Oe. The magnetic field sensitivity is
0.055 dB/Oe within the linear range from 50 to 300 Oe.
Meanwhile, the all-solid WAF has very similar thermal
expansion coefficient for both high- and low-refractive
index glasses, and thermal drifts have a little effect on
the mode profile. The results show that the temperature-
induced transmission loss is <0.3 dB from 26°C to 44°C.
Further tuning coherent coupling of waveguides and
controlling light propagation, the all-solid WAF would
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be found great potential applications to develop new
micro-nano photonic devices for optical communica-
tions and optical sensing applications.
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1 Introduction

As a new type of photonic crystal fiber (PCF), all-solid
microstructured fiber shows versatile transmission char-
acteristics and physical phenomena owing to the solid
materials periodically distributed in the cladding with dif-
ferent refractive indexes (RI), which is similar to the micro-
structured fiber with airholes [1-7]. It is easier to splice
and couple with conventional single-mode fibers (SMFs)
without airhole collapse. According to different transmis-
sion mechanisms, an all-solid microstructured fiber could
be divided into an all-solid photonic band gap fiber [8],
an all-solid Bragg microstructured fiber [9], and an all-
solid waveguide array fiber (WAF) [10]. Waveguide array
has some basic properties such as energy band structure,
brillouin region, and special discrete diffraction charac-
teristic [11]. At present, the investigations of waveguide
array are mainly focused on crystal and semiconductor
materials with photorefractive effect or other nonlinear
effects. The all-solid WAF could tune coherent coupling
of waveguides and effectively control light propaga-
tion, including mode coupling and discrete diffraction.
Because the high and low RI rods using in the WAF have
very similar thermal expansion coefficient, it has low sen-
sitivity to temperature. With continuous development of
microstructured fiber manufacture technique, the micro-
structured fiber with two-dimensional waveguide array
becomes an attractive research subject. The nonlinear
mode-coupling of optical fiber array was used to realize
passive mode-locking for the first time [12]. The mode evo-
lution of two-dimensional WAF has been studied theoreti-
cally and experimentally [10]. A bending sensor has been
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fabricated based on the interference between different
supermodes propagating through waveguide array micro-
structured fiber [13]. The study on the transmission char-
acteristics of WAF-based fiber Bragg grating has attracted
growing research interests recently. Fiber Bragg grating
in two-dimensional WAF was fabricated, and it was used
to measure curvature and strain [14]. In addition to struc-
ture modulation, it is quite important to investigate the
interaction between all-solid WAF and external fields, for
example, magnetic field.

The light field in optical fiber can be modulated by
changing the applied magnetic field intensity. It is also
an effective way for magnetic field detection through
light field modulation in optical fiber. In recent years,
some ways have been proposed, such as multimode
fiber with sensitive film coating [15], PCF deposited with
Terfenol particles [16], and optical fiber in combination
with magnetic fluid (MF) [17, 18]. MF is one kind of mag-
netic field-sensitive material and has many attractive
magneto-optic properties, for example, birefringence
property, Faraday property, and magnetic-induced RI
tunability [19-22]. It becomes one subject of numerous
studies to combine MF with optical fiber for the measure-
ment of external magnetic field [23, 24] and MF birefrin-
gence [25]. The magnetic field devices can be constructed
by immersing MF as the cladding of a long-period fiber
grating [26, 27], by controlling MF coated on subwave-
length fiber to realized optical modulator [28], and by
using MF as a sensitive medium in fiber optic F-P cavity
[29]. Meanwhile, the PCF’s cladding airhole is often used
as an effective reactor of MF, such as F-P sensor with
hollow core PCF [30]. Magnetic measuring equipment
was fabricated through filling PCF [31]. Moreover, the
magnetic field devices can also be achieved by designing
various mode interference structures, including SM-MM-
SM, Fabry-Pérot optical fiber interferometer, and Michel-
son interferometer [32, 33].

In this paper, a multidimensional photonic device
was fabricated based on the all-solid WAF with the peri-
odically modulated microstructure formed by electric
arc discharge. By combining the microstructure with
the MF, we have realized the modulation of light trans-
mission properties in the all-solid WAF as well as the
measurement of external magnetic field intensity. The
transmission spectral responses of magnetic field and
temperature have been experimentally investigated. The
results show that the photonic device is sensitive to the
external magnetic field but has low sensitivity to tem-
perature. This suggests that the all-solid WAF would find
potential applications in the areas of optical communica-
tions and optical sensing.
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2 Principle and devices fabrication

Figure 1A shows the schematic diagram of the experi-
mental setup for magnetic-field tunability experiment. It
consists of two electromagnets, a tunable voltage source
(TVS), a supercontinuum broadband source (wavelength
ranges from 600 to 1700 nm), and an optical spectrum
analyzer (Yokogawa AQ6370C). Electromagnets and TVS
are used to produce the magnetic field (H) and to control
the intensity of the applied magnetic field. The magnetic
field intensity is measured by a Gauss meter with a resolu-
tion of 0.1 Gs. Here, we fabricate periodic microstructure
tapers along the all-solid WAF axis by using electric arc
discharge with a fiber splicer. Two ends of the fiber were
fixed on the translation stage; after one tapering is fabri-
cated, the translation stages were moved by a distance of
500 um along the axis. Such tapering process was repeated
five times. Figure 1B shows the cross section of the all-
solid WAF. The high RI rods have an average diameter of
approximately 7 um and an interrod spacing (pitch, A) of
approximately 10 um. The RI of the high and low glasses
is 1.474 and 1.444, respectively. The outer diameter of the
all-solid WAF is approximately 124 pm. Figures 1C and D
are the microscopic images of one taper and the spacing
between two adjacent tapers in the all-solid WAF. The
taper length, the waist diameter, and the spacing between
two adjacent tapers are ~ 740, ~ 78, and ~ 548 um, respec-
tively. The actual period of tapers is longer than the dis-
tance of translation stages because of the taper-induced
elongation of the fiber. The saturable magnetization of the
MF (EMG605; Ferrotec, Inc., USA) used in the experiment
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Figure 1: (A) Schematic diagram of the experimental setup for
magnetic field tunability experiment. (B) Cross-sectional image of
the all-solid WAF. (C) Microscopic image of a typical taper fabricated
in the all-solid WAF. (D) Microscopic image of the spacing between
two adjacent tapers.
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is approximately 300 Oe because of the clustering of the
nanoparticles, and the RI of the MF is approximately
1.40 without the external magnetic field. All-solid WAF is
spliced between two SMFs and then is immersed into the
MF carried by a capillary tube, as shown in the inset of
Figure 1A.

Because the rod spacing of the WAF is approximately
half of the core diameter of SMF, the central rod of WAF and
the first storey high-refractive index rod would be covered
with SMF after fusion. When the incident light enters the
all-solid WAF from the lead-in SMF, some supermodes will
be excited in the all-solid WAF because of the small pitch
and the strong energy coupling between high RI rods. In
a way, such all-solid WAF can be seen as an RI guiding
multimode fiber with its core formed by the high RI rods
and the quartz substrate between high RI rods. The resid-
ual external quartz substrate could be treated as the fiber
cladding. Therefore, these supermodes could be classi-
fied according to the mode classification method adopted
for conventional step-index optical fibers. Because of the
presence of periodic tapers, different supermodes have
various propagation constants in the all-solid WAF. The
supermodes propagating in cladding will be recoupled
back into the SMF core after they propagate a long dis-
tance. Therefore, interference will occur among them, and
the interference fringes can be observed in the transmis-
sion spectra.

The electric field distribution induced by the interfer-
ence at a propagation distance of L is determined by the
following equation [34]:

E(r, )= f_amEm(r)e"ﬁmL, o)

where M is the number of total modes in the all-solid WAF,
E (1) is the electric field profile for each mode of the all-
solid WAF, and 8 and a, are the propagation constant
and the excitation coefficient of the mth-order mode,
respectively. The excitation coefficient a_ can be written
as follows [34]:

rE(r, O)E, (r)rdr
a, == , )
_[0 E (r)E (r)rdr

where E(r, 0) represents cross-sectional eigenmode field
distribution of the incident light.

When two kinds of modes interfere with each other,
the phase difference between the mth mode and the fun-
damental mode can be approximated as ¢ =27An_L/A,
where An_ is the effective RI difference between the fun-
damental mode and the mth mode, and A is the operat-
ing wavelength. When the phase difference satisfies the
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condition that ¢ =(2m+1)z (m is an integer), the peak
wavelength can be expressed as:

A, =An,L]p. 3)

Thus, the output light intensity at the out port of the all-
solid WAF can be figured out by I(r, L)=E(r, L)E'(r, L),
which can be expressed as follows:

\ jO“’E(r, 0)E(r, L)rdr‘ "

I(r, L)=10log | — — .
JO |E(r, L) |2rdr_[0 | E(r, O)rdr

The effective RI of the high-order modes will change with
the variation of the ambient RI, which leads to the change
of the effective RI difference. The relationship between
the propagation constant of the mth mode and the cor-
responding effective RI can be written as ny' =a_/k,,
where k is the wave number in free space. Therefore, the
propagation constant of the mth mode will alter as well
as the ambient RI changes, resulting in the variation of
output light intensity I(r, L) according to Equations (1)
and (4).

3 Experimental results
and discussion

The evolutions of the transmission spectra with the all-
solid WAF before and after being periodically tapered are
shown in Figure 2. The clear resonance dips turn up after
the all-solid WAF is periodically tapered. For the general
all-solid WAF, it exits coherent coupling between the core
mode and the low-order supermode. After fabricating the
periodic tapers, the coupling coefficient between wave-
guides will change, and the coupling between the core
mode and the higher-order supermodes will be produced.

The transmission spectra of the all-solid WAF with
periodic tapers before and after immersion into MF
without external magnetic field are presented in Figure 3,
which indicates the transmission loss increases. This phe-
nomenon is related to the excited supermodes propagat-
ing in the refractive rods. After being immersed into MF,
the effective RI of cladding mode has increased from 1.0
to 1.4. On the basis of the coupling between the core mode
and the different excited high-order modes, different
changes of the resonance dips could be observed because
of the transformation of An_. Thus, different dips show
diversification.

During the magnetic field intensity measurement
process, the all-solid WAF is fixed by the fiber holder
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Figure 2: Transmission spectra of the all-solid WAF before and after
being periodically tapered.
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Figure 3: Transmission spectra of the all-solid WAF with five peri-
odic microtapers before and after being immersed into the MF.

and to avoid the strain-induced measurement error. The
transmission characteristics are shown in Figure 4. The
magnetic field intensity is tuned by the TVS and meas-
ured by a Gauss meter. From Figure 4, we can see that
the transmission loss increases and the wavelength
shows blueshift with the increment of applied magnetic
field intensity. The measured result can be explained by
the tunable RI (nMF) of the MF. According to the formula

M 2\/‘; =4/1+y, the electric susceptibility y of the MF

is related to the intensity of the magnetic field and the
relative orientation between the electric field E and the
magnetic field H as well. y decreases with the increase
of the magnetic field intensity when E is perpendicular
to H. y increases with the increment of the magnetic
field intensity, whereas E is parallel to H [25]. Here, the
external magnetic field H is applied along the perpen-
dicular direction, whereas the optical electric field E is
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Figure 4: Transmission spectral evolutions of the all-solid WAF with
periodic microtapers under different magnetic field intensities.

applied along the fiber axis. Therefore, with the incre-
ment of external magnetic-field intensity, the RI of the
MF will decrease according to the relative orientation
between the electric field E of the light source and H.
According to Equations (2) and (4), the a, will alter and
hence excite cladding eigenmodes. The electric field
distribution E(r, L) and the output light intensity I(r, L)
will change. According to the Equation (3), the transmis-
sion spectrum will shift toward the short wavelength
region for the high-order mode. The transmission loss
keeps constant as the magnetic field intensity is <50 Oe
because of the initial magnetization. When the magnetic
field intensity is more than 300 Oe, the transmission loss
gradually becomes constant again because of the satu-
rated magnetization of the MF. This phenomenon could
be explained by the RI of the MF and the magnetic field
intensity satisfying the Langvin function [35]. When an
external magnetic field is applied, the magnetic parti-
cles dispersed evenly in the MF would agglomerate to
form magnetic columns. With the increment of applied
magnetic field intensity, some new columns would be
formed. Moreover, the agglomerated particles are able
to restore to the dispersion state when the applied mag-
netic field is removed [21, 22]. Therefore, the tapered all-
solid WAF has really high repeatability.

Figure 5 shows the relationship between transmis-
sion loss and applied magnetic field intensity. The trans-
mission loss increases from -37585 to —50.539 dB by
approximately 12.954 dB for an applied magnetic field
intensity range of O to 500 Oe. In addition, linear fitting
shows the magnetic field sensitivity reaches —0.055 dB/
Oe with R2=0.972 of the magnetic field intensity between
50 and 300 Oe. The sensitivity to magnetic field could be
enhanced by reducing the waist of tapers.
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Figure 5: The relationship between transmission loss and applied
magnetic field intensity.

We have also experimentally investigated the tem-
perature effect on the transmission characteristics of
the all-solid WAF. It has very similar thermal expansion
coefficient for high- and low-refractive index glasses, and
thermal drifts have a little effect on mode profile. From
Figure 6, the variation of the transmission loss is very
weak. As the external temperature increases from 26°C
to 44°C, the temperature-induced transmission loss is
<0.3 dB, as shown in Figure 7. Because the distribution
and the arrangement of magnetic particles in MF change
as temperature varies, the effective RI of the MF would
change with the variation of environmental temperature.
Silica has a thermo-optical coefficient of +8x107/°C,
whereas the thermo-optical coefficient (-2.4 x107/°C)
of the MF is two orders of magnitude higher [36]. There-
fore, the effect of the MF on the silica background could
be neglected. The effective RI of the MF changes with the
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Figure 6: Transmission spectral evolutions of the all-solid WAF
under different temperatures.
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Figure 7: Transmission loss of Dip A as a function of environmental
when temperature changes from 26°C to 44°C.

variation of environmental temperature, which leads to
the variation of the effective RI of high-order modes. The
output intensity I(r, L) would vary with the change of the
effective RI of the MF for different environmental temper-
atures. Also, the magnetically induced RI change of the
EMG605 MF is in a magnitude of ~5x 1072 [37], whereas
the corresponding thermally induced RI change of MF is
smaller. Thus, the temperature variation of the photonic
device has a little effect on the measurement of applied
magnetic field intensity. During the entire measurement
process, the ambient temperature is kept at a room tem-
perature of 26°C to achieve a highly accurate measurement
of external magnetic field, and the effect of temperature
fluctuations can be disregarded. In addition, the peri-
odic taper of the device is actually similar to the refrac-
tive periodic modulation of long period grating. However,
the device with periodic tapers proposed in this paper is
symmetrical along the axis. The temperature sensitivity is
different from LPG fabricated by the CO, laser because the
deformation degree of fiber core and cladding is much less
than LPG, which is caused by an elasto-optical effect.

4 Conclusion

In conclusion, the proposed device combines the radial
periodic RI rod distribution of WAF with the axial periodi-
cally tapered structure to tune the optical field distribu-
tion. A three-dimensional periodically modulated optical
field has been fabricated. The transmission spectral char-
acteristics have been investigated under different mag-
netic field intensities by immersing the all-solid WAF into
the MF. As the applied magnetic field intensity increases
from O to 500 Oe, the wavelength shift is rather small but
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the transmission loss increases. The magnetic field sensi-
tivity is — 0.055 dB/Oe for the linear range from 50 to 300
Oe. The temperature effect on the transmission charac-
teristics of the all-solid WAF has been also investigated,
and the temperature-induced transmission loss evolution
is <0.3 dB from 26°C to 44°C. Therefore, as a new kind of
optical fiber, the all-solid WAF is of significance in fun-
damental research areas owing to its special structural
modulation, repeatability, and fast response.
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