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In this paper, a novel refractive index (RI) sensor is proposed based on the fused tapered special multi-mode fiber
(SMMEF). Firstly, a section of SMMF is spliced between two single-mode fibers (SMFs). Then, the SMMF is processed
by a fused tapering machine, and a tapered fiber structure is fabricated. Finally, a fused tapered SMMF sensor is ob-

tained for measuring external RI. The RI sensing mechanism of tapered SMMF sensor is analyzed in detail. For differ-

ent fused tapering lengths, the experimental results show that the RI sensitivity can be up to 444.517 81 nm/RIU in the

RI range of 1.334 9—1.347 0. The RI sensitivity is increased with the increase of fused tapering length. Moreover, it

has many advantages, including high sensitivity, compact structure, fast response and wide application range. So it can

be used to measure the solution concentration in the fields of biochemistry, health care and food processing.
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Optical fiber refractive index (RI) sensor'"? is very im-

portant in biology, chemistry and medicine fields due to
the advantages of high sensitivity, compact size and fast
response. It has several kinds of common structures, in-
cluding the core offset splicing®*, material coating!™®,
fiber grating!”* and so on. For example, Shan Zhu et al'”’
introduced the atomic layer deposition technology to
fabricate a high sensitivity RI sensor based on an adia-
batic tapered optical fiber, where an asymmetric
Fabry-Perot like interferometer is constructed along the
fiber taper. Peter Tatar et al''” proposed a modification
structure model of in-fiber sensor based on intermodal
interference in two core photonic crystal fibers for
measuring external RI. Especially, an increase of RI sen-
sitivity to the surrounding medium could be achieved by
decreasing the fiber diameter. It is the most common
solution to etching the fiber cladding with chemical re-
agent. However, this method has the disadvantages of
low control precision and large repeatability error. So the
fused tapered method is proposed and applied in differ-
ent fiber sensor, mainly including the flame brushing
technique and CO, laser fusion technology. For example,
Le Xu et al'"' proposed a high-temperature sensor based
on an abrupt fiber-taper Michelson interferometer in
single-mode fiber (SMF) fabricated by a fiber-taper ma-
chine and electric-arc discharge, S. A. Ibrahim et al!'”

proposed an ammonia sensor composed of a tapered
multimode fiber coated with polyaniline nanofibers, and
Fu Guangweti et al''”! analyzed an RI sensor of photonic
crystal fiber Mach-Zehnder interferometer (MZI) based
on CO, laser fusion technology. Due to the controllable
accuracy and simple preparation of fused tapered method,
an RI sensor is proposed based on the fused tapered spe-
cial multi-mode fiber (SMMF).

In this paper, an RI sensor is fabricated by using a
section of SMMF, which is spliced between two SMFs,
and then tapered down by flame brushing technique. The
RI sensing principle is analyzed, and the testing experi-
ments are performed. By changing the tapering length of
SMMF, three RI sensors are fabricated and characterized
in detail. Then these experimental results are analyzed
and discussed. In the RI range of 1.334 9—1.347 0, this
sensor has good RI sensitivity.

The cross section of the SMMF used in our experiment is
shown in Fig.1. It is composed by pure silica core and glass
cladding, which is fabricated by Yangtze Optical Fiber and
Cable Joint Stock Limited Company. It is a step-index fiber
with a standard 105/125 pm structure size.

Typically, the RI sensor consists of an SMMF section
spliced between two SMFs, forming an SMF-SMMF-
SMF structure. Then the SMMF is processed by a fused
tapering machine (SCS-4000), and a tapered fiber struc-
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ture is fabricated. So we can obtain a fused tapered SMMF
sensor for measuring external RI as shown in Fig.2.

Fig.1 The cross section of SMMF
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Fig.2 Schematic diagram of the fused tapered SMMF
sensor

In Fig.2, we can see that the tapered SMMF is con-
nected between two SMFs. In general, the light in the
SMMF is transmitted in core, but the fiber core and
cladding diameters become thinner due to the fused ta-
pered procedure, so the light in core can be transmitted
along with the surface of the tapered SMMF due to the
evanescent wave. Therefore, a miniature MZI is realized,
and the sensing principle is as follows.

The tapered sensing area L is the region outside the
tapered SMMF core. Light from the input SMF through
the first fusion junction, a part of light energy is coupled
into the tapered SMMF core as the reference arm, and
the other part of light energy is coupled into the tapered
sensing area as the signal arm. As the tapered SMMF
gradually becomes thinner, the core mode is coupled to
the cladding mode gradually, and the optical energy
transmitted in the core mode is gradually weakened,
while the light energy transmitted in the tapered sensing
area is gradually enhanced. When the two parts are
propagated to the second fusion junction, the cladding
mode of the tapered sensing area and the core mode
transmitted in the tapered SMMF core are interfered in
the output SMF. Therefore, based on the theory of opti-
cal fiber MZI, the influence mechanism of tapered
SMMF sensor is studied.

In the MZI based on the tapered SMMF sensor, the
intensity and the center wavelength!'*! of the interference
spectrum can be expressed as

I=1+1,+2{11, cos(2mn,,L/A), (1)
ﬂm — ncor—claL s (2)
m

where [ is total output light intensity, 7, and /, is the light
intensity in fiber core and tapered sensing area, respec-
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tively, 4,, is the central wavelength of mth order inter-
ference fringe, L is the interference length, i.e., the dis-
tance of tapered sensing area, and 7.1, 1S the difference
between the core RI and the effective RI of tapered
sensing region.

The wavelength shift caused by the change of RI in
tapered sensing area can be expressed as

(n,, ., tAN )L n L

m m

cor—cla cor—cla

AA, =

An, L
cor—cla s 3
— €)

where Al,, is the center wavelength shift for the mth or-
der interference fringe, Ancyr.c1, 1S the variation of RI dif-
ference caused by the RI changing in tapered sensing
area.

With the environmental RI changing, Anco..1, Will also
change. It leads to the variation of phase difference be-
tween fiber core mode and cladding mode, and the inter-
ference fringe will also shift. Thereby, the external RI
can be detected by measuring the interference fringe
shift.

In order to investigate the RI sensing characteristics, a
straight experiment is performed with experimental setup
as shown in Fig.3.
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Fig.3 Experimental setup for Rl measurement

In Fig.2, an amplified spontaneous emission (ASE)
optical source is used for measuring, whose wavelength
ranges from 1 520 nm to 1 610 nm. An optical spectrum
analyzer (OSA, YOKOGAWA AQ6375) is used to re-
cord the spectrum with different Rls.

During the whole experiment, the proposed fused ta-
pered SMMF sensor is placed in glassware. The inter-
ference spectra are recorded and analyzed experimen-
tally in RI range of 1.334 9—1.347 0. Based on Eq.(3),
different tapered sensing area lengths can cause the
variation of center wavelength shift. Thereby, three sen-
sors with different sensing area lengths are taken as ex-
amples for measuring RI.

When the SMMF initial length is 30 mm and the fused
tapering length is 8 mm, the interference spectra of the
first sensor with different RIs of 1.3349, 1.3366,
1.3385, 1.3402, 1.3420, 1.3435, 1.3459 and 1.3470
are shown in Fig.4.

In Fig.4, we can see that the interference spectrum has
obvious shift towards long wavelength with the increase
of RI. In order to descript the changes of the interference
spectra with different Rls in detail, the extreme wave-
lengths near 1 533 nm in spectra are selected as the ob-
servation points. The relationship between RI and wave-
length shift is shown in Fig.5. As shown in Fig.5, it
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shows that the tapered SMMF sensor has high RI sensi-
tivity 0f 209.312 83 nm/RIU.
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Fig.4 Interference spectra of the first sensor corre-
sponding to different Ris
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Fig.5 Relationship between RI and wavelength shift
for the first sensor

When the SMMF initial length is 30 mm, and the
fused tapering lengths are 12 mm and 15 mm, respec-
tively, the interference spectra of other two sensors with
different RIs are shown in Figs.6 and 7.
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Fig.6 Interference spectra of the second sensor cor-
responding to different RIs

Similarly, we can see that with the increase of RI, the
interference spectrum has obvious shift towards long
wavelength in Figs.6 and 7. The extreme wavelengths
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near 1 595 nm in the spectra are selected as the observa-
tion points in Fig.6, and the extreme wavelengths near
1 585 nm in the spectra are selected in Fig.7, respec-
tively. So we can obtain the relationships between RI
and wavelength shift for the second and the third sensors
as shown in Figs.8 and 9.
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Fig.7 Interference spectra of the third sensor corre-
sponding to different Rls
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Fig.8 Relationship between RI and wavelength shift
for the second sensor
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Fig.9 Relationship between RI and wavelength shift
for the third sensor

In Figs.8 and 9, the second and the third tapered SMMF
sensors have high RI sensitivities of 421.439 9 nm/RIU and
444.517 81 nm/RIU, respectively. So these three sensors
have perfect RI sensing performances. Moreover, in the
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RI range of 1.334 9—1.347 0, the longer the tapering
length of the sensor is, and the higher the RI sensitivity
is. That is mainly because the tapered sensing area
lengths are different. For a certain mth order interference
fringe, the center wavelength shift A4, is increased when
Ancorcia 18 the same. Thereby, the variation of external RI
can be determined by measuring the wavelength shift of
observation point.

A novel RI sensor based on the fused tapered SMMF
is described. The RI sensing mechanism of the tapered
SMMF sensor is analyzed in detail, and a demonstrated
set up is performed experimentally. Experimental results
show that the RI sensing sensitivity can be up to
444.517 81 nm/RIU in the RI range of 1.334 9—1.347 0.
The RI sensitivity is increased with the increase of fused
tapering length. Moreover, it has many advantages in-
cluding high sensitivity, compact structure, fast response
and wide application range. So it can be used to measure
the solution concentration in the fields of biochemistry,
health care and food processing.
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