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A high temperature sensor based on an ultra-abrupt tapered fiber Michelson interferometer fabricated
by the fusion-splicing method is proposed. The sensor consists of a single abrupt taper and the cleaved
surface is used as the reflection mirror. The thermal characteristic is investigated at 25 to 1000 °C. The
sensitivity of the sensor is observed to vary with the temperature, that is, 25 and 78 pm/°C at 25-300 and
300-1 000 °C, respectively. The Michelson interferometer sensors have the advantages of simple structure,
cost effectiveness, compactness, and simple fabrication process.
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Optical fiber sensors have attracted increasing research
attention for their wide range of applications, includ-
ing monitoring temperature!’), refractive index (RI)(,
pressurel®)| strain*, and bendingl®. The measurement
of temperature based on fiber devices has been stud-
ied using various techniques. Such devices include fiber
gratingsl), core-cladding-mode interferometers!™l, and
other interesting structures!®). However, fiber grating-
based sensors require complicated fabrication processes.
Core-cladding-mode interferometers can be constructed
in various ways, such as by linear long-period fiber grat-
ing (LPFG) pair'®, abrupt taper pair!l, core-offset at-
tenuator pair('?l, combined abrupt fiber taper or core-
offset attenuator with LPFGI3:14]  and thin-core fiber
modal interferometers!516/. The thin-core fiber modal
interferometers require special fibers, while the fabrica-
tion of abrupt taper or core-offset attenuator based in-
terferometers is simple and cost-effective.

A fiber temperature sensor based on the interference
of selective higher-order modes, but with sensitivity (15
pm/°C) in circular optical fibers was demonstrated!!7.
Dong et al.'® proposed a high-temperature fiber sen-
sor with high sensitivity (68.6 pm/°C) based on a bare
small-core-diameter dispersion compensation fiber, but
the method required special fibers. Two electric-arc tech-
niques were proposed to make fiber tapers*19. One
technique creates a taper by stretching the fiber through
the heat of electrical arc dischargel¥. The other tech-
nique creates a taper by fusion splicing['”). Both meth-
ods couple light from cores into claddings.

This letter proposes a high temperature sensor based
on core-cladding-mode Michelson interferometer. The
sensor consists of a single abrupt taper and a cleaved
surface. The cleaved surface without coating is used as
the reflection mirror. The interferometer is applied for
high-temperature sensing. The sensitivities are 25 and
78 pm/°C in the temperature regions of 25-300 and 300—
1000 °C, respectively.

The schematic diagram of the proposed Michelson in-
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terferometer is shown in Fig. 1(a). The fiber inline
Michelson interferometer is fabricated by a conventional
fusion splicer (IFS-9, INNO INSTRUMENT Inc., Ko-
rea). Two cleaved fiber ends are separated by a certain
distance through the programmed fusion splicer. The
two normal cleaved ends become ellipsoidal by a one-
time discharge. The two ellipsoidal heads are moved to
be contacted in the center of the splicer electrodes and
fused together by another discharge. The free end of the
fiber taper is cleave-separated by a distance of L. Proper
discharge arc duration and the current of the electrodes
minimize the losses and achieve robust splices.

A detection system consisting of a tunable laser (Agi-
lent 81980A) and an optical power meter (Agilent 8163B)
measures the reflection spectra by wavelength sweeping.
The measurement system is shown in Fig. 1(b). The
tunable laser scans through its wavelength range (1465
to 1575 nm) at a rate of 5 pm/step. The signal reflected
from the device at each wavelength step is recorded by
an optical power meter. Controlling the fusion-splicing
condition, such as the discharge current and duration,
obtains strong interference signals, even with short inter-
ferometer lengths. The reflection spectra of the sensors
with different lengths are shown in Fig. 2. The extinc-
tion ratios (attenuation difference of maximum and min-
imum values) are 13, 16, and 7 dB for interferometers
with lengths of 5, 20, and 40 mm, respectively.

To determine the cladding modes that construct the in-
terference, the fast Fourier transform (FFT) of the wave-
length spectra is performed to obtain its corresponding
spatial frequency spectra, as shown in Fig. 3. The re-
lationship between the spatial frequency and the inter-
ferometer length as well as the differential modal group
index is given by!2’!

2
§= FAmeffLa (1)
0

where )\g is the center wavelength, £ is the spatial fre-
quency, and Amegr is the differential modal group index.
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Fig. 1. Proposed Michelson interferometer consisting of one
ultra-abrupt fiber taper, (a) schematic diagram of the inter-

ferometer, (b) microscopic image of the fabricated taper, and
(c) schematic diagram of the spectra measurement system.
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Fig. 2. Reflection spectra of interferometers fabricated by
electric-arc discharge with various L, (a) 5, (b) 20, and (c)
40 mm.
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Fig. 3. (Color online) Spatial frequency spectra by taking the
FFT for the three interferometers.

For a fixed length, a smaller ¢ corresponds to a smaller
Amegr, which means a lower-order cladding mode. For
a fixed Amees (a fixed cladding mode), £ decreases as
the interferometer length L decreases!'®). Figure 3 shows
that the peak amplitudes are located at £ = 0.027, 0.036,
and 0.064 nm ™! for the interferometers with lengths of
5, 20, and 40 mm, respectively.

Numerous cladding modes with different effective Rls
can be excited when light is transmitted through the
ultra-abrupt fiber taper. The cleaved fiber surface end

functions as a mirror, and the cladding modes are re-
flected and coupled into counterpropagating cladding
modes before being coupled back into the core at the
taper section/?!. The interference signal reaches its min-
imum when the phase difference between cladding and
core modes satisfies the following condition!™:

4 (n§™ — n?ff) /\£ =(2k+1)m, (2)

v

where L is the interferometer length, k is an integer, A,
is the maximum attenuation wavelength of the kth order,
and n¢'" and n$'" are the effective Rls of two interference
modes, respectively. The interference pattern of the in-
terferometer is determined by all the modes that match
the aforementioned interference condition. Thus, non-
homogeneous spectra are seen in Fig. 2.

Although more than two modes participate in the in-
terference, the energy is mainly distributed in the funda-
mental mode and in one or two cladding modes. Thus,
two main modes are sufficient to qualitatively analyze
the performance of the interferometer to the external
temperature. With changes in ambient temperature,
the mode index difference Angsr and the fiber length
L change accordingly. The response of the Michelson
interferometer sensor to the temperature change can be
deduced as

A\, _
dT
4L OANerr dncore OANess dncl,j ﬁ %
2k +1 \ Oncore  dT Ong,j dT L dT
4L 8Ancff
1o 2
/( %+ 1 oA > 3)

where ncore and ncyj are the effective Rls of the core
mode (fundamental mode) and the jth cladding mode,
respectively; Anggr is the effective RI difference between
the core mode and the jth cladding mode. When ambi-
ent temperature rises, the attenuation peak wavelength
redshifts because the thermal-optic coefficient of the Ge-
doped silica core is higher than the fused silica cladding
thermal-optic coefficient.

The interferometer is placed in a tube furnace (GHA
12/300, Carbolite, Inc.) for the temperature measure-
ments. The end of the interferometer is fixed to keep the
Michelson interferometer upright. The interferometer
is initially heated to 1000 °C at the rate of 8 °C/min
and maintained at 1000 °C for 1 h to remove the fiber
coating and examine whether the high temperature can
seriously deteriorate the reflection spectrum. Figure 4
shows that the attenuation peak shifts to a shorter wave-
length for approximately 9.21 nm compared with the
original spectrum after the interferometer cools down to
room temperature. The blueshift of the spectra may be
induced by releasing the mechanical stress caused by the
fusion-splicing process.

For the second heating process, the temperature is in-
creased from 25 to 1000 °C at the rate of 5 °C/min. The
spectra of the Michelson interferometer are recorded with
an interval of 25 °C. The wavelength shifts of peak A
(marked in Fig. 4) with temperature increases is shown
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in Fig. 5. The inset shows the measured reflection spec-
tra at different temperatures. Fitting the measured data
using a third-order polynomial obtains good cubic ex-
pression between the wavelength shift and temperature,
with an adjusted correlation coefficient square as high
as ~0.997. Linear fitting in two different temperature
ranges estimates the thermal sensitivity to be approxi-
mately 25 pm/°C in the low-temperature range (25 to
300 °C) and 78 pm/°C in the high-temperature range
(300 to 1000 °C). Therefore, the interferometer can
sense temperature within a certain temperature range;
it is especially appropriate for high-temperature sensing
because of its high sensitivity. The spectrum of the in-
terferometer is also recorded after the device cools down
to room temperature, which is almost identical to the
spectrum before the second heating process, as shown in
the inset of Fig. 5.

The nonlinearity of the wavelength shift with temper-
ature increases in the whole temperature range (25 to
1000 °C) may be explained by following: the fusion-
splicing region changes the excitation condition with the
temperature increases, that is, different sets of cladding
modes are excited at different temperatures. As shown
in Fig. 6, the FFT of the wavelength spectra of the in-
terferometer at 25 and 800 °C obtains its corresponding
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Fig. 4. (Color online) Reflection spectra of Michelson interfer-
ometer with length of 5 mm before heating and after heating

for the first and second time.
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Fig. 5. (Color online) Response of peak A (marked in Fig. 4)
of the Michelson interferometer with a length of 5 mm to in-
creases of temperature. Inset is the reflection spectra subject
to several temperatures.
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Fig. 6. (Color online) Spatial frequency spectra by taking the
FFT for the interferometer with length of 5 mm at 25 and
800 °C.

spatial frequency spectra and determines the cladding
modes contributing to the interference. Figure 6 shows
that the peak amplitudes of the interferometer are lo-
cated at £ = 0.027 and 0.018 nm~! at 25 and 800 °C.
It demonstrates that the reflection mode changes with
the increase of external temperature, which may cause
temperature-sensitivity nonlinearity. In addition, the
fiber core and cladding materials are slightly inhomoge-
neous and the two ellipsoidal head fabricated by one time
discharge are not identical. Thus, the bending deflection
to the fiber could be induced in the heating process with
the release of the residual stress resulting from the fusion
splicing process. The bending deflection may be also a
minor reason for the nonlinearity.

In conclusion, a high temperature sensor based on
core-cladding-mode Michelson interferometer is pro-
posed. The sensor consists of a single abrupt taper
and a cleaved surface without using coating as the re-
flection mirror. The interferometer is applied in high-
temperature sensing with 25 and 78 pm/°C sensitivities
in the temperature regions of 25-300 and 300-1000 °C,
respectively. The simple fabrication process using the
Michelson interferometer presents the possibility of com-
mercial applications in high-temperature measurements.

This work was supported by the National “973” Pro-
gram of China (No. 2011CB013000) and the National
Natural Science Foundation of China (Nos. 90923039
and 51105038).
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