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Abstract: We report a new fiber optic sensor for temperature measurement at a temperature
range of up to 900 °C with excellent stability and repeatability. The sensing head is com-
prised of a short hollow-core fiber segment spliced between two single-mode fibers using a
commercial splicer. Optical power from the lead-in fiber is partly coupled to silica cladding of
the hollow-core fiber with the remainder propagating in air core by short distance. The two
beams are then re-coupled to the core of the lead-out fiber, owing to the offset splicing joint.
Due to the effective index difference between the two beams, an interference pattern in the
transmission spectrum is obtained. The distinct thermo-optic coefficients between silica and
air result in a high-temperature sensitivity of 41 pm/ °C, and the enclosed structure ensures
its immunity to the external refractive index.

Index Terms: Hollow-core fiber, interferometer, temperature sensor.

1. Introduction
Temperature measurement based on optical fiber devices has been extensively investigated due
to their superior properties such as compact size, light weight, and easy for network use [1], [2].
Among them, fiber Bragg gratings (FBGs) and long-period fiber gratings (LPFGs) have been widely
investigated for temperature sensing applications. Although FBG temperature sensors are attractive
for distributed sensing, they have some disadvantages. Type I FBGs based on photosensitivity will
be degenerated at a temperature higher than 350 °C [3]–[5]. Type II FBGs can work at a temperature
up to 1000 °C, but its fabrication requires expensive high power lasers such as femtosecond laser
or excimer laser [6]–[9]. Comparing with FBGs, LPFGs exhibit much higher temperature sensitivity
[10]–[14], but their cross-sensitivity to external refractive index (RI) cannot be overcome [15]–[18].

Alternatively, fiber in-line interferometric sensors have been considered as good candidates
for high-temperature sensors which exhibit high-temperature resistance and simultaneous high
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Fig. 1. (a) Schematic diagram of the proposed SMF-HCF-SMF temperature sensor. (b) Simulation result
of light propagation in SMF-HCF-SMF configuration at 1550 nm.

sensitivity. Among them, multimode-fiber-based interferometer exhibits a relatively low temperature
sensitivity of ∼ 10 pm/ °C [19]–[21] due to the similar thermal-optic coefficient of the materials
of the two interferometry beams. The larger difference between the thermal-optic coefficients,
the higher sensitivity can be obtained [22]–[24]. The fiber Mach-Zehnder interferometer based on
femtosecond-laser drilling hole can achieve a higher temperature sensitivity due to the distinct
thermal-optic coefficients between air-hole and Ge-doped core, but the open hole of the sensor
will introduce apparent cross-sensitivity to external RI [22], [23]. Moreover, Hollow-core fiber (HCF)
with a high quality air core and enclosed structure makes it an excellent candidate for optical fiber
interferometric temperature sensors. The silica cladding of HCF can sustain a temperature higher
than 1000 °C, and the air core provides an excellent optical path.

In this paper, we demonstrate an environmental RI insensitive high-temperature sensor comprised
of a short HCF segment spliced between two SMFs using a commercial splicer, and employs a
working principle based on interference between the core and cladding beams of the HCF. The
simple architecture of the sensor does not yield an excellent performance. Systematical high-
temperature test has been carried out and a high temperature sensitivity of 41 pm/ °C, and an
excellent high temperature stability up to 900 °C has been achieved. The sensor with enclosed
structure is immune to external RI, which may be vital in hyperthermal liquid temperature monitor.

2. Working Principle
Fig. 1(a) schematically illustrates the structure of the proposed sensor. The light propagating in
SMF1 will divided into two components at the first aligned joint, and a fraction of light will propagate
into the silica cladding of HCF as Cladding Beam while the majority of light will propagate through
the air core of HCF as Core Beam when the HCF is short enough. The light propagation in SMF-
HCF-SMF configuration is simulated by use of beam propagation method (BPM), and the result is
shown in Fig. 1(b). From Fig. 1(b), it can seen that the light is split at the left aligned joint, and after

Vol. 9, No. 2, April 2017 7101109



IEEE Photonics Journal Hollow-Core-Fiber-Based Interferometer for High-Temperature

Fig. 2. (a) Side view of the sensing head. (b) Cross section of the HCF. (c) Near field image at the
endfacet of a 90 μm HCF with the other endfacet aligned to the lead-in SMF1.

propagating through the HCF, the Cladding Beam and Core Beam are recombined in SMF2 at the
right joint with an offset distance d. The interference pattern can be observed in the transmission
spectrum due to the optical path difference (OPD) between the two beams. Denoting the optical
intensity of the cladding and core beams recombined into SMF2 as Iout1 and Iout2, respectively, the
total output intensity can be expressed as

I = I co + I cl + 2
√

I co I cl cos
(

2πL �n
λ

+ ϕ0

)
(1)

where λ is the light wavelength, L is the length of HCF, � n = neff
cl − neff

co is the effective RI difference
between the two interference beams, neff

cl and neff
co represent for the effective RIs of Cladding Beam

and Core Beam, respectively, and ϕ0 is the initial phase of interference. According to (1), the
interference signal attains a minimum value when the following condition is satisfied:

2πL �n
λm

+ ϕ0 = (2m + 1)π (2)

where m is an integer and λm is the wavelength of the mth order interference minimum. The free
spectral range (FSR) of this fiber interferometer can be expressed as

FSR = λ2

�nL
(3)

the wavelength of the mth order interference minimum can be express as

λm = 2πL �n
(2m + 1)π − ϕ0

. (4)

3. Sensor Fabrication
The air-core diameter of the employed HCF is 9 μm, which is shown in Fig. 2(b). The left end of
HCF is spliced to SMF1 with no offset working as a beam splitter while the right end is spliced to
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Fig. 3. (a) Transmission spectra for different offset distances. (Inset) Transmission spectrum shrink.
(b) Fringe contrast versus offset distance.

SMF2 with an optimized offset working as a beam combiner. During the fabrication, a broadband
light source (BBS) and an optical spectral analyzer (OSA) are employed to monitor its spectrum
online. The offset distance between HCF and SMF2 plays a key role to optimize the spectrum.
The translation step of the used fusion splicer in the direction perpendicular to fiber axis is 1 μm
that is good enough to precisely control the offset distance aiming to achieve good interference
spectrum. Fig. 2(a) is an optical microscope image of the sensor containing a section of HCF with
a length of 90 μm. Fig. 2(c) is the near field image at the right end of HCF recorded by use of
an infrared camera and a wavelength tunable laser. Fig. 3(a) presents the transmission spectra
of SMF-HCF-SMF configuration with different offset distance and the relationship between fringe
visibility and offset distance is illustrated in Fig. 3(b), where the fringe visibility reaches the peak
value of ∼18 dB with the offset distance being 5 μm. The coupling behavior (fringe contrast) with
regard to the offset can be understand from Fig. 2(c), where the intensity of the two interference
beams becomes approximately equal with an offset distance of ∼5 μm.

From (3), the FSR is inversely proportional to L and therefore the FSR can be optimized by
adjusting L for a given λ. To experimentally study the relationship between FSR and L, four samples
with different HCF length of 90, 105, 160, and 190 μm have been fabricated and their transmission
spectra are measured at room temperature (25 °C), which are shown in Fig. 4(a) and the FSR
values of the four samples at 1550 nm are measured and denoted by the red squares in Fig. 4(b).
Assuming ne f f

si = 1.445, ne f f
ai r = 1.000 (at 1550 nm), according to (3), the calculated relationship
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Fig. 4. (a) Measured transmission spectra at room temperature with different HCF length L of 190 μm,
170 μm, 105 μm, and 90 μm. (b) Measured and calculated FSR values of the interference fringes
shown in Fig. 4(a).

between FSR and L is plotted by the black line in Fig. 4(b), and the experimental result agrees well
with the calculate one.

4. Sensing Performance Test
Temperature response test has been performed in a high-temperature oven (Carbolite 301), which
can reach 1200 °C with an accuracy of ±1 °C. Fig. 5 illustrates the schematic diagram of the
experimental setup, where a broadband light source (BBS) and optical spectral analyzer are again
employed to monitor the spectrum in real time. The interference dip positioned around 1375 nm
has been tracked in temperature sensing because it exhibits a pronounced fringe visibility in the
experiment. The ambient temperature is increased from 200 °C to 900 °C with a step of 100 °C,
and kept at each designated temperature for ∼30mins to record a stable spectrum. The tract dip is
shifted towards the longer wavelength with temperature increasing as shown in Fig. 6(a). Then the
temperature is kept at 900 °C for 26 h, there is no obvious deterioration of the spectrum, and the
tracked dip shifts by only 1.4 nm, as shown in Fig. 6(b). We believe that the tracked dip shift may
result from residual stress release of the HCF. Then the temperature is decreased back to 200 °C
with a step of 100 °C, and the spectral evolution is shown in Fig. 6(c). Note that the spectrum of
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Fig. 5. Schematic diagram of the experimental setup for temperature tests.

Fig. 6(c) is tightly different from that of Fig. 6(a), the later one looks like having higher-order terms.
In high temperature test, the refractive index profile of HCF may be modified due to the residual
stress release of HCF and thus some new cladding modes in HCF can be excited and take part
in interference. The plot of indicated wavelength versus temperature in both heating and cooling
process are illustrated in Fig. 7(a), respectively. After repeating the heating and cooling cycles three
times over 2 days, the tracked dip exhibits a good agreement in heating and cooling process as
shown in Fig. 7(b), which confirms the sensor has a good repeatability and stability. The linear fitting
yields a high correlation coefficient R2 = 0.9994 and temperature sensitivity of 41pm/ °C.

RI response of this device has been also investigated. It was immersed in a series of RI liquids
(Cargille Labs) in the range from 1.400 to 1.700 with an interval of 0.06 and then carefully cleaned
by use of alcohol to completely remove any residual liquid. A new round test can be carried out
when the spectrum return to the initial state in air. The result is that the spectrum is hardly changed
in liquid environment.

5. Discussions
Due to the distinct thermo-optic coefficients between silica [25] and air, the difference of effective
index between silica and air � n increase when temperature rise. Therefore, according to (4), λm

will shift to longer wavelength with the temperature being increased.
Equation (4) indicates that the wavelength of fringe dips is related to HCF length and the effective

index difference between Cladding Beam and Core Beam. We make differentiation for (4). Therefore,
the temperature sensitivity can be calculated as

dλ

dT
= λ

[
1

ne f f
si (T ) − ne f f

ai r (T )

(
dne f f

si (T )
dT

− dne f f
ai r (T )
dT

)

+ α

]

(5)

where neff
si (T) and neff

air(T) are functions of temperature, α is thermal expansion coefficient of silica,
and dneff

si (T)/dT, dneff
air(T)/dT are thermo-optic coefficient of silica and air, respectively. The exper-

imental measured thermo-optic coefficient of pure fused silica at different temperature range from
26 °C to 828 °C at some typical wavelength is illustrated in Table I [25].

From Table I, we can see that the thermo-optic coefficient of fused silica is higher than 10−5.
For pure fused silica [26], the thermal expansion coefficient is about 0.55 × 10−6/ °C, which may
contributes little to the wavelength shift according to (5). The RI of air can be expressed as

n = 1 + 2.8793 × 10−9P
1 + 0.003671 × T

(6)

where P and T are pressure and temperature. Considering the gas in HCF as ideal gas, according
to the Ideal-gas equation PV = n R T, the RI of air is hardly changed. For simplification, we neglect
the RI variation of air in calculation. According to the parameters above, the temperature-sensitivity
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Fig. 6. (a) Transmission spectrum evolution from 200 °C to 900 °C. (b) Wavelength of the interference
minimum around 1401, 1471, and 1550 nm versus heating time at 900 °C, respectively. (c) Transmission
spectrum evolution from 900 °C to 200 °C.

at 1530 nm can be calculated to be 41.9 pm/ °C, which agree well with our experimental results.
Comparing with previously reported fiber temperature sensors, the HCF-based interferometer ex-
hibits a high temperature sensitivity that is four times higher than that of the multimode-fiber-based
interferometer [19]–[21], and an excellent temperature stability that is much better than that of tra-
ditional FBGs [3]–[5]. In addition, this configuration is immune to external RI that is irrealizable for
LPFG temperature sensors [15]–[18].
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Fig. 7. Plot of indicated wavelength versus temperature in both heating and cooling process before (a)
and after (b) three cycles annealing.

Table I

Refractive Index vs. Temperature, Fused Silica [25]

λ Microns n 26 °C n 471 °C (d n/d T) / °C × 106 n 828 °C (d n/d T) / °C × 106

0.5780 1.45899 1.46429 +11.9 1.46870 +12.1

1.12866 1.44903 1.45426 +11.8 1.45820 +11.4

1.36728 1.44635 1.45140 +11.4 1.45549 +11.4

1.52925 1.44444 1.44961 +11.6 1.45352 +11.3

1.660 1.44307 1.44799 +11.1 1.45174 +10.8

6. Conclusion
We demonstrate a robust optical fiber interferometric high-temperature sensor employing a
SMF-HCF-SMF configuration that yields stable and repeatable measurements at a temperature
up to 900 °C with no cross-sensitivity to external RI. The distinct thermo-optic coefficients between
silica and air result in a relative high temperature sensitivity of 41 pm/ °C. The proposed sensor
which is immune to the external RI may find vital applications in the fields of hyperthermal liquid
temperature monitor.
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