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Abstract: An all-silica Fabry-Pérot interferometer (FPI) is demonstrated for high-
temperature pressure monitoring. The pressure sensor is fabricated with single mode fiber
and silica capillary by CO2 laser. Owing to slight mismatch of thermal expansion coefficient
in all-silica structure, it can work stably under 600°C atmosphere. The influence of the
temperature on the pressure sensor was investigated within a temperature range from
25°C to 700°C and a pressure range from standard atmosphere pressure to 4 MPa. The
experimental results show that the wavelength shift versus the pressure at each temperature
is linear, which indicates the proposed FPI pressure sensor has potential applications in
industrial reactors, oil and gas wells, and so on.

Index Terms: Fabry-Pérot, pressure sensor, high-temperature.

1. Introduction

Fiber-optic pressure sensor has found many applications in the fields of aircraft, oil field, nuclear
power, etc. It can be used for pressure sensing with the advantages of immunity to electromagnetic
interference, small size, corrosion resistance, electrical insulation and remote detection [1]–[7].
Numerous fiber-optic pressure sensors based on different mechanisms have been proposed.
Particularly, the fiber-optic pressure sensors based on Fabry-Pérot interferometers (FPIs) have
attracted much interest of the researchers because of the stable performance for pressure monitor-
ing, high pressure sensitivity and so on. FPI pressure sensors can be divided into two types, includ-
ing intrinsic Fabry-Pérot interferometers (IFPIs) [8], [9] and extrinsic Fabry-Pérot interferometers
(EFPIs) [10], [11]. Specially, the ultraviolet (UV) adhesive is proposed to be utilized in IFPI pressure
sensors due to its high elastic coefficient, which can be deformed easily under the pressure [8], [9].
The fabricated UV adhesive based pressure sensors have been demonstrated with the sensitivity
of 475 pm/MPa [8] and 1.13 nm/MPa around 1560 nm [9]. However, they could be only used in
the room temperature environment limited by the UV adhesive’s tolerable temperature. Compared
with IFPIs, EFPIs have advantages of low temperature cross-sensitivity, high tolerable temperature,
etc. Plenty of methods were carried out to fabricate high-temperature pressure EFPIs, such as arc
discharge technology [12], [13], diaphragm-coated technology [14], [15], chemical or femtosecond
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Fig. 1. (a) Schematic of the sensor structure; (b) the sensor’s state under 4 MPa gas pressure at room
temperature simulated by COMSOL software.

(fs) laser etched technology [16]–[18], etc. However, all these methods mentioned above need
several steps to get thin diaphragms, either physical polishing, chemical or fs laser processing,
which would make the sensor fabrication sophisticated. Afterwards, Qi et al. proposed a kind of
pressure sensors without the diaphragm used in the oil or gas well, which are fabricated more
easily [19]. Zhao et al. packaged the sensors with metal protective bodies to protect them [11]. The
packaged sensor could tolerate high pressure up to 69 MPa owing to its diaphragm-free structure
while it needs to cascade a fiber Bragg grating (FBG) to compensate the temperature when it is
applied in ∼100°C environment. Up to date, the influence of the temperature on the performance
of the pressure sensor was rarely investigated.

In this paper, an all-silica EFPI pressure sensor was fabricated by CO2 laser fusion without
any other adhesive, which can work stably at 600°C to measure the surrounding pressure with a
pressure sensitivity of 1.46 nm/MPa. Pressure tests were carried out from 25°C to 700°C with a
range from standard atmosphere pressure to 4 MPa. The experimental results show that the relative
wavelength shift is linearly proportional to the pressure with the temperature-dependent sensitivity,
which decreases from 1.62 nm/MPa at 25°C to 1.39 nm/MPa at 700°C. It offers potentials for
pressure sensing, like gas or fluid pressure monitoring in the fields with high-temperature scenario.

2. Principle and Simulation

Fig. 1(a) shows the structure of the pressure sensor, which is made up of three parts: lead-in fiber,
reflective fiber and a section of capillary. There is an air Fabry-Pérot cavity between the lead-in fiber
and the reflective fiber. The lead-in fiber is used to transmit the incident light and the reflective light
from the FP cavity. The capillary is used to seal and fix the two fibers, which has an inner diameter
of 130 µm and an outer diameter of 310 µm. The cladding diameter of single mode fiber (SMF) is
125 µm so that it can be inserted into the capillary.

For the FP cavity, the reflective light Ir can be written as:

Ir=R1+R2 · (1 − R1)2 − 2 ·
√

R1 · R2 · (1 − R1) · cos

(

4naπd

λ

)

(1)

where R1 and R2 are the reflective coefficients of the two mirrors of the cavity, na is the refractive
index of air, d is the cavity length and λ is the light wavelength, respectively. Once R1, R2 and λ are
fixed, the reflective signal only varies with the cavity length d .

When the ambient pressure is applied on the FP sensor, the capillary will be deformed. The air
cavity length variation �d can be obtained as [20]:

�d =
Lg · r2

o · (1 − 2µ)

E (r2
o − r2

i
)

· �P (2)

Vol. 13, No. 3, June 2021 6800609



IEEE Photonics Journal Influence of Temperature on All-Silica Fabry-Pérot

where �P is the pressure difference between the outer and inner part of the sensor, Lg is the
distance between two fusion points, ro is the outer radius, ri is the inner radius of the silica capillary, E

is the Young’s modulus of the silica material and µ is the Poisson’s ratio of the capillary, respectively.
Equation (2) can be divided into two parts. One is the lateral pressure’s effect to cavity length
change, which lengthens the cavity length as:

�d1 =
2µLg

E
·
�P · r2

o

r2
o − r2

i

(3)

The other one is the axial pressure’s effect to cavity length change, which shortens the cavity
length as:

�d2 =
Lg

E
·
�P · r2

o

r2
o − r2

i

(4)

The thinner the capillary wall is, and the longer the fusion-point distance Lg is, the larger
the pressure sensitivity becomes. Between them, Lg is the main factor that affects the pressure
sensitivity. �d1 is the elongate cavity length by the lateral pressure while �d2 is the shortened
cavity length by the axial pressure. As a result, the total cavity length change �d = �d2 − �d1.
According to Eqs. (3) and (4), it can be deduced that, �d2/�d1 = 1/2µ ≈ 3 (the Poisson’s ratio of
silica material µ is 0.17). It indicates that the axial pressure plays the dominant role in affecting the
cavity length. Fig. 1(b) is the sensor’s state under 4 MPa gas pressure at the room temperature
simulated by a commercial simulation software (COMSOL Multiphysics). It shows that the sensor
is compressed in the axial direction.

Here, the relationship between the cavity length and the free spectral range (FSR) is written as:

F SR =
λ2

2nad
(5)

where λ is the working wavelength. Thus, the FSR corresponding to the air cavity (200 µm) around
1550 nm is 6.01 nm.

The pressure is measured by measuring the optical path difference (OPD) of the air cavity:

�OPD = 2d − 2(d − �d ) = 2 · �d (6)

The interference mechanism of the FPI sensor is that the variation of the OPD is proportional
to the relative wavelength shift �λ. Therefore, the relationship between the relative �λ and the
pressure difference �P can be written as:

�λ =
�OPD

OPD
λ =

2 ·
Lg·r

2
o ·(1−2µ)

E (r2
o −r2

i
)

· �P · λ

2d
=

Lg · r2
o · (1 − 2µ) · λ

E · d (r2
o − r2

i
)

· �P (7)

As for the silica material in the room temperature, E = 72.99GPa , µ = 0.17. Lg, ro and ri can
be considered to be constant because there is only slight variation when applying pressure. The
theoretical pressure sensitivity is about 1.70 nm/MPa according to Eq. (7).

Besides, the pressure sensing characteristic of the sensor was simulated from standard atmo-
sphere pressure to 4 MPa with a temperature range from 25°C to 700°C with a step of 100°C.
As shown in Fig. 2(a), the pressure sensitivity decreases from 1.74 nm/MPa at 25°C to 1.55
nm/MPa at 700°C. Fig. 2(b) displays the decreasing tendency of the pressure sensitivity and the
increasing trend of the silica material’s Young’s modulus with the temperature increasing. Note
that the sensitivity of the pressure sensor essentially refers the absolute value of the slope of
the sensitivity curves. The data of Young’s modulus against the temperature is obtained by the
COMSOL software. From Eq. (7), one can obtain that the relative �λ would decrease when Young’s
modulus E increases as the residual parameters are fixed. Consequently, the pressure sensitivity
decreases with the increased temperature.
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Fig. 2. (a) The pressure simulation results at different temperatures; (b) the pressure sensitivity and the
Young’s modulus of the silica material versus the increased temperature.

Fig. 3. (a)∼(c) The steps of fabricating the pressure sensor; (d) the reflection spectrum and (e) the
microscopic photograph of the fabricated pressure sensor.

3. Fabrication of the FPI Sensor

The pressure sensor is mainly fabricated with a CO2 laser fusion splicer (LZM-100 LAZER Master,
Fujikura,30W). When the CO2 laser is focused on the specific position of the capillary, the capillary
material and the fiber cladding are melted by absorbing laser energy. Then, the focused position
would be solidified and sealed if the laser is removed. During the welding process, a lead-in fiber is
connected to a SM125 (Optical Sensing Interrogator, Micron Optics Inc.) to monitor the reflection
spectrum on line.

As displayed in Figs. 3(a), 3(b) and 3(c), the FP cavity fabrication process can be divided into
5 steps: the first step is removing the coating around the capillary, cutting the capillary into the
certain length with a cutter afterwards; Secondly, removing the same length coating on SMF as
the capillary did, cleaving SMF with a fixed length using a fiber cleaver (CT 30, Fujikura); Thirdly,
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Fig. 4. The schematic diagram of a high-temperature pressure measurement system for the all-silica
sensor.

inserting the cleaved fiber into the capillary, fixing the capillary with fiber on the left holder (EV 400,
Fujikura) of the CO2 laser fusion splicer then. Next, welding the fiber and the capillary at the specific
position, a certain distance away from the fiber end face by manual operation. Finally, preparing the
other cleaved fiber and holding it on the right fixer (EV 250, Fujikura). Inserting the fiber on the right
into the capillary and forming a fixed FP cavity length 200 µm and welding the capillary and fiber
at a fixed position away from the right fiber end face. After those steps above, the sensor has been
fabricated with the cavity length of 200 µm and an approximate fusion-point distance of 2 cm. As
displayed in Fig. 3(e), the capillary and the fiber have been welded together at welding positions.
As shown in Fig. 3(d), the reflection spectrum is acquired with FSR of 6.01 nm, which is the same
as the theoretical value 6.01 nm.

The fusion quality is mainly affected by the temperature of the welding region. The silica fiber
and the capillary would become melted to be welded together only if the temperature of the welding
region reached a specific value, which is determined by both the laser power and the fusion time.
Thus, the laser power and the fusion time should be properly controlled to guarantee a required
high temperature for a high fusion quality. Here, the power of the CO2 laser is properly set as 300
bit and the fusion time is around 19.5 s, respectively. Note that, if the size of the capillary changes,
the laser power and the fusion time should be also altered.

4. Experiment and Results

Fig. 4 shows the schematic diagram of a high-temperature pressure measurement system for the
all-silica sensor. A pressure regulator (QY-C1-10-Y, resolution ±0.02 MPa) is used to control the
delivered gas pressure. To calibrate the delivered pressure, a digital pressure meter (700G08,
Fluke) is utilized with a resolution of 0.0001 MPa. Then, the FPI sensor is placed in a sealed
Alumina ceramic tube. The reflection spectrum was monitored by a spectrum analyzer (SM125,
resolution ±5 pm) ranging from 1510 nm to 1590 nm.

The pressure test experiment was carried out from 25°C to 700°C with a step of 100°C. The gas
pressure ranged from standard atmosphere pressure to 4 MPa with a step of 0.5 MPa. At each
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Fig. 5. (a) The spectrum shift at 25°C from standard atmosphere pressure to 4 MPa with a step of 1
MPa; (b) the pressure test results from 25°C to 700°C with a step of 100°C.

Fig. 6. The relative �λ of the pressure sensor at 600°C for an hour.

test, the gas pressure was maintained for 5 minutes to make sure that the gas pressure was stable
and the data recorded was accurate. Fig. 5(a) is the spectrum recorded at 25°C from standard
atmosphere pressure to 4 MPa with a step of 1 MPa. And Fig. 5(b) shows that the wavelength
shift response versus the gas pressure is linear and blue shifted at different test temperatures from
standard atmosphere pressure to 4 MPa.

From Fig. 5(b), one can find that the pressure sensitivity decreases from 1.62 nm/MPa to 1.39
nm/MPa with the temperature increasing from 25°C to 700°C, which as agree with the simulation.
The insert of Fig. 5(b) shows the decreasing trend of the pressure sensitivity with the temperature
increasing. And the pressure sensitivity at 600°C could be obtained as 1.46 nm/MPa. Note that
the pressure sensitivity at 25°C in experiment (1.62 nm/MPa) is less than that in simulation (1.74
nm/MPa). The reason is that the fusion-point length of the sensor is 200 µm∼300 µm, which results
in the fusion-point distance Lg of less than the set value of 2 cm.

The stability of the FPI pressure sensor was then tested at 600°C under 4 MPa gas pressure
for an hour, and the reflection spectrum was recorded in every 5 minutes. Fig. 6 is the pressure
stability result with a maximum relative �λ fluctuation ±0.005 nm. The maximum zero drift dz is
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Fig. 7. Three rounds of pressure test results at (a) 25°C, (b) 600°C, and (c) 700°C.

0.085% F.S./h calculated by Eq. (8) [21],

dz =
|yi − yo|

yF S

× 100% (8)

where yi is the data recorded in every 5 minutes; yo is the original value; yF S is the full-scale (F.S.)
wavelength shift under 4 MPa at 600°C.

To verify the repeatability and stability of the FPI pressure sensor, three rounds of pressure tests
were carried out from room temperature (25°C) to 700°C with a step of 100°C. As displayed in
Fig. 7, the experimental results indicate that the pressure response is linear with the wavelength
shift at 25°C, 600°C and 700°C. The inserted graphs are the partial enlarged details. From the
insert of Fig. 7, the repeatability at 25°C and 600°C is better than that at 700°C. In order to quantify
the repeatability, ξR is introduced, which can be worked out according to Eq. (9) from the three
rounds of pressure test results.

ξR =
3

yF S

·

√

√

√

√

1

2m

(

m
∑

i=1

s2
Ii

+

m
∑

i=1

s2
Di

)

(9)

where m is the number of the pressure test points, sIi =

√

1
n−1

n
∑

j=1

(yIi j − y Ii )
2

and sDi =

√

1
n−1

n
∑

j=1

(yDi j − yDi )
2

are the standard deviation at each measured point with the pressure increas-

ing or decreasing. n is the number of the pressure test round. yIi j and yDi j are the obtained results
of the ith pressure test point in the j th round of pressure test with the pressure increasing or
decreasing. y Ii and yDi are the mean results of the ith test point during the n rounds of pressure
tests.

In Fig. 8(a), the repeatability is measured as 0.36% at 25°C, 0.83% at 600°C and 0.89% at 700°C,
respectively. It indicates that the repeatability becomes worse with the temperature increasing.

In order to evaluate the pressure sensor’s performance, the 700G08-FLUKE pressure meter
was tested for comparison. To minimize the experimental error, the linear working equation of the
pressure sensor is determined by three rounds of pressure test results obtained before. Fig. 9
shows the results calculated from the linear working equation (estimated by the linear least square
method) and the results acquired by the 700G08-FLUKE pressure meter. The total error is another
parameter to verify the pressure sensor, which can be calculated by Eq. (10).

A = ±

(

|�yLH |max

yF S

+ ξR

)

(10)
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Fig. 8. (a) The repeatability and (b) total error of the pressure sensor from 25°C to 700°C.

Fig. 9. The working equation of the FPI sensor compared with the data acquired by pressure meter at
(a) 25 °C, (b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 500 °C, (g) 600 °C and (h) 700 °C.

where (�yLH )i = ȳi − yEPi is the differences between the mean results (ȳi) of three rounds of
pressure tests and the ith test results (yEPi) calculated by the sensor’s linear working equation. As
displayed in Fig. 8(b), the total error is ±0.67% at 25°C, ±1.78% at 600°C and ±3.50% at 700°C.
Thus, the FPI sensor is more suitable for the temperature less than 600°C in order to realize the
pressure test with relatively low error (<±2%).

From the results obtained above, one can find that both the repeatability and the total error
increase with the increased temperature. This phenomenon could be explained from three per-
spectives: (i) the pressure sensitivity and the maximum wavelength shift yF S decrease with the
increased temperature because of the increase of the Young’s modulus E in Eq. (2); (ii) the thermal
expansion coefficient of the fiber core is larger than that of the cladding, so the fiber facet would
become rougher under high temperature, which would increase the error when light experiences
multiple reflections between two fiber facets; (iii) the mechanical properties of the silica material
becomes unstable as the temperature increases. Residual stress around the welding points of the
sensor will be released under the high temperature, which hence affects the consistency of the
obtained sensing data. Furthermore, the silica material of the pressure sensor would generate
plastic deformation when applying and removing the pressure under high temperature.
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5. Conclusion

We have demonstrated an all-silica FPI high-temperature pressure sensor, in which the influence
of the temperature on pressure sensing is investigated. Results show that the pressure sensitivity
decreases from 1.62 nm/MPa at 25°C to 1.39 nm/MPa at 700°C. Thanks to the CO2 laser bonding
method without any other adhesive, the sensor has a good repeatability and stability up to 600°C
with a pressure sensitivity of 1.46 nm/MPa, a repeatability of 0.83% and a total error of ±1.78%,
respectively. The sensor has the advantages of stably working performance, batch fabrication and
low cost, suggesting promising application in high-temperature environment.
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