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Abstract A novel high sensitivity diaphragm-based extrinsic Fabry-Pérot (FP) interferometric fiber-optic pressure

sensor with back-pressure equilibrium structure is present. The sensor possesses backpressure-independence and

small temperature-dependence. The ultra-thin fused silica is bonded to the end surface of the double holes fused silica

ferrule by use of CO, laser, and the double holes structure enhances the sensor performance. The operating point

does not drift. The sensor with sensitivity of 9.51 nm/kPa (65.57 nm/psi) has been achieved.
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1 Instroduction

Pressure measurement is very important in the
variety of fields such as health care, aerospace indus-
tries, water level, down-hole monitoring. and fuel stor-
age tank, etc. A number of pressure sensors based on
semiconductor, electrical and optical techniques have
been developed. The semiconductor and electrical sen-
sors have been widely used. but they have a few primal
drawbacks such as conductivity, lower maximum oper-
ating temperature, sensitivity to temperature changes,
corrosion, electromagnetic disturbance, and so on. The
interferometric fiber-optic pressure sensors have drawn
great attention due to the advantages of intrinsic elec-
trical passivity, high temperature survivability, corro-
sion resistance, immune to electromagnetic interfer-
ence, high sensitivity, high resolution, allowing remote
and distributed measurement, and compact size™*?.
Over the past decades, a variety of fiber-optic pressure
sensors have been investigated. These include elasto-
optical effect sensors™, fiber grating sensors*® , and
Fabry-Pérot (FP) fiber-optic sensors'®', etc. Here in
to, the precision of the interference-based fiber-optic
sensors is the highest, and their potential applications
are considerable extensive. The diaphragm-based ex-
trinsic Fabry-Pérot interferometric (DEFPID) fiber-optic
sensor is the typical case of the interference-based fi-
ber-optic sensors, and becomes the research focus in
the pressure measurement. The diaphragm-based con-
figurations are more suitable for pressure measurements
requiring high sensitivity"'""'"!. However, either DEFPI
fiber-optic sensor head usually covers several materials
or the sensor head involves several elements for obtai-
ning higher sensitivity or reducing temperature depend-
ence. Therefore, the mismatch in coefficient of thermal
expansion (CTE) among materials will induce undesira-

ble stress, resulting in pressing each other. The stress
will degrade the performance of fiber-optic sensors, and
even cause failure of sensors. Also, even if the fiber-
optic sensor configuration is made up of a kind of mate-
rial, the current common bonding adhesive of epoxy will
influence on the performance of sensors, and decompose
at high temperature, and cause a large temperature de-
pendence due to the bonding adhesive having a different
CTE from the sensor materials. In addition, the ther-
mal expansion of air trapped by FP cavity will induce the
undesirable pressure applied on the inner diaphragm
surface when environment temperature up, increasing
the sensor temperature dependence. And, the back-
ground pressure with slow fluctuations will cause the
operating point of DEFPI sensor to shift. As to such
small size sensor, laser heating fusion bonding is incon-
venient. To meet different application requirements,
the CO, laser heating fusion bonding technology for fab-
ricating DEFPI sensor had been developed in the past
few years, and the fabrication technology improved sen-
sor's performance. But, they included usually several
elements/steps for obtaining better performance, or
were fabricated in vacuum-sealed system,
process of fabrication is relatively complicated"*'.

In this letter, a novel high sensitivity DEFPI fiber-
optic pressure sensor based on a double through holes
fused silica ferrule with horn-shape cup is present. The
double holes configuration will provide small tempera-
ture dependence as a result of eliminating the pressure
induced by the trapped air thermal expansion, and
maintain the operating point not to vary with back-
ground pressure change. The sensor head is fabricated
by means of heating fusion bonding technique. The ul-
tra-thin fused silica diaphragm is directly welded onto
the horn end face of the ferrule by CO, laser, which a-
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voids the problem of thermal expansion mismatch among
different materials. These sensors have high sensitivity
and low temperature dependence, and the sensors with
different sensitivity can be obtained by varying the
thickness of diaphragm or the inner diameter of horn-
shape cup, making them suitable for pressure measure-
ment in different application fields. Moreover, com-
pared with the fabrication technology previously re-
searched, this fabrication process in laser heating fusion
bonding is simple, clean, environment-friendly, and
cost-effective.

2 Essential principle of operation
The structure of the DEFPI fiber-optic pressure
sensor is shown in Fig. 1. The optical fiber tip surface
and the inner surface of the diaphragm form the FP cav-
ity (air gap), and its length will reduce because of the
applied pressure resulting in the diaphragm to deflect.
Light is injected into the lead-in optical fiber and partial-
ly Cabout 4% ) reflected by the fiber-optic tip surface
and the inside surface of the diaphragm respectively.
The beam reflected by the diaphragm couples into the
lead-in optical fiber, then propagates back along the
lead-in fiber and generates interference fringes with the
beam reflected by the fiber tip surface, which will be

for the demodulation of the FP cavity length.
fused silica ferrule fused silica diaphragm

lead—in silica
single-mode
fiber

vent hole

Fig.1. Configuration of DEFPI pressure sensor

Since light is partially, about 4% , reflected by the
fiber-optic tip surface and the inside surface of the
diaphragm, the FP cavity is a low finesse FP interfer-
ometer. The interference optical intensity can be
expressed by

4TEL)’ D

I = 21310(1—cosT
where I, is the incident optical intensity, and R is the
reflectivity of the fiber tip and the diaphragm inner sur-
faces, and A is the light wavelength, and L is the FP
cavity length. The diaphragm will deflect under the ap-
plied pressure P, causing the FP cavity length to
change. The interference intensity will sinusoidally va-
ry with the FP cavity length change. Also, the sensor
should operate in a linear scope of interference fringe,
which avoids fringe direction ambiguity.

3 Sensor design and fabrication
For a clamped rigidly round diaphragm of the sen-

sor, it will deform under the applied pressure P, as
shown in Fig. 2. The out-of-plane deformation Y is a
function of the pressure difference, the ferrule inner ra-
dius 7, and the diaphragm thickness h etc. Y is given
by[13]

y = S0Py
where y and E are the Poisson’s ratio and Young's
modulus of diaphragm material respectively, a is the
effective radius of the diaphragm (inner radius of the
fused silica ferrule horn-shape cup), r is the radial dis-
tance to the diaphragm center, and & is the diaphragm
thickness.

, (2)

pressure

diaphragm
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Fig.2. Deflection of a diaphragm under applied pressure

For a round DEFPI sensor., we define the ratio be-
tween the deflection and the pressure difference as the
pressure sensitivity S. Assume the optical fiber is fixed
to the center hole of silica ferrule, S at normal temper-
ature is given by
s (3)

S =2.4943 X107 » ;—i
where the r and & are in microns.

In our case, the sensor parameter is designed such
that @ is 0. 5-mm-wide, and & is 25-pm-thickness.
According to the Eq. (3), the diaphragm sensitivity is
9.98 nm/kPa (1.45 nm/psi) in pressure measurement.

For conventional hermetic sensors, the undesirable
pressure generated by the trapped air thermal expansion
1S a serious issue in practical applications, especially in
high temperature surroundings. In this letter, we used
a fused silica ferrule with double through holes (both
127-pm-diameter) and with a horn-shape cup. One of
them (side hole) is vent hole for providing the sensor
temperature stability because it eliminates the trapped
air thermal expansion when environmental temperature
varies, and balances the pressure inside and outside the
FP cavity. As a result, the sensor with background
pressure equilibrium structure can eliminate backpres-
sure shift issue, which is the major problem encoun-
tered by most of DEFPI sensor. In addition, because
the two through holes is parallel with each other, and
the vent hole connects to the environment via the pack-
aged stainless steel tube, the environmental pressure
energy applied on diaphragm does not diffract into the
FP cavity via the vent hole. So the sensitivity to the en-
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vironmental pressure does not entirely decrease due to
the vent hole. In the Ref.[14], the very small acoustic
energy diffracts into the FP cavity through the vent
hole, even through its influence on sensor is negligible.

A 25-pm-thickness ultra-thin fused silica diaphragm
was directly welded onto the horn end face of the double
through holes ferrule with 1.8-mm outside diameter and
7-mm length, whose material is also fused silica, by
CO, laser heating fusion bonding technique as shown in
Fig. 3. The 1. 5-mm-deep horn-shape cup with 1-mm
inside-diameter is formed in the process of the silica fer-
rule preparation. If the diaphragm thickness is 25 pm
and the ferrule horn-shape cup inside diameter changes
from 1.0 to 1.5 mm, the sensor can be designed for a
wide range of pressure measurements with 50.51 nm/
kPa (348. 01 nm/psi) of sensitivity. The diaphragm
was locally and quickly heated at the edge with laser
heating fusion bonding technique, so its surface nearby
the center was not influenced, even when coated with a
gold or other metal film (central region 1-mm in diame-
ter). A lead-in silica single-mode fiber (SMF) was
cleaved and inserted in the central hole of the double
holes ferrule, forming an FP cavity between optical fi-
ber tip surface and the inside surface of the diaphragm.
Since the ferrule wall is too much thick (about
0.9 mm), the lead-in fiber is bonded with the ferrule by
epoxy. Such above steps, the sensor head with 7-mm
length and 1. 8-mm outside-diameter is achieved. The
FP cavity in horn-shape cup makes the circular dia-
phragm to deflect with environment pressure variation.
Figure 4 shows the interference spectrum of FP cavity
in the fabrication process; the micrograph of laser bond-
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Fig.3. (a) Illustration of CO, laser heating fusion bonding
system and (b) top view of bonding diaphragm
with ferrule

ing diaphragm with ferrule, the bare sensor and the
packaged one are shown in Fig. 5. For the packaged
structure, we used the 316 stainless steel to protect the
bare sensor, and meanwhile the tail fiber of sensor was
protected with 316 stainless steel tube.
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Fig.4. Interference spectrum of DEFPI sensor

Fig.5. (a) Bare pressure sensor; (b) packaged
pressure sensor

4 Experimental results and discussion

Experimental setup of static pressure test is shown
in Fig. 6. The optical light from Optical Sensing
Analyzer Si720 (Micron Optics) propagated to the FP
cavity through a 3-dB SMF coupler, and its interference
signal was routed back through the same coupler to the
detector built in the Si720. The sensor head was sub-
merged in the water and the applied pressure on dia-
phragm is proportional to water level, which can be cal-
culated by measuring the depth of the sensor head sub-
merged in the water. The FP cavity length varied with
water level.

A cross-correlation signal processing method with
0.2-nm resolution was used to process the interference
signal for demodulating the FP cavity length. The pres-
sure response of the DEFPI sensor present in our case is
shown in Fig. 7. The FP cavity length change versus the
applied pressure from O to 3 kPa (0. 44 psi) is
29.04 nm. The sensor pressure sensitivity is 9.51 nm/
kPa (65.57 nm/psi) , and the pressure resolution of our
system based on the cross-correlation signal processing
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Fig.6. Experimental setup of static pressure test
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Fig.7. Pressure response characteristics of sensor from
0 to 3 kPa
method is about 21 Pa (0.003 psi). In order to investi-
gate the temperature dependence of the sensor, a tem-
perature test should be performed. The temperature
was increased from room temperature to 80 C and de-
creased to room temperature. The dependence between
the temperature and FP cavity length is shown in Fig.
8, which indicates the temperature dependence is about
0.92 nm/C . The thermal induced pressure measure-
ment error is about 0.096 kPa/C (0.014 psi/C), and
the temperature dependence is about one over fifty-five
times than that of the epoxy bonding methods,
50 nm/C ™. Obviously, the designed optical fiber
sensor in our scheme reduces significantly the tempera-
ture dependence and the pressure measurement error,
but the residual temperature dependence and pressure
measurement error are still relatively large. It makes
the fiber-optic FP sensor to be employed in the condition
of the relative small temperature change range. We
may carry out two approaches to decrease/eliminate the
influence of the temperature dependence. guaranteeing
the sensor to be applied in the large-range temperature
change fields. First, improving the laser heating fusion
bonding technique reduces further the temperature de-
pendence. Second, we may also employ temperature
self-compensation of sensor head structure to eliminate
pressure measurement error caused by temperature de-

pendence. In addition, because the ferrule have the side
vent hole eliminating the influence of the background
pressure and the trapped air thermal expansion, the
sensor can excellently run with no need to adjust the op-
erating point in our case.
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Fig.8. Temperature-dependence of sensor from room
temperature to 80 ‘C at atmospheric pressure

5 Conclusions

In conclusion, a novel high sensitivity DEFPI fiber-
optic pressure sensor with small temperature depend-
ence and with backpressure-independence has been de-
veloped. We realize the welding between the ultra-thin
fused silica diaphragm and the horn end face of the fer-
rule by use of CO, laser, and the fabrication process is
simple, clean, environment-friendly, and thus reducing
the system cost; the proposed double holes fused silica
DEFPI configuration enhances the sensor performance.
The operating point of sensor does not drift without Q-
point control, and the sensor with sensitivity of
9.51 nm/kPa (65. 57 nm/psi), resolution of 21 Pa
(0.003 psi), and pressure measurement error of
0.096 kPa/C (0.014 psi/C) induced by the tempera-
ture dependence is achieved. Further work will study
the dynamic pressure measurement and much low tem-
perature dependence of the sensor. To reduce/eliminate
the temperature dependence and the pressure measure-
ment error, the improvement of the laser heating fusion
bonding technique and temperature self-compensation
scheme are under the way.
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