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Abstract: This paper presents a hermitic fiber sensor packaging technique that enables fiber sensors to
be embedded in energy systems for performing multi-parameter measurements in high-temperature
and strong radiation environments. A high-temperature stable Intrinsic Fabry-Perot interferometer
(IFPI) array, inscribed by a femtosecond laser direct writing scheme, is used to measure both tem-
perature and pressure induced strain changes. To address the large disparity in thermo-expansion
coefficients (TECs) between silica fibers and metal parts, glass sealants with TEC between silica optical
fibers and metals were used to hermetically seal optical fiber sensors inside stainless steel metal tubes.
The hermetically sealed package is validated for helium leakages between 1 MPa and 10 MPa using
a helium leak detector. An IFPI sensor embedded in glass sealant was used to measure pressure.
The paper demonstrates an effective technique to deploy fiber sensors to perform multi-parameter
measurements in a wide range of energy systems that utilize high temperatures and strong radiation
environments to achieve efficient energy production.

Keywords: fiber sensors; intrinsic Fabry—Perot interferometer (IFPI); glass sealant

1. Introduction

Optical fiber sensors today are widely applied in harsh situations (aerospace indus-
try, nuclear power plants, and so on) due to their resistance to the environment, remote
sensing, and simultaneous monitoring of different parameters (temperature, strain, hu-
midity, etc.) [1-7]. As point fiber sensors, the Fabry—Perot interferometer (FPI) has special
advantages such as easier fabrication, higher measuring sensitivity, and a more accurate
measuring region compared with the fiber Bragg grating sensor (FBG) [8-10]. The FPI can
be divided into two types based on its relative positions with fiber: the extrinsic FabryPerot
interferometer (EFPI) and the intrinsic FabryPerot interferometer (IFPI). In contrast to EFPI,
IFPI possessed lower insertion loss and an easier installation or package method, which
determined that IFPI was more stable and suitable for structural health monitoring. The
IFPI inside a single-mode optical fiber inscribed by a femtosecond laser was proven to
achieve multiple monitoring (high temperature up to 1000 °C, gas, vibration, etc.) under
harsh environments by much research [11-15].
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Normally, the coating material near the FP cavity on a mode fiber should be removed
to achieve a more stable and reliable measuring signal of IFPI, especially under harsh envi-
ronments like nuclear power plants; however, this would greatly decrease the mechanical
strength of optical fiber when attached to or embedded in the measured structure or object,
which could lead to signal interference or even the breaking down of IFPIL. Therefore, the
fiber package technique was applied to IFPI to perform the monitoring successfully in
harsh environments in this paper.

Polymer and metal are the two main common package materials for fiber sensors [16,17].
Most polymer-based fiber packages are convenient to fabricate and can bear limited envi-
ronmental loads [18-21]. Metal packages (aluminum, nickel, and so on) can protect optical
fiber in two ways. The capillary metal tube keeps fiber sensors in minimal space without di-
rect fuse with fiber in civil structures [22,23], but the strain sensitivity of the sensors would
be decreased, and it is not suitable for contact measurements like vibration or gas monitor-
ing in harsh environments. The electroplated metal would not affect the sensitivity, but the
huge difference (larger than 20 times) in the coefficient of thermal expansion (CTE) between
fiber (5.5 x 10~7) and metal (>2 x 10~°) can damage the fiber sensors extremely [24,25].
Both of these package methods were not perfect for the sensitive and fragile IFPI applied
in harsh environments. Based on previous research on glass-to-metal sealing structure
measuring via FBG sensors, glass was proposed to be the novel package material for IFPI
in this paper. This concept was first proposed in the 1990s [26], in which the solder glass
was proposed to shelter the fiber to resist corrosion, but real-time monitoring of parameters
was not achieved at that time.

Glass sealant material was mainly used for hermetic boundaries under harsh con-
ditions (high temperature up to 1000 °C, high pressure up to 10 MPa, and radiation
environments) [27]. The glass sealant was proven to achieve seamless fusion with optical
fiber sensors, which would not affect the hermeticity of the glass sealant or measure the
sensitivity of fiber sensors [28-30]. The glass sealant was also capable of being the proper
transition layer between fiber and capillary metal tube with a CTE of around 10 x 10~°.
At the same time, the glass fixed the position of the fiber in a metal tube so the strain
and vibration loads could be transmitted effectively to fiber sensors. Additionally, fiber
is known to be insensitive to the pressure load, and the sealant structure can convert the
environmental pressure to the strain change in the glass layer, so the embedded IFPI can
monitor the pressure simultaneously [31]. As a result, the IFPI would have the potential to
monitor multiple parameters (temperature, strain, pressure, etc.) in nuclear power plants
with the protection of a glass package.

In this research, the glass package of IFPI was manufactured through the heating
process first. During this time, the temperature sensitivity of IFPI was calibrated by a
standard thermal couple near the experimental model in the furnace. After the cooling
process, the precise small-scale strain imposed by the contraction of the glass package was
measured. The leakage rate of the glass sealant package was determined by the helium leak
detector at high temperatures and pressures. Then, the experimental model was installed
in a high-pressure pipeline to monitor the environmental pressure loads reflected by the
strain change in IFPI. Based on the monitored results, this packaging technique may have
the potential for simultaneous multiple-parameter monitoring in nuclear power plants
based on the IFPI array in the future.

2. Experimental Design and Setup
2.1. IFPI Demodulation Method

The interference spectrum of an IFPI is expressed in Equation (1), assuming an identical
reflection strength from two reflectors [32-34]:

I(k)= 2Iy(k)[1+ycos(2klopp + ¢0)] 1)

where k = 27t/ A is the wavevector, I (k) is the reflection spectrum of incident light at the
reflector, vy is the fringe visibility of interference signals, lopp is the optical path length of
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the IFPI cavity, and ¢y is the phase delay of light transmitting from the first reflector. The
@o is set to zero because the length of the nanograting reflector (3 um) is much smaller than
the cavity length (250~2000 pm).

The lopp will increase when imposed with thermal loads, as shown in Equation (2) [31]:

Alopp = lopD[(C + DC)AT+ 8] 2)

where { is the thermo-optic coefficient of 8.6 x 107¢/°C for Ge-doped silica-core fiber,
« is the thermal expansion coefficient, with a value of 5.5 x 10~7/°C. A Fast Fourier
Transform (FFT) algorithm was applied to demodulate the absolute F-P cavity length
based on Buneman frequency estimation and simple phase calculation on the interference
spectrums. Therefore, the real-time F-P cavity length would be obtained, and the related
temperature or strain change could be demodulated.

The detailed fabrication process is shown in Figure la. A Coherent RegA 9000
Ti:sapphire laser and amplifier system were applied for fabrication. A linearly polar-
ized laser beam of 800 nm, 270 fs, and 250 kHz repetition rate was produced and focused
inside the fiber core through a 100 x oil-immersion objective (Olympus 1-U2B235, N.A. 1.25).
The laser focus was aligned with the middle of the fiber core to produce artificial scattering
centers. Six Rayleigh-enhanced points were inscribed in the fiber core to form three IFPIs.
The gap between adjacent IFPI was 5 mm, and the cavity length increased incrementally
from 985 um to 1.6 mm with a step of 350 pm.
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Figure 1. (a) The fabrication of IFPI; (b) The 3D-diagram of IFPI with the glass package installed in
the metal tube; (c) the Rayleigh backscattering profile of the multiplexed IFPIs; (d) the spectrum of
the multiplexed IFPI array; and (e) the FFT spatial domain of the spectrum.

During the fabrication and pressure experiments, a 60 nm bandwidth broadband light
ranging between 1510 nm and 1570 nm from a Super-luminescent Light Emitting Diode
(SLED, EX5210059-01) was coupled to an IFPI array embedded in a glass package via a
circulator. The interference fringes were detected by the 512-pixel CCD-based spectrometer
(Bayspec, FBGA) with a spectral range from 1510 nm to 1590 nm. The location and reflection
strength of the nanograting reflectors were characterized by the optical backscatter reflec-
tometer (OBR 4600, LUNA) measured backscattering profile in Figure 1c. The interference
fringe and FFT transformation of the multiplexed sensors are shown in Figure 1d,e.

2.2. Package Fabrication

The sealing glass applied in this research was the GL1732P sealing glass with a particle
size below 45 microns, provided by Mo-Sci. The composition is shown in Table 1. The glass
powder will initially be mixed with wax, serving as an organic binder, at a mass ratio of
16:1. The sample will then be heated to 120 °C to fully melt the wax and integrate it with the
glass powder. After cooling, the sample will be ground into small particles. Subsequently,
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the glass powder and wax mixture will be pressed into a cylinder with a channel using
a customized mold designed to accommodate the embedded optical fiber. A dewaxing
process will then be performed by heating the sample to 250 °C for one hour, decomposing
the wax into gases and vapors.

Table 1. Composition of GL1732P sealing glass powder.

Compound Composition (mol%)
P,0s5 67
ZnO 10
K;O 6

Based on the softening point Td around 370 °C, the sealing process was designed as
ramping to 450 °C, holding for 30 min, and then cooling to room temperature with a rate of
around 10 °C/min. When the glass sealant is heated beyond its softening point, it becomes
very soft or semi-liquid, spreading out to fully contact the fiber and the stainless-steel tube,
forming a strong seal upon cooling. After 30 min of heating, the cooling process begins,
and the sealant transitions back to a solid, rigid state, bonding to both the fiber and the
shielding.

The glass sealant, metal tube, and fiber will be fixed, as illustrated in Figure 1b. The
entire experimental model will then be placed in a heating furnace to undergo the sealing
process, as depicted in Figure 2a. Meanwhile, a standard thermocouple was placed in the
same region of the furnace to calibrate the temperature sensing parameter of the IFPI. After
the sealing process, the glass package will be successfully fabricated onto the IFPI on the
fiber. A metal shield was installed on the other end of the metal tube and welded to the
tube with solder. The practicable IFPI sample with a glass package was obtained, as shown
in Figure 1b.

Ferrule \

L
Fiber

with package

Thermal
couple

2INSsAI
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(a) (b)

Figure 2. (a) The experimental setup of the glass package fabrication; (b) the pressure test setup for

Furnace

IFPI with the glass package.

2.3. Leakage Detection and Pressure Monitoring Experiment

After the package fabrication, the experimental model was taken out of the heating
furnace. The leakage detection experiment was carried out on the glass sealant package by
a helium leak detector, and then the hermeticity and reliability of this package would be
demonstrated.

Due to their structure characteristics, most fiber sensors were insensitive to pressure
loads. Research showed that special coatings could improve the pressure sensitivity of
fiber sensors with limited effect. The IFPI glass-to-metal seal structure could convert the
pressure loads to the strain change in IFPI due to the glass package contraction within the
hermetic chamber formed by the metal tube, glass package, and pipeline. Based on that, the
metal tube of the experimental model was installed to the high-pressure pipeline through
ferrule, as shown in Figure 2b, to monitor the pressure from 1 MPa to 10 MPa.
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3. Numerical Simulation

To prove the reliability of strain and pressure measuring results in the package fabri-
cation and pressure experiments with a theoretical foundation, a finite element model of
optical fiber with fused glass sealant and a metal tube was built. The finite element method
was an efficient method to predict the strain distribution of glass-to-metal structures [35-37].
The linear elastic material model was used in this research, with temperatures ranging
from 20 °C to 370 °C. Because the residual strain in optical fiber was generated only after
the glass package began to cure, the simulation focused on the cooling process after the
temperature reached Td for the glass sealant.

The pressure loads were imposed on the bottom end of the glass package to simu-
late the pressure experiments after the curing process. The strain distribution along the
middle path of the fiber core was extracted, as shown in Figure 3¢, which was also the
measuring path in the experiments. Because the IFPI embedded in the glass package was
less than 1 mm, the mean value of the strain on the F-P cavity was considered a theoretical
comparison to the experimental results.
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Figure 3. (a) The meshing grid of the fiber-glass-metal structure; (b) the fine grid and joint of the
glass package and fiber core; (c) the contour of numerical results after the fabrication process; (d) the
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strain distribution in the fiber core.

4. Results and Discussion
4.1. Fabrication Monitoring and Strain Measuring

The three IFPI started to monitor the whole fabrication process of the glass package
after being embedded into the glass sealant, as shown in Figure 4a. The monitoring signal
for all three IFPIs was steady. To describe and distinguish each measuring result, the IFPI
sealed with a glass package was the strain sensor, and the other two IFPI beside the glass
package were, respectively, temperature sensor 1 (cavity 1298.9 um) and temperature sensor
2 (cavity 1611.5 pm).

The temperature sensing curves of both temperature sensors rise linearly from room
temperature to 450 °C, hold for 30 min, and then cool down naturally to room temperature.
The temperature measurement was calibrated according to the standard thermal couple
installed, as shown in Figure 2a. Temperature sensor 1 and sensor 2 achieved accurate and
consistent measurements during both the heating-up and cooling-down processes with a
deviation of less than 0.001%. The temperature sensitivity of each (0.0137 for sensor 1 and
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0.01672 for sensor 2) was close to the theoretical value (0.01298 and 0.01611, respectively),
as proved by Equation (2). For the strain sensor, it also measured temperature precisely
before fusing with the glass package, for which the sensitivity of 0.00943 was close to
the theoretical value of 0.0905. As a result, the IFPI could achieve accurate and sensitive
temperature measurements, which was a powerful method to adjust the fabrication process
and improve the package quality.
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Figure 4. The monitored residual strain of IFPIs during the manufacturing process and corresponding
finite element modeling (FEM) results. (a) overall sensors’ cavity change during the embedment
process; (b) temperature sensor 2 cavity change during the embedment process; (c) temperature
sensor 1 cavity change during the embedment; (d) strain sensor cavity change during the embedment
process; (e) residual strain demodulation of the strain sensor.

The strain sensor started to sense the strain imposed by the glass package after the
cooling temperature reached Ty 370 °C. At the same time, the cavity length change was also
affected by cooling down. Due to the fact that temperature and strain were independent, as
stated by Equation (2), the cross-sensitivity could be demodulated based on the calibration
result shown in Figure 4d because the temperature sensing was consistent during the
heating-up and cooling-down processes. Thus, the cavity change (blue line) induced by
strain could be obtained by subtracting the temperature-induced change (red line) from the
whole change (black line).

The specific strain value increased to about 1675 pe. The axial strain distribution
was extracted from the cavity region (985 um in the middle of the glass package) to
make comparisons. The mean value of theoretical strain was 2100 e, and the deviation
between the experimental and theoretical results was only 20%, which could prove the
excellent performance of IFPI in measuring small-scale strain. In contrast to the measuring
results of FBG, the IFPI could realize distinct monitoring without the effect of a chirped
spectrum [29]. Therefore, the IFPI could be applied to the multi-point precise positions in
the system/structure.

4.2. Leakage Detection and Pressure Monitoring

The leakage rate of the glass sealant package was detected under high temperature
and high-pressure environments to prove the hermeticity of pressure boundaries. The
metal shell of IFPI was welded to form a vacuum chamber. The chamber was, respectively,
placed into the furnace and pipeline to experience the thermal and pressure loads. One side
of the chamber was connected to the helium leak detector, and the other side was attached
to a helium bag. The leakage rate would be determined under different temperatures and
pressures, as shown in Figure 5.
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Figure 5. The leakage rate of IFPI with a glass sealant package under (a) high-temperature environ-
ments and (b) high-pressure environments.

The hermeticity of the glass sealant package was in good condition under 200 °C, and
the leakage rate began to rise when the temperature reached 210 °C. The leakage rate could
meet performance requirements (<1 x 10~/ Pa x m3/s) in nuclear power plants applied at
a working temperature of 250 °C. Compared with the resistance to high temperatures, the
glass sealant package had better endurance in high-pressure environments. There was no
change in the leakage rate from 1 MPa to 10 MPa (<1 x 10712 Pa x m3/s), which proved the
hermeticity of the glass sealant package could bear high-pressure working loads without
destructive failure. As a result, the hermetic package was feasible to apply to pressure
boundaries for energy systems.

5. Conclusions and Future Work
This research investigated a novel package technique used on IFPI to achieve multiple
parameters under harsh environments based on glass sealant.

(1) The temperature measuring results of IFPI were precise and consistent during the fab-
rication process, with a deviation of less than 0.001%, and the calibrated temperature
sensitivity was almost the same as the theoretical value obtained from Equation (2).

(2) The IFPI was able to measure the small-scale strain in the glass package during the
curing process. The specific value of 1675 e was close to the numerical results of
1950 pe obtained via finite element analysis (deviation less than 13%).

(38) The hermeticity of the glass sealant package was demonstrated to be feasible at high
temperatures (20~250 °C) and high pressure (1~10 MPa).
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