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1. Introduction

Measurement of high temperature and high pressure is of great
significance in modern industries such as aerospace, chemical
industry, deep-water exploration, and petroleum drilling.
Since the 1970s, optical fiber sensing technology has become tre-
mendously successful owing to its high integration, immunity to
electromagnetic interference, resistance to harsh environments,
as well as capability of networking and distributed sensing!’ ~®).
In terms of high-temperature sensing, a variety of fiber-optic
sensors such as ultrafast laser-induced fiber Bragg gratings
(FBGs)®', sapphire FBGs!'>"*"), long-period fiber gratings
inscribed by a CO, laser® 2% or arc discharge®*"), fiber
Mach-Zehnder interferometers (MZIs)!?*7! and fiber
Fabry-Perot interferometers (FPIs)27%%! have been well devel-
oped in the past decades. Sapphire fibers can withstand a tem-
perature higher than 1800°C, where the main drawbacks are the
poor mechanical and modal properties, as well as the expensive
price. As a result, sapphire fiber high-temperature sensors are
destined to be used merely in certain occasions such as aerospace
or military industries. In contrast, conventional single-, few-, or
multi-mode silica fibers are the most common bases for
high-temperature sensors. However, conventional silica fibers
suffer from poor linearity and stability in high-temperature
environments before annealing treatments, which can be attrib-
uted to the different thermo-expansion coefficients between
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The pure-silica hollow-core fiber (HCF) has excellent thermostabilities that can benefit a lot of high-temperature sensing
applications. The air-core microstructure of the HCF provides an inherent gas container, which can be a good candidate for
gas or gas pressure sensing. This paper reviews our continuous efforts to design, fabricate, and characterize the high-
temperature and high-pressure sensors with HCFs, aiming at improving the sensing performances such as dynamic range,
sensitivity, and linearity. With the breakthrough advances in novel anti-resonant HCFs, sensing of high temperature and high
pressure with HCFs will continuously progress and find increasing applications.
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the fiber cladding (silica) and Ge-doped silica core, rendering
the release of residual stress when the fiber is heated to
the material softening temperature®=**, As a result, the iso-
thermal annealing treatment is necessary to eliminate the
residual stress and improve the sensor’s linearity and stability
before using.

Hollow-core fibers (HCFs) guide light in the air core and can
be classified into two categories: photonic bandgap (PBG) and
anti-resonant reflection (ARR) HCFs according to the light con-
finement mechanism. Among the ARR-HCFs, hollow silica
capillaries can be considered as the most original HCF, which
exhibits large loss and thus is limited to the ultrashort-distance
transmission. Typically, HCFs are drawn from pure-silica capil-
laries**~>*), which can reduce the residual stress within the fiber
effectively owing to the single material construction (ie., the
same thermo-expansion coefficient). As such, HCF-based
high-temperature sensors may withstand a higher temperature
and linearity. In addition, the air-core microstructure of HCF
provides an inherent gas container'®**°), which can be a good
candidate for gas or gas pressure sensing!®*~**!. Holey micro-
structures can also provide extra degrees of freedom for geom-
etry modification through post-thermal treatment or selective
filling of the air holes. The confinement of gas and optical guided
modes simultaneously within the hollow core allows strong
light/gas interaction over an extended length and may be a good
candidate for highly sensitive gas sensors or lasers'®®~">],
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This paper reviews our works over the past five years, which  splitting and combining behaviors. Since the optical path differ-
focused on the design, preparation, and characterization of the ~ ence (OPD) is created between the core and cladding beams, the
HCF microcavity high-temperature and high-pressure sensors. ~ white-light interference spectrum can be obtained. The trans-
Section 2 describes the high-temperature sensors based on HCF ~ mission intensity can be expressed as
MZIs and fiber-tip FPIs, respectively. Section 3 includes the
HCF high-pressure sensors with wavelength and phase demodu- _ — 2nLAn
lation approaches, respectively. In Section 4, a dual-cavity FPI [=1eo + 1o+ 2yiela cos ( 4)0),
sensor for simultaneous measurement of high temperature
and high pressure is detailed. A brief conclusion and prospects ~ where 4 and L are the wavelength of light and the length of the
of the HCF-based high-temperature and high-pressure sensing HCEF, respectively. An = niff( T) — nf(T) is the effective refrac-
technology are discussed in Section 5. tive index (RI) difference between the two interference beams,

n(T) and nef(T) denote the effective RIs of the cladding

. and core beams, respectively, and ¢, is the initial phase of inter-

2. HCF High-Temperature Sensors ference. As such, the wavelength of the mth-order interference
minimum can be calculated to be

(1)

Optical fiber microcavity MZIs or FPIs have been widely
adopted for temperature sensing, which shows advantages of
compactness, high sensitivity, and low costs. Tapering, arc dis-
charge, and ultrafast laser micromachining are typical
approaches for creating microcavities in conventional solid-core
fibers. However, the microcavity quality and preparation repeat-
ability are crucially limited by the processing technique.
Moreover, repeated adiabatic annealing is necessary for the sen-
sor to release the residual stress and improve the linearity of the
sensor. Instead, HCFs provide a natural high-quality microcav-
ity, which does not only improve the preparation repeatability
but renders a higher working temperature and linearity.

2rLAn

=(2m+1)7r—(p0' )

m

The thermo-optic and thermo-expansion coefficients
differences between silica and air will result in the change of
An and L, respectively, with temperature variation. According
to Eq. (2), 4,, will shift to longer wavelengths with rising temper-
atures. By making differentiation for Eq. (2), the temperature
sensitivity can be expressed by

a2 1 dnfi(T)  dni(T)
d_T‘l{n:ff(T)—n:fim[ ar AT }”}’ ®

2.1. MZI high-temperature sensor
eff

The MZI high-temperature sensor can be simply constructed by where a and dng’ (T)/dT represent the thermal-expansion and
sandwiching a short piece of HCF between two single-mode  thermo-optic coefficient of silica, respectively, and dnst(T)/dT
fibers (SMFs) with precious slicing and optimized arc discharge ~ denotes the RI change of air with temperature. The thermo-optic
techniques®'). The sensor structure is schematically illustrated ~ coefficient of fused silica at different temperatures and wave-
in Fig. 1(a), where the two splicing points between the HCF  length ranges can be obtained from Ref. [74], which is illustrated
and SMF act as the beam splitter and combiner, respectively, in Table 1.

and the air core and silica cladding of the HCF act as the two The thermal-expansion coefficient of fused silical”” is
arms of the MZI. For a higher fringe visibility, a little offset is ~ ~0.55 X 107 °C~!, which is far less than its thermo-optic coef-
introduced in the second splicing joint, i.e., the beam combiner.  ficient (> 107°). As such, a can be neglected in some occasions.

Figure 1(b) shows the simulation results of beam transmission = By optimizing the arc discharge parameters, sensor samples with
through the proposed MZI, which clearly depicts the beam  different offset distance d are prepared, the transmission spectra

(a) (b)

Input —/1> Output h
SMF1 HCF SMF2 E Ao

/.‘\’ o1 .

Cladding Silica l_d Cladding

'V Core —>/ _$> T — Core

™ Air'core A=1550nm
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L

Fig. 1. (a) Schematic diagram of the proposed SMF-HCF-SMF temperature sensor: (b) simulation result of light propagation in the SMF-HCF-SMF configuration at
1550 nm.
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Table 1. Refractive Index of Fused Silica versus Temperature!™. of which are shown in Fig. 2, where we can see that ~5 pm is the

optimized offset distance (interference visibility > 20 dB). The

dn/dT geometry of one sensor sample is characterized by an optical
Alum) 7 (26°C) n (471°C) dn/dT (107°°C™") = (828°C) (107°°C™) microscope, as shown in Fig. 3(a), while Fig. 3(b) shows
the microscope image of the employed HCF. Mode field

057800 145839 146429 +19 1.46870 +12. distribution of the beam (at 1550 nm) after transmitting through

112866 144903 145426 4118 145820 14 a 90 pm long HCF is also measured by an infrared CCD, as
shown in Fig. 3(c), where the cladding and core beams can be

136728 144635 145140 +14 1.45549 +14 identified.

150025 1444kl 144961 1116 145352 13 High-temperature tests are subsequently carried out by

employing a high-temperature oven that can reach 1200°C with
an accuracy of +1°C. The interference dip positioned around
1375 nm is tracked with the changing temperature. The oven
temperature is increased from 200°C to 900°C with a step of
100°C and kept for ~30 min at each step to obtain a stable spec-
trum. A clear “redshift” of the tracked dip is observed, as shown
in Fig. 4(a). No obvious spectrum deterioration is observed, and
only a wavelength shift of 1.4 nm is identified [Fig. 4(b)] when
keeping the sensor at 900°C for 26 h. The phenomenon is
beyond our expectation, since it implies that the residual stress
is released. However, it is not hard to understand the origin of
residual stress, which is believed to be introduced by the extru-
sions of fiber end facets during the fusion splicing processes.
This adverse impact can be eliminated effectively by an
. . . improved fiber-tip FPI sensor structure, which will be detailed
1400 1450 1500 1550 1600 in the next section. The temperature is then decreased back to
Wavelength (nm) 200°C with a step of 100°C, and the spectral evolution is shown

(b) in Fig. 4(c). It is worth noting that the spectrum of Fig. 4(c)
201t =s—=iExperimental data seems to include higher-order terms of interference, which is
A slightly different from Fig. 4(a). Preliminary analysis suggests
15k that the RI profile of HCF cladding may be modified by the
release of residual stress, and new cladding modes in the HCF
1ok /' \ may be excited. This frustrated effect can be removed by an

— ./
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improved fiber-tip FPI sensor, which is detailed in Section 2.2.
The dip wavelength versus temperature in both heating and
— cooling processes is illustrated in Fig. 5(a), respectively. After

Fringe contrast (dB)

repeating the heating and cooling cycles three times over 2 days,
the tracked dip shows no divergency between heating and cool-
ing processes, as shown in Fig. 5(b). The linear fitting yields a
Fig.2. (a) Transmission spectra for different offset distances; inset: transmis- ~ high correlation coefficient R* = 0.9994, and a high-temperature
sion spectrum shrinking; (b) fringe contrast versus offset distance. sensitivity of 41 pm/°C.

I 2 3 4 5 6 7 8 9
Offset distance (um)

9pm ,
—

e e a4
125 pm

Fig. 3. (a) Side view of the sensing head; (b) cross section of the HCF; (c) near field image at the end facet of a 90 um HCF with the other end facet aligned to the
lead-in SMF,.
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Fig. & (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.
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Fig. 5. Dip wavelength versus temperature in both heating and cooling processes (a) before and (b) after three cycles of annealing.

2.2. Annealing-free fiber-tip FPI high-temperature sensor

To eliminate the adverse impact of residual stress as well as high-
order modes distraction, we propose an annealing-free HCF-tip
FPI high-temperature (1100°C) sensor!*®). This sensor schema
exhibits an excellent thermal stability and linearity (R* > 0.99
in the 100°C-1100°C range) even without the need for high-
temperature annealing. The proposed sensor is schematically
illustrated in Fig. 6(a), which is prepared by fusion splicing, fol-
lowed by a precious cutting of the HCF with the assistance of
a homemade microscope. As shown in Fig. 1, part of the light
propagating in the lead-in SMF will be partially reflected at
interface I due to the smaller core of the HCF than of the
lead-in SMF, while part of the light will transmit into the silica
cladding of the HCF. Light transmitted in the silica cladding will

Lead-in SMF HCF ,
— —_— -—

I 0—> I — b 4—5
I I

,, L !

Fig. 6. Schematic illustration of the proposed FPI sensor. FPI, Fabry-Perot
interferometer: SMF, single-mode fiber; 4/, intensity ratio; fy, the intensity
of the incident light; HCF, hollow-core fiber; L, length of HCF; interface |,
the SMF end facet; interface II, the HCF end facet.

be partially reflected at interface II and transmitted back into the
lead-in SMF. It is worth noting that only the silica/air interfaces
are considered as reflectors, since the RI difference between the
SME core (Ge-doped silica) and the HCF cladding (pure silica)
is too small. We define a parameter of y to represent the propor-
tion of light that suffers Fresnel reflection at interface I. As such,
the reflective intensity at interface I can be written as

I, =IgyRy, (4)

where I, y, and R, denote the intensity of the incident light, the
proportion of light that suffers Fresnel reflection at interface I,
and the reflectivity of interface I, respectively. After transmitting
in the cladding of the HCF for a length of L, the light is partially
reflected at interface II, recoupling back into the lead-in SMF.
The reflection intensity can be represented by

I, =Iy(1 = y)R,, (5)

where R, represents the reflectivity of interface II. Here, the
transmission loss of HCF cladding is neglected since the HCF
is short in length. It should be noted that the intensity ratio y
is determined by the air-core diameter of the HCF, since the
mode field diameter of the lead-in SMF is fixed. To be specific,
the mode field of the lead-in SMF is a Gaussian distribution with
a diameter of ~10 um, and vice versa, a smaller air core renders a
smaller y. As a result, the fringe visibility of the FPI, which is
determined by the intensity ratio (I, /I,) of the two reflection
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Fig. 7. Reflection spectra of the prepared FPIs with different HCF parameters.

beams, can be altered flexibly by changing the inner diameter
(ID) of the HCF. However, the HCF with an ID larger than
the core diameter of the lead-in SMF will result in a poor fringe
visibility (< 2 dB), as reported in Ref. [76]. A poor fringe visibil-
ity will impose difficulties for peak tracking and the following
demodulations. Figure 7 exhibits the reflection spectra of four
prepared FPI sensor samples (S;-S,) with HCF IDs of 2 pm
(S; and S,) and 4 pm (S; and S,), respectively. Sensor samples
with an HCF ID of 4 um show higher fringe visibility. As a result,
the HCF with the 4 pm ID is chosen for the FPI sensor
preparation.

In addition, the length L of the HCF affects the spectral quality
of the FPI as well. Extra modes will be excited in the cladding of
the HCF if the HCF is too long. The extra modes will result in a
superimposed interference spectrum, as shown in Fig. 7(c),

where a sample with a ~414 pm HCF renders a dense fringe
modulated by a large envelope, implying multibeam interfer-
ence. Figure 8(a) shows the “spectrum of spectrum” obtained
by fast Fourier transform (FFT), where multiple frequencies
can be identified. As such, the HCF length is vital for the spec-
trum quality, which is crucial for demodulation. By shortening
the HCF to ~178 pum, a typical two-beam interference spectrum
can be obtained and is shown in Fig. 7(d), and the FFT result is
shown in Fig. 8(b).

High-temperature performance of the proposed fiber-tip FPI
sensor is then experimentally studied, and the experimental
equipment is the same as described above. Although the temper-
ature sensitivity is wavelength dependent, while for simplicity
and clarity purposes, we employ the interference dip at
~1550nm as the temperature indicator. The wavelength of

@10 ® 1.0
- 08 ——FFTof Fig2 (c) | _ 08 — FFT of Fig.2 (d)
~ 3
& 06l < 0.6
B £
£ 04| £ 04
g g

0.2 0.2

0.0 ' ’ ! ' ' : '

00 02 04 06 08 10 "0 02 04 06 08 10

Frequency (#/nm)

Frequency (#/nm)

Fig. 8. Frequency spectra of the interference spectra of (a) Sz and (b) S, obtained by fast Fourier transform (FFT).
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the tracked dip presents a “redshift,” with the temperature  and 1100°C, respectively, where high linearities (> 0.99) with-

increasing, which is a combined result of the thermo-optic out any thermal hysteresis are demonstrated [Figs. 9(i) and 9(j)]

and thermal-expansion effects of silica. The temperature sensi-  as well.

tivity can be expressed as As such, the fiber-tip FPI sensor can work in a harsh environ-
ment of 1100°C with a high measurement linearity, which can be

di 1 dnsf(T) 6 attributed to the excellent temperature performance of pure-

dr |:n§iff(T) dT + ]’ © silica HCFs. Meanwhile, the excellent high-temperature perfor-

mance of the sensor before high-temperature annealing also

where dn¢ff (T) /dT and a denote the thermo-optic and thermal- ~ confirms our conjecture that the HCF high-temperature sensor
expansion coefficients of silica, respectively. Since nsiff (T) could dismiss the complicated isothermal annealing processes
increases with temperature, the contribution of the thermo- effectively. Linear fittings yield a temperature sensitivity of 12.5,

expansion effect cannot be neglected at high-temperature con- 13.0, 13.7, 14.0, 14.4, 14.8, 15.1, 14.8, 15.1, and 15.2 pm/°C
ditions according to Eq. (6). High-temperature tests within i each temperature range, respectively. Considering the wave-
different temperature ranges are carried out, the results of which ~length resolution (0.02 nm) of the employed OSA and a temper-
are depicted in Figs. 9(a)-9(f), respectively. No obvious thermal ature sensitivity of 15 pm/°C, a minimal temperature resolution
hysteresis and wavelength separation between the heating and ~ ©f the sensor is ~1.3°C. The HCF-tip FPI high-temperature sen-
cooling processes are observed, and the measurement linearities sor is extremely simple in preparation, and the annealing-free
are all higher than 0.99 within each temperature range.  Property can reduce the cost significantly, which is promising
Meanwhile, a ~0.2 nm wavelength separation between the heat- ~ in mass production and applications.

ing and cooling processes is found when the temperature is
increased to 900°C [Fig. 9(g)]. The small wavelength separation
is believed to be the result of residual stress releasing,
where a small amount of stress is introduced during the fusion
splicing of the SMF and HCF. A repeated high-temperature ~ In this section, we present two gas pressure sensors based on hol-
test from 100°C to 900°C eliminates the wavelength separation ~ low-core PBG fiber (HC-PBF), which exhibit ultrahigh linearity
effectively, and a high linearity of 0.997 is demonstrated  and sensitivity. Wavelength and phase demodulation methods
[Fig. 9(h)]. Further on, we increase the temperature to 1000°C are compared and applied to these two sensors, respectively.

3. HCF High-Pressure Sensors
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Fig. 9. Wavelength of the tracked dip as a function of temperature for different temperature ranges: (a) 100°C-300°C, (b] 100°C-400°C, (c) 100°C-500°C, (d] 100°C-
600°C, (e) 100°C-700°C, (f) 100°C-800°C, (g) first 100°C-900°C, (h) second 100°C-900°C, (i) 100°C-1000°C, and (j) 100°C-1100°C.
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3.1. Wavelength-demodulated open-cavity FPI high-
pressure sensor

The most common fiber-optic gas pressure sensor is fiber-tip
elastic diaphragm FPI, which is an enclosed cavity that is based
on a gas pressure-induced deformation of the diaphragm
(i.e., cavity length change)””~**!. However, the diaphragm-type
FPI sensors are defective. Firstly, elastic diaphragms have intrin-
sic elastic limits, beyond which the deformation cannot recover,
rendering the pressure sensor a poor resilience and a limited
measurement range. Secondly, the evenness of the diaphragm
determines the force bearing and deformation of the diaphragm,
i.e., the pressure response. As a result, a small unevenness of the
diaphragm is fatal for the sensor. Instead, gas-pressure-induced
gas RI change is a linear relationship, which provides a better
approach to the design and preparation of fiber-optic gas pres-
sure sensors**’l. Based on the principle of gas-pressure-  Fg 11 (2] SEM images of the employed HC-PEF and HCF and (b) locally
induced gas RI change, an open-cavity FPI gas pressure sensor enlarged view.

based on HC-PBF is proposed and schematically illustrated in

Fig. 10, The sensor is prepared by optimized arc discharge

fusion splicing and precision fiber cutting. An HC-PBF is firstly

fusion spliced at the end of the lead-in SMF, acting as the cavity ()8 I
of FPI. A length of HCF with an ID of 2 pm is then fusion spliced
at the end of the HC-PBF, working as a gas inlet channel to the
cavity. Here, the air core of the HC-PBF is ~10.9 um, and the
HCEF that is spliced at the HC-PBF end can provide a reflection
mirror as well. Tilted slicing is applied to the end of the HCF to
eliminate the parasitic reflection. Figure 11 presents the SEM
images of the employed HC-PBF and HCF, respectively. It is
worth noting that the HCF with a larger ID can speed up the

190 pm
[———

125 pm
=

gas intake at the cost of reducing the reflection at the HC- (b)2o[S1
PBF/HCF interface. As a result, the HCF with an ID of 2 pm
is a tradeoff. The low-loss property of the HC-PBF makes it pos-
sible to construct a long cavity, which renders a sharp peak and a ) =0
lower detection limit. Z 5l S3 )
Figures 12(a) and 12(b) present the prepared sensors with _§ NWVWV\NVWWW
varying FPI cavity lengths and the corresponding reflection é 0 ;
spectra, respectively. A longer cavity with narrower full width =
at half-wave (FWHW) is available, but not shown for the —ZO\SA/\ANV\/\/\ 20t S6
-30
1500 1550 16001500 1550 1600
Wavelength (nm) Wavelength (nm)

Fig. 12. (a) Microscope images of the prepared sensor samples (S-Sg) with
varying cavity lengths; (b) the corresponding reflection spectra.

purpose of brevity. The cavity length and corresponding free

(b) Eo [e/I-R l: spectrum range (FSR) of the six sensor samples are shown in
_— -5 - ene’” ' the first two columns of Table 2. The FSR can be denoted as
o /Re ™ : o /|I-R 1
< N L A 3
/R, fie ]
R .' oy
o[I-R | *ne’" y FSR=—=, (7)
SMF HC-PBF HCF _ + 2nL

Fig.10. Schematic diagram of the open-cavity FPI gas pressure sensor based ~ where 4;, 4, denote the wavelength of adjacent dips; n and L are
on HC-PBF. the RI of air and the cavity length, respectively. As shown in
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Pressure meter

Fig. 13. Schematic illustration of the gas pressure generator.
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Fig. 14. Wavelength of the tracked dip versus pressure in both the boosting
and depressurizing processes.

Fig. 10(b), the reflectivity of the two interfaces I and II can be
represented by

_ (n, — ”3)2
(n, + n3)%

_ (ny — ”2)2

R, = >
Ty + my)?

R, (®)

where n,, n,, and n; are about 1.46, 1.00, and 1.45, respectively.
The reflectivity R; and R, can then be calculated to be ~0.035
and 0.034, respectively. The low reflectivity (R < 1) indicates
a low-finesse Fabry-Perot cavity. As a result, high-order reflec-
tions in the cavity can be negligible, and a two-wave interference
approximation is reasonable®®. As illustrated in Fig. 10(b), E,
denotes the field intensity of incident light, # is the transmission
coefficient of the cavity, ¢, 6, and 8, denote the phase change
after transmitting through the cavity and the air/silica and silica/
air interfaces, respectively. The total reflection intensity can be
written as

2
I(4) :IOI:R1 + Ryn — 24/ RyRyn cos (fnL+§00):|, )

where I is the light intensity launched into the Fabry-Perot cav-
ity; n, L, and ¢, denote the RI of air, the cavity length, and the
initial phase difference of the two beams, respectively. The trans-
mission loss of the HC-PBF is low, and n = 1. The reflection
spectrum exhibits an approximating sinusoidal curve, which
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agrees well with the experimental results that are shown in
Fig. 12(b).

The sensor samples are encapsulated in the gas cell succes-
sively, and the pressure is gradually increased from 0 to
8 MPa in a step of 0.2 MPa. The gas pressure generator is sche-
matically illustrated in Fig. 13. One of the interference dips
near 1550 nm is traced as a pressure indicator, and a linear
“redshift” is observed as pressure rising. Figure 14 shows
the wavelength of the tracked dip versus pressure in both the
boosting and depressurizing processes for a sensor with a
~190 pm cavity, where excellent resilience and high sensitivity
(~4.17nm/MPa at ~1560nm) are definitively confirmed.
Moreover, the pressure response of the sensor is rapid with
no hysteresis, and the linearity is ultrahigh (0.9999), which is
several orders of magnitude higher than that of the dia-
phragm-based pressure sensor. Further on, less than 0.5 s pres-
sure response time is demonstrated for the sensor by employing
a tunable laser, a photoelectric detector (PD), and an oscillo-
scope. Sensitivities at different wavelengths of the sensor are
shown in Fig. 15, where the proportion relationship between
wavelength sensitivity and wavelength is confirmed. The perfor-
mance comparison of six sensor samples is presented in Table 2,

1550- IIIIIIIIIIIIIIIII
S=4.13nm/MPa
g 1500¢
% o S:3.79nm/l\£ﬂo)aoooo
§1400_ PP Y XK g
>
2 1350¢ $=3.49nm/MPa
1300' XXXXXXXXXXXXXXXXX
0 P I : :
Gas pressure (MPa)

Fig. 15. Gas pressure sensitivities of the sensor at different wavelengths.

Table 2. Performance Comparisons of Sensor Samples with Varying FPI Cavity
Lengths.

Sensitivity
Cavity FSR (at ~1550 nm)
Length (um) (at ~1550 nm) (nm) (nm/MPa) R?
65 207 40 0.9998
105 124 436 0.9999
125 8.9 420 0.9998
184 6.3 47 0.9999
190 53 413 0.9999
460 2.5 419 0.9997
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which further confirmed the sensor’s reliability and high linear-
ity. For discussion, the pressure sensitivity can be written as

da 1dL 1dn
@—*(z@+ ndP) (10)

As pressure increases, the RI of air in the cavity increases
according to

2.8793 x 107°
n=14+—""°"""_p, (11)
1 4+ 0.00367 x t

where n, P, and t denote the RI of air, the pressure (Pa), and the
temperature (°C), respectively. The effect of cavity length change
(dL/dP) is calculated to be less than 0.015 nm/MPa, which
can be neglected compared with the sensor’s sensitivity of
4.17 nm/MPa.

It is worth noting that the cavity length has nothing to do with
the wavelength sensitivity. Meanwhile, a longer cavity renders a
much smaller FWHW, which determines the demodulation res-
olution of the wavelength. Considering a wavelength demodu-
lator with 0.1 pm resolution, an extremely low detection limit
of ~23 Pa is available. Moreover, the sensor functioned well at
pressures higher than 8 MPa, which is beyond the range of
our gas pressure generator.

High-temperature resistance of the high-pressure sensor is
studied by high-temperature experiments. The wavelengths of
tracked dips are recorded by an optical spectrum analyzer
(OSA) over a period of 4 h at a temperature of 800°C.
Figure 16 depicts the wavelength of tracked dips versus

=~
fe+]
~

° ° ° ® . ° o
~ 1570+
g a o a a a a o
<
z
% 1560F = ] ] | ] | ] ] ]
z T=800°C
2 ®  Wavelength of the dip around 1571nm
L o Wavelength of the dip around 1565nm
A 1550+ L] Wavelength ofthe dlp around 1560nm
1.0 15 20 25 30 35 40
Time (h)
b
©) gof .
— 79| ') a o o | o
g . 2
~ L] u [ ]
B 18f 4 A
= - [ u
=
g 1T T=800°C
> ® Visibility of the dip around 1571nm
7.6} o Visibility of the dip around 1565nm
u VlSlblllty of the dip around 1560nm
7.5

1.0 15 20 25 30 35 40
Time (h)

Fig. 16. (a) Wavelength and (b) visibility of the three tracked dips versus
annealing time at 800°C.
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annealing time at 800°C environments, where excellent thermal
resistance is confirmed. Then, the temperature is increased from
room temperature (~25°C) to 800°C, and the wavelengths of all
the three dips wriggle less than 1 nm, indicating a temperature
crosstalk of less than 1 kPa/°C.

3.2. Phase-demodulated long-cavity FPI high-pressure
sensor

As discussed in Section 3.1, the cavity length of the FPI has noth-
ing to do with the wavelength sensitivity, while the optical phase
changing is in proportion to the cavity length. Based on this
principle, we propose an ultralong air-cavity fiber FPI sensor
based on HC-PBF and phase demodulation method in this sec-
tion. The sensor structure is similar to Fig. 10, where the only
difference is a longer cavity (i.e., longer HC-PBF) and the phase
demodulation approach. The low-loss HC-PBFs enable a long
air cavity without large compromise for the fringe visibility.
Four sensor samples (S;, S,, S3, and S,) with cavity lengths of
107 pm, 1.1 mm, 2.1 mm, and 12.3 mm are prepared, respec-
tively, the reflection spectra of which are measured and shown
in Fig. 17. In order to confirm the vital function of the HC-PBF
for a long-cavity FPI, the reflection spectrum (S,) within and
beyond the PBG of the HC-PBF is compared and shown in
Fig. 18, where we can clearly see that a low-loss cavity is vital
for a long-cavity FPL

Theory calculation of the phase sensitivity of the sensor is per-
formed, and phase difference of the two beams can be repre-
sented by the OPD between the two beams, which can be
expressed by

OPD = 2n(P,T)L. (12)

Here, L and n(P,T) denote the cavity length and the RI of gas,
respectively. For standard air, the RI can be expressed as a simple
function of the pressure P (Pa) and temperature T (°C), as
shown in Eq. (11). For constant temperature and gas species,
the n as well as OPD increases linearly with pressure P. In other
words, if we extract the information of OPD from the spectra,

——S1(I=107 pm) —— S3(L=2.1 mm)
-15 —SZ(L—I 1 mm) —S4(L—12‘3 mm)

Reflection (dB)

1540 1550 1560
Wavelength (nm)

1530 1570

Fig. 17. Reflection spectra of the prepared sensor samples with different
cavity lengths (Sy: 107 um, Sy: 11 mm, Sz: 21 mm, and S;: 12.3 mm).
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Fig. 18. Measured (a) transmission and (b) reflection spectra of the FPI with a
12.3 mm cavity; (c) enlarged view of the FPI reflection spectrum at ~1550 nm.

the gas pressure can be interrogated. The pressure sensitivity S
can be expressed as

2.8793 x 107°
1+ 0.00367¢t

_8(0OPD) _ 5(OPD) 6(n) _
T 8(P)  8(n) &(P)

(13)

The OPD versus gas RI for different cavity lengths L can be
calculated and is plotted in Fig. 19, where a linear relationship
between the phase sensitivity and cavity length can be
confirmed.

The same setup as above is employed for gas pressure tests.
Four prepared sensor samples S;-S, are subsequently sealed into

3000
2500t @
L‘\OQO s
2 2000¢ W
2 1500t W
a
S 1o00p  LAOER——
500k 1.=200 um
_ ipo0wm

1.0 1.1 1.2 1.3 1.4
Refractive index (RIU)
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an air chamber, respectively, where the temperature is kept at
25°C for the whole time. The gas pressure is increased from stan-
dard atmospheric pressure to 4 MPa in a step of 0.5 MPa. At each
measured point, the reflection spectra are recorded by the OSA.
The Fourier phase interrogation method reported in
Refs. [37,89,90] is applied to the recorded reflection spectra,
and the OPD change with respect to the gas pressure is illus-
trated in Figs. 20(a)-20(d), where the gas pressure sensitivities
(by linear fitting) are 0.55, 6.01, 10.14, and 61.70 pm/MPa,
respectively. With the elongating of the cavity, the sensitivity
exhibits a linear increase, where the linearity is higher than
0.99, confirming the accuracy of the employed phase interrog-
ation method.

The sensor performance at a higher gas pressure of 0.1-
10 MPa is further studied. Another four sensor samples (Ss,
Se» S7, and Sg) with cavity lengths of 2.7, 6.7, 12.4, and
24.9 mm, respectively, are prepared and tested. The OPD versus
gas pressure is shown in Fig. 21, where linear fits yield a high
linearity of 0.999, 0.998, 0.999, and 0.999, respectively. A linear
relationship between the sensitivity and cavity length is convinc-
ing as well. Figure 22 exhibits the measured gas pressure sensi-
tivities of all eight sensor samples (S;-Sg) as a function of the
cavity lengths L, and the results agree well with the theoretical
predictions. It is worth noting that the proposed sensor can
withstand a higher pressure, which has not been explored due
to the equipment limitation. Anyway, the combination of the
long air cavity FPI and phase interrogation method renders a
high-quality high-pressure sensor. For other gas species, the
gas pressure can be simply interrogated by a modified relation-
ship from Eq. (11).

L. Simultaneous Measurement of High Temperature
and High Pressure Using an HCF Dual-Cavity FPI

As demonstrated in the last two sections, silica and air cavities
present excellent high-temperature and high-pressure
responses, respectively. As such, a silica/air hybrid cavity may
address the issue of simultaneous measurement of high temper-
ature and high pressure. Figure 23(a) shows a schematic of a
silica/air dual-cavity FPI sensor configuration, where the HC-
PBF acts as the air cavity (cavity 1), while the HCF acts as both

2000} (b)

Calculated sensititities

1500

1000

500+

Gas RI sensitivity (um/RIU)

00200 200 600 800 1000

Cavity length L (um)

Fig. 19. (a) Calculated OPDs of FPIs with different cavity lengths L as a function of the gas RI; (b) calculated gas Rl sensitivity versus FPI cavity length L.
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Fig. 20. Demodulated OPDs of the four sensor samples as a function of the gas pressure in a range of 0.1-4.0 MPa: (a) S; (L =107 pm), (b) S, (L = 1.1 mm),
(c) S5 (L =21mm), and (d) S, (L = 12.3 mm).

the silica cavity (cavity 2) and vessel for the gas inlet simultane- ~ The cavity length combinations of S;-S, are 226/634, 261/751,
ously. The sensor structure has no significant change in com-  242/957,and 621/1491 pm, respectively, and the reflection spec-
parison with the sensor described in the last chapter, except  tra are all characterized by fine fringes modulated by large enve-
for the addition of reflection interface III. As such, the vital task  lopes, indicating multibeam interference. As demonstrated in
locates in the separation and interrogation of the superimposed ~  the last chapter, the OPDs of the silica and air cavity are sensitive
interference spectrum. to the temperature and gas pressure, respectively. The crosstalk

Four sensor samples (S;-S;) with different cavity length  of temperature and pressure can be estimated to be 268 Pa/°C
combinations are prepared, and the morphologies as well as  at the atmospheric pressure and 100°C by Eq. (11). As a result,

the corresponding reflection spectra are illustrated in Fig. 24.  cavity 1 can be utilized as a gas pressure sensor. In contrast, the
26007 (a) (b)
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Fig. 21. Demodulated OPDs of four sensor samples as a function of the gas pressure in a range of 1-10 MPa: (a) Ss (L = 27 mm), (b) Sg (L = 6.7 mm),
(c) S; (L =124 mm), and (d) Sg (L = 249 mm).
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filtering method is applied to the superimposed interference
S8 spectrum.
The reflection spectrum of S; at room temperature and

52000+ ™ Measured S1-S4
o Measured S5-S8

3
339000 Caleulation atmospheric pressure is presented in Fig. 25(a). Figure 25(b)
2 26000 shows the FFT results of the spectrum that are shown in
:*é Fig. 25(a), which is characterized by three frequency compo-
g 13000} nents of ~0.2, 0.8, and 1.0. As a result, two bandpass filters
[ St (0.1-0.3 Hz and 0.7-0.9 Hz) are subsequently applied to the
= OF . . TN
e superimposed reflection spectra, and the individual spectra of
6 SOIOO 16600 2460() cavity 1 and cavity 2 are separated and displayed in Figs. 25(c)
Cavity length L (um) and 25(d), respectively. The phase shift Ag results from wave-

length scanning from 4, to 4, can be obtained by the Fourier
Fig. 22. Gas pressure sensitivities of the eight sensor samples (S;-Sg) as a phase interrogation method®*"), When 1;, 4,, and Ag are

function of the cavity length L. determined, the absolute OPD can be obtained according to

e
OPD =——Agp. 14
(@  SMF  HC-PBF HCF 20, — i (14)
light_> e > Sensor sample S; is chosen for the high-temperature and

high-pressure tests. The gas pressure is firstly increased from
— 0 to 10 MPa with a step size of 1 MPa. At each step, the reflection
I cavity Iy cavity 2 spectrum is recorded, and the OPDs of the two cavities are
cavity 3 interrogated, respectively, by the approach described above.
Figure 26 exhibits the pressure sensitivities of the two cavities,
SMF II{C'PBF HCF where the pressure sensitivity of cavity 1 (~1.336 pm/MPa) is
= ' nearly two orders of magnitude higher than that of cavity 2
D—— (~0.008 pm/MPa). Temperature measurement in both the heat-

ing and cooling processes within 100°C-800°C is subsequently

gas inlet channel

(d)

Iicavity IEII Cavity 2

Fig. 23. (a) Schematic diagram of the proposed dual-cavity FPI sensor:

(b) sideview microscopy of the sensor. . 190[(a)
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Fig. 24. Reflection spectra and the corresponding microscopy images of the Fig. 25. (a) Reflection spectrum of S; and (b) the FFT spectrum of (a); also
four fabricated dual-cavity FPI sensors (S-S} with different combinations of ~ shown are the separated reflection spectra of (c) cavity 1 and (d) cavity 2,
cavity lengths. respectively, by bandpass filtering.
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Fig. 26. OPD of the two cavities as a function of gas pressure.

carried out, and repeated temperature cycles are performed.
The relationship between the interrogated OPD and tempera-
ture is obtained by a linear fitting and plotted in Fig. 27, where
the temperature sensitivity of cavity 2 (~17 nm/°C) is approx-
imately two orders of magnitude higher than that of cavity
1 (~0.1nm/°C).

According to the experimental results, the temperature drift
is calculated to be ~74 Pa/°C for cavity 1, which is about two
orders of magnitude smaller than the errors in our previous
work®®l. Meanwhile, the temperature measurement error
results from the pressure change of ~0.47°C/MPa, which is
small enough to be neglected. However, the linearity for temper-
ature measurement is poor, which can be attributed to an envi-
ronment-induced phase shift during the spectrum acquisition.
Further improvement is ongoing, which is focused on decreas-
ing the environment-induced phase shift during the collection of
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Fig. 27. OPD of the two cavities as a function of temperature.

Fig. 28. Microscopy image of the sensor S; after conducting high-pressure
and high-temperature tests.
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spectra. Sensor S, is taken out after the high-temperature and
high-pressure tests, and the microscope morphology of S; is
shown in Fig. 28, where the sensor shows no damage, confirming
the robustness and reusability of the sensor.

5. Conclusion

In summary, this paper reviewed our recent works on high-
temperature and high-pressure sensing technologies based on
HCFs. A variety of sensor structures, different sensing mecha-
nisms, and demodulation methods are detailed. Further
improvements may be located in the fast and dynamic demodu-
lation techniques of temperature and pressure, which can elimi-
nate the environment-induced phase shift effectively and meet
the critical demand for dynamic measurement of high temper-
ature and high pressure. In addition, the package techniques of
the fiber-optic high-temperature and high-pressure sensors are
equally important for practical applications. It is worth noting
that the high-temperature and high-pressure sensing techniques
reviewed in this paper are merely a small part of the many appli-
cations of HCFs. The technical advancements of HCFs achieved
in recent years have accelerated the growth of HCFs and their
applications significantly. More and more vital applications of
HCFs in extreme environment sensing can be expected in the
coming decade.
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