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Abstract: A new D-shaped tellurite photonic crystal fiber sensor based on the four-wave mixing
(FWM) effect with the surface plasmon resonance (SPR) effect is designed and optimized. The
substrate of the D-shaped photonic crystal fiber (D-PCF) is tellurite glass, and the polished surface is
plated with the gold film and hydrogen gas-sensitive film. An air hole of the inner cladding, which is
plated with the gold film and methane gas-sensitive film, is selected as the second sensing channel to
simultaneously measure the concentration of hydrogen and methane. Based on the four-wave mixing,
the wavelength shifts of the Stokes and anti-Stokes spectra resulting from the variation of the gas
concentration can be used to accurately detect the concentrations of methane and hydrogen.
Meanwhile, it is found that the SPR effect can increase the wavelength shifts, which means the
sensitivity of methane and hydrogen augment. After parameter optimization, the maximum
sensitivities of methane and hydrogen are 4.03 nm/% and —14.19 nm/%, respectively. Both the
linearities are up to 99.9%. The resolution of methane is 1.25x10% and hydrogen is 7.14x107%.
Moreover, the fiber length of this sensor is only 20mm, which is conducive to the construction of a
compact or ultra-compact embedded FWM fiber sensor.
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. strain, [5] and biochemistry [6] sensors. Most of the
1. Introduction .
above studies are conducted by the loss spectrum

Based on the porous structure of photonic crystal
fibers, surface plasmon resonance (SPR) produced
by filling metal rods or coating metal films has
recently become a hot spot in the field of optical
fiber sensors. In particular, researches on the SPR
coated with the metal film on the polished surface of
the D-shaped photonic crystal fiber (D-PCF) are
more attractive, including the refractive index [1],
methane [2], temperature [3], magnetic field [4],
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which has some disadvantages. It can only provide
one degree of freedom, which needs to be combined
with other methods or special PCF structures, such
as the Sagnac interference [3], directional coupling
[7], or
dual-parameter sensing. At present, the detection of

side-hole structure [8] to achieve
the gas concentration is often limited by detecting
the sensitivity and cross-sensitivity. An even greater

obstacle is the inability to accurately detect specific
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gases in mixtures of two or more gases. The
four-wave mixing (FWM) effect can solve this
problem. The FWM process is accompanied by the
annihilation of two photons, resulting in two new
Thus, two gain peaks, Stokes and
anti-Stokes, and the Stokes and
anti-Stokes peak shifts can provide two independent

photons.
are formed,

sensing channels to achieve dual-parameter sensing
by a sensitivity demodulation matrix. Since the
FWM is very sensitive to optical fiber dispersion,
the method combined with the SPR effect can obtain
high sensitivity. In 2018, Nallusamy et al. [9]
D-shaped PCF-SPR
simultaneously measure the temperature and salinity

designed a sensor  to
of seawater by using the FWM effect. The salinity
sensitivity and temperature sensitivity are
1.6 nm/% (kg/kg) and 12.31 nm/C, respectively.
Although gas-sensing has not yet been reported, the
FWM effect combined with the SPR effect has good
application prospects in the multi-gas detection
field.

Most PCF sensors use silica as the substrate, and
the transmission window of the quartz fiber is
0.38 um — 2.3 um. When the wavelength of the
2.3 um, the
transmission loss will increase sharply [10]. The

transmitted light wave exceeds
silica has a lower nonlinear coefficient, which limits
its application in near-infrared and mid-infrared
areas. Therefore, tellurite glass has attracted wide
attention due to its wider infrared transmission range,
greater nonlinear refractive index, insulation
constant, damage threshold, and better third-order
nonlinear optical performance [11, 12]. The
nonlinear coefficient of the tellurite PCF is more
than ten times that of the silicon substrate, which
makes it easier to meet the phase matching
conditions to generate the highly efficient FWM. In
2020, Sun et al. [13] realized temperature sensing by
using the FWM in the tellurite photonic crystal fiber,
and the temperature sensitivity of the sensor was
0.7nm/°C at the pumped wavelength of 3550nm. In

the following year, Chen et al. [14] realized FWM

Photonic Sensors

temperature sensing in the chalcogenide PCF, and
the sensitivity was as high as 2.32 nm/C in the
range of —80°C to 45°C, with a pump wavelength of
8510nm.

However, there are few reports in the field of gas
sensing, especially in hydrogen sensing. At present,
the main methods are Bragg grating and Saganc
interference, which are complex and have low
sensitivity [15, 16, 20]. In conclusion, as both
methane and hydrogen are flammable and explosive
gases, it is essential to detect their concentrations.
Therefore, it is necessary to design a sensing device
that can detect the concentrations of methane and
hydrogen simultaneously to achieve higher
sensitivity and better accuracy.

In this paper, a new D-shaped PCF-SPR sensor
based on the FWM effect is proposed and optimized.
Here, we adopt tellurite glass as the substrate and
plate the gold film and hydrogen-sensitive film on
the polished surface of the D-PCF. Another air hole
is selected to be coated with the gold film and
methane-sensitive film as the second sensing
channel to realize the simultaneous measurement of
hydrogen and methane concentrations in mixed gas.
The characteristics of the sensor are numerically
investigated by using the full vector finite element
method under the anisotropic boundary conditions
of the perfectly matched layer (PML). When the gas
mixture passes through, the refractive index of the
gas-sensitive film will change. This will affect the
dispersion and nonlinear coefficient of the PCF
propagation mode and eventually lead to the shift of
of the Stokes spectrum and
anti-Stokes spectrum. It is found that the SPR effect
enhances the gain peak shifts, which increases the
After

optimization, the final sensitivity of methane can

the gain peaks

sensitivity of the sensor. parameter
reach 4.03nm/% and that of hydrogen is as high as
—14.19 nm/%. Moreover, the fiber length of this
sensor is only 20 mm, which is conducive to the
construction of compact or ultra-compact embedded

FWM fiber sensors. Meanwhile, it is also applicable
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to the study of the concentration of other mixed
gases, which has a wide application prospect.

2. Basic theory

The FWM is caused by the third-order nonlinear

polarizability "

of the medium. Degenerate
four-wave mixing (DFWM) is a special form of the
FWM, in which two photons at the same frequency
annihilate to produce two new photons, namely
Stokes

understand the sensing mechanism of the DFWM,

photon and anti-Stokes photon. To
the Raman effect, self-steepening effect, and linear
loss can be ignored to obtain the following modified
nonlinear Schrédinger equation (MNLSE), as shown
in (1) [17], where A is the normalized light pulse
amplitude, z is the propagation distance, ¢ is time,
B, 1s the nthorder propagation constant, and y is
the nonlinear coefficient. Here, n, is the nonlinear
refractive index of the fiber substrate materials, and
A, s the effective mode field area at the pump

wavelength( 4,).
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Only the phase mismatch x=0 can produce
the significant FWM effect, namely phase-matching.
According to the energy and momentum
conservation, the phase-matching condition of the
FWM is defined as (4) [18],

Q=w —-w,=w,—o is the frequency shift, @, is

where

the pump frequency, and @, and @ are the
Stokes and anti-Stokes frequencies, respectively. It
should be noted that S is the nth order
propagation constant, but only the second-order ( /3,)
and fourth-order( f3,) propagation constants are the

most important factors that affect the FWM, thus,
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the other higher-order propagation constants can be
ignored.

Considering the loss of light waves in the
propagation process, the influence of the loss on the
gain needs to be considered, so the gain formula is
shown as (5) [19]:

G, =e™ {1 +2 (7—])0} sinh? (gL )} (3)

g
» (K
=y - %) ©
407 6
o= Mnlolm(ncff)xlO (dB/m) (7)

where ¢« is the limit loss, £, is the peak power of
the pump, L is the length of the optical fiber, g

is the gain coefficient, and L Z(l_e_aL)/ o is
the effective length. Here, Im(n,) is the imaginary
part of the effective refractive index.

In conclusion, the change of the gas
concentration will affect the effective refractive
index (n,; ) of the PCF, making the parameters y,
B,,and f, vary, and finally leading to the shift of
the Stokes and anti-Stokes peaks. Therefore, the
concentration of the mixed gas can be detected by
establishing a direct relationship between the peak
shift of Stokes and anti-Stokes spectra and the
concentration of gas.

3. Sensing mechanism and modeling

The cross-section diagram of the proposed
D-shaped PCF-SPR sensor is shown in Fig. 1(a). The
PCF is microprocessed by the laser etching and
optical fiber polishing technology to remove part of
the fiber cladding of the cylindrical PCF. The
substrate material is tellurite glass, the gold film and
hydrogen gas-sensitive film are plated on the
polished surface of D-PCF, and another inner
cladding air hole is selected to be plated with the
gold film and methane gas-sensitive film. Metal
films mostly adopt the high-pressure chemical vapor
deposition technology (CVD). The specific process
is to make gaseous or vapor metal plasma react
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chemically by means of high pressure heating and
deposit the atomic state on the inner side of air holes
and polished surface, thus forming metal coating
films. The material of the hydrogen-sensitive film is
Pd-WOs; and is coated on the D-shaped polished
surface by the sol-gel scheme [20]. Meanwhile, the
methane-sensitive film is made of cryptophane-A
and UV(ultra-violet)-cured fluorosiloxane (UVCEFS),
using the capillary dip-coating technique coated on
the metal film surface inside an air hole [21].
However, the plating of the nano-level metal and
sensing film in the micron-level air hole of the PCF
requires a high technological level. The air hole
distance is A=8 um, the air hole diameter is
d =3.2 um, and the polishing depthis #=9.6 um.
The thicknesses
gas-sensitive films are #; and [, , respectively.

of hydrogen and methane
The thickness of the polished surface gold film is
dy, and the inner cladding gold film is dgy, .
Figure 1(b) shows the experimental setup for the
FWM-based D-shaped PCF-SPR
output polarization state of the pump light is

sensors. The

selected by an optical polarization controller (PC)
and coupled into the single-mode fiber. The signal
light modulated by the PCF is output to the optical
spectrum analyzer (OSA) through the multimode
fiber (MMF) and the wave pass filter (PF). The
MMF combined with a wave pass filter can filter out
the residual laser light excited by the pump light
source, that is, the background spectrum of the
FWM is reduced, and only the FWM signal light is
collected [18, 23].

The substrate is made of tellurite glass
TeO, - ZnO - Na,O - Bi,0, (TZNB), which has a
wider infrared transmission range and a larger
nonlinear coefficient. The nonlinear refractive index
n,=59x10"m*/W  and the
dependent refractive index of the material can be

wavelength-

described by the Sellmeier formula as shown in (8)
[22], where A4,=1.6719, A4,=1.348 6, A;=0.621 9,
B,=0.000 466 56, B,=0.057 46, and B;=46.725 43.
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In addition, the thermal optical coefficient of
tellurite glass is —6 orders of magnitude, so the
quantitative change in the refractive index of the
with the
ignored when calculating the effective refractive
index [13].

tellurite glass temperature can be
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Fig. 1 Schematic diagram of the optical fiber structure and
experimental device: (a) cross-section diagram of the D-PCF
sensor and (b) diagram of the proposed experimental setup.

Besides, the refractive indexes (RIs) of methane
and hydrogen gas-sensitive films are shown in (9) —
(10) [8]. The RIs of them are negatively correlated
with the concentration in the concentration range of
0% — 3%. The dispersion of gold is described by the
Drude-Lorentz model, as shown in (11). Here, &,,
. =975 1is

frequency,

is the permittivity of the gold,
the permittivity at infinite
@, =1.36x10" rad/s is the plasma frequency, and

£, =1.45x10" rad/s is the collision frequency.

(8)

ny =1.447 8-0.003 8C,, 9)
nyy =1.995-0.000 67C;, (10)
en@ =6~ (W Hiow). (1)
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4. Simulation analysis and parameter
optimization

In this section, the characteristics of the sensor
are numerically analyzed by using the full vector
finite element method under the anisotropic
boundary condition of a perfectly matched layer
(PML). We adopt the COMSOL software to simulate
the model and analyze the influence of structural
parameters on the sensor to determine the optimal
structural parameters.

To achieve the efficient four-wave mixing
modulation, the optical fiber is required to be
equipped with a zero-dispersion wavelength (ZDW)
and the dispersion wavelength is as flat as possible.
The dispersion curves are influenced by both the
thickness of the gold film and the depth of polishing.
Next, we will investigate the influence of different
gold film thicknesses and polishing depths on the
dispersion and select the optimal parameters. The
initial parameters of the PCF sensor are selected
as A=8um , d=32um , ¢ =300nm ,
fey, =260 nm, and L =20 mm. Figures2(a), 2(b),
and 2(c) show the influences of different gold film
thicknesses and polishing depths on the optical fiber
dispersion. Firstly, the gold film thickness on the
polished surface and the polishing depth are kept
unchanged. The ZDW blue-shifts as the gold film
thickness in the air hole increases. When the gold
film thickness is 40nm (dy, =40 nm), the flatness
of the dispersion curve is the best. Secondly, we
keep the gold film thickness in the air hole and the
polishing depth constant. The ZDW changes little
with the augment of the gold film thickness on the
polished surface. The flatness of the dispersion
curve is the best at the gold film thickness of 40nm
(dy, =40 nm). Thirdly, we choose the constant
thickness of the gold film and the polishing depth
increased from 9.4pm to 9.8 um. The impact on the

ZDW is also modest. It can be seen that the ZDW is
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Fig. 2 Dispersion curves of the gold film thickness: (a) in air
hole and (b) on the polished surface; (c) polishing depths.
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more sensitive to the gold film thickness in the
cladding air hole. The dispersion curve is the flattest
when the polishing depth is equal to 9.6 um. Finally,
considering the position of the ZDW and the flatness
of the dispersion curve, the optimal parameters
dey,=40nm, dy =40nm, and ~2=9.6 um are
selected, which lead to the ZDW around 1801 nm.

Under the phase-matching condition, the DFWM
can generate Stokes and anti-Stokes sidebands
around the pump wavelength with the variation in
RI of the measured object. This frequency shift
increases with the influence of negative fourth-
order dispersion (FOD) in the normal dispersion
region [23], namely A, >0 and f,<0. Finally,
we select 1798 nm as the pump wavelength and the
peak pump power is SkW. It is found that with the
shortening of the fiber length, the obtained sensitivity
is basically unchanged, which is conducive to the
construction of compact or ultra-compact embedded
FWM sensors. Thus, 20mm is selected as the fiber
length.

Next, the effects of two gas-sensitive film
thicknesses on the sensitivity of methane and
hydrogen are investigated. Firstly, we keep the
methane gas-sensitive film thickness constant at 260

nm, making the hydrogen gas-sensitive film

50
45 ——260-260-H,-0%
——260-260-Hy-1%

g 40 ——260-260-H,2%
=1 f
5 P 260-280-H,1°
3 30 260-280-H,-2°
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£ 25 ——260-300-H,-1%)
) ——260-300-H,-2¢
5 20 A
z
2 151
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5 T T T T T T
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Wavelength (nm)
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thickness vary from 260nm to 300nm with a step
length of 20 nm. Then, we change the hydrogen
concentration from 0% to 3% with the methane
concentration constant at 0%. Figure 3(a) shows the
movement of gain peaks corresponding to different
hydrogen gas-sensitive film thicknesses when the
hydrogen concentration increases from 0% to 2%. It
can be seen that the gain peak value decreases with
the augment of the hydrogen gas-sensitive film
thickness, while the gain peak value basically remains
unchanged with the variation of the hydrogen
concentration. In order to observe the peak deviation
more intuitively, Figures4(a) and 4(b) illustrate the
specific wavelength shifts of the anti-Stokes and
Stokes peaks, respectively. It is obviously shown
that each group of the Stokes peaks moves to the
short-wave direction, while that of the anti-Stokes
peaks moves to the long-wave direction with an
increase in the hydrogen gas-sensitive film thickness
when the methane gas-sensitive film thickness and the
hydrogen concentration are constant. When the
hydrogen volume fraction is varied by 0.5%, the
anti-Stokes peaks redshift, and the Stokes peaks
blueshift, both of the gain peak values decline. Their

peak offsets will decrease, but the linearities will

augment.
50
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Fig. 3 Stokes and anti-Stokes gain spectrum curves with the variation of the hydrogen concentration (a) and Stokes and anti-Stokes
gain spectrum curves with the variation of the methane concentration (b).
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Fig.4 Anti-Stokes peak wavelength shift curves (a) and Stokes peak wavelength shift curves (b) with the variation of the hydrogen
concentration; anti-Stokes peak wavelength shift curves (c) and Stokes peak wavelength shift curves (d) with the variation of the

methane concentration.

Under the same conditions, the gain peak curves
with the variations of the methane concentration can
be obtained by keeping the hydrogen concentration
constant at 0% and changing the methane
concentration from 0% to 3.5%. Figure3(b) shows
the gain peak curves of the methane concentration at
0% — 2%. The peak value decreases with an increase
in the hydrogen gas-sensitive film thickness, and the
methane concentration also has little effect on the
peak value. It can be clearly seen from Figs.4(c) and
4(d) that each group of the Stokes peaks moves to
the short-wave direction, while that of the
anti-Stokes peaks moves to the long-wave direction

with the augment of the hydrogen gas-sensitive film
thickness when the methane gas-sensitive film
thickness and methane concentration are constant,
which is consistent with those in Fig.3(a). However,
the difference is that anti-Stokes peaks have the
blue-shift and the Stokes peaks have the red-shift
when the methane volume fraction is varied by 0.5%.
Although the peak offsets are reduced, the linearities
remain basically unchanged. Considering the
sensitivity and linearity comprehensively, we finally
choose the hydrogen gas-sensitive film thickness as
280nm.

Then, the influences of the methane gas-
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sensitive film thickness on the sensitivity have been
studied. The thickness of the hydrogen gas-sensitive
film is kept at 280 nm, and the methane gas-
sensitive film thickness is changed from 260nm to
300 nm with a step length of 20 nm. Firstly, we
research the effects on the hydrogen sensitivity. The
variations of the Stokes and anti-Stokes gain peaks
under different hydrogen concentrations (0% — 2%)
are plotted in Fig. 5(a). We can see that the gain peak
values are almost constant while the wavelength
positions are changed. It can be seen from Figs. 6(a)
and 6(b) that the anti-Stokes gain peaks of each
group move to the long-wave direction, and the
Stokes gain peaks move to the short-wave direction
as the methane gas-sensitive film thickness increases
when the hydrogen concentration is constant. The
Stokes peaks blueshifted, but the anti-Stokes peaks
are redshifted with the hydrogen
concentration. The offsets of both all decrease and
the linearities also go down. The conclusions what

increasing

we obtain here are also consistent with those in
Fig.3(a), except for the linearity.

Secondly, we study the effects on the sensitivity
of methane under the same conditions as those in
Fig.5(a), which is shown in Fig.5(b). The methane
gas-sensitive film thickness and the methane

concentration have little effect on the gain peak
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value, but only the peak wavelengths are changed.
The wavelength shifts are illustrated in Figs. 6(c)
and 6(d). We find that with the augment of the
methane gas-sensitive film thickness, the movement
direction of the anti-Stokes and Stokes gain peaks of
each group is the same as that in Fig.5(a) when the
methane concentration is constant. However, the
movements of the Stokes and anti-Stokes peaks are
just opposite to those in Fig.5(a) with the augment
of the methane concentration. The offsets of the
Stokes and anti-Stokes peaks all decrease, and the
linearities are almost constant. Considering the
sensitivity and linearity comprehensively, we finally
choose the methane gas-sensitive film thickness of
260nm. In conclusion, when the gas concentrations
are constant, the anti-Stokes gain peaks of each
group move to the long-wave direction, and Stokes
gain peaks move to the short-wave direction with
the gas-sensitive film thickness increases. Both the
offsets When the thickness of the
gas-sensitive film is fixed, with the augment of the

decrease.
hydrogen concentration, the Stokes peaks are
blueshifted and anti-Stokes peaks are redshifted.
However, the Stokes peaks are redshifted and the
anti-Stokes peaks are blueshifted with increasing the
methane concentration. The displacements of the
Stokes and anti-Stokes peaks are just inverse.

50
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Fig. 5 Stokes and anti-Stokes gain spectrum curves with the variation of the hydrogen concentration (a) and Stokes and anti-Stokes
gain spectrum curves with the variation of the methane concentration (b).
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Fig. 6 Anti-Stokes peak wavelength shift curves (a) and Stokes peak wavelength shift curves (b) with the variation of the hydrogen
concentration; anti-Stokes peak wavelength shift curves (c) and Stokes peak wavelength shift curves (d) with the variation of the

methane concentration.

The specific sensitivities the
gas-sensitive film thicknesses are shown in Fig.7.
The the Stokes
sensitivities of methane and hydrogen. It can be

vary with

sensitivities here are just
concluded that the sensitivity decreases with an
increase

The reason is that the coupling between the

in the gas-sensitive film thickness.

evanescent waves of core guiding-light and the

external analyte is reduced, which weakens
the SPR effect and thus lowers the peak offset
of the FWM. The overall sensitivity variations
are listed in Table 1. Taking the above factors

into consideration, the numerical values,
as shown in Table 2, are seclected as the
optimal structural parameters of the sensor
structure.
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Fig. 7 Specific Stokes sensitivities vary with the gas-sensitive film thicknesses: (a) Stokes methane sensitivity curves and
(b) Stokes hydrogen sensitivity curves with the thickness of the hydrogen gas-sensitive film; (c) Stokes methane sensitivity curves and
(d) Stokes hydrogen sensitivity curves with the thickness of the methane gas-sensitive film.

Table 1 Influence of the gas-sensitive film thickness on sensitivity.

Sensitivity (nm/%)
(E}Hﬁ) (:11:{1) CH th
ki ks Linear k ks Linear
260 14.95 -8.4 0.99 -29.4 17.8 0.975
260 280 4.029 -2.557 0.999 -14.19 9.414 0.999
300 1.85 -1.3 0.999 -10.5 7 0.999
260 11.2 —-6.45 0.996 —24.85 15.35 0.97
280 280 3.38 -2.15 0.998 -13.4 8.95 0.994
300 1.75 —-1.225 0.999 -9.8 6.85 0.996
260 9.35 -5.55 0.998 -21.9 13.65 0.968
300 280 33 2.2 0.999 —-12.45 8.3 0.992

300 1.6 -1.1 0.999 -9.35 6.55 0.994
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Table 2 Structural parameters of the sensor.

A d h dey, dy, Loy, Ly,

8 um 3.2um 9.6 um 40nm 40nm 260nm  280nm

According to the formula in Section 2, we know
that the variations of f,, f,, and y will affect
the FWM gain curve. of these
parameters with the wvariation of the gas

The curves

concentration are shown in Figs. 8(a), 8(b), and 8(c).
With  different
calculated PCF parameters S, , [, , and

methane concentrations, the
y vary linearly from 3.308 75x107 ps*/m to
2.95662x107° ps*/m, from —2.00097x107° ps*/m to
~1.64466x10ps*/m, and from 0.024572253W '-m’

45
=—Variation of menthane concentration =
—e—Variation of hydrogen concentration =__/-
4.0 4 /
T e
& o
SEEh ;_:_//
& = \.\k—‘
3.0 e,
25

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Volume fraction of gas (%)

(@
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to 0.024 572 047 W'-m™', respectively. Through
these parameters, we obtain the gain curves of the
FWM, as shown in Fig.9(a). As can be seen, the
Stokes peak has a red-shift and the anti-Stokes peak
has a blue-shift with the augment of the methane
concentration. The specific peak wavelength
movements are described in Fig.10(a). The Stokes
and anti-Stokes lines shift from 2 019 nm to
2031.1 nm and from 1620.6 nm to 1612.9 nm,
respectively. Figure 10(b) indicates that the linear
fitting degree of the Stokes and anti-Stokes peaks
can reach 99.9%. The sensitivity coefficient of
k, =4.029 nm/% and

ky, ==2.557 nm/ %, respectively.

methane can reach to

[—#— Variation of menthane concentration
—1.5 7—*— Variation of hydrogen concentration
2.0 1
TA
B 254
A
o
= 3.0
Q
-3.5 1
—4.0 4
T T T T T T T
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Volume fraction of gas (%)
(b)
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—*— Variation of hydrogen concentration

0.024572 1

y(Whm™)

0.024571 4

0.024570

0.0 0.5

L5 2.0 25 3.0

Volume fraction of gas (%)

©

Fig. 8 Plots of the variation of (a) f,,(b) f,,and(c) y with the gas concentrations.
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Fig. 9 Stokes and anti-Stokes gain curves affected by gas concentrations under optimal parameters: (a) Stokes and anti-Stokes gain
spectrum curves when the methane concentration is 0% — 3% and (b) Stokes and anti-Stokes gain spectrum curves with the variation of
the hydrogen concentration.
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Fig. 10 Stokes and anti-Stokes peak wavelength shift curves and sensitivity fitting affected by gas concentrations under optimal

parameters: (a) peak wavelength shift curves and (b) sensitivity fitting curves with methane concentrations; (c) peak wavelength shift
curves and (d) sensitivity fitting curve with hydrogen concentrations.
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Similarly, it can also be found from Fig. 8 that
the PCF parameters vary with hydrogen
concentrations. From Figs. 8(a), 8(b) and &(c),
B, shifts  from 3308 75x107° ps’/m to
4381 64x10° ps’m, B, varies from
—2.00097x107° ps*/m to —4.04574x 107 ps*/m, and
y changes from 0.024 572 253 W'm™' to
0.024 570 935 W'-m™. Figure 9(b) shows the
obtained Stokes and anti-Stokes gain curves. In
contrast to Fig. 9(a), as the concentration of
hydrogen increases, the Stokes peak has a blue-shift
from 2019 nm to 1976.5 nm and the anti-Stokes
peak has a red-shift from 1620.6nm to 1648.8nm.
The sensitivities of hydrogen are
k,=-14.186 nm/% and k,=9.414 nm/% ,
respectively. Their linearity can also reach up to
99.9%.

In addition, Fig. 10 shows that the variations of
the gas concentration and the wavelength shifts of
the Stokes and anti-Stokes gain peaks are linear.
Hence, the variations of methane and hydrogen
concentrations can be measured simultaneously by
using a 2x2 sensitivity matrix [24], where
k;=4.029 nm/% and k,;=-2.557 nm/% are the
Stokes and anti-Stokes sensitivity coefficients of
methane, respectively, and k&, =-14.186 nm/%
and k,=9414 nm/% are the Stokes and
anti-Stokes sensitivity coefficients of hydrogen,
respectively. When the concentrations of methane
in the
concentration of methane and hydrogen can be
calculated by substituting the peak shifts A4 and
AA, into (12), where A4 and AA, are the peak
movements of the Stokes and anti-Stokes gains,

ACCH4 |:k] k2 :l_l |:A//ll :|
= . (12)
AC, | |k k] | &4

We can define a

and hydrogen change, the variations

respectively.

two-dimensional parameter
(CCHA /%, C, /%) to represent the gas mixture.
Here, we select (0.6%, 1.5%) as the initial state

and (1.8%, 2.5%) as the final state to verify the
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feasibility of the proposed measurement method.
Figure 11 shows the FWM gain spectra of the initial
and final states. The Stokes peak blueshifts and the
anti-Stokes peak redshifts with increasing methane
and hydrogen concentrations. From Fig. 11, we can
obtain A4 = -10.06 nm and A4, = 6.82 nm.
After substituting it into (12), we can determine that
the result is (1.83%, 2.56%) within the margin of
error. It is vigorously proved that the proposed
structure can accurately measure methane and

hydrogen concentrations simultaneously.

50
457

——(0.6%, 1.5%)

401 ——(1.8%, 2.5%)

o 357

=

£ 307

<

o0

5 257

=

an

@ 201
157
107
5

1600 1700 1800 1900 2000 2100
Wavelength (nm)

Fig. 11 FWM gain spectra of the initial and final states.

In addition, the resolution of the dual-parameter
sensor proposed in this paper can be defined as (13)
[25], where AC demonstrates the variation of the
methane or hydrogen concentration, AA . is the
minimum spectral resolution of 0.1 nm, and A/lpeak
When the
concentration of methane or hydrogen changes by
0.05%, the calculated methane and hydrogen
resolutions are 1.25x107% and 7.14x107% ,

respectively.

is the resonance wavelength shift.

A
R_ min
=ACX I (13)

peak

Table 3 shows some sensors based on the
photonic crystal fiber published in recent years. By
D-shaped PCF-SPR
proposed in this paper has obvious advantages in
of both the
Meanwhile, this is a new study of FWM gas sensing

comparison, the sensor

terms sensitivity and linearity.
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combined with the SPR effect in the non-silicon
D-PCF, expanding the gas detection method.

Table 3 Comparison of photonic crystal fiber sensors.

Methane Hydrogen
Type sensitivity sensitivity Linear  Reference
(nm/%) (nm/%)
LPFG 2.5 / [26]
Side-holes 4.6 / 0.999 [27]
PCF loop mirror / -1.12 [28]
Modal
. / 1.28 0.998 [29]
interferometer
PCF-SPR -1.99 —0.19 0.999 [8]
Waveguide 1.7 0.13 0.999 [30]
This paper 4.03 -14.19 0.999

5. Conclusions

Many traditional D-PCF sensors adopt the loss
spectrum analysis method, which needs to be
combined with other methods (coupling or
interference method) to realize double-parameter
detection. Since the transmission loss of the quartz
fiber is larger in the near infrared region, we propose
a tellurite PCF-SPR methane and hydrogen sensor
based on the FWM effect. We use tellurite glass as
the gold film and
hydrogen-sensitive film onto the polished surface of
the D-PCF. Then, we select another air hole of the

inner cladding to be coated with the gold film and

the substrate, and plate

methane-sensitive film to form the second sensing
The peak shifts of the Stokes and
anti-Stokes spectra caused by the variation of the gas

channel.

concentration can be measured by the FWM effect,
and the concentration of methane and hydrogen in
the mixed gas can be accurately measured. It is
found that the SPR effect can increase the peak
shifts of the Stokes and anti-Stokes spectra and
enhance the gas sensitivities. In addition, the peak
displacements of the Stokes and anti-Stokes spectra
are basically unchanged as the fiber length shortens,
which is conducive to the construction of compact
or ultra-compact embedded FWM sensors.

Photonic Sensors
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