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ARTICLE INFO ABSTRACT
Keywords: Objective: With the advent of optical fiber sensing technology, photonic crystal fiber (PCF) sensors
Surface plasmon resonance (SPR) based on surface plasmon resonance (SPR) have become a research hotspot. Herein, a PCF-SPR

Photonic crystal fiber (PCF)
Orbital angular momentum (OAM)
Methane concentration detection
Sensitivity

Mode coupling

methane sensor with a ring-core structure is designed based on the orbital angular momentum
(OAM) theory. To our best knowledge, this type of sensor has not been reported yet.

Methods: Through the finite element method, the PCF structure is designed and the appropriate
filling material is selected.

Results: The sensor consists of a three-layer clad air hole and an extra-large central gas channel,
forming a ring core for beam transmission. By adding high refractive index material Amethyst and
methane sensitive material to the central gas channel, the mode field is improved and the
methane concentration is detected efficiently. Numerical results show that the sensor can stably
transmit OAM modes and excite SPR with the OAM,; mode, namely the HE3 ; eigenmode. With
the help of methane sensitive film, changes in methane concentration can greatly affect the
refractive index distribution in PCF and alter the excitation characteristics of SPR. In the methane
concentration range of 0-3.5 %, the resonance wavelength shifts from 4.52 um to 4.58 pm. The
average wavelength sensitivity reaches 17.07 nm/%, and the corresponding detection limit is
117 ppm. The results reveal that the designed PCF-SPR methane concentration sensor has
excellent performance, which can stably transmit OAM mode while achieving SPR effect. It has
great innovation and commercial potential in the petroleum, biomedical, chemical, and other
industry.

1. Introduction

In optical fiber sensing, the spectrum of the light wave transmitted in the optical fiber and changes are analyzed to correlate with
the external environment [1,2]. The micrometer-scale sensor has fast response and high strain sensitivity rendering it suitable for
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portable and field applications. Optical fiber sensing is divided into different categories and in particular, the optical fiber sensor based
on surface plasmon resonance (SPR) has attracted great attention [3,4]. Surface plasmon resonance (SPR) is an optical phenomenon in
which surface plasmon polaritions (SPPs) are excited on metal-dielectric surfaces by incident light and evanescent waves are generated
by internal reflection under certain conditions. SPP is sensitive to changes of the refractive index in the vicinity and suitable for sensing
applications [5,6]. Fibers are suitable carriers for SPR sensing and by coating a metal film in the fiber structure, coupling between the
core mode and SPP mode on the metal surface can be achieved under specific conditions, so that changes in the refractive index in the
external medium can be monitored. However, traditional single-mode optical fibers (SMF) [7] have a low degree of structural freedom
making it difficult to adjust the mode coupling in SPR sensing. In recent years, photonic crystal fibers (PCFs) [8-11] have experienced
significant advance and show large potential in SPR sensing.

PCF is a micro-structured optical fiber. By filling periodically arranged air holes in the bulk materials, the refractive index dif-
ference between the cladding and core is formed to enable the guide mode to transmit steadily in the core. In addition, materials such
as metals, gases, liquids can be placed in the air holes to detect different parameters [12]. SPP is also created on metal fillers and the
distribution and size of air holes in the PCF can be altered flexibly to optimize the transmission efficiency and SPR mode coupling.

The PCF can transmit multiple modes. In most PCF-SPR sensors, SPP is excited by the linear polarization LPy; mode and other
modes are not common [13-16]. The orbital angular momentum (OAM) mode is a guide mode with a spiral phase wave front shown as
a vortex beam macroscopically [17-19]. It can be transmitted in PCF with a specific ring core structure. Compared with the LP¢ ; mode,
the OAM mode is more stable in transmission and has less loss. On the other hand, the vortex beam attached to the metal surface can
also excite SPP, meaning that the OAM mode can be used to realize SPR sensing in PCF [20]. E. Liu et al. [21] have designed a PCF-SPR
sensor based on the OAM; ; mode with a ring-core structure for stable transmission of OAM modes. In the refractive index range of
1.36-1.435, the wavelength sensitivity of the resonant loss peak is 4466.5 nm/RIU and the resolution is 2.3 x 10~°RIU. However, there
have been few studies on this kind of PCF-SPR sensors based on the OAM mode, and the refractive index range is normally only suitable
for liquids with high refractive indexes. However, detection of low refractive indexes for gases is important and PCF-based gas sensors
have excellent characteristics. By placing functional materials in the air holes, the gas sensitivity sensor can be improved [22,23],
especially when the gas refractive index change tends to be small.

Gas sensitive material is a kind of functional material commonly used for gas detection. It has been found that non-covalent bond
interactions can occur between cryptophane molecule and methane molecule, resulting in changes in the dipole moment of crypto-
phane molecule, forming molecular aggregate supramolecule, in which cryptophane molecule is acceptor and methane molecules are
donor. This chemical process results in changes in the refractive index of sensitive film containing cryptophane molecule, which are
sensitive to methane concentration. Therefore, it is a suitable sensitive material for methane gas [24]. Yang et al. [25] designed a PCF
methane sensor based on modal interference, which is made by coating an ultraviolet curable fluoro-siloxane nano-film incorporating
cryptophane A onto the internal surface of PCF cladding air holes. The sensitivity of the sensor is 0.514 nm/%. Liu et al. [26] proposed
a high-sensitive methane sensor based on a twin-core PCF. With the increase of the methane concentration from 0 % to 3 %, the gas
sensitivity and low detection limit can reach to 4.60 nm/% and 435 ppm, respectively. Liu et al. [27] have proposed a PCF-SPR sensor
with a large gas channel that can simultaneously detect hydrogen and methane with methane detection sensitivity of 1.99 nm/% and
hydrogen detection sensitivity of 0.19 nm/%. These studies validate the feasibility of coating a methane-sensitive membrane in PCF to
detect methane concentration. In addition, several new methane concentration sensors have been proposed in recent years. In 2021,
Wang et al. [24] proposed a methane sensor based on photonic crystal fiber Mach-Zehnder interference. By coating Cryptophane
molecule A/E sensitive file, the sensitivity of the sensor is 1.069 nm/% and 1.272 nm/%, respectively. In 2023, Li et al. [28] put
forward a methane gas sensor based on SPR in Hollow core anti-resonant fiber (HC-ARF). An ultraviolet-cured fluoro-siloxane
nano-films containing cage molecule A were coated on the surface of six gold films as the methane gas-sensitive film. Within the
methane concentration range of 0-3.5 %, the detection sensitivity reached 5.54 nm/%.

However, the overall characteristics of these methane sensors are still not satisfactory, particularly the poor detection sensitivity.
Therefore, it is of great significance to enhance the sensitivity of methane concentration detection. To our best knowledge, the PCF-SPR
methane concentration sensor based on OAM mode has not been reported yet. Compared to traditional solid PCF methane concen-
tration sensors using fundamental mode, the PCF-SPR methane concentration sensor based on OAM mode has a ring core and a simpler
structure. The oversized central analyte channel not only improves detection efficiency, but also makes coating easier. On the other
hand, a PCF-SPR sensor based on the OAM mode can expand the contact area between the gas and sensitive film with the aid of a large
central analyte channel. This configuration improves the gas sensitivity and detection sensitivity in theory. In addition, the OAM beam
has a circular distribution due to its helical phase. This means that the energy of the beam will be concentrated in the ring core of the
PCF, which makes it easier for the core mode to leak into the cladding and to couple with the SPP mode in the metal film, thus
enhancing the SPR effect.

Herein, based on the OAM model theory, a new PCF-SPR methane sensor is designed and analyzed. By means of the COMSOL
Multiphysics software, the simulation model of the sensor designed is established. The finite element method (FEM) [29-31] is used to
solve the wave equation in the cross section of the sensor to obtain the mode distribution under different conditions. Then the effects of
different structural parameters on the sensing properties are analyzed and optimized. Numerical simulation reveals that the average
wavelength sensitivity of the sensor is 17.07 nm/% of the average wavelength sensitivity and the detection limit is 117 ppm.

In the second section, the paper describes the theory of OAM and SPR in detail. The sensor structure and filling material are
introduced. The excitation effect of different modes of SPR is emphasized, and the production method and workflow of the sensor are
also mentioned. In the third section, the mode coupling effect and various performance of the sensor are discussed, and the influence of
different structure parameters on the performance of the sensor is analyzed.



L Xu et al Optik 286 (2023) 170941

Fig. 1. Cross-section of the PCF-SPR sensor.

2. Theory and fiber structure

The mode for an optical fiber means that the beam in the optical fiber maintains a specific field distribution that does not change
with the transmission distance. In fact, such a field distribution is the solution of the wave equation for the optical fiber and the mode
represented by the solution is called the eigenmode. According to the different characteristics of the mode field distribution, the ei-
genmodes can be classified into TE, TM, HE, and EH modes. The longitudinal electric field component of the TE mode is O and the
longitudinal magnetic field component of the TM mode is 0. The HE mode and EH mode both have the longitudinal electric field
component and longitudinal magnetic field component and are called mixed vector modes [32]. In optical waveguides with regular
boundary conditions such as step fibers, the field distribution of mixed vector modes can be obtained by solving Helmholtz equation as
shown in Eq. 1 [33]. However, owing to the irregular boundary conditions of PCF, the analytical solution of the eigenmode cannot be
solved by theoretical deduction. Therefore, the eigenmodes of the PCF are generally determined by numerical analysis such as the
finite element method.

HETY,, () x cos(10) — ysin(10) )
HE! | b x cos(10) + ycos(10)

(€Y
EH[Y,, x cos(10) — ysin(10)
oid | = Fim(r) ,
EH x cos(10) + ycos(10)

I+1,m

where even and odd refer to the even and odd modes, m is the radial order denoting the number of radial nodes of the mode, [ is the
azimuthal order, Fy (1) represents the radial field distribution, and @ is the azimuthal coordinate.

OAM is a concept in quantum physics. Photons have both linear momentum and angular momentum when moving and angular
momentum includes spin angular momentum and orbital angular momentum. The PCF with a ring core can stably transmit the mode
carrying OAM that is composed of eigenmodes in a certain way [34-36]. The beam containing OAM has a helical phase factor exp(ilg)
in the waveguide function, where ¢ is the angular coordinates and Il represents topological charges and therefore, it is a vortex beam in
the macroscopic view. Eq. 2 [37] describes the generation method of the OAM mode in the optical fiber by combining the odd and even
modes of the same HE or EH mixed vector mode with a n/2 phase difference. The effective refractive index difference of the eigen-
modes needs to be kept above 10~* to ensure good separation and avoid near degeneracy of the vector modes [38].

OAMY,, = HE} +iHE!

I+1,m +1,m (2)
even . odd
OAMII.m = HEI—I.m + lHEl+1.m

I

where [ is the topological charge number, m is the radial order, “+” and “F” represent the direction of circular polarization, and * +
and “ — ” represent the right-hand circle polarization and left-hand circle polarization respectively. In order to implement SPR in the
PCF using the OAM mode, a metal layer such as gold is deposited on the air holes. The OAM beam propagates in the ring core through
total internal reflection and forms evanescent waves on the metal surface. The electric field of evanescent waves propagates along the
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Fig. 2. (a) Dispersion curves and (b) loss spectra of phase matching between HE eigenmodes of different orders and SPP modes; (c) Polarization
distribution of HE3; mode.
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direction of the metal surface, and the amplitude of the electric field decays exponentially in the vertical direction. On the other hand,
the surface plasma wave (SPW) is a charge-density oscillation that exists at the interface between a metal thin film and a dielectric
substrate with dielectric constants of opposite signs. SPW is not excited by an arbitrary light beam, and the phase matching conditions
must be satisfied. But the momentum of light in free space is smaller than that of SPW, resulting in a momentum mismatch between
light and SPW. However, evanescent waves can overcome this problem and form SPR phenomena by coupling with SPW at specific
wavelengths. [39] Under the condition of phase matching, the HE or EH eigenmodes of the OAM mode couple with the SPP mode. A
large amount of energy is transferred to the free electrons on the surface of the gold-electrolyte, causing charge oscillations to form
SPW. This means that the loss curve of the OAM beam has a peak at the resonance wavelength. When the analyte is changed, the loss
peak shifts and the loss of the guide mode at different wavelengths can be calculated by Eq. 3 [39]:

L=8.686 x 2 im(n,y), ©)

where 4 Is the wavelength and n. is the effective refractive index of the mode. Based on this theory, a novel PCF-SPR methane sensor
with a ring core and gold as the deposited plasmonic materials is designed to stably transmit multiple OAM modes and produce
excellent mode coupling effects. As shown in Fig. 1, the bulk materials are silica and there is a large central analyte channel besides
three layers of air holes in the cladding. A layer of amethyst-doped material is incorporated into the ring core. Owing to the large
refractive index of the amethyst-doped layer, the OAM mode can be confined better in the ring core and the effective refractive index
difference between eigenmodes increases to ensure independence of each mode.

In optical fiber transmission, the dispersion of materials needs to be considered because the refractive index of the materials
changes with wavelength. The dispersion relationship of gold can be calculated by the Drude-Lorentz model as shown in Eq. 4 [40]:

@?

— _ P
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where €(®) is the dielectric constant of the metal, €, is related to the high-frequency absorption peak, w. is the collision frequency, and
o) is the plasma frequency. For gold, £o, = 9.75, wc = 1.45 x 10'*rad/s, and ®p = 1.3659 x 10'® rad/s. The dispersion of silica can be
derived by Sellmeier equation [41]:
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where n is the refractive index of silica and 4 is the incident wavelength. The dispersion relationship of the amethyst doped materials
can be calculated by the single Sellmeier equation [42]:

where A = 0.0065 and B = 0.7359. In order to improve the sensitivity of the sensor to the methane concentration, a methane sensitive
film of ultraviolet curable fluoro-siloxane (UVCFS) incorporated with cryptophane A is coated on the inner wall of the central analyte
channel [25]. It can react reversibly with methane and the nanofilm can be prepared by capillary immersion. The refractive index of
the methane-sensitive film decreases linearly with increasing methane concentration C_CHy4 in the range of 0-3.5 % and the linear
relationship is as follows [25]:

NcH,_film = 1.4478 — 0.0038 x C_CHj. (7)

After completing the basic structural design, the structural parameters are determined to provide the optimal SPR excitation effects:
radius of central analyte channel Ry = 14.5 um, center distance of the first layer air holes R; = 18.6 um, center distance of the second
layer air holes Rg = 21.8 um, center distance of the third layer air holes Rg = 25.3 um, diameter of the first layer air holes d; = 2.8 ym,
diameter of the second layer air holes dy = 3 um, diameter of the third layer air holes dg = 3 pm, thickness of the methane sensitive film
ts = 250 nm, and thickness of the gold film t3 = 40 nm. The multiple order OAM modes with HE as the eigenmode can be coupled with
the second-order SPP mode and the coupling effect is related to the thickness of amethyst-doped layer. Therefore, the thickness of the
amethyst-doped layer t; is analyzed and optimized in order to select the appropriate excitation mode and the thickness of the amethyst-
doped layer.

Fig. 2 shows the phase matching curves of the HE eigenmode of each order and second-order SPP mode for t; = 0.5. The higher the
HE mode order, the longer is the resonance wavelength. The effective refractive index at the phase matching point gradually changes
from crossing to separation consequently producing the anti-crossing effect [43], while the loss curves of the guided mode and SPP
mode intersect at the matching point. This means that the two modes have changed from incomplete coupling to complete coupling.

When the order of HE mode is lower, the distance between the resonance wavelengths of two adjacent modes is smaller. However,
the phase matching points of the HE; ; mode and HE5; mode are too close to each other easily leading to interference and mode
distortion between them. As for the HE3 ; mode, the coupling process becomes more independent. On the other hand, the lower the
mode order, the weaker is waveguide dispersion, which is beneficial to increasing the transmission distance of the OAM mode [21].
Therefore, the OAM,; mode is selected. That is, the HE3 ; eigenmode is employed as the excitation mode of the sensor.

From another perspective, the effective excitation of SPR by higher-order HE modes depends on their polarization distribution.
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Fig. 3. Loss spectra of coupling between HE eigenmodes of each order and SPP modes for (a) t; = 0.55 ym and (b) t; = 0.6 um.

Taking the HE3 ; mode as an example, as shown in Fig. 2(c), its electric field is concentrated in the ring core and divided into six high
electric field intensity regions with central symmetry. In addition, the high electric field intensity region consists of a large transverse
electric field component, while the axial electric field component is mostly concentrated in the low electric field intensity region of the
ring core. It is worth noting that one of the high electric field intensity regions is adjacent to the metal film, which makes the high
intensity transverse electric field carried by it more likely to disturb electrons in the metal, thus exciting the SPR.

When the thickness of doped amethyst layer is changed, the coupling state of each mode changes as well. Fig. 3 shows the coupling
loss curves of the guide modes of each order for t; = 0.55 um and t; = 0.6 pm. When t; = 0.55 pum, complete coupling occurs when the
order reaches HE4 ; and when t; = 0.6 um, complete coupling occurs when the order reaches HEs . Hence, the greater the thickness,
the higher the order of mode at which complete coupling occurs, implying that the overall mode coupling effect of the sensor is worse.
This is because the region of high refractive index becomes larger with increasing t;, which enhances the ring-core constraint on the
guide mode and renders coupling with SPP difficult.

Fig. 4 compares the coupling loss curves of the HE3 ; mode for different t;. As t; decreases, the degree of coupling increases and the
modes becomes complete coupling at t; = 0.5 um. When the thickness continues to decrease, the loss peak decreases and the loss curve
becomes flat. Therefore, t; = 0.5 um is selected because the loss curve is the sharpest.

The stability of the selected OAM mode needs to be verified for the selected structure parameters. Taking a methane concentration
C_CH4 of 1 % as an example, Fig. 5 calculates the effective refractive index difference Aneg between the EH; ; and HE3 ; eigenmodes in
the OAM; ; mode. The results show Anegr of the two eigenmodes is always greater than 10~*, which can effectively avoid degeneracy
and ensure stable transmission of the OAMj ; mode.
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Fig. 4. Loss curves for different t; and C_.CH4 = 1%.

Fig. 5. Effective refractive index difference between eigenmodes HE3; and EH; ; in the OAM;; mode.

It is noted that the PCF sensor can be fabricated by the so- gel method [44]. In this technique, the SiO5 powder is processed into
optical fiber preform by gel heat treatment and after melting and quenching, the preform is placed in a wire drawing tower to form the
required optical fiber [45]. The sensor is fabricated by coating and additional processing. For detection, the required OAM modes are
generated by superposition of two orthogonal HE modes firstly. The tunable laser generates LP ; mode in the optical fiber, which can
be converted to HE (EH) mode through a fiber grating with an appropriate period. [46] When the converted two HE (EH) modes pass
through a length L of few-mode fiber (FMF), the relative phase between the two modes at the output of the FMF can always be written
as Ad = 2nLApefr /A. The Apegf represents the RI difference between two modes and A represents the operating wavelength. [33] By
changing the working wavelength or the length L of the FMF, the desired OAM mode can be obtained and imported into the designed
PCF sensor. The final spectral curve is detected with optical spectrum analyzer (OSA). The schematic diagram is shown in Fig. 6. In
order to enable the gas to penetrate the central gas channel of the PCF efficiently, Reference [47] is referred. The PCF sections are
butt-coupled in the glass capillary with a certain gap and the side of the glass capillary is drilled by a pulsed laser. The end of the PCF is
located below the hole and separated by a small gap of about 10 um to open the hollow core of the PCF to the surroundings in order to
allows the gas to flow.

3. Results and discussion
Coupling between core guided mode and metal SPP mode is the basic principle of SPR in the PCF. In the designed sensor, the modes

exhibit good coupling effect during the phase matching process. Fig. 7 depicts the effective refractive index and loss curves of the core
guide mode and SPP mode near the phase matching point. The two dispersion curves do not cross but rather approach at the resonance
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Fig. 6. Schematic diagram of the sensing process.

Fig. 7. Dispersion curves and mode field distributions during phase matching.

wavelength, which is called anti-crossing effect. There is complete coupling between the guide mode and SPP mode and complete
energy transfer is achieved. The PCF-SPR sensor is a composite waveguide composed of PCF and metal film. Owing to mode coupling
near the phase matching point, a super mode is formed in the optical fiber by combination of the core mode and SPP mode [43]. One of
the super modes is dominated by the fiber core mode at short wavelengths away from the anti-crossing point, and the dispersion curve
is similar to the core mode propagating separately. After the anti-crossing point, the energy in the core of the super modes is transferred
to the SPP mode completely with increase wavelength, and the dispersion curve resembles the SPP mode propagating separately, as
shown in the curves and mode fields illustrated on the lower side of Fig. 7. In contrast, the mode field of the other super mode is
transferred gradually from SPP to the core and the dispersion curve changes from being similar to the SPP mode of independent
propagation to being similar to the core mode of independent propagation, as shown in the curves and mode fields illustrated on the
upper side of Fig. 7.

Mode coupling can be explained from another perspective. The amount of optical power scattered in each fiber region can be
described as the mode power fraction 7, which is calculated by Eq. 8. It describes the proportion of each part in the mode field [48]:

[ S-dxdy

n= m; ®

where S, represents the z component of the Poynting vector, the numerator is the optical power of each part, and the denominator is
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Fig. 8. Mode power fractions and effective mode areas during phase matching.

Fig. 9. (a) Loss spectra, (b) Wavelength sensitivity and FWHM, and (c) Mode power fractions and effective mode field areas at resonance for
different Ry and C_CH4 = 1% and 2%.
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Fig. 10. (a) Loss spectra, (b) Wavelength sensitivity and FWHM, and (c) Mode power fractions and effective mode field areas at resonance for
different d; and C_CH4 = 1% and 2%.

the total power of the fiber section. Here, the mode power fractions of the ring-core mode and metal SPP mode are calculated as shown
in Fig. 8. Near the resonant wavelength, the optical power curve of the ring-core mode exhibits a low valley and reaches the smallest
value at the resonant wavelength. The optical power fraction curve of the SPP mode shows a peak which reaches the maximum at the
resonant wavelength. This explains the process in which the energy of the ring-core mode is transferred to the SPP mode at the phase
matching point. In addition, the effective mode field area in this band is also given in Fig. 8 as expressed by Eq. 9 [49].

<ﬂ|E|2dxdy>2

[T1E[*dxdy ©

Agr =

where E represents the electric field distribution of the light field and integral region is the entire PCF cross-section. The effective mode
area curve decreases first and then increases, reaching a valley at the resonance point. It means that when phase matching occurs,
almost all the mode fields in the optical fiber are concentrated near the gold film and are less distributed in other areas. The curve
reflects the variation of the mode field distribution when mode coupling occurs.

Calculating the influence of each structure parameter on the performance of the sensor is a common analysis method. The obtained
rules can be used not only to optimize overall performance, but also to understand the impact of actual production errors. This is a
dynamic performance analysis process. [50-52] In studying each parameter, methane concentrations of 1% and 2% are considered,
respectively, so that the resonant wavelength shifts in this concentration range and the wavelength sensitivity can be obtained. The
wavelength sensitivity in this concentration range is treated as the reference to analyze the impact of the different structural pa-
rameters on the sensitivity. The wavelength sensitivity of the gas sensor is defined as:

_ Aj-pmk

Ac (10)

S

10
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Fig. 11. (a) Loss spectra, (b) Wavelength sensitivity and FWHM, and (c) Mode power fractions and effective mode field areas at resonance for
different dy and C_CH4 = 1% and 2%.

where AApear is the shift of resonance wavelength and Ac is the change in the gas concentration. The properties of the loss peak are also
analyzed and the full-width at half-maximum (FWHM) refers to the width of the peak at half its height. The smaller the FWHM, the
sharper is the loss peak, so that the resonant wavelength can be identified more accurately. The power fraction of the core mode and
SPP mode at the resonance wavelength as well as the effective mode area are also of significance as they show the effects of the changes
in the structural parameters on the degree of mode coupling.

Fig. 9 (a) (b) (c) show the effect of the center air hole radius Rg on the loss spectra, wavelength sensitivity, FWHM, mode power
fractions and effective mode field areas at resonance.

Fig. 9(a) depicts the loss spectra for methane concentrations of 1 % and 2 % for different Rg. As Ry increases, the resonance
wavelength red-shifts and the loss at resonance rises first and then declines. When Ry is greater than 14.5 pm, coupling between modes
changes from incomplete to complete. The wavelength sensitivity increases first and gradually diminishes, as shown in Fig. 9(b),
whereas FWHM displays the opposite trend, implying that a larger Ry makes the resonant peak change gently. But when the mode is
complete coupling, further increase of Ry reduce the sharpness of the resonant peak. The minimum FWHM corresponds to the
maximum sensitivity. Fig. 9(c) describes the mode power fractions and effective mode areas at the resonant wavelength. When Ry is
between 14.4 ym and 14.45 pm, the relatively small central hole leads to a thicker ring core, making it easier for the guide mode to
concentrate in the ring core and more difficult to leak to the metal film. Therefore, the modes are in the incomplete coupling state and
the mode power fraction and effective mode area of the core at the resonant wavelength are large. When Ry exceeds 14.5 um, the
modes are in the complete coupling state. As the resonant wavelength red-shifts, the power fractions and effective mode field areas of
the core increase slightly.

The diameter of the first layer air holes has a certain effect on the leakage of the ring core mode to the metal film. Fig. 10 (a) (b) (c)
show the influence of the diameter of the first layer air holes d; on the loss spectra, wavelength sensitivity, FWHM, mode power
fractions and effective mode field areas at resonance.

11
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Fig. 12. (a) Loss spectra, (b) Wavelength sensitivity and FWHM, and (c) Mode power fractions and effective mode field areas at resonance for
different t, and C_CH4 = 1% and 2%.

Fig. 10(a) shows that a larger d; makes the loss peak red-shift. When d; is greater than 3 um, mode coupling at 1 % methane
becomes incomplete and the peak loss decreases gradually. Fig. 10(b) shows that the FWHM of the loss curve declines with increasing
dq, while the sensitivity increases initially and then decreases slightly, implying that a small d; makes it easier for the core mode to leak
to the metal film for coupling, but it will reduce the change rate of the loss with the wavelength resulting in a relatively flat resonant
peak. As shown in Fig. 10(c), due to red-shift of the resonance wavelength and constant complete coupling, the power fractions of the
ring core mode and effective mode areas at the resonance wavelength decrease gradually with increasing d; at 2 % methane. However,
at 1% methane concentration, the coupling between modes is incomplete when d; is greater than 3 um, which leads to a significant rise
in the effective mode areas and power fractions of the ring-core at the resonance wavelength. Furthermore, a small d; means a larger
ring core area, which is also a factor that causes the effective mode area to increase with decreasing d; in the complete coupling state.

Fig. 11 (a) (b) (c) show the effects of the second layer air hole d on the loss spectra, wavelength sensitivity, FWHM, mode power
fractions and effective mode field areas at resonance.

Fig. 11(a) shows that a larger diameter of the second layer air hole dy leads to a blue-shift of the resonance wavelength. When dj is
greater than 3.1 um, the loss of the resonant peak decreases. The resonant peak becomes flat gradually and mode coupling also changes
from complete to incomplete. The FWHM curves in Fig. 11(b) reveals changes in the sharpness of the loss peak and the wavelength
sensitivity reaches the maximum when the FWHM is the minimum. As shown in Fig. 11(c), when dy is between 2.8 pm and 3 um, the
modes are in the complete coupling state and the core power fraction and effective mode area at the resonant wavelength decrease
slightly due to the shift of the resonant wavelength. However, when dy continues to increase, the refractive index difference between
the core and cladding increases further giving rise to enhanced confinement of the core to the mode field. Mode coupling becomes
difficult resulting in incomplete coupling. Therefore, in this case, the core power fraction and effective mode area at resonance increase
substantially and only a part of the mode field is transferred to the metal film.

The thickness of the methane sensitive film is an important parameter. Fig. 12 (a) (b) (c) show the effects of the thickness of the
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Fig. 13. (a) Loss spectra, (b) wavelength sensitivity and FWHM, and (c) Mode power fractions and effective mode field areas at resonance for
different t3 and C_CH4 = 1% and 2%.

Fig. 14. (a) Loss spectrum for different methane concentrations and (b) Wavelength sensitivity and FWHM versus methane concentration.
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Table 1
Comparison of the properties of PCF methane sensors in the literature.
Ref. Characteristic Methane Sensitive film Sensitivity (nm/%) Detection Limit (ppm) Detection Range (%) Str. Digram
- Solid PCF; Cryptophane A 0.514 1600 0-3.5
[25] Modal interference
2% Twin-core PCF; Cryptophane E 4.6 435 0-3
[26] Two ultra-large side-holes;
Modal interference
(541 LPFG Polycarbonate/ Cryptophane A 2.5 2000 0-3.5
27 Four ultra-large side-holes; Cryptophane A 1.99 1005 0-3.5
(271 Polarization filtering;
SPR
[55] PCF-LPG Cryptophane-A-6Me 1.08 1800 0-3.5
(24] Biconvex cone PCF; Cryptophane A/E 1.07/1.27 - 0-5

Mach-Zehnder interference

(continued on next page)
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Table 1 (continued)

Ref.

Characteristic

Methane Sensitive film Sensitivity (nm/%) Detection Limit (ppm) Detection Range (%) Str. Digram
28 HC-ARF; Cryptophane A 5.54 - 0-3.5
(28] SPR
This work Ring core PCF; Cryptophane A 17.07 117 0-3.5

SPR

I nx T
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methane sensitive film t on the loss spectra, wavelength sensitivity, FWHM, mode power fractions and effective mode field areas at
resonance.

The influence of this parameter is similar to that of the center air hole radius because the change of the central air hole also leads to
variation of the gas sensitive film on the surface. Fig. 12(a) indicates that a larger t, produces a red-shift of the resonant wavelength
and mode coupling changes from incomplete to complete after ty reaches 250 nm. The variation of the resonance peak sharpness and
sensitivity is shown in Fig. 12(b). The FWHM decreases slightly with increasing t, in the complete coupling state, but rises dramatically
in the incomplete coupling state. The sensitivity reaches the maximum at t; = 250 nm and further increase of t; has little effects on the
sensitivity. Fig. 12(c) explains that an excessively thick gas sensitive film gives rises to larger core power fractions and effective mode
areas at resonance, and the mode field is more difficult to transfer to the metal film consequently reducing coupling.

The thickness of the metal film is the most important factor affecting the SPP mode and Fig. 13 (a) (b) (c) show the influence of the
thickness of the metal film t3 on the loss spectra, wavelength sensitivity, FWHM, mode power fractions and effective mode field areas at
resonance.

It can be observed from Fig. 13(a) that the resonant wavelength decreases with increasing of the gold film thickness. The thicker the
gold film, the easier it is for complete coupling to occur. When the thickness is too small, due to radiation damping, the plasmonic
phenomenon is damped [53], so that coupling between the core mode and SPP mode becomes incomplete, and the loss at the reso-
nance wavelength is greatly reduced. When t;3 is reduced to 35 nm, the loss curve for 1 % methane starts to show the characteristics of
incomplete coupling, while at 2% methane, the mode starts to show incomplete coupling only when t3 is less than 30 nm. Fig. 13(b)
shows the change of FWHM. When t; is greater than 40 nm, the wavelength sensitivity reaches the maximum. Further increasing the
thickness has little effects on the sensitivity. Fig. 13(c) illustrates that when the modes are complete coupling, the power fraction of the
core mode and the effective mode area at the resonance wavelength hardly change with increasing of the gold film thickness. It also
means that an excessively large t3 makes it difficult for the electric field to penetrate and unable to enhance the mode coupling effect.

The analysis of the structural parameters reveals that the optimal values selected ensure the best performance. Fig. 14(a) indicates
the trend of the loss spectra for the methane concentration range of 0-3.5%. The loss curve shows a good trend with methane con-
centration. As the concentration goes up, the resonance wavelength gradually red- shifts and the peak loss also declines. The trend of
wavelength sensitivity and FWHM at different concentrations is presented in Fig. 14(b). The wavelength sensitivity fluctuates slightly
within the detection range by almost at 17 nm/%, while the FWHM raises slightly with increasing concentration, demonstrating that
the loss spectra maintain a good linear change and the loss curve has a high degree of sharpness, which are advantageous for actual
detection.(Table 1).

As shown in Fig. 15, according to the calculated resonance wavelengths for different methane concentrations, the FWHM versus
methane concentration relationship can be fitted by a linear line with a slope of 17.07 nm/%, which theoretically represents the
average wavelength sensitivity in the methane range of 0-3.5%. The resolution of the sensor is calculated to be 1.17 x 10720 (Ahmin =
0.2 nm) by Eq. 11 [26] and the detection limit is 117 ppm:

_ Ac- Almin

R= 11
Y (11)

where Almin represents the minimum variation of wavelength. Based on the fitting, the correlation coefficient R? is large implying
good agreement with the actual values. With regard to actual detection in the field, this curve serves as a reference. The fitted rela-
tionship is shown in Eq. 12:

Apeak = 17.07143 x C_CH, +4521.25. 12)

Fig. 15. Fitted curve showing the linear relationship between the resonance wavelength and methane concentration.
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4. Conclusion

Based on the OAM theory, a PCF-SPR methane sensor with a ring core is designed. With gold as the plasmonic materials, the OAM ;
mode, namely HE3; eigenmode, is adopted as the excitation mode. The sensor has a large central gas channel which enables gas
molecules to enter and interact with the sensitive film more easily. This configuration also makes coating of the sensitive film more
convenient. The effects of the important structural parameters on the sensing properties are analyzed and optimized in order to provide
a tolerable range to aid manufacturing. The sensor has excellent sensing properties. In the methane concentration range of 0-3.5%, the
average wavelength sensitivity is 17.07 nm/% and the resolution is 1.17 x 10™2% (AAmin = 0.2 nm). The FWHM of the loss spectrum
is less than 180 nm with a minimum of 152.5 nm. A sharp loss peak is observed thereby making it easier to locate the resonance
wavelength in the field. The results reveal that the PCF-SPR sensor has excellent sensing characteristics and prospect in the petroleum,
biomedical, environmental monitoring, and chemical industry.
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