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Abstract: Photoacoustic spectroscopy (PAS) has received extensive attention in optical gas sensing
due to the advantages of high sensitivity, gas selectivity, and online detection. Here, a mid-infrared
hollow-core fiber (HCF) based flexible longitudinal photoacoustic resonator for PAS-based gas
sensing is proposed and theoretically demonstrated. A mid-infrared anti-resonant HCF is designed
to innovatively replace the traditional metallic acoustic resonator and obtain a flexible photoacoustic
cell in PAS. Optical transmission characteristics of the HCF are analyzed and discussed, achieving
single mode operation with below 1 dB/m confinement loss between 3 and 8 µm and covering
strong absorptions of some hydrocarbons and carbon oxides. With varied bending radii from 10 mm
to 200 mm, the optical mode could be maintained in the hollow core. Based on the photoacoustic
effect, generated acoustic mode distributions in the HCF-based flexible photoacoustic resonator are
analyzed and compared. Results show that the PAS-based sensor has a stable and converged acoustic
profile at the resonant frequency of around 16,787 Hz and a favorable linear response to light source
power and gas concentration. The proposed novel photoacoustic resonator using HCF presents bring
potential for advanced flexible PAS-based gas detection.

Keywords: photoacoustic spectroscopy; hollow core fiber; mid-infrared gas sensing; acoustic distribution

1. Introduction

Photoacoustic spectroscopy (PAS) has developed rapidly in recent years in multi-
component and cross-domain trace gas detection due to its zero-background acoustic
detection, full-band response, and compact amplification [1,2]. Compared with direct gas
absorption spectrum measurement methods, such as non-dispersive infrared (NDIR) and
tunable diode laser absorption spectroscopy (TDLAS) [3,4], PAS does not require extended
optical paths and superior photodetectors for improved sensitivity. It could directly enhance
the photoacoustic effect by increasing the optical power and optimizing the photoacoustic
resonator [5]. Conventional H-type longitudinal photoacoustic resonators were generally
used [6,7]. Various modified structures were also reported and applied in photoacoustic
cells [8–10]. Yin et al. developed a sub-ppb level PAS-based sensor by using a differential
H-type photoacoustic resonator [9]. Gong et al. presented a T-type photoacoustic cell for
ppb-level detection of CH4 [8]. Xiao et al. proposed an ultra-sensitive all-optical PAS gas
sensor with a double channel differential T-type photoacoustic resonator [10]. To be noted,
the above-mentioned photoacoustic resonators are normally longitudinal and with straight
cylindrical geometry. They were made from brass or stainless steel, lacking bendability
and flexibility.
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Since the optical absorption of gas molecules generally occurs strongly in the mid-
infrared (MIR) band, hollow-core fiber (HCF), as an emerging special optical fiber with
wide MIR bandwidth and efficient optical transmission, has become a hot topic in MIR
gas detection [11]. The light guiding mechanism in HCF generally includes photonic band
gap effect and anti-resonance effect [12,13]. Yao et al. used a hollow-core anti-resonant
fiber (HC-ARF) with a length of 0.85 m as a gas chamber in TDLAS [14]. Yao et al. used
tellurite HC-ARF guiding 5.26 µm light for NO detection [15]. Chen et al. reported a
MIR photothermal spectroscopy ethane sensor with an HC-ARF supporting 1.55 µm and
3.348 µm [16]. Zhao et al. used a gas-filled HC-ARF to demonstrate photoacoustic Brillouin
spectroscopy for C2H2 detection [17]. It is found that the HCF was rarely incorporated with
the photoacoustic principle and could be explored.

In this paper, a flexible HCF-based photoacoustic resonator for PAS-based MIR gas
detection is proposed and numerically demonstrated. The HC-ARF with low transmission
loss in the MIR band is designed and simulated, and the fiber confinement loss is less
than 1 dB/m within the MIR range of 3–8 µm, covering strong absorptions of some
hydrocarbons and carbon oxides. The designed HCF exhibits a certain bending resistance
with a 10–200 mm bending radius. When the bending radius is above 50 mm, the overall
confinement loss does not increase significantly, and the transmitted light can be confined
in the hollow core. The generated acoustic field distribution of the designed photoacoustic
resonator is simulated and analyzed. Results show that the acoustic pressure exhibits
favorable distribution around 16,787 Hz and could essentially maintain with varied bending
radii in the curved photoacoustic resonator. The designed longitudinal photoacoustic cell
also exhibits linear responses to light source power and gas concentration. This flexible
photoacoustic resonator using HCF has great potential for advanced PAS-based optical
gas sensing.

2. Structure and Principle
2.1. Hollow-Core Fiber Structure

The cross-section of the proposed HC-ARF is schematically shown in Figure 1. The
main geometric factor affecting the transmission spectrum lies in the thickness of the thin-
layer capillary wall. The walls of the surrounding silica tubes and the surrounding air
construct the anti-resonance layer. The cladding layer of the HCF is composed of 7 silica
tubes and the central hollow core is about 130 µm in diameter. The fiber cladding consists of
seven identical non-contact tubes with an inner diameter of 65 µm and a thickness of 1.4 µm.

Figure 1. Cross section of the proposed HC-ARF to be applied in the photoacoustic resonator.

The cross section of the HC-ARF is divided into homogeneous subspaces that uses the
finite-element method (FEM) with the perfectly matched layer (PML) boundary condition
to solve Maxwell’s equations. The PML boundary condition is employed, which has been
proven to be accurate and reliable in the literature [18]. The following vectoral wave
equation is derived as:

∇×
(
[s]−1∇×

→
E
)
− k2

0n2[s]
→
E = 0 (1)
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[s] =

sy/sx 0 0
0 sx/sy 0
0 0 sxsy

 (2)

where k0 = 2π/λ is the wave number in the vacuum and λ is the wavelength, n is the
refractive index, [s] is the perfectly matched layer boundary matrix, sy and sx are PML
parameters, and E is the electronic field.

The confinement loss L is defined as [19]:

L =
20

ln 10
2π

λ
Im(ne f f ) (3)

where neff is the effective refractive index and λ is the optical wavelength.
Bending loss is derived from the change of effective refractive index while bending.

The inner area of the fiber cross-section is squeezed, and the outside is stretched. Then the
refractive index of the outside area increases and the uneven distribution of the refractive
index make the modes leak easily, i.e., bending loss. The change in refractive index is
defined by [13]:

n′(x, y) = n0(x, y)
(

1 +
x cos θ + y sin θ

R

)
(4)

2.2. Photoacoustic Spectroscopy and Photoacoustic Cell

In the PAS gas sensing, gas molecules absorb optical signals and are excited to a
high-energy band. After the energy is converted into heat, it returns to a low-energy band.
If the incident light is frequency modulated, the heat energy will exhibit simultaneous
periodic change and generate acoustic waves, to be detected by microphones. The intensity
of the photoacoustic signal SPA can be simply expressed as [20]:

SPA = KcellαCPi (5)

where Kcell is the cell constant of the photoacoustic cell, jointly determined by the quality
factor, the volume of the photoacoustic cell and the modulation frequency, α is the absorp-
tion coefficient of the target gas, C is the gas concentration, and Pi is the optical power of
the incident light.

The photoacoustic cell is an essential part where the photoacoustic effect occurs. It
normally contains an acoustic resonator, two buffer volumes, optical windows, and gas
inlet/outlet. In this paper, the designed HC-ARF is utilized as the flexible acoustic resonator
to realize the light transmission as well as acoustic amplification simultaneously. The
numerical model of the photoacoustic cell is simplified and optical windows as well as tiny
gas inlet/outlet holes are ignored to facilitate numerical analysis. The established model
of the flexible longitudinal photoacoustic cell is shown in Figure 2. In the photoacoustic
cell, the photoacoustic resonator has a radius of 0.13 mm and a length of 10 mm. The buffer
volume has a radius of 0.5 mm and a length of 5 mm.

Figure 2. The proposed flexible longitudinal photoacoustic cell including a curved photoacoustic
resonator and two buffer volumes.



Photonics 2022, 9, 895 4 of 9

3. Simulation and Analysis
3.1. HCF Simulation

The HCF is employed as the flexible photoacoustic resonator in PAS. Figure 3 shows
the normalized optical field distribution of the fundamental mode in the proposed HCF,
with the straight fiber in Figure 3a and bent fiber in Figure 3b. It is observed that the optical
fields could be well confined in the central hollow core. In Figure 3b, the bending radius of
the HCF is 100 mm, and the bending direction is along the horizontal axis. In this case, the
optical field shifts to the horizontal side, but still stays in the core region.

Figure 3. Normalized optical field distributions of the fundamental mode of the designed HCF:
(a) straight fiber; (b) curved fiber with the bending radius of 100 mm.

The confinement loss of the HCF with orthogonal polarization states is presented in
Figure 4. The fiber has a low loss (below 1 dB/m) region between 3 and 8 µm, covering
strong absorptions of most hydrocarbons and carbon oxides, e.g., CO, CO2, CH4, C2H2,
C2H4, etc. The x-polarization and y-polarization states are nearly identical with loss
characteristics, indicating polarization insensitivity.

Figure 4. Confinement loss spectrum of the HCF and gas absorption spectra between 3 µm and 10 µm.

The bending loss of the HCF is also simulated and analyzed, as shown in Figure 5a.
Figure 5b shows the corresponding optical mode distributions under different bending
radius and wavelength. Generally, the bending loss decreases as the bending radius
increases when bending radius changes from 10 mm to 200 mm. To be noted, the coupling
of the core mode with the cladding mode, such as the mode fields MF 1 and MF 2, would
break this tendency. The bending loss is below 20 dB/m with bending radius over 50 mm
and below 1 dB/m with bending radius over 100 mm, which indicates excellent light-
guiding properties of the bent HCF.
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Figure 5. (a) Bending loss of the HCF with respect to bending radius when the transmission wave-
length is 4 µm, 5 µm and 6 µm. Optical mode distributions for some marked points are included;
(b) the corresponding optical mode distributions at wavelengths of 4 µm, 5 µm and 6 µm, when the
bending radii are 10 mm, 20 mm, 50 mm and 100 mm respectively.

3.2. Photoacoustic Cell with Acoustic Analysis

The cavity structure of the photoacoustic cell has the acoustic resonant frequency
and the corresponding mode profile. The acoustic mode directly manifests the pressure
distribution characteristics of the cavity. The FEM was also used to solve the generated
acoustic mode in the photoacoustic cell. The COMSOL Multiphysics software package was
employed for simulation. The fluid material in the photoacoustic cell is defined as air, with
the density of 352.761/T. T denotes the ambient temperature (293.15 K) and the acoustic
speed is set to 340 m/s. The acoustic modal simulation of the photoacoustic cell is shown
in Figure 6, with the bending radius of 100 mm.
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Figure 6. Calculated acoustic distribution within the photoacoustic resonator: (a) The 1st eigenmode
at 2735 Hz; (b) the 2nd eigenmode at 16,787 Hz; (c) the 3rd eigenmode at 19,715 Hz; (d) the 4th
eigenmode at 31,044 Hz.

It is observed from Figure 6 that the calculated 1st to 4th eigenmodes altogether exhibit
longitudinal modal profiles. The colors from red to blue indicate the relative magnitude
of the acoustic pressure. To clarify the acoustic pressure distribution in the photoacoustic
resonator, the distributions of acoustic pressure along the central axis of the resonator with
respect to varied bending radii from 10 mm to 100 mm are further analyzed. Figure 7 shows
the acoustic pressure distributions along the central axis of the resonator corresponding to
the four eigenmode frequencies, with the bending radius varied to 10 mm, 20 mm, 50 mm,
and 100 mm. The acoustic pressure distributions of the same order eigenmodes maintain
similar shapes with respect to different bending radii. The 2nd and 3rd eigenmodes both
exhibit an expected parabola shapes and would be physically detectable. Considering the
advanced acoustic pressure amplitude, the 2nd acoustic eigenmode at 16,787 Hz is selected
in the following work.

Figure 7. The acoustic modes along the HCF central axis of different eigenmodes with respect to
varied bending radii: (a) 10 mm; (b) 20 mm; (c) 50 mm; (d) 100 mm.
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Along with the above mentioned HCF, the 2nd acoustic eigenmode distribution at
16,787 Hz with four bending radii are further compared. Figure 8a displays the normalized
acoustic pressure distribution of the four bending radii along the resonator axis. Figure 8b
is the partially enlarged view of the top area in Figure 8a. The acoustic pressure basically
maintains with the bending radius from 100 mm to 20 mm, and slightly decreases to about
85% at 10 mm.

Figure 8. (a) Normalized acoustic pressure of the 2nd eigenmode within the photoacoustic resonator
with varied bending radii; (b) the enlarged illustration of the central area.

To further investigate the PAS response of the proposed flexible photoacoustic cell,
the heat source intensity in the PAS modal was changed, and the corresponding acoustic
pressures in the center of the photoacoustic resonator with four bending radii were simu-
lated, as shown in Figure 9. The four photoacoustic cells altogether have linear relationship
with the applied heat source, with the R-square above 0.999. The detailed data of this
relationship is included in Table 1. According to the photoacoustic effect and Equation (5),
the heat source strength is equivalent to the multiplication of the light source power and
gas concentration. Thus, it is straightforward to infer that the flexible photoacoustic cell
shows a decent linear response to gas concentration and laser power.

Figure 9. Variation of acoustic pressure with heat source strength at resonant frequency in four
bending radius photoacoustic cells.
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Table 1. Fitting equation of the acoustic pressure with respect to the heat source strength.

Bending Radius Fitting Equations R2

10 mm y = 8.9784 × 10−6x − 9.0909 × 10−12 1
20 mm y = 5.2754 × 10−6x − 9.0909 × 10−12 1
50 mm y = 4.9653 × 10−6x − 9.5454 × 10−12 1

100 mm y = 4.9168 × 10−6x − 5.4545 × 10−12 1

Based on the above investigation, we further consider and discuss the practical feasi-
bility of the proposed flexible HCF photoacoustic cell for PAS-based gas sensing. Firstly,
it is well-acknowledged that the designed HC-ARF could be realized and fabricated by
the current techniques for hollow core fibers [11]. In addition, micro-lens and collimators
could be used for the light transmission and coupling into the proposed HCF as well as gas
cells, which have been demonstrated in literatures [14–17]. In the proposed PAS system,
the generated acoustic pressure signal in the photoacoustic resonator could be received
and detected by a highly sensitive microphone placed in the middle of the photoacoustic
resonator. With gas flow and control circuits, as well as other supporting components, the
whole system could be established and realized. Practical implementation of the proposed
PAS system may be presented in future publications.

4. Conclusions

In conclusion, a flexible HCF-based photoacoustic resonator for PAS-based MIR gas
detection is proposed and numerically demonstrated in this paper. The HC-ARF with low
transmission loss in the MIR band is designed and simulated. The confinement loss of the
HCF is under 1 dB/m within the spectral range of 3–8 µm. With varied bending radii from
10 mm to 200 mm, the HCF could confine the transmitted light in the hollow core. The
generated acoustic field distribution of the designed photoacoustic resonator is simulated
and analyzed. Results show that the PAS has the stable and converged acoustic field
distribution at the resonant frequency around 16,787 Hz and a favorable linear response to
light source power and gas concentration. The proposed flexible photoacoustic resonator
using HCF has great potential for advanced PAS-based optical gas sensing.
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