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Abstract: Hydrogen cyanide gas is a dangerous and fatal gas that is one of the causes of air pollution
in the environment. A small percentage of this gas causes poisoning and eventually death. In this
paper, a new PCF is designed that offers high sensitivity and low confinement loss in the absorption
wavelength of hydrogen cyanide gas. The proposed structure consists of circular layers that are
located around the core, which is also composed of circular microstructures. The finite element
method (FEM) is used to simulate the results. According to the results, the PCF gives a high relative
sensitivity of 65.13% and a low confinement loss of 1.5 x 1073 dB/m at a wavelength of 1.533 um.
The impact of increasing the concentration of hydrogen cyanide gas on the relative sensitivity and
confinement loss is investigated. The high sensitivity and low confinement losses of the designed PCF
show that this optical structure could be a good candidate for the detection of this gas in industrial
and medical environments.

Keywords: photonic crystal fiber; gas sensor; relative sensitivity; confinement loss; hydrogen cyanide

1. Introduction

Air pollution occurs due to the entry of various harmful particles, such as gases and
biomolecules, into the atmosphere. The continuous release of various chemical pollutants,
such as NOy, NH3, CHy, SOy, CO, and fluorocarbons, from industrial emissions, vehicle ex-
hausts, and household waste into the environment causes many problems. These problems
include acid rain, global warming, sick house syndrome, and ozone layer destruction [1].
Hydrogen cyanide gas (HCN) is a toxic gas produced by burning materials. This gas is
fatal and may cause death. This gas is present in many different combustion sources, such
as cigarette or car smoke. Since this gas has a low boiling point, high-sensitivity sensors
should be used to detect it [2].

Small amounts of HCN can be found in the human body due to endogenous biological
processes; it may originate from endogenous production, bacteria, or the ingestion of
food containing HCN [3]. From a medical point of view, HCN can also be produced in
substantial amounts through the colonization of special types of bacteria in the airways,
which results in cystic fibrosis and an inability to effectively defend the airways from
infections [4]. It is, therefore, important to detect bacterial infections in the airways as early
as possible. However, current diagnostic techniques lack sensitivity (cough swabs), are very
invasive (bronchoalveolar lavage (BAL)), and commonly miss early infections, especially in
young children. An attractive noninvasive and fast medical diagnostic method is a breath
analysis, and HCN seems to be a promising indicator for bacterial detection in the lungs [5].

Many electrical and optical sensors have been proposed to detect toxic gases; however,
optical sensors are used more due to their higher sensitivity, longer lifespan, and immunity
to magnetic interferences [6-10].
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A new generation of optical fibers, called photonic crystal fibers (PCFs), are widely
used in the detection of gases/liquids due to their unique properties. According to the
guiding mechanism, PCFs can be divided into two categories: photonic bandgap (PBG)
fibers [11,12] and index guiding fibers [13,14].

Some previously reported works have detected toxic gases, such as HCN, using
PCEF. In [15], a hexagonal ring core and cladding PCF is proposed. In order to study the
reliability of the designed structure as a terahertz gas sensor, the detection of HCN in the
gas phase is analyzed. The propagation loss of the structure is 0.013 dB/m. When the air
holes in the core area are filled with HCN at a certain concentration, a clear transmittance
drop at 1.24 THz is observed. The photon energies of molecules falling correctly into the
terahertz region offer a high potential for gas detection. However, detecting gas at low
concentrations is difficult because of the weak dipole moments of gas in the terahertz
region. In [16], saturated absorption is studied in the overtone transitions of acetylene and
HCN molecules confined in the hollow core of a photonic bandgap fiber. The results show
the observation of saturated absorption in both samples at 1537.300409 nm, which has an
overlap with the optical communication C-band, realizing the full potential of the fibers in
optical communication. In [17], a micro-cored photonic-crystal-fiber-based gas sensor for
detecting colorless or toxic gasses is reported. The core area is made up of eight horizontally
arranged elliptical holes. Five hexagonal rings surround the core region as cladding. The
relative sensitivity and confinement loss are 53% and 3.21 x 10~° dB/m, respectively, at the
wavelength of A = 1.33 um. In [18], a PCF-based chemical sensor is proposed, which has
a high relative sensitivity and low confinement loss across a wide range of wavelengths,
from 0.6 um to 2 um. The structure consists of five rings of porous cladding and two rings
of porous core. The outcomes show that the sensitivity and confinement loss are 60.57%
and 8.7 x 1078 dB/m at 1.33 um for water and benzene analyte. In [19], a hexagonal
PCF for sensing toxic gases is presented. The structure is made up of six hexagonal rings
for cladding and one circular ring in the core area. The core and cladding regions are
detached, with four noncircular quarter sectors. The relative sensitivity and confinement
loss are 67.07% and 8.61 x 107> dB/m, respectively, at the wavelength of A = 1.578 um.
In [20], a gas sensor for detecting ammonia in human exhaled breath is presented, which
may help diagnose renal disease. The PCF-based sensor has five hexagonal rings for
cladding and two circular rings in the core. The simulation outcomes indicated that the
relative sensitivity and confinement loss are 63% and 1.98 x 10~* dB/m, respectively, at
the wavelength of A = 1.544 pm. In [21], the designed toxic gas sensor structure consists
of air holes around the core, with a so-called quasi-crystalline arrangement. The relative
sensitivity and confinement loss are near 50% and 2.1 x 107% dB/m at 1.55 um. In [22],
a PCF with two rings of circular lattice air holes in the core and five rings of hexagonal
lattice air holes in the cladding region is reported. The numerical results for the proposed
model show that at a wavelength of 1.33 pum, the relative sensitivity and confinement loss
are 44.47% and 1.8310~8 dB/m for an absorption line of methane and hydrogen fluoride
gases. In [23], a PCF-based CO gas sensor is designed to detect hyperbilirubinemia levels
in humans via breath analysis. The suggested structure has five hexagonal rings in the
cladding. Also, circular and elliptical holes are placed in the core. The relative sensitivity
and confinement loss are 64% and 3.8 x 1073 dB/m, respectively, at the wavelength of
A =1.567 um. In [24], the designed sensor has two circular rings of elliptical holes in the
core area and two hexagonal rings of vertical /horizontal elliptical holes in the cladding.
The elliptical form of the core allows gas and light to interact well, resulting in increased
sensitivity. A sensitivity of 65.86% is achieved at 1 um for C10H16. Also, the attenuation is
2.32 x 1073 at this wavelength. It is clear that the designed structure has a complicated
geometry. In [25], the authors proposed a compact, cost-effective, and infrared-laser-based
sensor for detecting hydrogen cyanide (HCN) in exhaled breath within seconds. In [26], a
highly sensitive and selective detection method is proposed, using photonic crystal cavity
defect mode with resonance tailored to the characteristic absorption peak of the target
gas specimen. In [27], a 10 GHz, 1.55 pm mode-locked fiber laser is reported, in which
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the optical frequency is stabilized to an HCN absorption line. This laser has an optical
frequency stability of 5 x 101! for an integration time of 1 s.

In this article, we design a new structure of PCF that has high sensitivity and low
confinement loss in the absorption wavelength of HCN gas. The impacts of increasing the
concentration of HCN gas on the relative sensitivity and confinement loss, as well as the
coupling efficiency of the structure, are investigated.

2. Proposed PCF-Based Geometrics

Figure 1 shows a cross-sectional image of the proposed structure. The geometry of the
designed PCF structure consists of five layers of circular holes in the cladding region, the
diameter of which is defined by the d parameter. The core region consists of three circular
layers surrounding the bigger central hole. The diameters of core holes from the outside to
the inside are dy, d», d3, and dy. The distance between one hole and the next hole is called
the pitch and is denoted by A. The refractive index of air is 1, and the refractive index of
silica, which is located in the background area of the fiber, is 1.45. The Perfectly Matched
Layer (PML) has been used as a boundary condition to eliminate electromagnetic noise. The
size of PML is 10% of the size of the whole PCEF. It is clear that the performance of the PCF
is directly influenced by the geometric dimensions and how the holes are arranged in the
core and cladding areas. The parameters of the core region have a significant effect on the
relative sensitivity. The changes in the holes in the cladding area have the greatest impact
on the confinement losses. In order to obtain the desired structure, parametric studies and
numerous simulations have been performed. After reviewing and summarizing the results,
the parameters presented in Table 1 have been selected as the final geometry. As is clear
from Table 1, the holes in the core area gradually get bigger. As a result, the amount of
optical power in the center of the PCF increases, and the interaction of light with the sample
gas increases. Eventually, the relative sensitivity increases. The holes in the cladding area
are larger than the holes in the core area, which reduces confinement loss.

Table 1. Values of the designed PCF parameters.

Parameter d A dq d ds dy Aq Ay Az
Value (um) 1.33 1.44 1.2 0.66 0.36 0.8 1.26 0.72 0.4

pm
15

Figure 1. Cont.
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Figure 1. The geometry of the designed PCF.
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3. Essential Equations for PCF Characteristics

An important parameter in PCFs is the calculation of confinement loss. The loss of
fibers is related to the imaginary part of the refractive index. When light leaks from the
core to the cladding area, the value of this parameter increases. Therefore, to reduce this
parameter, it is necessary to trap the light inside the core. The following equation is used to
calculate this parameter [28]:

Le = 8.686 x ko x Im [neff} (”ff) )

where Im[n.q] is the imaginary part of the effective refractive index, and kg is the wave
number in the vacuum. Another important feature of PCFs is relative sensitivity. To
evaluate how effectively the proposed sensor detects samples, this parameter is calculated.
The value of this parameter is derived from the famous Beer—-Lambert law, which is the
following equation [28]:

I(A) = Ip(A) exp(—ramlc) 2)

where I(A) and Ip(A) are the light intensity after and before hitting the material, a;, is the
gas absorption coefficient, / is the length of the light path in the material, and c is the
concentration of the sample. This law states that the concentration of gas or liquid in a
solution can be determined by knowing the amount of light passing through, the length of
the path, and the chemical nature of that gas/liquid. The r parameter in this equation is the
relative sensitivity, which is obtained through the following equation [28]:

Ns

Re[”eff] f (3)

In this equation, Re[neff] is the real part of the effective mode index; #; is the refractive
index of the target gas. The coefficient f is obtained by calculating the ratio of the light
power inside the holes to the light power along the entire fiber. To obtain the power from
the electric and magnetic fields along the x and y axes, it is integrated as the following
equation [28]:

f= 010 Re(ExHy — EyHy )dxdy
Jiora1 Re(ExHy — EyHy)dxdy

4)

where Ey, Ey and Hy, Hy are the electric and magnetic fields along the horizontal and
vertical axis, respectively. In the fundamental mode of PCFs, light is trapped inside the
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core region. Therefore, the electric field distribution is maximized in this area and increases
the relative sensitivity.

The effective area of a PCF is an effective measure of the area that is trapped during
propagation inside the fiber in the original mode. The effective area is a concept that
originates from the theory of third-order nonlinear effects in optical waveguides. The
parameter of the effective area is obtained from the following formula [28]:

a. — I |EPdxdy)”
S (] [E[Adxdy

where E is the electric field along the entire length of the fiber.

The concept of numerical aperture (NA) in fibers should be investigated to calculate
the power efficiency. Unlike an index-guided PCF, the fibers conduct light using a photonic
or bandgap mechanism instead of a total internal reflection mechanism. According to the
fiber geometry and the input wavelength, we can determine the wave number k supported
in the fibers. Then, the largest angle 6,,,c between k and the z-axis of the fiber determines
the value of NA, which is equal to sin(6ay) [23]. The guiding region including all the
supported wavenumbers is a solid angle, and we refer to it as a guiding solid angle. On the
other hand, the inserted fiber tip with a thinner cladding places the light source inside the
hollow core. For simplicity, it can be considered as a point light source from the perspective
of the far-field plane. Likewise, the solid angle consisting of all wavenumbers radiated from
the tip of the SMF is called the divergence solid angle (DSA). The power in the cross-section
can be coupled from the SMF tip to the fibers. The efficiency of the f-couple can be simply
expressed as follows:

(5)

Ppsancsa ©)

fcouple: Ppsa

where Ppgsg is the total power radiated from the fiber tip, while Ppsangsa is the power in
the intersection region that can be collected by the PCF [23].

4. Simulation Results and Discussion

The simulation is conducted in commercial multi-physics software COMSOL 6.1. This
software solves problems using the finite element method (FEM), which is a reliable method.
The triangular type is used for meshing operations. The size of maximum and minimum
meshes are 0.3 and 0.006 pm. The value of the curvature factor is 0.3. The degree number
of freedom for this fiber is solved with 469,827 meshes. Figure 2a,b show a 2D view of the
fundamental mode electric field distribution in the entire and core areas at the 1.533 um
wavelength, respectively. The 3D view is illustrated in Figure 2c. This operation wavelength
is selected according to the absorption spectrum of the HCN gas [16]. In this case, the
designed structure will be compatible with the conventional optical communication fibers
in C-band. Meanwhile, the extrinsic attenuation is minimal in this band and could be
applicable for distributed sensing topologies. According to Figure 2, the major part of the
field is confined to the core region. So, the optical field will have more interaction with the
sample gas inserted in the innermost hole. A high relative sensitivity of 65.13% is calculated
at this wavelength. Also, the results show that the confinement loss and birefringence
coefficient are 1.5 x 1073 dB/m and 1.02 x 103, respectively, at the 1.533 um wavelength.
The effective refractive index (1,4) of PCF depends not only on the operating wavelength
but also on the propagation mode of the PCFE.

Figure 3a shows the effect of wavelength variation on the relative sensitivity of the
designed structure. As can be seen, with increasing wavelength, the relative sensitivity
increases. Figure 3b shows the effect of wavelength changes on confinement loss. With
the increase in the wavelength, the confinement loss is also increased. Figure 3c shows the
effective area of the proposed PCF as a function of wavelength changes. This figure shows
that as the wavelength increases, the effective area increases due to the field expansion to
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the outer areas of the fiber. All these outcomes are explainable by studying the behavior of
the real and imaginary parts of 7,5 due to wavelength variations.

Normalized Electric Field

Y(um 10 -10

(c)

Figure 2. Electrical field distribution: (a) 2D view of entire fiber, (b) 2D view of core area, (c) 3D view
of entire fiber.
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Figure 3. Effect of wavelength on (a) relative sensitivity, (b) confinement loss, and (c) effective area.

The real and imaginary parts of the n.g variations due to the wavelength are illustrated
in Figure 4. According to the equations presented in Section 3, these parameters have a di-
rect impact on the relative sensitivity and confinement loss behavior of the optical structure.
The real part of 1,4 is presented with a dashed line. It is clear that Re[n,4] is approximately
constant in the 1.3 um to 1.7 um interval and has a rare descent manner. Eventually, it
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causes the relative sensitivity to have a small ascend behavior due to wavelength increasing.
It is conceivable that the f parameter in Equation (3) is related to the field distribution
manner, which itself depends on 7.4 too.

10

7 x 10 ‘ 11
—o—Im[neff] 4
6F -e —Re[neff]
11.05
5
- =
ko ]
E 4 11 =
E &
3
10.95
2
1 ' : : 0.9
1.3 1.4 1.5 1.6 1.7

wavelength( um)

Figure 4. A diagram of the imaginary part of the refractive index versus wavelength.

Im[n.g] has a direct impact on the confinement loss. By calculating the Equation (1) derivative,

Y dlmd[zeff} _ Tm {Zeff} 7)

dr

it is obvious that owing to the sharp slope of Im[n.g], the wavelength variation will have a
sensible effect on the confinement loss. Furthermore, decreasing the effective refractive index
causes the optical field to spread in the cladding region. Eventually, loss increase occurs.

Figure 5a,b show the effect of the hydrogen cyanide gas concentration on the relative
sensitivity and confinement loss for concentrations from 0 ppm to 20 ppm at the wavelength
of 1.553 pm. The theoretical basis for relating refractive index to density is embedded in
the state equation of electromagnetic polarization. As the electromagnetic wave travels
through a medium, the wave’s phase velocity changes proportionally to the refractive
index of the substance. The end result is the so-called Lorentz-Lorenz equation relating the
refractive index to molecular molar density. The Lorentz-Lorenz equation applies to an
isotropic system containing nonpolar substances with no molecular interactions [29]. To
model the density effect on the HCN gas, the heat transfer module has been added to the
physics of the problem. The refractive index of different gas concentrations is estimated.
The pressure and temperature are assumed to be 1 atm and 25 °C, respectively. As can be
seen, by increasing the concentration of this gas, the relative sensitivity is also enhanced.
Figure 5b also shows that as the concentration of this gas increases, confinement losses will
also increase. The relative sensitivities for concentrations of 1 ppm, 5 ppm, 10 ppm, 15 ppm,
and 20 ppm are equal to 65.17%, 65.22%, 65.38%, 65.42%, and 65.61%.

The designed structure has seven modes according to Figure 6. The only guided mode
is the fundamental mode (mode 1), and the other modes are radiation. It is clear that,
only in the fundamental mode, the light is trapped in the core region owing to the low
confinement loss. Meanwhile, other modes are evanescent and cladding scattering. So,
higher-order modes do not affect the sensing mechanism.

Figure 7 shows the optimal coupling power percentage values for the different proposed
fiber modes. As can be seen, the fundamental mode has the highest power coupling efficiency.



Photonics 2024, 11, 178

90of 13

(o2
(o2

»
o
[

(o))
o
(2]

[}
&
IS

65.2

Relative Sensitivity (%)
»
o

A=1.533 (um)

1 ! L 1 L L 1

1.55

Confinement loss (dB/m)
>

6 8 10 12 14 16 18 20
Concentration (PPm)

(a)

A=1.533 (um)

L 1 1 L L L L

6 8 10 12 14 16 18 20

Concentration (PPm)

(b)

Figure 5. The effect of changes in the concentration of hydrogen cyanide gas on (a) relative sensitivity
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As mentioned in the Introduction section, one of the important and interesting ad-
vantages of optical sensors is safety against magnetic noise. To check the resistance of the
proposed structure against magnetic field waves, a horizontal and vertical magnetic field
of 0.1 tesla is applied to the fiber at a distance of 10 um. From Figure 8, it is clear that the
created field dampens when it reaches the fiber. Therefore, we conclude that the proposed
fiber is immune to the magnetic fields of the environment.

l,{m T T T T T
20 - 0.9
15_ i 08
10 - 0.7
5F 1 0.6
ok _ 0.5
5 i 0.4
10F . 03
0.2
-151 q
0.1
-201 -
1 1 1 1 1
20 -10 0 10 Hm

Figure 8. An image of the magnetic field area applied to the fiber at a distance of 10 pm.

Table 2 presents the difference between the characteristics of the proposed PCF and
the previously presented PCFs. The article presented in [19] has a higher sensitivity, which
is obtained at the cost of complexity in the core area and the placement of non-circular
and non-elliptical holes. The proposed structure has high sensitivity and suitable loss
performance with a simple circular ring arrangement.

Figure 9 shows the practical implementation steps of the proposed sensor. The broad-
band light is passed through a monochromator (MC) to produce a light beam with a specific
wavelength. The light is connected to the proposed PCF through a single-mode fiber (SMF).
It is recommended that the fiber size of the SMF core area be the same as the core area of
the proposed fiber so that maximum light is transmitted only to the core area. The detector
converts light to current, and finally, it will be displayed on the PC.



Photonics 2024, 11, 178 11 of 13

Table 2. Comparison of the proposed PCF with previously reported ones.

Sensing  Sensitivity Confinement Wavelength

PCF Structure Gas (%) Loss (dB/m) (um)
Five hexagonal rings in cladding —6
Eight horizontally arranged rings in elliptical hole—core [17] HE 53 32110 133
Porous cladding - 6057  87x1078 133
Porous core [18]
Five hexagonal rings in cladding NH3 63 1.98 x 10—4 1.544

Two circular rings in core [20]

Six hexagonal rings in cladding
One circular ring in core H2S/CH4 67 8.61 x 107° 1.578
Four noncircular quarter sectors between the core and cladding [19]

Air holes around the core with quasi-crystalline arrangement [21] H2S/CH4 50 2.1 x 107 1.55
Five hef(agonal rings in cladding HF 4447 1.83 x 10-8 133

Two circular rings in core [22]
Five hexagonal rings in cladding o 64 38 x 10-3 1.567

Circular and elliptical hole—core [23]

Two hexagonal rings with vertical/horizontal elliptical holes in the
cladding C10H16 65 2.32 x 1073 1
Two circular rings with elliptical holes in the core [24]

Five circular rings in cladding

-3
Three circular rings in core (this work) HCN 65.13 1510 1.533
Broadband Optical
Light Source Spectrum
Analyzer

OQutput gas

MC ’Jll ___
of == o

SME SMF
Input gas —L-
| r

R

Figure 9. A schematic diagram of the proposed sensor for practical works [22].

With regard to the fabrication technology for photonic crystal fibers, a variety of
methods have been employed. Essentially, there are two approaches to the synthesis of
photonic crystals: the top-down method and the bottom-up method. In the former method,
silicon technology, based on lithography and etching, is central, and in the latter, the sol-gel
method is most commonly employed, where the control of chemical reactions in a liquid-
phase system is essential. Silicon technology has great advantages and allows the creation
of photonic crystal fibers with an exactly desired geometry on a sub-micrometer scale.
However, it simultaneously has a problem of high production costs. The sol-gel process,
on the other hand, also has great advantages, particularly concerning the easy fabrication
of material into any shape, tiny size, easy control of composition, and low processing cost,
though this process generally has a significant problem in which microstructures produced
often have less precise dimensions due to, for instance, the considerable shrinkage of the
precursor material during drying and/or sintering [30]. The stack and draw process is



Photonics 2024, 11, 178

12 of 13

References

generally preferable for honeycomb and triangular lattices. It has some limitations in
constructing a circular pattern [31]. So, it seems that the sol-gel method is more suitable
for the proposed structure due to its flexibility in making all kinds of circular holes and
microstructures. Meanwhile, fabrication errors would be inevitable in the case of the sol-
gel fabrication method. Therefore, the optical propagation characteristics of the proposed
structure must be sufficiently resistant against these errors.

The proposed and designed structure is in the simulation and performance evaluation
phase. It is clear that in the next step, environmental effects, such as temperature and
pressure, on the performance of the sensor should be investigated and evaluated. We have
tried to develop new methods of analysis of the exhaled gas for the aim of noninvasive
disease diagnosis. As mentioned in the introduction, hydrogen cyanide gas can be used as
a biomarker in the diagnosis of some respiratory diseases. Therefore, in future works, we
will focus on the simulation of temperature and humidity conditions and the combination
of exhaled gas.

5. Conclusions

In this paper, a new PCF gas sensor is designed to detect hydrogen cyanide gas. This
gas is very toxic and fatal. Increasing the amount of this gas in the universe can threaten
the lives of thousands of people. The methods that had been proposed for detecting this
gas were mostly based on electronic devices. However, there are a series of disadvantages,
such as a short life span, low sensitivity, sensitivity to temperature and pressure changes,
being expensive, and a lack of immunity to the magnetic field for these devices. On the
other hand, optical sensors have many advantages, such as high sensitivity, longer life,
higher selectivity, less sensitivity to temperature and pressure changes, and immunity
to magnetic fields. The simulation outcomes indicate that the proposed PCF gives high
sensitivity and low confinement loss at the wavelength of 1.533 um, which is adequate with
the hydrogen cyanide gas absorption line. The results show that the designed PCF gives a
relative sensitivity of 65.13% and a confinement loss of 1.5 x 10~3 dB/m. Furthermore, by
increasing the concentration of hydrogen cyanide gas, the relative sensitivity is increased.
Therefore, these concepts show that the designed PCF can be used for detecting this gas in
medical and industrial applications.
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