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ABSTRACT In this paper,a polarization-maintaining single-mode rectangular-shaped hollow-core waveg-
uide with four segmented air cladding in the terahertz (THz) regime is presented for detecting various toxic
industrial chemicals. A new type of injection moldable cyclic olefin copolymer, commercially named as
TOPAS is used as the base fiber material for its high optical transmission and high resistance to other
chemicals. The finite element method with a perfectly matched layer as the boundary condition is employed
for numerical explorations. The proposed sensor exhibits ultra-high relative sensitivity of 99.73% and
ultra-low effective material loss of 0.007 cm~! at 1.6 THz frequency for Toluene in y polarization. This
sensor also evinces a high birefringence of 4.16 x 1073 at 1.6 THz frequency. A maximum V parameter
of 2.224 has been found at 2.2 THz which ensures the single-mode propagation of light. The sensor shows a
very low confinement loss of 3.2 x 10~!! dB/m and a high numerical aperture of 0.3574 at 1.6 THz frequency
for Hydrogen Sulfide. This paper also concentrates on other important design parameters such as bending
loss, mode field radius, beam divergence and effective area for serviceability of the sensor in the THz region.
This sensor can be a very good candidate for various chemical detection as well as other applications in the
terahertz regime.

INDEX TERMS Bending loss, effective material loss, numerical aperture, relative sensitivity, terahertz,
optical chemical sensor, waveguide.

I. INTRODUCTION

Electromagnetic (EM) wave propagation through a dielec-
tric medium occurs via index guided or photonic bandgap
mechanism. Recently, a lot of studies have been conducted on
waveguides for the guidance of terahertz (THz) frequency of
EM waves. This region of operation lies within the infrared
to the microwave frequency bands, particularly 0.1-10 THz
or 30 um to 3 mm wavelength of light [1]. THz EM waves
travel at a higher wavelength, which effectively distorts the
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propagating wave, causing unwanted phenomena, such as
material absorptions losses and divergence of the beam waist.
This has led to the vacuum or free space applications of
the THz waves. But because of issues like alignment prob-
lems of the source and the detector and uncertain propagation
losses, THz wave guidance has become a limited prospect to
carry out its applications [2]. The multifarious applications
of the THz regime found its way to biotechnology [3], anal-
ysis of ribonucleic acid and deoxyribonucleic acid [4], [5],
THz imaging of cancer cells [6], security purposes [7],
detection of research department explosives [8] and many
more.
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At present, researchers are focusing on the computational
development of THz waveguides and running their numerical
investigations. The most recent studies on THz waveguides
have been carried out accordingly for terahertz guidance,
broadband applications and sensing purposes. The main goal
for the waveguides is to reduce the different loss mecha-
nisms that the waveguides suffer generally, which include
confinement losses, material absorption losses and bending
losses. For sensing purposes, the most significant parameter
is the relative sensitivity, which gives an idea of how well
the THz guided EM wave interacts with the target analytes.
As mentioned earlier, a calibrated index difference between
the core and the cladding or a geometrically induced photonic
bandgap can guide light through the waveguides. For this pur-
pose, photonic crystal fibers (PCF) have found its immense
usage in a diverse field of photonics. The unique existence
of the periodic refractive index of such fibers can guide
light by both the guiding mechanism. Previously, we have
numerically developed PCFs which show enhanced optical
properties in terms of broadband communications [9], [10].
PCFs working under the principle of surface plasmon res-
onance (SPR) have a dominant sensing response with ana-
lyte refractive index changes. We have modeled PCF-SPR
based sensors that utilize the different guiding mechanisms
for EM light interaction with analytes [11]. The study shows
a satisfactory sensing response for analyte index alterations.
However, the THz EM waves have greater wavelengths which
cause the absorption loss mechanisms to impede the out-
put response. The efficient functionality of THz waveguides
depends on the tactical orientation of the geometric design.
The recent studies of all THz waveguides have been con-
ducted computationally to obtain the optical characteristic
responses. A porous core circularly slotted PCF design has
achieved high birefringence and low effective material or
absorption loss (EML) of 0.07 cm™!. Additionally, it shows a
low bending loss of the order 10~° dB/m in the operating THz
regime [12]. Another novel diamond core PCF portrays losses
close to the former [13]. Numerical investigations on PCFs
for targeted analyte detection have been carried out recently
for different proposed models. A rectangular-hollow core
PCF for benzene, water and ethanol detection has achieved a
good relative sensitivity (RS), with a maximum value of 89%
for benzene. A most recent study in 2020, enunciates that
94.49% sensitivity can be achieved for bane chemical detection
using a PCF model [14]. However, the fabrication of such a
design is a critical issue as all rectangular airholes comprise
the whole structure. The study has not focused on beam waist
divergence, numerical aperture, spot size, mode field radius
or effective area. The structure also has not been able to
achieve any birefringence due to higher rotational symmetry.
In another study, the authors have claimed their design to
be an ultra-low loss PCF with an EML of 0.04 cm~! at
1 THz frequency [15]. The PCF showed a confinement loss in
the range 1073-107® within the operating frequency, which
is not that low. Another chemical identifier THz PCF has
been proposed with a Kagome structure which has attained
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a maximum RS = 85.7% [2]. From the numerical stud-
ies of THz waveguides for achieving high sensitivity,
PCF arrangement with a periodic refractive index variation
has been utilized mostly, with both solid core and porous
core. Porous core where the analyte is introduced in the air
holes in the core, shows higher RS, as more volume of the
target analyte has the scope to interact with the guided light.
However, the material absorption loss is significant as the
guided light still has to pass through the background material.
Having an eye on this issue, a THz waveguide has been
designed with a decreased volume of the background material
in the cladding [16]. The evanescent waves which travel with
the core guided mode suffer less material absorption loss. The
optical confinement of light is also higher.

This paper comes forwards with an efficient novel THz
waveguide design with a rectangular channel in the core for
the target analyte to be introduced. The higher percentage
of the analyte in the channel formed in the core effectively
reduces the absorption loss, increases the optical confine-
ment, resulting in reduced confinement loss and most impor-
tantly, increases the relative sensitivity of the fiber for the
target analytes. The strut which holds the analyte channel has
been narrowed down near the core which decreases the loss
mechanisms. The higher refractive index that gets formed in
the core when the targeted toxic chemicals are introduced
effectively guides the EM wave through the THz waveguide.
The presence of toluene in a solution introduced in the kidney,
liver or the nervous system significantly hinders the biolog-
ical activities in the body. Ethylene glycol causes eye and
respiratory tract irritations. Flammable compound hydrogen
sulfide exposure causes frostbite. Hydrogen cyanide results in
organ system failure. Di-chloro-fluoro-methane is a harmful
chlorofluorocarbon gas. All these toxic substances can be
sensed and analyzed using the proposed THz waveguide.
The numerical investigation shows that the lattice design
has an ultra-high RS of 99.73%. Very low confinement loss,
material absorption loss and a good numerical aperture with
single-mode behavior at the operating THz frequency make
the sensor a prime candidate to be fabricated for sensing
purposes. Also, this study focuses on the birefringence effect
for the sensing analytes, as the framework for the design
makes the analyte to form up an asymmetric core.

Il. MODELLING AND NUMERICAL ANALYSIS

The cross-sectional 2D representation of our proposed sensor
is depicted in Figure 1(a). The sensor has a rectangular-
shaped hollow core with a height and width marked
as H and W respectively. Four segmented air holes in a
circular manner have been placed at the outer section of the
sensor. Chemical is passed through the rectangular-shaped
hollow core at the center. The whole design has been made in
this way to maximize the interaction of light with chemicals
and increase the relative sensitivity. The 3D extended view of
our proposed sensor has been portrayed in Fig. 1(b). Cyclic
olefin copolymers are the updated class of thermoplastics
which can be used as the background material of the fiber.
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FIGURE 1. lllustration of the proposed Sensor: (a) Geometry of the
proposed design, (b) 3D extended view of the sensor, (c) Field profiles of
the x and y polarization modes for the five toxic analytes, and (d) The
experimental setup.
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These polymers have many attractive optical properties such
as low absorption loss, low moisture uptake, high optical
transmission, large Abbe number and chemical resistance.
There are many types of polymer materials available just
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as polymethylmethacrylate (PMMA), Apel, Arton, Zeonex,
Teflon and most recently Topas. PMMA and Teflon are not
selected as background material of the fiber due to their
higher moisture uptake, higher absorption loss and lower heat
deflection than Topas. Zeonex is also not selected because
it has a lower glass transition temperature than Topas. For
fabrication feasibility, a high glass transition temperature is
always required. However, Topas has almost a hundred times
lower bulk material loss than PMMA with a very high optical
transmission. Topas also has a constant index of refraction
(n = 1.53) in the terahertz regime [15]. Considering all these
facts, we have selected Topas as the base fiber material of our
Sensor.

Air holes have covered the maximum area of the sensor
to reduce the effective material loss. Rectangular shaped
hollow core with a large difference between the lengths of
height and width helps to increase the birefringence of the
sensor by making the core asymmetric. The porosity of the
core is calculated as the ratio of the rectangular hollow core
area and the total core area. A total of four segments of air
cladding have been found with two different heights marked
as hl and h2. Ideal parameters found after proper investiga-
tions are H = 360.8 um, W = 240.6 um, hl = 680 um
and h2 = 740 pum. The TOPAS widths around the ana-
lyte channel are marked as S; and S, which is depicted
in Fig. 1(a). The values of S; and S, are of 19.8um and
19.6um respectively. Total fiber radius is 1000 wm with a
non-physical perfectly matched layer (PML) that has been
taken as a boundary condition. The thickness of the PML is
kept at 100 wm which is 10% of the whole fiber radius.
PML absorbs unwanted radiation and eliminates environ-
mental effects. The practical consciousness of our proposed
sensor is manageable as there are existing technologies to fab-
ricate the structure. For the rectangular-shaped hollow core,
the excursion and 3D printing techniques can be applied [17].
Kagome structure has been proposed which is supported by a
3D printing mechanism [2]. Rectangular slotted airholes have
been fabricated with extensive analysis previously, which can
support the strut framework [18]. The extrusion technique
used along with a stainless steel based or 3D printed extrusion
die can easily realize the proposed sensor. For cleaving the
porous fiber, focused ion beam milling is very effective. The
orthogonal x and y polarized fundamental modes for the five
different toxic analytes have been evaluated in Fig. 1(c). The
structural circular asymmetry induced the two orthogonal
modes. As the waveguide exhibits single mode behavior,
the field profile of the fundamental modes remains almost the
same.

For numerical investigations and optical portrayal of our
sensor, the finite element method-based simulation tool Com-
sol Multiphysics is employed. To understand the sensing per-
formance of a PCF sensor, various guiding properties should
be discussed. One of the most important guiding properties
of a PCF based sensor is relative sensitivity. It ensures the
sensing capacity of a PCF sensor. Relative sensitivity mea-
sures the amount of interaction between the propagated light
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and the chemical we have used as the analyte. Higher relative
sensitivity means higher interaction between light and the
chemical which is desirable for sensing perspective. It is
denoted as r and can be determined as follows [19]:

ng

Re(neg)

= P, ey
where ny is the refractive index of the chemical that is to be
detected and Re(nf) is the real part of the effective mode
index. P represents the percentage of interaction between the
light and the chemical which is also called power fraction.
P can be calculated as follows [19]:

p— fanalyle Re (ExHy - HXE)’) dxdy
o1 Re (ExHy — HLEy) dxdy

x 100, 2)

where Ey, E, and H,, Hy are the transverse electric and mag-
netic fields of the guided mode respectively.

Confinement loss is one of the limiting factors of a
PCF sensor for sensing efficiency. Confinement loss happens
due to the leaky nature of the mode. It determines the leakage
of light while propagation and restricts the length of the fiber.
Confinement loss can be determined by the imaginary part of
the effective mode index as follows [20]:

L= 8686 x 2L} 4B 3

c = 8. X A m[neﬁc]<m>, 3)

where f is the frequency of the light, Im[n.y ] is the imaginary

part of the effective mode index and c is the speed of light in
free space.

Birefringence is another critical optical property of PCFs.
It occurs due to the asymmetric shape of the hol-
low core. High birefringence is always desirable for
polarization-maintaining fiber. The variation between the two
orthogonal polarization creates birefringence. It can be calcu-
lated by the following equation [16]:

B =

My — Mgy | @
where njﬁc and niﬁ are the effective mode indices of x and
y-polarizations respectively.

All the polymers used as background material of the fiber
have an absorption loss in high frequency. This absorbance
is named as the EML. This kind of loss should be reduced
as much as possible for increasing the sensing performance.
This is an unavoidable loss but, selecting the proper geometric
structure of the fiber as well as choosing suitable polymer
EML can be minimized. Air holes have been placed in our
sensor in such a way that they cover the maximum area of the
fiber. We have intentionally reduced the background material
area to minimize the EML. The EML specifies the total
amount of electric field that is absorbed by the background
material as a form of energy. The EML can be determined by
the following equation [20]:

2
e [Cm_l] _ | €0 fmat Mimar |E1° amardA ’ )
Ho | fur S:A]
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where o;,q; and n,,,; are the absorption loss and refractive
index of Topas respectively. €p and (¢ indicate the relative
permittivity and permeability of free space respectively. E is
the electric field component and S, denotes the z component
of the poynting vector. S; can be distinguished as follows [20]:

Szzé(ExH*), (6)

where H* is the complex conjugate of the magnetic field.
The numerical aperture (NA) is another important optical
property that measures angular acceptance of the incoming
light into the fiber. A high value of NA will be satisfactory
for a PCF sensor as it allows a good angular acceptance of
light. NA is usually of the order of 0.1 for a single-mode fiber.
Numerical aperture can be determined as follows [20]:

1
M= — 7

Af2
J1+ 224

where A is the effective area. Effective area is a quantitative
measurement of the area where the propagated light construc-
tively covers in the transverse dimension. Effective area can
be calculated by the following equation [9]:

2
(ff |E (x. y)I? dxdy)
Aeff = 4 ’ (8)
I 1E (x, y)|* dxdy
where E is the electric field distribution.

V parameter is another dimensionless frequency parameter
that ensures the number of modes of a PCF. To understand
whether a PCF is single-mode or multimode, V parameter is a
crucial guided property. It can be determined as follows [20]:

2w af
c

x NA, ®

where V is the V parameter. NA is the numerical aperture,
where NA is the square root of the difference of the squares
of the refractive index of the core and the cladding and a is
the radius of the fiber core. As we have a rectangular-shaped
hollow core at the center of the fiber, the equivalent value of
the core radius is calculated using the area formula of a circle
and a rectangle. Note that for V values below 2.405 usually
support only one type of mode for propagation at a time per
polarization direction.

In the context of splice loss, mode field radius (MFR) is an
important optical property. Mode field radius is the transverse
extent of the electric field distribution of a mode. For sensing
standpoint, it is usually required to connect the PCF to a
single-mode fiber (SMF) with a connector or fusion splicer.
Optical power loss occurs at the joining or splicing point
between the PCF and SMF. This loss should be minimized to
increase the sensing efficiency and performance. MFR is one
of the most crucial intrinsic parameters for splice loss. Higher
splice loss can be noticed for a higher difference between the
MFR of the PCF sensor and the MFR of the single-mode
fiber. So, we need to know the mode field radius of our
proposed sensor to deliver an idea for reducing the splice
loss by making an SMF that has the mode field radius near
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to our PCF sensor while establishing the connection. Mode
field radius can be determined using Marcuse’s equation as
follows [21]:

1.619 2.879
Wer = a <0.65 + —+ _6> ) (10)
V2 v

where Wy is the mode field radius, a is the core radius and
V is the V-parameter. This equation is accurate for the
V values above /.

Beam divergence is closely related to the mode field radius
of the sensor. Beam divergence is the measurement for how
quickly a beam can expand far from its beam waist. It can also
be defined as the derivative of the beam radius with respect to
the centroidal position. A high beam divergence indicates less
ability to focus a beam on a very small spot. Beam divergence
can be calculated as follows [21]:

B@am leé) gei’lce ‘;de ree) — an s

where 6gegree is the angle of beam divergence in degree unit
and W,y is mode field radius of the sensor.

Bending loss is another important loss parameter that can
be occurred when the fiber is bent. For a good sensing
accuracy, bend loss of fiber should be lessened as much as
possible. It can be calculated by the following equation [22]:

neg (.3 =n () (14 ). (12)

where n¢, (x, y) is the adjusted index of refraction of the PCF,
n(x, y) is the actual index of refraction of the used material,
R represents the bend radius and x denotes the distance
between the bending point and the center of the fiber. After
getting the adjusted refractive index of the used material, sim-
ulation can be concluded another time to get a new imaginary
part of the effective mode index (/m[ng]). Bending loss now
can be determined by the new Im[n.y ] using the equation (3).
This method is vastly known as the conformal transformation
method, where the bent fiber is hypothetically replaced by its
equivalent straight fiber.

Ill. RESULTS AND DISCUSSION

A. PERFORMANCE OF THE THZ WAVEGUIDE

The electric field profiles are depicted in the Fig. 1(c).
Because of the rectangular core area, the structure induces
higher rotational asymmetry. This causes the formation of
orthogonal x and y polarization core modes. The field profiles
for all the target analytes are shown in the figure. The core
confinement appears to be identical for the analytes. For the
practical realization of the sensor, an experimental framework
is portrayed in Fig. 1(d). An optical tunable source (OTS) is
required to pass the light through the waveguide to have the
interaction with the chemicals. This source can be broadband
or supercontinuum. This light is passed through a polar-
izer and a polarizer controller to have a linearly polarized
light. This light then can enter into a single mode fiber.
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SMEF provides the opportunity to receive the light and take it
into the waveguide. On the other hand, there will be chemicals
that are to be sensed which are required to pass through a
mass flow controller (MFC). MFC secures and controls the
flow of those chemicals and lets them enter into the in-let.
As we have an internal analyte flow channel in the core
region of the waveguide, we need a C-type fiber. C-type
fiber serves as a gas/chemical inlet and helps analyte to flow
into the core channel of the PCF. Another C-type fiber is
needed to serve as an outlet and extract out the analyte from
the PCF. Then we will have another SMF that can receive
the light from the THz waveguide after interacting with the
chemicals and pass it through an optical spectrometer or
optical spectrum analyzer (OSA). OSA can be utilized to
sense the waveforms via computer. The quintessential target
of this sensor is to attain maximum relative sensitivity. Rela-
tive sensitivity defines the extent to which the incident light
interacts with the analytes. Fig. 2 demonstrates the variation
of the relative sensitivity as a function of frequency for five
different analytes. The analytes are Toluene (n = 1.4747),
Ethylene glycol (n = 1.427), Hydrogen sulfide (n = 1.3682),
Dichlorofluoromethane (n = 1.285), and Hydrogen cyanide
(n = 1.2675). Here, n represents the refractive index of the
respective chemicals. This figure exhibits that the relative
sensitivity increases with an increase in frequency for all
chemicals up to 1.6 THz. The power fraction continues to
increase for all the chemicals from 1.2 THz to 1.6 THz
because of the steady increment of the light confinement in
the hollow core region. As a result, relative sensitivity also
increases up to 1.6 THz. It is noticeable that the sensitivity
lines for all the chemicals become almost parallel to the
x-axis after 1.8 THz because of the balance between ngy of
the chemicals and power fraction. n. ceaselessly increases
and power fraction steadily increases creating a balance
between them resulting in straight sensitivity lines parallel
to the x-axis after 1.8 THz for all chemicals. For hydrogen
cyanide, as we go on increasing the frequency after 1.8 THz
light internment and intensity slightly decrease which reduces
power fraction as well as relative sensitivity. However, the

100 T I I
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S | —T 1 [ |
2 96
=
S o4¢ —Toluene
g e
2 o9 /—Hydrogen Sulfide
o
= .
.g 90 Hydrogen Cyanide
) —Dichlorofluoromethane
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86 ' ' '
1.2 14 1.6 1.8 2 2.2
Frequency(THz)

FIGURE 2. Relative sensitivity as a function of frequency for the target
analytes.
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concerned figure shows ultra-high relative sensitivities of
99.73%, 98.85%, 97.22%, 93.02%, and 89.56% for Toluene,
Ethylene glycol, Hydrogen sulfide, Dichlorofluoromethane,
and Hydrogen cyanide respectively at 1.6 THz which is better
than all of the recently published papers. As the RS is directly
proportional to the refractive index of the analyte, it appears
to be the highest for toluene. Fig. 3(a) focuses on the effective
index plotting with respect to the frequency alterations. It is
evident from the figure that the effective mode indices for all
the chemicals have a positive slope.
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= Eth 9 |

9 /
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FIGURE 3. lllustration of optical characteristics of the proposed sensor:
(a) Effective mode index for the corresponding analytes (b) Relative
sensitivity response with variations of porosity for H,S (c) Confinement
loss for H, S with variation of porosity (d) EML for all chemicals.

Fig. 3(b) indicates the relative sensitivity of HyS with the
increments in frequency for different porosities. Porosity is
calculated as the ratio of the rectangular hollow core area
and the total core area of the sensor. A higher porosity
means a higher area of the rectangular hollow core, where
the analyte is introduced. From the figure, it is revealed
that high porosity increases the relative sensitivity which is
rational as more of light will be able to interact with the
chemical. In another sense, by increasing the porosity we
can effectively reduce the area of the background material
which creates a reduction in the absorption loss resulting in
an increment in the relative sensitivity by offering more of the
EM wave to interact with the target analyte in the hollow core
region. When the porosity is reduced, it is observed from the
figure that the relative sensitivity also reduces. By decreasing
the hollow core area, we decrease the interaction between
light and the analyte which lessens the relative sensitivity.
The figure exhibits relative sensitivity of 98.74%, 97.22%
and 95.22% for the porosities of 82.5%, 77.5% and 72.5%
respectively at 1.6 THz. It is evident that the porosity has a
very good impact on the sensitivity as it directly enhances
the effective interaction between the propagated light and the
chemicals in the hollow core.
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B. LOSS MECHANISMS
Background materials experience different types of losses
in terahertz band regime such as bending loss, confinement
loss, effective material loss during transmission. The index
difference between the core and the cladding induces an
energy barrier for which photon confinement in the core
is ensured. However, due to the tunneling effect, photons
escape from the core to the cladding as evanescent waves.
The higher is the penetration of the evanescent waves into
the cladding, the higher will be the propagation loss of the
core guided mode. Confinement loss can be curtailed by the
appropriate design of PCE. The magnitude of the confine-
ment loss is desired to be as small as possible because the
light is expected to be confined in the core area of PCF
without any loss. Fig. 3(c) demonstrates the variation of the
confinement loss with frequency using Hydrogen sulfide as
analyte for different porosities. More light confinement in
the core results in low confinement loss. From 1.2-1.4 THz
there exists a smaller value of confinement loss but after
crossing 1.6 THz confinement loss becomes very negligible
which is visualized in Fig. 3(c). However, the confinement
loss of around 3.2 x 10~''dB/m is found at 1.6 THz for all
the porosities which is very low. The EML in the THz range
for the five chemicals have been depicted in Fig. 3(d). Except
Hydrogen Cyanide, the rest of the analytes have a decreasing
slope with the increment of the frequency. It is observable
from the figure that with the increase of the refractive index,
the EML curve decreases significantly in the 10~2 range.
Fig. 4(a) represents the variation of the bending loss of the
proposed sensor with frequency for different bending radius
using Ethylene glycol as analyte. Bending loss is considered
as an additional propagation loss caused by energy losses
from core modes to the radiation modes when fibers are
bent. It can be inferred from the figure that bending loss
decreases with an increased bending radius because the cur-
vature of fiber increases when the bending radius decreases.
This causes the energy from the evanescent wave to be lost as
radiation which distorts the core mode and the guided mode
becomes lossy. This bending of the fiber causes the shifting
of the fundamental mode field towards the cladding. In this
case, after crossing 1.6 THz bending loss becomes negligible
which is suitable for sensing applications. It is found from
the figure that the bending losses are of 1.026 x 10~!! dB/m,
2.61 x 107'? dB/m and 1.101 x 1072 dB/m at 1.6 THz
for bending radiuses of 2 cm, 2.5 cm and 3 cm respectively.
It is clear from these data that bending loss increases with the
decrement of the bending radius. The variation of the EML
with frequency by varying porosity for hydrogen sulfide is
elucidated in Fig. 4(b). As seen from the figure, the EML
decreases with the increase of porosity. This is because the
increase in porosity increases the area of the analyte, thereby
decreasing the area of the background material. This results
in the reduction of absorption loss by the background material
which in turn reduces the EML. The figure exhibits that the
EMLs of the background material are of 0.006703 cm™!,
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FIGURE 4. Illustration of optical characteristics of the proposed sensor:
(a) bending loss for Ethylene glycol (b) Effective material loss (EML) with
variation of porosities for H, S (c) Effective area for all chemicals and

(d) Numerical aperture with variation of porosities for H,S.

0.009806 cm™~! and 0.01379 cm™~! at 1.6 THz for different
porosities of 82.5%, 77.5% and 72.5% respectively. Fig. 4(c)
shows the effective area of the proposed PCF design with the
variation of frequency which indicates that the effective area
of different materials is reduced with high frequency because
of the strongly localized mode field within the core area at
higher frequencies. Toluene has the lowest effective area and
Hydrogen cyanide has the highest among the materials. The
figure shows a minimum effective area of 6.624 x 1078 m?
and a maximum effective area of 9.403 x 10~8 m? for Toluene
and Hydrogen cyanide respectively at 1.6 THz.

C. STUDY OF THE OPTICAL PROPERTIES

The numerical aperture (NA) defines the ability of an optical
fiber to accept the light. Higher NA means higher angular
ability to accept an incoming light. So, it is desirable to have
high NA for a PCF based sensor. However very high NA is
sometimes related to multimode fibers. As we have proposed
a single-mode PCF in this paper, it is also not desirable for us
to have ultra-high NA because it indicates the multi-modality
of the PCF. Fig. 4(d) represents the numerical aperture of the
sensor for the porosity variations for Hydrogen sulfide. It is
designated from the figure that NA continuously decreases
with the increment of the frequency. It is also exposed that
higher porosity evinces slightly higher NA. The reason is
that a higher porosity gives rise to the area of the hollow
core which expands the angular acceptability of the incoming
light to propagate into the fiber. The figure shows good
NA of 0.3597, 0.3574 and 0.3545 for different porosities of
82.5%, 77.5% and 72.5% respectively at 1.6 THz. However,
the maximum values of the numerical aperture are 0.4267,
0.4250, and 0.4232 for the porosities of 82.5%, 77.5%, and
72.5% respectively at 1.2 THz.
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Birefringence of a fiber is the absolute value of the
difference between the refractive index of the orthogonal
polarization modes. For sensing applications, a higher value
of birefringence is suitable for maintaining the polarization
state. By using an asymmetric structure for our proposed
design, we have obtained high birefringence of the order 103
for the five different industrial chemicals since the asym-
metrical structure can preserve the polarization state when
the light interacts with chemical liquids. Fig. 5(a) illustrates
the characteristics of birefringence concerning frequency for
different analytes. It is observed that Hydrogen cyanide has
the highest average birefringence among the analytes because
it has the lowest refractive index among them that offers
greater refractive index difference of the orthogonal polar-
ization modes. The slope of the birefringence curve changes
for the lower index analytes. The maximum birefringence
of 0.004169 and minimum birefringence of 0.003338 have
been observed at 1.6 THz for hydrogen cyanide and toluene
respectively.

x10°

-

—Toluene

Ethylene Glycol

LS

——Hydrogen Sulfide

n

Dichlorofluoromethane

g
£

——Hydrogen Cyanide
— Ethylene Gly

Birefringence
e

3\ — Hydrogen Sulfide

2 /= Dichlorofluoromethane

Mode Field Radius(zzm)

— Hydrogen Cyanide

12 14 22 1.2 14

1.6 1.8
Frequency(THz)
(a) (b)

f Multi-mode Region |

Glyeol
Single-mode Region
2.2 = Hydrogen Sulfide

——82.5% porosity

V parameter
V parameter
5

——77.5% porosity
72.5% porosity

22 1.2 14 1.6 1.8 2 22
Frequency(THz)

1.6 1.8
Frequency(THz)

(c) (d)

FIGURE 5. lllustration of optical characteristics of the proposed sensor:
(a) birefringence (b) mode field radius (c) V parameter for different
chemical analytes and (d) V parameter variations with respect to porosity
changes.

Mode field radius is a vital parameter for determining the
efficiency and sensitivity of a sensor as the splice loss can be
minimized by reducing the difference between the MFR of a
PCF and the core radius of an SMF, which is to be spliced with
the waveguide. The radius of an equivalent circular area with
respect to the formed core modal area figuratively gives the
MFR. The MFR of 199.4 ;um, 203.8 um, 211 pm, 228.2 um
and 232.2 pum has been found for toluene, ethylene gly-
col, hydrogen sulfide, dichlorofluoromethane and hydrogen
cyanide respectively at 1.6 THz. From Fig. 5(b), it can be
observed that if the MFR of SMF lies between 180-265 yum
range, the splice loss becomes negligibly small which will
help to obtain viable output optical signal without attenuation.
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Fig. 5(c) depicts the variation of the V parameter with
frequency. It is observed that the values of the V parameter
remain below 2.405 which indicates that the proposed PCF
is a single-mode fiber. The maximum V parameters of 2.224,
2.167,2.075, 1.881 and 1.827 are found for toluene, ethylene
glycol, hydrogen sulfide, dichlorofluoromethane and hydro-
gen cyanide respectively at 2.2 THz. The single-mode behav-
ior is desired as the total optical energy traverses through
that fundamental mode. This effectively eliminates the unde-
sired inter-modal dispersive properties. Fig. 5(d) shows
V parameter values with different core porosities as a function
of frequency in THz regime. The V parameter values are of
1.929, 1.916 and 1.901 for the porosities of 82.5%, 77.5% and
72.5% respectively at 1.6 THz. It is clear that the V parameter
increases with the increment of porosity. Increasing porosity
means increment in the area of the core which eases the
angular acceptance of the incoming light. An increase in
the angular acceptance of the light gives rise to the NA.
The V parameter is directly proportional to the NA. So, the
V parameter increases with the increment of porosities.
Another reason for the increment in V parameter is that the
core radius also increases with the escalation of porosity,
As the V parameter is also directly proportional to the core
radius it increases with the increment of porosity. Fig. 6 shows
the variation of beam divergence with the frequency. Beam
divergence is directly proportional to the wavelength of the
light. When the incident light is of high intensity, the energy
of the light is high which implies that the frequency is also
high. As the frequency has an inversely proportional rela-
tionship with wavelength, this implies that increasing the fre-
quency lowers the beam divergence as depicted in the figure.
A lower value of the beam divergence from the beam waist
is desirable. The beam divergences for this sensor are from
16.66° to 14.42° for toluene to hydrogen cyanide respectively.

D. COMPARATIVE ANALYSIS

Table 1 provides a comparison of characteristics with the
designed PCF sensor with recently published PCF sensors
in the THz regime. It is observed that, at 1.6 THz our pro-
posed sensor displays higher relative sensitivity, lower EML,
negligible confinement loss, and lower bending loss. From
the comparison, it is evident that our proposed design has
the highest relative sensitivity to the best of our knowledge.
In addition to this, the index guided rectangular core of our
design ensures very high confinement of light in the core.
Material absorption losses are significantly reduced. Also, the
bending attenuation is studied as well, which has not been
frequently conducted in other studies. The structure unveils a
significantly low bending loss in the operating region. From
table 1, it is observed that the EML is higher for our sensor
than that of [19] and [24]. In ref. [19], the authors proposed a
PCF based sensor where EML is of 0.0008cm™! at 2.2 THz
frequency. They used much higher refractive indexed analytes
than us. Higher refractive indexed analytes usually show
lower EML value. Moreover, the width of TOPAS around
the channel in [19] is much smaller compared to our sensor
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FIGURE 6. Beam divergence with respect to frequency for different
chemical analytes.

which can make the sensor difficult to fabricate. In ref. [24],
the authors proposed a PCF based sensor where EML is of
0.0035cm™! at 1.4THz. They used a hollow core rectangular
shaped analyte channel where the width and height were
of 500um and 390um respectively whereas the width and
height of our analyte channel are of 240.6um and 360.8 um.
It is evident that authors in ref. [24] used larger analyte
channel area than us. Larger area of the analyte channel
helps to decrease the EML as most of the incident light can
propagate through the analyte channel. However, it is possible
to further decrease the EML for our sensor by increasing the
height (H) and width (W) of the rectangular analyte channel.
Fig. 7 shows EML curves for Toluene and H,S for different
heights and widths of the channel. It is evident from the
figure that if we increase the height and width of the chan-
nel, the EML continuously decreases. The effective material
loss is of 0.0044cm~! for Toluene for the height and width
of 375.8um and 250.6um respectively at 1.6THz. We have
here increased the height and width by 15um and 10um
respectively from the optimum value. After further increment,
the effective material loss is found 0.0023cm™! for Toluene
for the height and width of 390.8um and 260.64m respec-
tively at 1.6THz which is lower than that of [24]. We have
intentionally kept our height and width lower to have more
TOPAS around the channel that can make the design feasible
to fabricate and give more rigidity to the waveguide. More-
over, using higher value of height and width of the channel
effectively reduces the contrast of relative sensitivity among
the chemicals in a particular frequency which is not good for
sensing purpose.

The effective material loss (EML) is evaluated by the ratio
of the field component passing through Topas and the overall
fiber transverse section. It includes the absorption loss and the
refractive index of Topas. It is obvious that maximum portion
of the incident light passes through the core region. And
the core region comprises of the analyte and the rectangular
Topas channel framework. The amount of field components
for different analytes can never be exactly equal to each other.
Though the analytes are assumed lossless, the amount of field
component passing through them is sheerly dependent on
the respective analytes. This can be better analyzed in terms
of spot size or the mode field radius. It can be observed
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TABLE 1. Comparison among recently published PCF sensors in THz regime and our proposed sensor.

Ref Geometry Optimum Relative Effective Material | Confinement Birefringence Bending
(core) Frequency Sensitivity Loss loss loss
(THz) (%) (cm™)
[23] Porous circular 1 - 0.01944 10 dB/cm 10° 10 dB/cm
(approx.) (approx.) (approx.)
[24] Hollow core 1.4 96.8 0.0035 6.95x10 0.0155 -
(rectangular) cm’!
[16] Elliptical shaped 1.8 77.5 0.031 5.15x10* 0.009 4.09x10°®
cm’! cm’!
[25] Hollow core 1.7 89 0.028 1.15x10” 0.007 -
(rectangular) dB/cm
[14] Hollow core 1.8 94.4 0.00859 1.71x10 0.00682 -
(rectangular) cm’!
[26] Sectored square 1 90+ 1 0.009 0.0004 cm’! - -
[19] Hollow core 22 98.75 0.0008 3.14x10%° - -
(octagonal) cm’!
Proposed Hollow core 1.6 99.73 0.007 3.2x10™M 0.0042 2.61x10"2
sensor (rectangular) dB/m dB/m
0.014 T Toluene(H=360.8m,W=240.6/um)({optimum) birefringence PCF for sensing purpose has also been
Toluene(H=375.82m,W=250.6zm) : :
- \\\ R e (H=390.8::::,W=260.6Z:) reported [28]. Recer.ltly, a Fiber Bragg Gr.atmg based pr§ssure
) S o E 50408 m, W24 6m) optimu) sensor has been designed, tested and fabricated [29]. With the
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FIGURE 7. EML curves for Toluene and H2S for different heights and
widths of the analyte channel.

from Fig. 5(b) and Fig. 4(c) of the manuscript that higher
RI analytes have lower mode field radius and effective area.
And for lower analyte RI, the mode field radius and the
effective area is higher. From figure 3(d) it can be observed
that, analytes with higher RI have lower EML and vice-versa.
So, the argument is quite compelling that if the effective area
and the spot size is high, then the EML is also high. The
reason for that is also obvious. Higher effective area and spot
size means that the portion of the field component passing
through the Topas channel walls will also be high. Hence,
the waveguide will undergo more EML. Thus, the EML has
to differ for different analytes and they can never be the same.

In our previous work, SPR based optical sensor for a
broad detection range has been proposed [27]. A high
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technological advancement THz propagation based optical
sensors are now showing good promise to be fabricated as
well.

IV. CONCLUSION

A rectangular-shaped hollow-core THz waveguide with four
segmented air cladding is presented and anatomized in this
paper for different toxic industrial compounds detection.
Simulation results have disclosed and offered ultra-high rel-
ative sensitivity of 99.73%, 98.85%, 97.22%, 93.02% and
89.56% for Toluene, Ethylene glycol, Hydrogen sulfide,
Dichlorofluoromethane and Hydrogen cyanide respectively
at 1.6 THz. The sensor has exhibited ultra-low effective
material loss of 0.007 cm™! for Toluene at 1.6 THz. Con-
finement loss and bending loss are of the order 10~ (dB/m)
and 10~!? (dB/m) for Hydrogen sulfide and Ethylene glycol
respectively. The values of V parameter for all compounds
are in between 1.586 and 2.224 which confirms that the
sensor supports single-mode propagation. The sensor shows
a high birefringence of the order 1073 for all the selected
compounds. The paper has also tried to deliver an idea about
the splice loss by showing the mode field radius of the fiber
for all the chemicals. Our proposed sensor also shows a
good and balanced numerical aperture of 0.36 at 1.6 THz
for Hydrogen sulfide which ensures fine acceptability of the
incoming light. Other important optical properties such as
beam divergence and effective area have been studied, which
unveil a very good serviceability of the sensor. The structural
design of the sensor indicates its practicability for fabrication
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with the existing technology. The designed sensor shows
good promise for detecting toxic industrial chemicals as well
as other environmental pollutants.
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