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Abstract: The liquid-infiltrated photonic crystal fibre (LI-PCF) is proposed for guiding terahertz radiation. Geometrical
asymmetry is achieved by introducing a large ellipse in the core. By filling the ellipse with liquid cocaine, the optical properties of
the photonic crystal fibre (PCF) are theoretically examined using finite element method-based COMSOL multiphysics software.
At an operating frequency of 1 THz, the proposed LI-PCF demonstrates a sensitivity of 87.02% and confinement loss in the
order of 1074 cm~". The PCF also demonstrates extremely low effective material loss <0.01 cm™", a birefringence of 0.018, large
effective mode area of 1.11 x 10% ym?, a high numerical aperture of 0.45 and near-zero ultra-flattened chromatic dispersion of
1.4351+0.5883 ps/THz/cm. The design simplicity and high sensitivity, strong confinement factor, low material losses and high
birefringence of the fibre suggest that the proposed fibre may be convenient for PCF-based cocaine sensing, for application in

the security and defence industries.

1 Introduction

Cocaine, in the form of powder or liquid, has stimulant and
euphoric properties that induces a high level of euphoric
dependence on its user and subsequently, illicit use. Difficulties
associated with the detection and identification of liquid cocaine
have motivated the development of several optical techniques.
Some of these techniques include the use of fibre-optic biosensors
for sensing cocaine leaf extracts [1], the use of infrared
spectroscopy for identification of the absorption spectra of cocaine
[2] and the use of quantum cascade laser (QCL) and fibered
absorption cell for sensing traces of cocaine and its concentration
[3]. Another possible optical method that has been developed for
detection involves the use of photonic crystal fibres (PCFs).

PCFs are special optical fibres that consist of neatly arranged
micrometre-scaled air hole discontinuities stretching across the
entire fibre length [4]. Light guidance in PCFs is achieved by either
photonic bandgap effect or total internal reflection mechanisms.
PCFs are capable of offering excellent light guidance properties
such as extremely low confinement loss [5], near-zero ultra-
flattened chromatic dispersion [6], high sensitivity [7], large non-
linearity [8] and effective mode area [9]. Furthermore, optical
properties of PCFs can be adapted to various applications by fine-
tuning the shape, size and position of the air hole discontinuities.
Thus, PCFs have found applications in many areas, including
biomedicine  [10],  spectroscopy  [I1],  security  [12],
telecommunication [13] etc.

In the last decade, several liquid sensors based on various PCF
geometries for operation in the optical regime, have been proposed.
Wu et al. [14] proposed a microfluidic refractive index sensor
based on fluidic infiltration into a single air hole. At the same time,
Park er al. [15] investigated the optical properties of a chemical
sensor with a relative sensitivity of 5.09%. An octagonal lattice
PCF sensor for operation in the optical region was proposed by
Ahmed et al. [16] and its propagation characteristics analysed,
showing relative sensitivity <50% within the 0.5-2 pm wavelength
band. Subsequently, a slight improvement in relative sensitivity has
been achieved by Islam et al. [17]. The sensor based on a
hexagonal cladding lattice and circular core lattice has shown
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relative sensitivity of 53.22% within 1.0-1.7 um wavelength
region. Consequently, Islam et al. [18] reported a hexagonal-
shaped PCF sensor for plasma sensing applications. The sensor
showed a relative sensitivity of 77.84% at 1.3 um operating
wavelength.

Recently, various researchers have proposed PCF-based sensors
for operation in the terahertz regions; with improved losses and
sensitivity profiles. Various research groups have proposed PCF-
based sensors for THz sensing applications [12, 19-21]. Islam et
al. [19] proposed an ethanol sensor consisting of kagome-cladding
lattice and a rectangular slotted core, and have shown birefringence
of 5x 1073, the high relative sensitivity of 85.7% and confinement
loss of 1.7 x 1072 cm™!. However, effective material loss (EML) —
a measure of the amount of light absorbed by the background
material per unit length, of the fibre has not been assessed.

The same group of researchers [20] also proposed a terahertz
PCF sensor for alcohol detection with birefringence of 1.65 x 1072,
the relative sensitivity of 68.87%, confinement loss 6.12 x 10712
cm™! and EML of 0.055 cm™!. However, the fibre consists of 88
cladding air holes and nine microstructure-scaled ellipses in the
core; adding to the fabrication complexity due to a large number of
air holes. A PCF with elliptical core air holes and suspended
cladding has been proposed for detecting cyanide in terahertz
frequencies [21]. The birefringence of the reported fibre is 4.9 x
1072, with relative sensitivity, confinement loss and EML of
77.5%, 5.15 x 1078 and 0.031 cm ™!, respectively. Nevertheless, the
authors have not thoroughly considered the impact of air holes size
and position on the obtained transmission and sensitivity profiles
during parameter optimisation. An elliptical core PCF was
proposed for sensing liquid warfare agents [12]. The sensor
showed with relative sensitivity, confinement loss and EML of
64%, 10712 and 0.028 cm™!, respectively. The number of elliptical
air holes in the core and circular cladding air holes was reduced to
ease the fabrication complexity,

With an increased need for reduced PCF fabrication complexity,
herein, a novel PCF with two cladding rings and a single elliptical
liquid channel is presented for sensing liquid cocaine in terahertz
frequencies. The single elliptical liquid channel offers improved
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Fig. 1 Geometrical spatial extent of the proposed sensor with an enlarged
view of the elliptical core indicating the major axis a and minor axis b

sensitivity and confinement factor due to enhanced light-matter
interaction. Moreover, the ellipse introduces the birefringence
effect and reduces the loss of light to material absorption.

2 Geometrical
sensor

architecture of the proposed

The cross-sectional geometry of the proposed sensor is presented in
Fig. 1, with an enlarged view of the hollow elliptical core.
Birefringence is essential for sensing, and it is achieved by
artificially destroying geometrical symmetry of the PCF. As such, a
large ellipse is introduced in the core, with parameters a and b
representing major and minor axes of the ellipse, respectively. The
major axis, a, is kept fixed at 370 pm. In contrast, the minor axis,
b, is varied throughout the iterative simulation process to observe
its impact on the optical properties of the PCF. The cladding design
follows a hexagonal lattice consisting of 4 and 12 equally sized
circular air holes in the first and second rings, respectively. The
diameter of each cladding air hole is denoted by d, and the distance
between centres of adjacent air holes or its pitch is denoted by A.
Air filling fraction, which is the ratio of air hole diameter to pitch,
is setto 0.97,i.e. A=d/0.97.

In the past, photonics engineers have used various dielectric
materials as the substrate for designing THz PCF sensors. Some of
these substrate materials include Polymethyl-methacrylate,
Tetrafluoroethylene and cyclic olefins (Topas and Zeonex) [6, 12].
Cyclic olefins have flat refractive index profile (n ~ 1.53) within a
wide terahertz frequency range, resulting in negligible material
dispersion. They also have a low bulk absorption coefficient of 0.2
em! at 1THz. Among cyclic olefins, Zeonex has better
biocompatibility and chemical resistance at higher temperatures,
high glass transition temperature and negligible moisture
absorption. Therefore, Zeonex has been selected as the substrate
material of the proposed PCF.

Perfectly matched layer (PML) has been imposed outside the
cladding region, which acts as an anti-reflective layer that absorbs
outgoing waves; preventing light from reflecting onto the fibre.
PML thickness is optimised at 8% of the cladding diameter, after
careful trial and error iterations it showed a negligible effect of
PML thickness on the confinement loss.

3 Simulation method and numerical synopsis

The full vector finite element method (FEM)-based COMSOL
multiphysics software is used for numerical analysis of the
proposed PCF. FEM utilises meshing technique to divide the PCF's
geometry into 7724 smaller triangles called elements. It then
combines Maxwell wave equations and PML absorbance boundary
condition to solve the formulated elements individually. The
elliptical core is filled with liquid cocaine having a relatively
flattened refractive index of n,~1.5022 [22] and negligible
absorption coefficient within 0.4—-1.6 THz [23]. Then, confinement
loss, power fraction and relative sensitivity are examined within
the 0.4-1.6 THz frequency range and ellipse minor axis lengths b
of 55, 75 and 95 um.

The PCF needs to be able to confine as much light as possible
in its core. Mode field or light confinement is measured by the
confinement loss property, which is dependent on the imaginary
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part of the complex effective refractive index. Confinement loss is
expressed as [6]:

L(em™) = 8.686(@)11’“[”3“‘] x 107%cm™ (1)

where fis the operating frequency, Im[n.g]| is the imaginary part of

the complex effective refractive index and ¢=3x 108 m/s is the
speed of light in vacuum.

The amount of power propagating through the infiltrated
cocaine sample is quantified by the power fraction parameter K and
it is expressed as [12]

[.S.dA

A]l Ssz

x 100% ©)

where S, is the z-component of the Poynting vector projecting in
the propagation direction, the integral in the numerator is computed
over the region filled with the liquid cocaine. In contrast, the
denominator integral is computed over all-fibre regions.

Relative sensitivity is obtained by applying modified Beer—
Lambert law to determine the degree of interaction between excited
terahertz pulses and the infiltrated liquid cocaine sample. Relative
sensitivity determines how sensitive the proposed PCF is, and it is
expressed as [24]

oo
"= Relner] K )

where n, = 1.5022 is the refractive index of cocaine and Re[r]
denotes the real part of the effective refractive index.

The amount of terahertz light absorbed by the background
Zeonex per unit length is known as EML, and it may arise due to
loss of material molecules resulting from heat generated from
increased light-matter interaction. EML is expressed as [6, 25]

2 [anS:dA

&

Ho @

Aeff =

where ¢, and g, represent the permittivity and permeability of free
space, respectively. ny,,¢=1.53 is the Zeonex's refractive index, E
denotes the electric field of the fundamental mode and a,,=0.2

cm™! is the bulk material absorption loss. Since most of the core is
occupied by liquid cocaine analyte, it is expected that the EML will
be low. Furthermore, the absorption coefficient of liquid cocaine
sample within the examined frequency range, i.e. 0.4-1.6 THz, is
negligible. Polarisation preservation is essential for PCF-based
sensors, requiring high birefringence [38]. High birefringence may
be achieved by disrupting geometrical symmetry of the PCF, in this
case, by introducing a large ellipse in the core region.
Birefringence property is calculated using the following expression
[25]

B = | — ny| ®)

where myr and nl; denote the real components of the effective
refractive index of x and y fundamental modes.

The total area covered by the hat-like Gaussian beam is called
the effective area, and it is measured using the following
expression [6]:

_ [/I(r)rdr]2

= e ©

eff

where /(r) denotes the distribution of electric field intensity in the
transverse direction.

Numerical aperture is an important dimensionless PCF
parameter that depends on the core-cladding refractive index
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Fig. 2 Electric field distribution of the proposed PCF at different minor
axis lengths, with the direction of mode field propagation in the x and y
polarisation modes indicated by the horizontal and vertical red arrows,
respectively
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Fig. 3 Relative sensitivity with respect to frequency for x and y
polarisation modes at different minor axis length values
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Fig. 4 Confinement loss with respect to frequency for x and y polarisation
modes at different minor axis length values

contrast, with PCF sensing application requiring a large numerical
aperture. It is defined using the following expression [26]:

1

ST+ (@A) M

where A, f and ¢ denote effective area, operating frequency and
speed of light in vacuum, respectively.

Group velocity dispersion (GVD) is a parameter that helps
define the PCF's information-carrying capacity, and it is a
summation of the background material and waveguide dispersion.
However, since Zeonex has intrinsically negligible dispersion due
to stable refractive index in terahertz frequencies, only waveguide
dispersion is considered for the proposed PCF. Waveguide
dispersion can be calculated using the following expression [6, 12]:

NA ~
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where ¢ denotes the speed of light in vacuum, n.¢ and @ denote the
effective refractive index of the fundamental mode and angular
frequency, respectively.

4 Results and discussion

Electric field distributions for different minor axis at 1 THz
operating frequency for x and y polarisation modes are presented in
Fig. 2. The figure illustrates a strong mode field confinement at the
core — inside the cocaine sample. This interaction results in high
sensitivity, with low confinement and EMLs. It can also be seen
from the figure that stronger mode field confinement is obtained as
minor axis length is increased, especially in the y polarisation
mode.

Fig. 3 shows the relative sensitivity of the proposed PCF at
different minor axis lengths with respect to frequency. It can be
observed that relative sensitivity rapidly increases with increasing
frequency at lower frequency region (0.4-0.8 THz) but
subsequently flattens towards the upper region (0.8-1.6 THz) of
the examined frequency spectrum. This phenomenon is partly due
to the incremental rate of the effective refractive index as the
frequency increases. Based on (3), the relative sensitivity is
dependent on the refractive index of cocaine and power fraction.

An increase in the frequency leads to an increase in the
refractive index and power fraction. Thus, the relative sensitivity
increases. Also, since the relative sensitivity is dependent on the
incremental rate of the effective refractive index, then an increase
in the effective refractive index will lead to a decline in the relative
sensitivity. Therefore, when the relative sensitivity increases,
power fraction must increase at a faster pace than the effective
refractive index.

Also, higher relative sensitivity is observed with more
considerable minor axis length due to increased power fraction
resulting from the stronger terahertz light interaction with cocaine.
It is noticeable that while the x polarisation mode's relative
sensitivity is higher for most of the examined frequency spectrum,
the y polarisation mode exhibits higher relative sensitivity at lower
frequencies, specifically within 0.4-0.6 THz at »=75 um and
within 0.4-0.7 THz at =55 pm and »=95 pm. These variations
occur due to the higher power fractions in the y polarisation mode
at these minor axis lengths and frequencies. Relative sensitivities
of 87.02 and 85.82% are obtained with »=95um at 1 THz
operating frequency for x and y polarisation modes, respectively.

The confinement loss profile with respect to the frequency at
different values of b, for x and y polarisation modes, is presented in
Fig. 4. Logarithmic reduction in confinement loss is observed as
frequency increases, due to stronger terahertz light interaction with
cocaine. Furthermore, both polarisation modes demonstrate
negligible confinement losses at higher frequencies. With =95
pum and 1 THz operating frequency, confinement losses of the
proposed sensor are 1.95 x 1073 and 9.42 x 1074 ¢cm™! for the x and
y polarisation modes, respectively.

EML is examined for the orthogonal modes in Fig. 5 for
different values of b. The figure shows EML reducing with an
increase in the minor axis length. Increasing the minor axis length
value replaces the Zeonex present in the core region with cocaine,
thus ensuring more interaction between sample cocaine and
terahertz light. A flattened EML profile for all minor axis length is
also observed, thus further proving the potential of the proposed
fibre as a low loss terahertz waveguide and cocaine sensor. With b
=95 um and 1 THz frequency, the proposed fibre shows extremely
low EMLs of 0.009 and 0.012 cm™! for x and y polarisation modes,
respectively.

High birefringence helps in ensuring smooth waveguiding and
sensing operation by removing polarisation mode dispersion
effects, and it may be done by breaking structural symmetry of the
fibre. In the proposed sensor, birefringence is induced via the
introduction of the ellipse in the core. Birefringence of the
proposed fibre between 0.4 and 1.6 THz frequency range is
presented in Fig. 6, with birefringence from 0.9 to 1.1 THz given in
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Fig. 6 Birefringence of proposed PCF at different minor axis length
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Fig. 7 Effective area with respect to frequency, for x and y polarisation
modes at different minor axis length values

the inset. At minor axis length =95 pm and 1 THz operating
frequency, birefringence is 1.8 x 1072; a tiny reduction from the
maximum birefringence with »=55 um and considerably high
compared to previously proposed PCF-based THz sensors [14-17].
Furthermore, relative sensitivity is highest at 5=95 um for 1 THz
operating frequency. Thus, 5=95 um is selected as the preferred
minor axis length for the proposed sensor.

Effective area and numerical aperture of the proposed fibre with
respect to the frequency at different minor axis length, for x and y
polarisation modes, is shown in Figs. 7 and 8. Generally, both
effective area and numerical aperture reduce with increase in
frequency. As the frequency is increased, guided terahertz light
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confines more tightly in the cocaine-filled core thus, reducing the
effective area covered by the fundamental mode. Similar trends are
observed for numerical aperture since the numerical aperture is
dependent on the effective area, as shown in (6). The x-polarisation
mode is observed to have a higher effective area at lower operating
frequencies, however, is later surpassed by the y polarisation mode
at a higher frequency. At 1 THz operating frequency and b =95
um, effective areas for the x and y polarisation modes are 1.11 x
103 and 1.24 x 105 um?, respectively, while numerical apertures are
0.45 and 0.43 for x and y polarisation modes, respectively.

Dispersion profile of the proposed PCF for x and y polarisation
modes at various minor axis length is presented in Fig. 9. As has
been previously discussed, dispersion is mainly determined by the
waveguide dispersion. It can be seen that the proposed PCF gives
higher dispersion at a lower frequency, with dispersion
approaching zero as the frequency is increased. Also, the y
polarisation mode gives lower dispersion throughout the examined
frequency spectrum. The waveguide's x-polarisation dispersion
magnitude at 1 THz and =95 pm is 1.6456 ps/THz/cm while for
the y polarisation mode, it is 1.2689 ps/THz/cm. Moreover, the
obtained dispersion profiles across the examined frequency
spectrum for the x and y polarisation modes are 1.8760+0.8067
and 1.4351 + 0.5883 ps/THz/cm, respectively.

Finally, the properties of the proposed PCF sensor are tabulated
in Table 1 and compared with previously proposed sensors in the
literature. From the table, the proposed PCF shows the highest
relative sensitivity and birefringence. Comparison with other
sensors which optimised at the same 1 THz operating frequency,
shows that the proposed PCF sensor gives better guidance
properties, in terms of relative sensitivity, birefringence and EML.
No comparison with other liquid cocaine PCF sensor is possible,
due to the non-existence of this kind of sensor in the literature.

5 Fabrication and sensing mechanism

The advantage of the proposed biosensor in comparison to existing
THz biosensors [27] in the literature lies in its design simplicity.
Some existing biosensors rely on the phenomenon of surface
plasmon resonance (SPR). This method requires the use of
materials such as gold, which is expensive thereby adding to the
total cost of the fibre. Moreover, some SPR-based THz PCFs
require the use of adhesives which may increase fabrication
difficulties. The proposed fibre consists of a simple cladding and a
single liquid channel in the core. Also, the proposed fibre neither
requires the use of rare earth materials nor adhesives. The large
elliptical core can be selectively infiltrated with liquid cocaine
analyte by using direct manual glueing under a microscope. This is
done by pressurising ultraviolet curable polymer inside the
cladding air holes. To ensure the liquid enters only the core and not
the cladding, the liquid may be slowly fed into the fibre from a fine
tip such as a hypodermic needle. More recently, Luo et al. [28] and
Gerosa et al. [29] have experimentally shown that the fabrication
of PCF structures with liquid-filled cladding/core holes can be
efficiently accomplished by using similar methods.

The performance of the proposed fibre may be characterised by
the obtained relative sensitivity and detection limit [27]. The
detection limit depends on the resolution of the measuring
equipment but also on the sharpness of the interrogated spectral
feature, for instance, the full-width at half-maximum of a
Lorentzian-type resonance. Furthermore, the proposed fibre
benefits greatly from already established techniques in standard
optical fibre sensors based on the shifting of resonances stemming
from fibre Bragg (FBQG) or long-period gratings (LPGs), which rely
on the phase matching and coupling between the fundamental
guided mode and counter-propagating or cladding modes,
respectively. Due to advances in optical fibre and material
engineering, the proposed fibre can be integrated with FBG using a
variety of techniques, such as direct laser writing, electric arc
discharge, or by mechanical pressure for LPG.

An advantage of this method over other PCF fabrication
methods is that, by moulding the preforms, large scale creation of a
wide range of PCF geometries including an elliptical shape in
various dimensions, is possible. Furthermore, since preform casting
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Fig. 9 Dispersion profile of proposed PCF at different minor axis length
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Table 1 Comparison with prior sensors

Ref. Liquid sample r, % EML cm~1Freq. /Wave
171 ethanol 5322 — 1.33 um
[18] plasma 77.96 — 1.30 ym
[19] ethanol 85.7 — 1.6 THz
[20] ethanol 68.87 0.05 1.0 THz
[21] cyanide 77.5 0.023 1.8 THz

proposed PCF cocaine 87.02 0.009 1.0 THz

sensor

is done in sealed vessels, the method protects PCFs from probable
physical and chemical contamination, which may increase
scattering losses caused by optical inhomogeneity [30].

6 Conclusion

The Zeonex-based asymmetric PCF with a large single elliptical
core and hexagon-shaped cladding is proposed for sensing liquid
cocaine using terahertz waves. The full vector FEM with
anisotropic PML boundary condition is employed for numerical
analysis. With optimum design parameters found at 1 THz and b=
95 um minor axis length, the proposed PCF exhibits low
confinement loss of 1.95x 1073 ecm™! and 9.42 x 10~* cm™!, high
relative sensitivity of 87.02 and 85.82% and extremely low EML
of 0.009 and 0.012cm™! for the x and y polarisation modes,
respectively.  Furthermore, the fibre demonstrates high
birefringence, large effective mode area and high numerical
aperture. The introduction of the large core ellipse not only induces
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birefringence but also helps in accommodating a large amount of
cocaine for sensing purposes. The proposed fibre may be fabricated
in large quantities using the preform casting method. Thus, it is
envisaged that the proposed sensor will broaden research
possibilities in terahertz wave propagation and sensing liquid
cocaine.
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