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Abstract: A porous-core photonic crystal fiber based on a cyclic olefin homopolymer (Zeonex) is
proposed; it shows high birefringence, high core power fraction, low losses, and near-zero flat
dispersion. The fiber’s core was designed with quad-elliptical (QE) air holes with its center occupied
by bulk background material. The superiority of the QE design over the commonly adopted tri- and
penta-elliptical (TE and PE) core designs is demonstrated. The presence of the bulk material at the core
center and the geometrical configuration cause a broad contrast in phase refractive indices, thereby
producing high birefringence and low transmission losses. A high birefringence of 0.096 was obtained
at 1.2 THz, corresponding to a total loss of 0.027 cm™' and core power fraction of approximately
51%. The chromatic dispersion and effective area of the reported fiber were also characterized within
a frequency range of 0.4-1.6 THz. The QE air holes were then filled with chemical warfare agents,
namely, tabun and sarin liquids. Then, the relative sensitivity, confinement loss, fractional power flow,
and effective material loss (EML) of the sensor were calculated. Nearly the same relative sensitivity
(r = 64%) was obtained when the QE core was filled with either liquid. Although the obtained EML
for tabun was 0.033 cm™! and that for sarin was 0.028 cm™!, the confinement loss of the fiber when
it was immersed in either liquid was negligible. The proposed fiber can be fabricated using existing
fabrication technologies. Moreover, it can be applied and utilized as a THz radiation conveyor in
a terahertz time domain spectroscopy system for remote sensing of chemical liquids in the security and
defense industries.

Keywords: terahertz; porous core photonic crystal fiber; relative sensitivity; confinement loss

1. Introduction

The terahertz (THz) spectral region is within 0.1-10 THz, equivalent to 3000-30 pm in the
electromagnetic spectrum [1]. THz radiation has a wide range of applications, such as remote sensing
of toxic chemicals in the petrochemical industry [2], sensing of drug integrity in the pharmaceutical
industry [3], and basal cancer detection in the medical industry [4].

Research and development has since picked up in terms of devising efficient THz waveguides
for successful industrial integration. As a departure from free space propagation [5] and metallic
waveguides [6], hollow- and solid-core photonic crystal fibers (PCFs) were introduced as ohmic loss-free
THz waveguides [7-9]. Hollow-core PCFs guide THz radiation by anti-resonant effects or a photonic
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band-gap mechanism and produce negligible effective material loss (EML) due to their predominantly
air core. However, hollow-core PCFs are usually inflexible and operate in only a narrow predesigned
window;, so they are not suitable for guiding broad THz spectra. Meanwhile, solid-core waveguides
suffer from structural rigidity, high EML, and frequency-dependent dispersion [10]. Air holes were later
introduced in the core to reduce the presence of bulk material; the EML and dispersion were significantly
reduced, thus paving the way for intensive research into the THz waveguiding characteristics of this
PCF class, which is now popularly known as porous-core PCFs (PC-PCFs) [10-13]. Apart from EML and
dispersion, confinement loss, power fraction, bending loss, and birefringence are properties of PC-PCFs.
All of the above properties can be pre-engineered by optimizing the core and cladding air hole sizes and
positions. High birefringence is particularly essential for polarization-demanding applications, such as
THz imaging. Birefringence is achieved by breaking the fiber’s structural symmetry; one of the most
convenient ways to achieve this is by introducing elliptical air holes in the core.

A number of PC-PCFs with elliptical air holes have been reported in the past. In 2018, Islam et al.
introduced nine elliptical air holes in the core to achieve a birefringence of 0.086 and EML of 0.065 cm~!,
but crucial parameters that give insights into the modal propagation characteristics, such as the
power fraction, effective area, and total loss, were not reported [14]. The same group [15] proposed
a rectangular cladded fiber comprising five elliptical core air holes with a birefringence of 0.063 and
EML of 0.06 cm™~!. In 2019, Paul et al. proposed a hexahedron-core PC-PCF with a numerical aperture
(NA) of 0.52 and EML of 0.066 cm~!. However, the authors did not examine birefringence despite the
fact that the hexahedron core lattice seems to create structural asymmetry [13].

An optical fiber sensor is a device that can measure the intensity of electromagnetic waves or can
convert light rays into electrical signals which can be used to detect changes and responses in ambient
conditions. These sensors are used to sense quantities relating to temperature, pressure, vibrations,
displacements, rotations, or concentration of chemical substances [16]. PCFs have so many uses in
the field of remote sensing because they require no electrical power at the remote location and they
are tiny in size. PCF sensors can easily be deployed in small areas and can be installed correctly
wherever flexible fibers are needed. The frequency/wavelength shift and time delay of such fibers can
be configured using time and frequency domain reflectometry [17,18]. The generic working principle of
a PCF sensor consists of an optical source (e.g., broadband source, laser, and laser diode), PCFE, sensing
element, PCF detector, and end processing devices (e.g., optical spectrum analyzer, oscilloscope) [19].
Moreover, a PCF sensor can be classified based on its operating principle (intensity based, phase based,
or polarization based), sensor location (intrinsic or extrinsic type), or based on its intended application
(chemical, physical, or biomedical sensing). Interferometers such as Michelson, Mach Zhender, Sagnac,
and fiber grating are examples of phase-based PCF sensors [16]. Algorri et al. details several forms of
infiltrated PCF sensors that have emerged over the years. PCFs can be infiltrated with solids, liquids,
or gas [20]. A liquid chemical sensor is a device which is used to transform chemical information into
the form of a measurable physical signal that is associated with the concentration of a certain chemical
liquid [19].

The refractive index of a chemical liquid is an essential parameter for the in situ measurement and
identification of materials in fields such as the chemical industry [21], petrochemical industry [22], and
quality control industry [23], etc. Initially, refractive index sensors were mainly developed by using
large-mode-area (LMA) PCFs. For example, Minkovich et al. experimentally characterized an LMA
tapered PCF with collapsed air holes [24]. Advanced sensing systems are achieved by combining
PCFs with different interferometric techniques. For example, several PCFs have been combined with
interferometric techniques to serve as improvised sensing probes [25,26]. The sensitivity of PCF-based
refractive index sensors has also been integrated with the surface plasmon resonance effect, in which
the resonance peak shift is used to determine the sensitivity [27-29].

In the THz regime, sensing of toxic and nontoxic chemical liquids has been theoretically
conducted with PC-PCFs in the past by using the intrinsic refractive index properties of the respective
chemicals [23,30-32]. Among liquids, alcohols have been mostly studied because of their free flow and
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colorlessness [23,30,31]. Rana et al. recently proposed a PC-PCF for sensing water and ethanol [31].
The sensor showed relative sensitivity and birefringence of 73.5% and 0.013, respectively, but the
EML of the proposed optical fiber sensor was not investigated. The authors also did not examine the
properties of their fiber in the absence of liquid in its core. The relative sensitivity of cyanide has been
extensively studied by using a penta-elliptical-core (PE) PC-PCF [32].

A Zeonex-based quad-elliptical (QE) PC-PCF is proposed in this work. First, a performance
comparison was conducted to show the superiority of the QE design over the commonly known
tri-elliptical (TE) and PE designs. Then, the QE PCF was further probed. Finally, the proposed fiber is
suggested for sensing liquid chemical warfare agents dimethylphosporamidocyanidate (tabun) and
isopropyl methylphosphonofluoridate (sarin).

2. Design Geometry and Material

The cross-sectional geometry of the proposed QE PC-PCF and a PE PC-PCF is presented in Figure 1
with an enlarged view of the core region. The cladding comprises 18 equally spaced circular air holes
with diameter d following a ring rhythm of {67: r = 1, 2}. The QE design has four elliptical air holes
distributed symmetrically with respect to the y axis of the core area. The center of the core is solid,
whereas the remainder of the core is filled with the elliptical air holes. The major axes of each ellipse in
each set of two from the middle to its edge are a; = 0.38 A and a, = 0.46 A, respectively. The minor axis
b of all the ellipses is 0.073 A, and the pitch between any two adjacent ellipses is A = 0.19 A. The solid
material in the core center is replaced with an ellipse with major axi0s 4" = 0.65 A and minor axis b to
create the PE design. All the dimensions of the proposed fiber are defined in terms of an optimized
cladding pitch of A =300 pm. This choice is a convenient way to define a PC-PCF and could aid in
potentially scaling the geometry for different spectral regimes.

Figure 1. Geometrical cross section of the proposed tri-elliptical (TE), quad-elliptical (QE), and

penta-elliptical (PE) porous core photonic crystal fibers (PC-PCFs). PML, perfectly matched layer.
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A cyclic olefin homopolymer commercially known as Zeonex grade 480R was chosen as the host
material due to its unique optical properties in THz frequencies compared with other commonly used
polymer materials. Zeonex has a low absorption rate of 0.2 cm™! at 1 THz frequency and a flat refractive
index of approximately 1.53 in the 0.1-2 THz spectral range [33,34], which translate into negligible
dispersion [35]. It is also not water-absorbent [36], is insensitive to humidity [37], and has chemical
inertness with bio-sensing properties [36]. Although Zeonex and Topas have many similar properties,
Zeonex has higher bio-compatibility and chemical resistivity than Topas. A unique advantage of Zeonex
is its strong chemical resistance even at high temperatures and higher glass transition temperature of
138 °C, which make it more amenable to fabrication. Moreover, Zeonex has a lower refractive index than
Topas, specifically in such grades as 330R, 480R, and 480, which could help in reducing the EML [38].

An anisotropic cylindrical perfectly matched layer (PML) was imposed to maximize the modal
confinement in the fiber by preventing mode reflection. A simulation was conducted using finite-element-
method-based multiphysics software COMSOL v5.3a. The finite element method solves Maxwell’s
equations by discretizing the fiber into small solvable triangles using extremely fine meshes. The entire
geometry consisted of 149,372 triangular elements, 8704 edge elements, and 384 vertex elements.
The average element quality was 0.97.

3. Comparison of TE, QE, and PE Geometries

First, a simulation was performed to demonstrate the superiority of the QE geometry over the
commonly adopted TE and PE geometries. The PE design was attained simply by adding an ellipse
with optimized dimensions a = 0.65 A and b = 0.073 A to the corresponding QE geometry. The TE
design was attained by adding two identical elliptical air holes to both sides of the center ellipse.
The electric field distributions in the core area of the TE, PE, and QE designs are shown in Figure 2 for
the X-polarization (XP) and Y-polarization (YP) modes at 1.2 THz operating frequency. As illustrated
in Figure 2, overall power constricts more in the TE and QE core regions than in the PE core region.
Moreover, the XP modes show no apparent preference between the solid core material and elliptical air
holes, whereas the YP modes are strongly confined in the elliptical air holes.

Figure 2. Electric field distribution at 1.2 THz operating frequency of the (a) TE X-polarization (XP)
mode, (b) QE X-polarization mode, (c) PE X-polarization mode, (d) TE Y-polarization (YP) mode, (e) QE
Y-polarization mode, and (f) PE Y-polarization mode with arrows indicating the direction of the electric

field oscillation.
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Notably, more power was distributed in the cladding in the PE design than in the TE and QE
ones. These differences are owed to the increased presence of solid material in the TE and QE designs.
Consequently, the core-cladding index contrast broadens, and the modified total internal reflection
(MTIR) guidance improves; this condition not only reduces the confinement loss but also enhances the
birefringence. Nevertheless, the graphical comparison between the TE, QE, and PE geometries shows
that the QE design is superior in terms of birefringence, power fraction, and modal confinement.

The main performance determinants of the QE and PE designs, namely, birefringence, EML, L.,
and power fraction, are plotted and compared with respect to frequency in Figures 3-6. In accordance
with [39], the birefringence shown in Figure 3 is expressed as

B =
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where n7 - and ney ff are the effective refractive indices of the x and y fundamental modes, respectively.
The birefringence calculation is dominated by the real parts of the effective refractive index.
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Figure 3. Response of the TE, QE, and PE designs to birefringence.

As observed in Figure 3, high birefringence was attained for all three designs, but higher birefringence
was achieved with the QE design. Precisely, the birefringence was enhanced from 0.01 to 0.08, from 0.024
t0 0.096, and from 0.01 to 0.031 within 0.4-1.2 THz for the TE, QE, and PE designs, respectively. At 1.2 THz
operating frequency, the birefringence of the QE design was 1.2 and 3.1 times those of the TE and PE
designs. The presence of solid material in the center of the QE design results in stronger geometrical
asymmetry than the TE design and a higher effective index than the PE design, thereby causing higher
birefringence. Moreover, an overview of the dispersion profile for TE, QE and PE designs is shown in
Figure 4.

Confinement loss determines how well light is bounded within the core region. Confinement loss
is generally directly related to the optical density of the core and expressed by [40]

Le(em™) = 8.686(2%]()1m[n€ff] x 1072 @)
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where Im[ne 5 f] denotes the imaginary part of the refractive index of the fundamental mode, f is the

transmission frequency, and ¢ = 3 x 10® ms™! is the speed of light in free space.
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Figure 4. Dispersion profile of the XP and YP modes for the TE, QE, and PE designs.
The XP and YP modes of the TE and QE designs yielded visibly smaller confinement losses than

did those of the PE design, as shown in Figure 5. Meanwhile, the YP modes for all designs produced
high confinement loss values. The reason for the XP modes yielding much lower confinement loss
than the YP modes is the former’s strong localization at the core region. As shown in Figure 2a—c,
a substantial portion of the mode field is incident on both solid material and the elliptical air holes.
Accordingly, their Im[n.g] are infinitesimal. Figure 2d—f shows the majority of the mode field localized in
the elliptical air holes; it also shows comparably weak modal confinement in the core region. Therefore,
even though the Im[n,g] of the YP modes are reasonably small, they are not infinitesimal. Furthermore,
the presence of solid material in the center of the YP in the TE and QE designs causes the mode field
propagating outside of the core region to be less than that in the YP of the PE design. This small
difference in mode field localization gives rise to a larger Im[n.¢] value in the YP mode of the PE design
than in the TE and QE designs and therefore causes the confinement loss to increase. The differences
in confinement loss values between the TE, QE, and PE XP modes are due to the noticeable modal
confinement difference, as shown in Figure 2a—c. Although the TE design demonstrates noticeably
lower confinement loss than the QE design, the QE design also produces negligibly low confinement
loss and higher birefringence.

The power fraction is a quantification of the fractional mode power propagating through the
certain regions of a PC-PCEF, and it is calculated as follows [41]:

B fx S,dA
B [, 844"

’

n

®)

The power fractions of both modes of the TE, QE, and PE designs are shown in Figure 6. Notably,
the YP modes in the TE and QE designs produced a higher core power fraction than did the XP modes.
The reason for this is that more power is concentrated inside the elliptical air holes in the former than
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in the latter. Moreover, while the TE YP and PE XP modes reached their peak at 1.2 THz and 1.3 THz,
then gradually declined, the QE YP mode peaked at 1.1 THz and also gradually declined. The reason
for these gradual decreases is that mode power confinement reaches an optimum position at 1.2, 1.3,
and 1.1 THz for the TE YP, PE XP, and QE YP modes, respectively. A further increase in frequency causes
the mode power to leak toward the cladding and to the bulk material. A similar explanation holds for
the TE XP, QE XP, and PE YP modes. At 1.2 THz operating frequency, the QE XP and YP core power
fractions are 28.67% and 50.91%, respectively. Core power fractions of 29.6% and 47.3% were obtained
for the TE XP and YP modes, while 42.56% and 34.02% were obtained for the PE XP and YP modes,
respectively. This also shows the superiority of the QE design in terms of the core power fraction.
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Figure 5. Response of confinement loss to frequency for the TE, QE, and PE designs.
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All materials have certain absorption losses in THz frequencies. A low EML indicates that the
material substrate absorbs minimal power per unit length; the EMLs of both the QE and PE designs
were calculated and shown in Figure 7 using the following expression [41]:

€0 fmat nmat|E|2amatdA
Qprr = |—
I N o [ S-dA
where ¢y and py denote the permittivity and permeability, respectively, of free space. 7y is the
refractive index of the background material; in this case, 1.53 was used as the refractive index of Zeonex

in the simulations. E, amat, and S, are the fundamental mode’s electric field, bulk material absorption
loss, and Poynting vector projection in the transverse direction, respectively.
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Figure 7. Response of effective material loss (EML) to frequency for the TE, QE, and PE designs.

Figure 7 illustrates that the EML is higher in the XP and YP modes of the TE and QE designs than
in those of the PE design. This result is due to the presence of bulk material in the core center of the TE
and QE designs. Moreover, all the XP modes produced higher EML values than their corresponding YP
modes because of the strong localization of power in the elliptical air holes of the YP modes, as shown
in Figure 2. Even though the QE design produced higher EML values in both the XP and YP modes
than did the TE and PE designs, it is clearly superior to the latter designs; this is because most of the
power is propagated through the elliptical air holes in the former, thus producing superior overall
mode localization. Moreover, the confinement loss was combined with the EML to produce the total
loss, as shown in Figure 8. The figure clearly shows the superiority of the QE design over the PE design
in terms of overall loss per unit length.

To conclude, it has been shown that the birefringence, core power fraction, and total loss of the
QE design are superior to those of the TE and PE designs. The TE and QE YP mode also produce
extremely low losses, particularly total losses of 0.027 cm™! and 0.026 cm™! at 1.2 THz operating
frequency, respectively, compared to the PE YP mode, which produces a total loss of 0.29 cm™" at the
same operating frequency. Therefore, based on the demonstrated birefringence, power fraction, and
total loss, subsequent simulations were based on the QE design.

The effective mode area Ay is a quantification of the total area covered by the XP and YP modes
in the transverse direction, and it is calculated using the following [40]:
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Figure 8. Response of total loss to frequency for the TE, QE, and PE designs.

Both integrations were computed over the whole fiber cross section, where I (r) = |Ey is the
transverse electric field distribution.

The effective area is presented in Figure 9 as a function of frequency. At 1.2 THz, the effective
areas for the XP and YP modes were 47,011 um? and 44,297 pm?, respectively. The noticeable lower
effective area in the optimal mode is due to most of the light being localized at the elliptical air holes as
opposed to the XP which extends further across the core region.
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Figure 9. Response of effective area and bending loss to frequency for the QE XP and YP modes.
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High dispersion reduces the information carrying capacity of PC-PCFs and must therefore be
investigated. Dispersion is influenced by the waveguide and its background material. However, only
waveguide dispersion is considered in this work, given that Zeonex has negligible dispersion in the
frequency region of interest. The dispersion was calculated by using the following equation [41]:

_ gdneff gdzneff
P2 = c dw ¢ dw?

(6)

where w = 27f is the angular center frequency, c is the speed of light in free space, and 7,5 is the effective
refractive index of the fundamental mode.

The dispersion profiles of the XP and YP modes, as shown in Figure 10, are 2.28 + 1.53 and
1.82 + 0.51 ps/THz/cm, respectively, within the entire band of interest. Moreover, the XP and YP
modes produced dispersion profiles of ps/THz/cm 1.58 + 0.3 ps/THz/cm, and 1.96 + 0.08 ps/THz/cm,
respectively, within 0.8-1.2 THz.
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Figure 10. Dispersion profile of the QE design.

4. Potential of the Proposed Fiber for Use as a Nerve Agent Sensor

The capability of the proposed QE PC-PCF for sensing chemical liquids dimethylphosporamidocyanidate
(tabun n = 1.425) and isopropyl methylphosphonofluoridate (sarin # = 1.3811) was investigated. These
liquids are the most toxic of chemical warfare agents; they are clear, colorless, and tasteless, thereby becoming
miscible in water and most organic solvents [42,43]. The elliptical air holes were filled with the chemical
warfare agents, and the fiber’s relative sensitivity was obtained by using the following expression [31]:

o) = o @)
e

where 1, is the liquid refractive index, n.g is the effective refractive index, and n’ is given in Equation (3).

As explained above, the strong localization of power at the elliptical air holes is due to the presence
of solid material in the core center, leading to improved MTIR light guidance. The relative sensitivity
and confinement losses when the elliptical air holes were filled with tabun and sarin, for the XP and
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YP modes, are presented in Figures 11 and 12. When the elliptical air holes were filled with tabun
liquid, the fiber exhibited maximum relative sensitivities of 59.5% and 63.7% at 0.8 THz for the XP and
YP modes, respectively. When filled with sarin liquid, the fiber showed maximum relative sensitivities
of 54.8% and 64.4% for the XP and YP modes, respectively. Moreover, the fiber exhibited negligible
confinement loss when its core air holes were filled with either nerve agent. The YP modes exhibited
good relative sensitivity and negligible confinement loss. Thus, the YP mode was selected as the
optimal mode of operation of the proposed sensor.
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Figure 11. Relative sensitivity and confinement loss of the proposed sensor when the QE air holes were
filled with tabun liquid.
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With the use of Equations (3) and (4), the EML and the fractional power flow in the chemicals for
the proposed chemical sensor were calculated. The EMLs and fractional power flow in the chemicals
are shown in Figures 13 and 14, respectively. At 0.8 THz operating frequency, the EML values for the
optimal mode when the QE core was filled with tabun and sarin liquids were 0.033 cm~! and 0.028 cm~!,
respectively. The optimal mode also exhibited the highest fractional power flow, with 59.9% and 62%
of the power flowing through the tabun and sarin liquids, respectively. The noticeable difference in the
EMLs and fractional power flow is due to the better MTIR guidance caused by the lower refractive
index of sarin compared with that of tabun.
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Figure 13. EML and fractional power flow of the proposed sensor when the QE air holes were filled

with tabun liquid.
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Figure 14. EML and fractional power flow of the proposed sensor when the QE air holes were filled
with sarin liquid.
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5. Fabrication and Practical Feasibility

Finally, it was essential to investigate the fabrication feasibility and potential applications of
the proposed QE sensor. It is noteworthy that manufacturing PCFs with elliptical air holes is not
a straightforward task. However, innovative technological advances in PCF fabrication have made
possible the fabrication of the proposed sensor. Firstly, the QE air holes must be infiltrated with the
liquid chemical such that the fiber’s functionality is unharmed. Meanwhile, the desired high relative
sensitivity is obtained by maintaining as close to single-mode operation as possible. To achieve this,
the cladding air holes are blocked with UV-curable adhesive using a multistep fabrication process [44].
To ensure that the cladding air holes are not infiltrated with the chemical liquids, a conventional fusion
splicer can be used to thermally collapse them [44—46]. Some of the enabling technologies available for
the fabrication of PCFs include capillary stack and draw [47], drilling [48], extrusion [49], and sol-gel
casting [50]. However, capillary stack and draw, drilling, and sol-gel casting are only suitable for
fabricating geometries with circular air holes [15]. Extrusion techniques, on the other hand, can be
used to fabricate asymmetrical geometries. In particular, highly birefringent PCFs with elliptical air
holes were experimentally characterized by Atakaramians et al. [51,52]. The first practical realization
of PCFs with elliptical air holes was conducted in 2004 by Issa et al. [53]. Liu et al. [54] explored the
experimental characterization of PCFs with elliptical air holes where methyl methacrylate (MMA)
was employed for the fabrication. Using the extrusion method, Ruan et al. [55] and Zhang et al. [56]
fabricated PCFs consisting of different sizes and shapes, including with elliptical geometry. Therefore,
it is visualized that the proposed QE geometry can be experimentally characterized using any of the
aforementioned fabrication methods. The proposed QE designed with air holes may be used as a fiber
component of a terahertz time domain spectroscopy system for conveying terahertz pulses [57].

Similar to conventional optical fiber sensors, the performance of the proposed fiber can be assessed
by its relative sensitivity and refractive index detection limit [58]. The latter is essential in refractometric
sensing [20]. The refractive index of a liquid is measured using this kind of sensor by infiltrating it into
the fiber’s core air holes. The refractive index of the infiltrated liquid is extracted by monitoring the
variation of reflectance or transmission spectra at the operating frequency [20,59,60].

6. Conclusions

A Zeonex-based photonic crystal fiber with QE core air holes was proposed for guiding THz
radiation. At 1.2 THz operating frequency, the QE core was found to be superior to the commonly
known PE core structure in terms of birefringence, power fraction, and losses per unit length. Other
key parameters, such as EML, effective area, and dispersion, were investigated within the 0.4-1.6 THz
frequency band. Our findings showed that most of the propagated power flowed through the QE air
holes in the YP mode. Moreover, the potential of the fiber for sensing chemical warfare agents was
explored by filling the QE air holes with tabun and sarin liquids. The relative sensitivity, confinement
loss, EML, and power fraction of the sensor were investigated for both liquids. The sensor showed
highest relative sensitivity at 0.8 THz for both liquids. Therefore, the proposed fiber can be used as
a THz waveguide in polarization-demanding industrial applications and as a toxic chemical liquid
sensor in the security and defense industries.
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