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Abstract: A hollow-core anti-resonant fiber for the THz regime is proposed and demonstrated.
The proposed fiber is the hexagonal core shape which is directly extruded using a conventional
3D printer. Experimental results show that by using cyclic olefin copolymer (COC), the proposed
fiber design provides a low attenuation of ~3 dB/m at ~ 0.86 THz and ~15 dB/m at ~ 0.42 THz.
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1. Introduction

Terahertz (THz) waves with frequency in the range f~0.1-10 THz (corresponding to the free-
space wavelength range A ~ 3.00-0.03 mm) have found many applications due to their unique
properties, including non-ionizing nature and deep penetration in most of materials. This allows
inspecting organic tissues without causing damage and can be applied to medical and biomedical
sensing. In addition, the wavelength of THz waves is shorter than microwaves, thus offering
superior image resolution [1-4]. THz waves are also gaining popularity for detecting chemical,
pharmaceutical and biological agents due to the molecule distinctive features in this spectral
region [5—10]. In astronomy, THz can be used to locate cold matter in space or for imaging
applications in deep space [11]; while in wireless communications they have the potential to
increase data transmission due to the large bandwidth of the THz band [12,13].

In the past decade, many researchers attempted to design and fabricate waveguides for THz
guidance paving the way to integrated THz systems and related applications such as imaging,
microscopy, quantum-cascade lasers [14], monitoring of chemical reactions [15] and medical
endoscopy of internal organs [16]. Most of the research has focused on optimizing the transmission
and minimizing the dispersion of THz waveguides. To achieve low-loss waveguides, the material
used for fiber fabrication plays an important role because of its absorption.

As vacuum and air represent the lowest absorption media, THz pipe waveguides have been
proposed for low-loss propagation because of the large fraction of mode propagating in air and
the relatively simple structure: in 2010 a record low loss ~of 0.0005 cm™! (~0.2dB/m) was
demonstrated in a 15-cm long [17] with 3% oscillation in the wall thickness. Yet, the transmission
window of these waveguides is limited by the tube wall thickness. Thin wall tubes are difficult to
fabricate, handle and cleave, and the resulting pipe waveguide is fragile and sensitive to external
perturbations.
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Polymer waveguides have been proposed because of their ease of manufacture, low material
cost, robustness and insensitivity to the external environment. The first low-loss THz polymer
waveguide, proposed in 2000, used high-density polyethylene (HDPE) [18]. Two years later,
HDPE was used to fabricate a THz-guiding microstructured polymer optical fiber, which exhibited
a minimum attenuation of 0.5 cm™! [19]. Polytetrafluoroethylene (PTFE, or Teflon) is another
polymer with low attenuation in the THz range: in 2004, a Teflon THz fiber with 0.1 cm™!
attenuation was demonstrated [20].

TOPAS (cyclic olefin copolymer), a commercial thermoplastic, has also been suggested as a
material of choice for THz waveguides due to its low material attenuation at THz frequencies.
TOPAS can be exploited for various types of fibers, such as a suspended porous microstructured
fiber, hybrid core porous THz fiber and hollow-core anti-resonant fiber [21,22]. In 2009, TOPAS
optical fibers were fabricated for guidance at f~0.1-3 THz [23]. In 2013, hollow-core terahertz
photonic crystal fibers made of TOPAS were designed and fabricated for operating at f~0.6
THz with a reported attenuation of 0.75 dB/m [24]. Hollow core fibers exhibit the benefits of
both polymer and pipe waveguides, as their thin core perimetral wall allows for a relatively large
transmission window, while the external thick cladding wall provides stiffness and isolation from
the surrounding environment. Simulations showed that a loss of 2.1 dB/m can be achieved at
1.2 THz [25]. Recently, a commercial 3D printer has been proposed for fiber fabrication, as
it is easy in terms of fiber preparation, and also cheaper than the traditional techniques [26].
The fabrication of a TOPAS suspended-core THz fiber based on 3D printer by using a modified
structured nozzle has been reported in 2019. This fiber could operate in the range of 0.5 - 1.0
THz with the loss of ~ 110 dB/m [27]. By using the same technique, a hollow-core anti-resonant
THz fiber-based TOPAS was fabricated in 2021. This fiber was directly extruded in a single-step
procedure using a conventional 3D printer. The desired geometry of the fiber was achieved by
using a customized nozzle. The fiber could be used for guidance in the range f~0.4-1.0 THz
with a minimum attenuation of 12 dB/m at f~0.7 THz [28].

In this paper we exploit the flexibility of this manufacturing process to improve the fiber
performance of a hollow core TOPAS fiber. Simulations based on the finite element method
(FEM) with a perfectly matched layer (PML) boundary have been used to investigate the loss
profile of the fundamental core mode: by increasing the core size and decreasing the struts
thickness, the fiber attenuation improves, while the transmission window increases. A nozzle
designed using an optimized simulation model was 3D-printed and used for the fiber fabrication.
The resulting fiber exhibited a record low loss for a polymer suspended hollow core fiber of 2
dB/m at 0.85 THz

2. Anti-resonant guidance

Hollow-core anti-resonant fibers exploit a single wall or multiple walls surrounding the core
region for guidance. The wall thickness and material are the main factors to determine the
wavelengths (called “anti-resonant wavelengths”) that can be confined in the core region.

The fiber wall, which acts as a cladding of this fiber structure, can be considered as a Fabry-Perot
resonator: for specific wavelengths, matching the anti-resonant condition, the fiber experiences
low leakage because of the destructive interference of the Fabry-Perot resonator. For a fiber
with multiple walls, each wall is also considered as an individual Fabry-Perot resonator, and the
leakage is better controlled, thus lower, than that for a single wall.

Theoretically, the maximum leakage (high loss) located at the resonance frequency (f,) can be
calculated by the following formula [29-31]:

fr= —/— ey
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where c is the speed of light in vacuum, m is an integer, n,,, is the refractive index of the fiber
material, ng;, is the refractive index of fiber core (air), and ¢ is the thickness of the core perimetral
wall.

Light confinement occurs in the window between the resonance frequencies, and transmission
is critically affected by the imperfect reflections at the low-high index interfaces.

3. Modelling and simulation results

Although in previous works, PE [32], high-density polyethylene (HDPE) [19], teflon [20], Zeonex
[33] and cyclic olefin copolymer (COC) or TOPAS [23,34—-37] have all been proposed for THz
guidance, TOPAS has attracted most attention due to its low material absorption, low dispersion
in the THz spectral range [27,28], and a glass-transition temperature of ~200°C, making it
particularly suitable for using with commercial fused deposition modelling 3D printers [38].
TOPAS also exhibits high moisture barrier along with a low moisture absorption rate [39]. These
properties are essential for THz guidance because moisture affects transmission efficiency.

The filament used in this work was produced by the Institute for Material Science and
Plastic Processing, Eastern Switzerland University of Applied Sciences, Switzerland. The
glass-transition and melting temperatures of the used material were 7,~185°C and T, ~250°C,
respectively; the refractive index was n ~ 1.54 at f ~ 0.1-1.5 THz.

The proposed hollow-core anti-resonant fiber includes a hexagonal shaped hole located at the
center of the fiber, which is surrounded by a thin hexagonal wall suspended by six struts that
connect the hexagonal wall to the outer shell (Fig. 1(a)). In the design optimization process, the
fiber hexagonal wall thickness, core diameter and struts thickness were considered [28]. The
overall fiber diameter and outer shell thickness were limited by the power provided by the 3D
printer heater and were set at 8, and 1 mm. The struts length was varied with the fiber core
diameter. To optimize the loss of the fiber, the core diameter was varied between 2.00-3.80 mm,
while three different core thickness values (t=0.35 mm, 0.50 mm and 0.65 mm) were selected.
These three values were the optimal values for operation at f~0.8-1.0 THz.
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Fig. 1. (a) Schematic diagram of the proposed fiber cross-section. (b) Confinement loss as
a function of frequency for different values of ¢ (wall thickness).

The Finite Element Method (FEM) based COMSOL Multiphysics software was used to design
the hollow-core anti-resonant fiber and evaluate its attenuation. In order to obtain maximum
accuracy in the simulations, a user-controlled mesh type with extremely fine mesh size (A /15 for
core region, A /6 for cladding region) was selected, while a perfectly matched layer (PML), was
used as external layer, which acted as an anti-reflection layer. The confinement loss (L.) of the
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proposed fiber was evaluated using [40]:

2nf

L.= 8.686(
c

) Im (neg) [dB/m) )
where c is the speed of light in vacuum, and Im(n.z) the imaginary part of the complex effective
refractive index.

3.1. Perimetral wall thickness

Three different values of perimetral wall thickness ¢ were chosen for optimal operation at f~0.9
THz (t=0.35 mm, 0.50 mm and 0.65mm), while the operating frequency was swept from f=0.50
THz to f=1.40 THz in 0.01 THz steps. The simulation results in Fig. 1(b) indicate that the
confinement loss at f~0.85-0.95THz is not significantly affected by variation of 7, but fluctuations
can be clearly observed. For ¢t =0.65 mm, the fluctuations in the anti-resonant region are small,
but the low-attenuation region is rather narrow. For #~ 0.35 mm, low-attenuation propagation
occurs over a wider bandwidth, but at the expense of larger fluctuations.
For a wider guiding region, the thickness of core surround of 0.35 mm was chosen.

3.2. Strut thickness

A significant contribution to the attenuation in the fiber core comes from the connecting region
between the core perimetral wall and the supporting struts. At this region, the membrane does
not behave as an etalon (two parallel reflectors), resulting in an overall small reflection of the
guided wave into the fiber core, and an increased leakage into the cladding. By optimizing the
thickness of the struts (&), the confinement loss can be reduced. Three strut thicknesses were
chosen: 4 =0.35 mm, 0.50 mm and 0.65 mm. The core perimetral wall thickness for each design
was fixed at #=0.35 mm.

Figure 2(a) shows the simulation results of the fiber attenuation [dB/m] as a function of the
operating frequency for f= 0.50-1.40 THz for the three strut thicknesses. The red shade represents
the resonant region of high loss.
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Fig. 2. Confinement loss (a) for different values of strut thickness in the region f=0.5-
1.4THz, and (b) details in the region f=0.85-1.1THz for 0.35 mm and 0.65 mm of the strut
thickness.

These results show that the fiber with 2 =0.35 mm has a narrow resonant region, with an
estimated width of ~0.08 THz, while that with 4 =0.65 mm provides a resonant width two times
larger. The change of & also affects the attenuation profile in the anti-resonant region: Fig. 2(b)
shows that in the region f ~ 0.85 - 1.10 THz the model with 4 =0.65 mm has more fluctuations
than the model with 4 =0.35 mm. Thickness = 0.35 mm and height # =0.35 mm are therefore
chosen for further optimization of the confinement losses.



Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 13063 |

Optics EXPRESS N

The fluctuations in the attenuation curve are related to the hexagonal geometry of the fiber, and
in particular to the six struts connecting the thin membrane surrounding the fiber core with the
fiber cladding. Fiber guidance is based on the anti-resonant effect at the two parallel interfaces
surrounding the fiber core (thin membrane). The corners around the hexagonal core cannot
maintain the resonant condition, and this results in a leak of the confined more mode.

3.3. Core diameter

As the fiber outer and inner shell diameters are fixed at 8.00 and 6.00 mm, the core diameter D is
varied from 2.00 mm to 3.80 mm in this further optimization process step (Fig. 3(a)). The loss
is extremely high for D <2.00 mm, while it gradually decreases for increasing core diameters.
Figure 3(a) shows that the optimum core diameter is D~3.30 mm, which theoretically provides a
loss lower than 5 dB/m at 0.90 THz.
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Fig. 3. (a) Confinement loss as a function of the core diameter D at 0.90 THz. (b)
Confinement loss as a function of frequency for D =2.20 mm (black) and D = 3.30 mm (red);
h=1=0.35mm.

The spectral attenuation, calculated for these optimized parameters (D= 3.30 mm, ¢ = 0.35 mm
and 4 =0.35mm), is shown in Fig. 3(b) and compared to a smaller core size (D = 2.2 mm).

The two models have the same resonant regions due to the same core perimetral wall thickness.
Yet, the attenuation profile of the fiber with larger core is lower than that with D =2.20 mm,
because of the smaller mode/material overlap. The fiber with D = 3.30 mm also provides smoother
frequency response in the range f=0.85 - 1.05 THz.

4. Fabrication of an optimized hollow-core anti-resonant fiber
4.1. Nozzle fabrication

The drawing system demonstrated by Talataisong et al. [27,28] was used to manufacture the fiber
with the optimized design. The dimensions of the structured nozzle were based on the general
size of the commercial 3D printer nozzle, which has a 6 mm thread diameter. The diameter of
the polymer filament used in this experiment was 2.85 mm, while the designed nozzle had a 3.5
mm aperture diameter at the input, where the polymer was fed into the nozzle. The optimized
parameter from the simulation were used to design the inner structure of the nozzle which had a
hexagonal rod with D = 3.30 mm located at the center of the nozzle. The gaps between the central
hexagonal rod and the six surrounding neighboring rods around the core have the thickness
of t~h~0.35 mm, as they produce the core perimetral wall and struts. The outer ring gap was
1.00 mm and produced the outer layer of the extruded optical fiber. The optimized nozzle was
manufactured with a metal 3D printer and is shown in Fig. 4(a).
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Fig. 4. (a) Metal 3D printed structured nozzle. (b, c) Heat transfer simulations of the
designed nozzle when applied temperature at 280 °C to the nozzle thread; (b) side view and
(c) bottom view. (d) Material flow simulation of the designed nozzle when a temperature of
280°C was applied at the nozzle thread and the material feeding speed was set at 18 mm/min.

As the outer ring is much thicker than internal struts, the polymer flow can be potentially
disrupted due to different in flow resistance. The heat transfer and the material flow were simulated
using COMSOL to optimize the structured nozzle inner structure and length. Figure 4(b, c) shows
the heat transfer simulations for a 22 mm long stainless-steel nozzle fabricated, and indicate that
the temperature at the nozzle extrusion end is reduced from the applied temperature of 280°C to
210°C. The lowest temperature at the fiber end is higher than the glass-transition temperature of
TOPAS, confirming the possibility to use this nozzle design as a die for the fiber extrusion. The
material flow simulations (Fig. 4(d)) confirm that there is a material flowing through the gap
regions.

4.2. Fiber fabrication

The TOPAS THz fiber was extruded from the heated structured nozzle. Initial draws produced a
fiber with decreasing diameter for increasing fiber lengths. This was attributed to the increasing
amount of the material present after the die output for increasing fiber lengths, which result in
an increasing gravitational force acting on the least viscous section of the fiber. To avoid this
problem, a support was applied at the bottom of the extruded fiber, specifically designed to move
synchronously with the fiber.

Figure 5(a) shows the fiber diameter at different fiber lengths with and without support. Without
support, the fiber diameter decreased for increasing lengths, while with support, the fiber diameter
remained stable. The support got in touch with the extruded fiber at the length 8 cm, after which
they moved together.

In the fiber fabrication process, the nozzle temperature was set at the applied temperature of
280 °C. The TOPAS polymer was fed through the heated nozzle with a feeding speed of 18



Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 13065 |

Optics EXPRESS

(a) ,...‘...(b)

Diameter (mm)
F
"

|—=— Without support
|—=— With support

70 T T T T T T T T
0 2 4 6 8 10 12 14 16 18
Fiber length (cm)

Fig. 5. (a) Fiber diameter as a function of fiber length from fibers drawn with and without
support. (b) Cross-section of the TOPAS hollow-core anti-resonant THz fiber.

mm/min resulting in a fiber extruding speed of 0.6 mm/s. The cross-section of the extruded fiber
is shown in Fig. 5(b).

The parameters from extruded fiber are slightly smaller than the proposed model. The air core
diameter was found to be D ~ 3.10 mm, the core thickness and the strut thickness were found to
be 1= h~0.25 mm. The whole fiber diameter is slightly bigger than the proposed model, which is
8.19 mm. The slight mismatch between the extruded fiber and the proposed model comes from
the ununiform material speed when extruding the fiber. The material flow simulation (Fig. 4(d))
shows that the material speed in the outer shell region is higher than in the hexagonal wall and
struts regions. The higher speed becomes thicker than other parts.

5. Fiber characterization

To confirm guidance in the THz region, the fiber was characterized by using THz time-domain
spectroscopy (TDS) [41]. In the experiment, a signal of THz beam passing through the air was
collimated by a pair of polymethyl pentene (TPX) lenses. With optical fiber, two additional TPX
convex lenses were used to focus the THz beam into the fiber core.

The continuous wavelet transform was used to analyze the signal from the time domain to the
frequency domain by Fourier transform with an auto-selected sample window. The magnitude
scalogram of the collimated beam is presented in Fig. 6(a). The color represents the magnitude
of the transmission signal, showing that the THz source emitter is active at f~0.1-1.1 THz and it
has a very strong intensity around f~0.3 THz. The magnitude scalogram of the THz wave guided
in the 30 mm of HC-ARF is shown in Fig. 6(b). The anti-resonant frequencies can be clearly
observed when compared with the collimated beam, showing that the fiber has 2 anti-resonant
windows at f~0.28-0.52 THz and at f~0.65-0.95 THz.

The transmission signals were Fourier transformed and presented in the frequency domain in
Fig. 6(c): the frequency-domain spectrum of the THz wave from the THz emitter is shown in
black, while the transmission spectrum of the THz wave guided in 30 mm of HC-ARF is in blue.
The transmission spectrum of the fiber shows that the anti-resonant windows can be observed,
which is highlighted as a light green area. Between the anti-resonant windows, the amplitude of
the transmission spectrum drops dramatically due to high loss at the resonant frequencies.

Figure 6(c) shows that the Fourier transform of the raw signal exhibits a significant noise level.
The use of time gating with the signal can reduce the noise when using Fourier transform, thus
a Gaussian curve is applied as time window for filtering out the noise. The signal magnitude
scalogram obtained from wavelet transform clearly allows to determine the position and width of
a signal time window, and it has been applied to the raw signal before Fourier transform. The
time that provided the maximum magnitude in the scalogram is used as the center, and the full
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Fig. 6. (a) Scalogram from continuous wavelet transform of the THz wave from the THz
emitter and (b) transmitted through 30 mm of HC-ARF. (c) Spectral profile of the THz wave
from the emitter (black) and when it is transmitted through the HC-ARF (blue) without
applied a time window and (d) with applied a time window. The green shade represents the
anti-resonant region.

width at half maximum of the Gaussian curve is set at 10 ps which is related to the pulse of
the signal. The Fourier transformed spectrum after time windowing are presented in Fig. 6(d),
showing a significant noise reduction and clearer resonance and antiresonance regions.

The fiber propagation loss was measured using the cut-back method: three different lengths of
fiber (30, 50, and 70 mm) were manufactured. The transmission of the THz wave through the
fibers of different lengths was measured, as shown in Fig. 7(a). In this figure, the transmission
spectrum was measured in the effective range of the THz source, which is active at f~0.1-1.1 THz.
The anti-resonant region provided a high transmission signal as shaded in Fig. 7(a), whereas the
resonant region provided a lower transmission signal. The transmission signal in the guiding
band significantly decreased for increasing fiber lengths. The effect of water vapor absorption
[42] can also be observed in this measurement, represented by dashed lines in Fig. 7(a).

To confirm the performance of the fiber, the measured fiber geometry was used to evaluate
the loss profile of the fiber. The simulation results are shown in Fig. 7(b) (blue line), compared
to the experimental values recorded for the extruded HC-ARF (black line): two anti-resonant
windows can be clearly observed at the expected spectral regions around f ~ 0.42 and f ~ 0.86
THz, showing the same anti-resonant windows. Although some frequencies have a mismatch
between simulation results and experimental results, there is an overall good agreement in
terms of loss profile. The attenuation at the anti-resonant frequencies from the experiments
~3 dB/m at f~ 0.86 THz and ~15 dB/m at f~ 0.42 THz is also close to the simulated values.
Moreover, the simulation results confirm that the proposed fiber is a single-mode fiber with



Research Article Vol. 30, No. 8/11 Apr 2022/ Optics Express 13067 |

Optics EXPRESS N

T T T T T T T T T
30 mm —— Experiment|
50 mm —s— Simulation

i i 5]
! i 70 mm 10 \
i J

| i

QLY

Transmission (a.u.)

Vi n

0?2 0‘4 0?6 IOIS 1f0 1'2 14 02 073 0'4 0:5 076 0?7 DIS 0?9 1‘0 11
Frequency (THz) Frequency (THz)

Fig. 7. (a) Spectral profile of the THz waves from the HC-ARF with the lengths of 30, 50,
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the vapor absorption frequencies. (b) Experimental result and numerical simulation of the
attenuation the HC-ARF.

the higher-order-mode extinction ratio (HOMER) >18 at its best, and generally >10 within the
frequency range 0.68-0.96THz.

To provide an estimation of bending loss in the fiber, simulations were carried out and are
reported in Fig. 8: bend loss is negligible for bending radii larger than 0.4 m. In practice, the
fiber used in this work exhibits strong stiffness because of the large diameter (8§ mm), thus cannot
be bent to radii smaller than 1 m without breaking.
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Fig. 8. The bending loss as a function of bending radius from the simulation result at 0.86
THz frequency.

6. Conclusions

Hollow-core anti-resonant fibers were fabricated by a conventional 3D printer with a structured
nozzle specifically manufactured. The fiber attenuation was simulated and optimized in the region
of interest at f=0.9 THz by optimizing the fiber cross sectional profile. The core perimetral wall
thickness plays an important role in determining the transmission bands, while strut thickness and
core diameter improve the confinement loss. The optimized parameters were used to design the
nozzle, which was used to manufacture the fiber. The simulation models demonstrated the ability
of the fiber to confine THz waves in the air core. Time and frequency domain analysis of the
experimental data confirmed air-core guidance with fiber loss of ~3 dB/m at f ~ 0.86 THz. This
model able to improve the efficiency from the previous work [28] which reduce the loss from ~12
dB/m to ~3 dB/m and increase the width of transmission window. The loss reported in this work
is comparable with the lowest loss reported on the hollow-core THz fiber fabricated from the 3D
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printer (~3 dB/m at 0.265 THz) [43]. The improved loss in HC-ARF for THz guiding leading to
the wider applications in THz frequency such as biomedical sensing and chemical detection.
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