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ABSTRACT

In this paper, we will investigate microwire ﬁbers for low-loss terahertz transmission. Microwires, air-clad wire
waveguides with diameter smaller than the operating wavelength (a few µm), have an enhanced evanescent
ﬁeld and tight wave conﬁnement resulting in a low loss waveguide structure for the terahertz (T-ray) frequency
regime. Based on our experimental data for the bulk material absorption of four glasses (F2, SF6, SF57 and
Bismuth) and a polymer (PMMA), we calculate the normalized ﬁeld distribution, power fraction outside the
wire and eﬀective loss. It will be shown that regardless of material, the eﬀective loss of all microwires converges
to the same order < 0.01 cm−1 .
Keywords: Terahertz spectroscopy, T-rays, glasses and polymer, microwire, normalized ﬁeld distribution,
power fraction and eﬀective loss

1. INTRODUCTION
The terahertz (THz) or T-ray region of electromagnetic spectrum, located between millimeter wave and infrared
frequencies, has attracted much interest over the last decade. Terahertz spectroscopic techniques have many
applications in detection of many biological and chemical materials.1 In almost all terahertz time domain
spectroscopy setups free space is being used for propagation of terahertz waves due to the lack of low loss
terahertz waveguides. Several waveguide solutions coming from either electronics or photonics have been
studied such as the hollow metallic circular waveguide,2, 3 hollow metallic rectangular waveguide,3 sapphire
ﬁber,4 plastic ribbon waveguide,5 air-ﬁlled parallel-plate waveguide,6, 7 plastic photonic crystal ﬁber,8 coaxial
waveguide,9 metal wire waveguide,10, 11 parallel-plate photonic waveguide,12 and metal sheet waveguide.13
To date, metal parallel plates and bare metal wires are promising metal-based guiding techniques reported
in the literature with attenuation constants less than 0.3 cm−1 and 0.03 cm−1 , respectively.10, 14 Chen et al.15
have recently reported loss values less than 0.01 cm−1 near 0.3 THz in plastic fibers. The concept of THz
guided propagation in these fibers is similar to optical nanowire fibers.16
Optical nanowires are filaments of dielectric media whose tailorable sub-wavelength dimensions, in the
order of nm, allow a substantial fraction of the guided light (wavelength of 1-1.5 µm) to propagate outside the
structure. As a result, in this regime, there exists an enhanced evanescent ﬁeld outside the nanowire.
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Such an enhanced evanescent field behavior occurs for micrometer diameter fibers in the THz band, whose
wavelength ranges from 30 to 3000 µm or equivalently from 0.1 to 10 terahertz. Therefore we coin the term
microwires for these waveguides used in the terahertz regime.
In this paper, we will describe nanowires and their concept in Section 2. In Section 3 we will describe the
terahertz spectroscopy setup and measured optical parameters (absorption coeﬃcient and refractive index)
of four glasses (F2, SF6, SF57 and Bismuth) and a polymer (PMMA). In Section 4, by solving the full
vectorial Maxwell’s equations for a simple rod geometry and using bulk loss coeﬀicients from Section 3, we
will demonstrate the normalized ﬁeld distribution, power fraction and calculated eﬀective loss of microwires
made of mentioned glasses and polymer materials.

2. OPTICAL NANOWIRES
In recent years there has been signiﬁcant interest in metallic or dielectric optical nanowires. The guiding
mechanisms of electromagnetic waves in metallic and dielectric nanowires are diﬀerent. However, in both
cases the electromagnetic ﬁeld is outside the wire. In metallic wires, electromagnetic waves propagate as
weakly guided surface waves,17, 18 but in dielectric wires the electromagnetic waves propagate as enhanced
evanescent ﬁelds. The guiding properties of the modes in metallic wires are modeled under the framework of
the Sommerfeld equations, while dielectric wires are analysed calculated by the well known vectorial Maxwell’s
equations. The diameter of these waveguides are much smaller than the optical wavelength, i.e. in the order
of nanometers.
The dielectric nanowire, which is also called an air-clad wire waveguide with subwavelength-diameter core,
has interesting properties such as enhanced evanescent ﬁelds and tight light conﬁnement—however, its low-loss
optical waveguiding is restricted by sidewall smoothness and diameter uniformity, especially when the diameter
of the waveguide is very small.16 In nanowires, coupling between wires can be achieved via surface contact,
with extremely small low-loss waveguide curvature, which is an advantage of using such wires.
A question we raise here is: “Is it possible to apply this concept to the terahertz regime?” If yes, under
what parameter conditions?

3. BULK MATERIAL LOSS MEASUREMENT
In this section we present the results of loss and refractive index measurements for four glasses (F2, SF6, SF57
and Bismuth) and a polymer (PMMA) in the terahertz (T-ray) regime. To measure the refractive indices and
absorption coeﬀicient, we use a commercially available THz time-domain spectrometer (Picometrix T-Ray
2000T M ), driven by a Mai-Tai femtosecond laser with a pulse width of less than 100 fs, central frequency of
800 nm and a repetition rate of 80 MHz.19 The material samples are obtained from the Centre of Expertise
in Photonics. The samples are well polished on both sides with cross section of 2 cm × 2 cm and 0.5 mm
thickness. Figure 1(a) shows the prepared samples of SF6, SF57 and Bismuth and Figure 1(b) shows the
experimental setup.
The absorption coeﬀicients and refractive indices were obtained by comparing the sample pulses with a
reference pulse propagating through dry air. The pulse propagating through the set up when the sample is
present is called the sample pulse and when there is no sample it is called the reference pulse. Assuming single
mode propagation, the equation for calculating the optical properties can be written in the frequency domain
as:
Esam (ω)
= T1 T2 C 2 exp (−αl/2) exp (−jβ0 (n − 1) l)
(1)
Eref (ω)
where, Esam (ω) and Eref (ω) are the complex components at angular frequency ω of the sample and reference
electric ﬁelds, respectively; T1 and T2 are the total transmission coeﬃcients that take into account the reﬂections
at the entrance and exit faces, respectively; C is the coupling coeﬃcient, the same for the entrance and exit
faces; β0 is the free space phase constant; α is the power absorption coeﬃcient; n the refractive index of the
sample; and l is the sample length.
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Figure 1. (a)- Both sides polished: SF6, Bismuth and SF57 samples (b)- Experimental setup and Bismuth sample.

The measured absorption coeﬃcient and refractive indices are shown in Figure 2(a) and Figure 2(b),
respectively. The bulk material loss caused by SF6, SF57 and Bismuth were close to each other and were
higher than that of F2. Note that PMMA has the lowest material absorption. Individually, the refractive
index of each glass sample is significantly higher than the refractive index of the PMMA sample. This results
in a tighter confinement of the terahertz radiation in the glass material of a waveguide because of the increased
air-glass index change.
It is obvious that if PMMA is used to make conventional waveguides, it will have lower loss in comparison
with the other glasses considered here. The question is that what eﬀect do these optical material parameters
have on scaled version of nanowires, microwires, in terahertz frequency range?

4. MICROWIRES
The terahertz (T-ray) spectrum has a wavelength range from 30 to 3000 µm. As a result, the enhanced
evanescent ﬁeld phenomenon—observed in optical nanowires with D << λoptic —occurs in a dielectric ﬁber of
a few micrometers in diameter, depending on the material used. Thus we use the term “microwire” to describe
dielectric ﬁbers with micrometer scale diameter in terahertz frequencies that posses optical nanowire-like
properties. In this section, by using the measured optical parameters from Section 3, the normalized electric
ﬁeld distribution, the power fraction outside the ﬁber, and the eﬀective loss are calculated and discussed.

4.1. Electric ﬁeld distribution and power fraction
We assume that the wire has a circular cross-section, an inﬁnite air clad, and a step-index proﬁle. It is also
assumed that the wire is uniform in diameter and has a smooth sidewall. Considering that the refractive index
of air is one and solving the vectorial Maxwell’s equation in cylindrical coordinates for the microwire structure;
the following eigenvalue equation is achieved for the hybrid modes:20, 21
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where, Jn is the Bessel function of the ﬁrst kind, and Kn is the modiﬁed Bessel function of the second kind.
Here, u and w are normalized transverse wave numbers in the dielectric and air region, respectively; calculated
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Figure 2. (a)- Absorption coeﬃcients and (b)- the refractive indices of the bulk materials (PMMA, F2, SF6, SF57 and
Bismuth) measured with a THz time domain spectrometer.

as follows:

u = a β02 n21 − β 2

w = a β 2 − β02

(3)
(4)

where, a is the microwire radius, β0 is the free space propagating constant, and β is the propagation constant
of the hybrid mode that is calculated by solving Equation 2. Having the propagation constant of modes,
one can easily calculate the electromagnetic ﬁelds in the dielectric (core) and in the air (cladding).20, 21 The
normalized electric ﬁeld component of the fundamental mode in cylindrical coordinates of the air-cladding
dielectric wire structure in the microwire regime is depicted in Figure 3(a). The enhanced evanescent ﬁeld
characteristic of the wires made up of glasses (F2, SF6, SF56 and Bismuth) and polymer (PMMA) can be seen
for the diameters less than the operating wavelength (λ = 600 µm, f = 0.5 THz).
To obtain more information of the power distribution in the radial direction, the power fraction outside
the core is calculated by using the following formula:
 ∞  2π
Sz2 rdrdφ
Pair
a
0
(5)
=  a  2π
PF =
 ∞  2π
Ptotal
Sz1 rdrdφ +
Sz2 rdrdφ
0

0

a

0

where, Sz1 and Sz2 are the z-component of the Poynting vectors inside and outside the dielectric wire, respectively. Figure 3(b) shows the power fraction outside the wire for the four glasses and the polymer versus the
ﬁber diameter. For the diameters less than the operating wavelength (λ = 600 µm, f = 0.5 THz) the power
fraction converges to unity. This can be explained that in this regime, where the diameter is less than the
wavelength, most of the guided power is outside the ﬁber. According to this ﬁgure, it can be concluded that
the diameter where the ﬁbers enter the microwire operating regime as well as the slope of the convergence of
the power fraction strongly depends on the refractive index of the ﬁber material.
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Figure 3. (a)- Normalized electric ﬁeld distribution of PMMA, F2, SF6, SF57, and Bismuth microwires versus ﬁber
diameter at f = 0.5 THz (λ = 600 µm) (b)- Power fraction outside the PMMA, F2, SF6, SF57, and Bismuth microwires
versus the diameter at f = 0.5 THz (λ = 600 µm).

4.2. Fiber eﬀective loss
An important ﬁber parameter is the measure of power loss during the transmission of the signals inside the
ﬁber. Fiber losses are due to several eﬀects; among the more important are material absorption, impurity
absorption and scattering eﬀects. The material absorption (αm ) is caused by the molecules of the basic ﬁber
material, either glass or plastic. These losses represent a fundamental minimum to the attainable loss and
in conventional ﬁbers can be overcome only by changing the ﬁber material. In the optical regime, there
are materials that have low material absorption. However, the terahertz regime is lacking such materials for
proper waveguiding, therefore reducing the fractional power inside the dielectric core—the microwire operating
regime—is a way of improving the material absorption15 .
In the microwire operating regime, the fraction of power outside is more than the fraction of power inside,
therefore the material absorption has less eﬀect on the loss. For these wires a new description of material
absorption called eﬀective loss—the average of the loss coeﬀicients inside (dielectric) and outside (air) the
fiber over the transverse field distributions—is used, which is given by:22
 a  2π
2
σ 0 0 |E| rdrdφ

αeﬀ =  a  2π
(6)
 ∞  2π

 0 0 Sz1 rdrdφ + a 0 Sz2 rdrdφ
where, σ is the conductivity, related to the material absorption coeﬃcient as follows:15
σ=

n1 cαm
,
4π

(7)

where c the the light velocity in free space.
The calculated eﬀective loss of microwires made up of four glasses and a polymer are shown in Figure 4(a).
As expected, the upper limit of the eﬀective loss of diﬀerent fibers is defined by the bulk material loss. This is
where the fiber diameters are at the same order or larger than the THz operating wavelength (λ = 600 µm),
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Figure 4. (a)- Eﬀective loss of ﬁbers made up of PMMA, F2, SF6, SF57 and Bismuth materials versus ﬁber diameter
at f = 0.5 THz (λ = 600 µm) (b)- Magniﬁcation of the lower limit of the eﬀective loss shown in Figure 4(a).

therefore the power is conﬁned in the ﬁber and is encountered with the material loss. For fiber diameters
well below the THz operating wavelength (THz microwire operating regime), the eﬀective loss of all ﬁve fibers
approaches to the same order of value. To have a clear view of this, Figure 4(b) shows the enlargement of
eﬀective loss for small diameters, all approaching less than 0.01 cm−1 independently of the material. This can
be explained by considering that in this regime the field distribution, although guided through the fiber, has
the same or a larger amplitude at the dielectric-air interface, resulting in a larger fraction of guided power
outside the fiber. It is expected that in this regime, another loss mechanism, i.e. surface roughness scattering,
becomes important due to the enhanced evanescent field.

5. CONCLUSION
We use the concept of optical nanowires in the terahertz frequency range to achieve low loss terahertz waveguides. For calculating the normalized ﬁeld distribution, power fraction outside the waveguide, and ﬁber eﬀective
loss of microwires, we measure the bulk material absorption and refractive index of four glasses (F2, SF6, SF57
and Bismuth) and a polymer (PMMA). We ﬁnd that in the microwire regime (D << λT−ray ) the eﬀective loss
of all microwires converges to the same value of loss (less than 0.01 cm−1 ) regardless of the material used.
Further to the eﬀective loss, nanowires have another loss mechanism due to surface roughness interacting
with the enhanced electric evanescent ﬁeld. It is expected that this limiting factor, loss caused by the surface
roughness, will be avoidable for microwires and this is now under investigation.
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