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DISSERTATION DIRECTOR:

PROF. JAMES A. HARRINGTON

Hollow core waveguides (HCWs) are comprised of a central hole surrounded by a

highly reflective inner wall. The core can be filled with air, inert gas, or vacuum,

allowing these waveguides to transmit a broad range of wavelengths with low

attenuation. HCWs are of particular interest for the transmission of infrared (IR) to THz

radiation, where it is otherwise difficult to find materials that have the optical, thermal,

and mechanical properties required for use in solid core optical fibers.

Ray optics calculations are used to predict the attenuation of the low-loss

Gaussian-like HE11 mode propagating in two types of HCWs: hollow Bragg fibers

(HBFs) and metal/dielectric hollow glass waveguides (HGWs). These calculations

provide guidance on the materials selection and design of HCWs optimized for CO2 (10.6

µm) IR laser radiation and CO2 pumped CH3OH (119 µm) THz laser radiation.

An  all-chalcogenide  glass  HBF  is  proposed  for  the  delivery  of  CO2 laser

radiation. Such a fiber would combine a high refractive index contrast (ratio of the high

to low refractive index) with low materials absorption, characteristics that are critical to

the design of a low loss HBF. Ge20Se80 glass (ñλ=10.6 µm = 2.46 + i9.7e-7) is identified as
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an excellent candidate for the low refractive index composition due to its thermal stability

and relatively low refractive index among chalcogenide glasses that transmit 10.6 µm

radiation. To identify a high refractive index glass to combine with Ge20Se80, several

glass compositions in the Ag-As-Se glass forming system are characterized using FTIR

spectroscopy, CO2 laser variable angle reflectometry, and CO2 laser calorimetry. Of the

compositions investigated, Ag25As40Se35 glass  (ñλ=10.6 µm = 3.10 + i1.7e-6) has the best

thermal  and  optical  properties  for  this  application.  Ray  optics  calculations  show  that  a

HBF made from alternating layers of Ge20Se80 and Ag25As40Se35 glass could have orders

of magnitude lower loss than any IR waveguide that has been demonstrated to date.

A metal/polymer coated HGW is proposed for the transmission of THz radiation.

Ray optics calculations show that silver (Ag) has the best optical properties for use in this

application. In theory, a polystyrene (PS) layer added over the silver coating can reduce

the waveguide’s attenuation by over an order of magnitude. Ag/PS HGWs are fabricated

by extending coating techniques that were originally developed for IR transmitting

HCWs. FTIR spectroscopy is used to determine the PS film thicknesses and confirm

coating uniformity. Uniform PS films are deposited with thicknesses up to 16.7 µm,

which is approximately ten times greater than what had previously been demonstrated

using these techniques. The mode structure, attenuation, and coupling loss of Ag/PS

HGWs are characterized using a CO2 pumped CH3OH THz laser tuned to emit 119 µm

radiation. The best waveguide demonstrated in this study, a 2.2 mm bore diameter Ag/PS

HGW with a 8.2 µm PS film thickness, has a loss of 0.95 dB/m and a coupling efficiency

of 80 %. These attributes are the best that have been demonstrated for any THz

waveguide to date.
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Chapter I  Introduction

The primary goal of this study is to develop low loss waveguides for transmitting

infrared (IR) to terahertz (THz) frequency radiation. It is difficult to fabricate core/clad

optical fibers with low loss in this spectral range and this has motivated the development

of hollow core waveguides (HCWs). This chapter reviews HCWs and some applications

of IR and THz radiation. The chapter is concluded by describing the approach taken in

this study to design and fabricate HCWs with low loss for IR and THz radiation.

Chapter I.A Background

Hollow core waveguides (HCWs) provide several advantages over solid core

optical fibers because they transmit light in an air core. There are no Fresnel reflections

from the end face of a HCW when radiation is coupled from free space into the air core,

so  they  have  low  insertion  loss.  HCWs  also  have  low  non-linear  effects,  high  laser

damage threshold, and low materials absorption because most of the radiation they

transmit is confined to the air core [1]. These advantages have lead to the use of HCWs in

applications requiring the transmission of radiation at wavelengths where it is otherwise

difficult to find materials that have the optical, thermal, and mechanical properties

required for use in solid core fibers. This study focuses on the IR and THz spectrum, but

HCWs have also been used to transmit ultraviolet and soft X-ray radiation [2-4].

There are two classifications of HCWs: attenuated total internal reflection (ATIR)

waveguides and leaky-type HCWs. ATIR waveguides consist of a hollow core
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surrounded by wall material with a refractive index, n,  that  is  less  than  one  for  the

transmitted wavelength [5-6]. ATIR waveguides guide light by total internal reflection in

the same manner as the silica core/clad optical fibers used in the telecommunications

industry. The spectral range where a material has n < 1 is called an anomalous dispersion

region.  In  this  region  the  extinction  coefficient, k,  is  also  high.  Evanescent  waves

propagating in the wall material are attenuated due to the wall’s high k, limiting the

performance of ATIR guides. One example of an ATIR waveguide is the hollow sapphire

fiber that transmits CO2 laser radiation with a loss of approximately 0.5 dB/m [1].

The other type of HCW utilizes a highly reflective wall to confine light to the air

core. Leaky modes propagate in these HCWs since the wall is not a perfect reflector, thus

they are referred to as leaky-type HCWs. Increasing the wall’s reflectivity increases the

degree to which light is confined to the waveguide’s air core, thus decreasing the

attenuation of radiation propagating along its axis. Leaky-type HCWs can be divided into

different categories based upon how the wall of the waveguide is designed to achieve

high reflectivity. The most basic design is to use a smooth metal surface to form the inner

wall  of  the  waveguide  [7-9].  This  can  be  accomplished  using  a  metal  tube,  or  by

depositing a metal film on the smooth inner surface of a glass or plastic tube. A dielectric

layer is then added over the metal to provide enhanced reflectivity within specific

wavelength ranges due to an interference effect [10-11]. These waveguides are called

metal/dielectric HCWs. Multilayer metal/dielectric HCWs are fabricated by adding

multiple dielectric layers over the metal to form an alternating high/low refractive index

structure [12-13]. In the absence of materials absorption, roughness, and structural

imperfections the transmission loss of these waveguides decreases exponentially as the
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number of layer pairs increases [14]. For an infinite number of layer pairs radiation is

completely confined to the air core and the metal is no longer necessary to achieve high

reflectivity. A waveguide that consists of a hollow core surrounded by an alternating

high/low refractive index dielectric structure with no metal layer is called a hollow Bragg

fiber (HBF) [15]. Photonic crystal fibers (PCFs) utilize a two-dimensional periodic

dielectric  structure  to  confine  light  to  the  air  core  [16].  Also  called  holey-fibers,  these

waveguides generally consist of a series of air channels stretching along the length of the

waveguide that are arranged in a hexagonal lattice. Several air holes are removed from

the center of the waveguide to create a defect in which light can propagate with low loss.

The seven types of HCWs and their refractive index profiles are shown schematically in

Figure I-1.

Chapter I.B Applications of Infrared and THz Transmitting Waveguides

While IR waveguides have achieved widespread commercial application, only a

handful of lab scale studies of THz waveguide applications have been conducted. Some

applications of IR waveguides include laser surgery [17], printing / marking [18], cutting

/ welding [19], threat recognition and countermeasure [20], chemical and biological

sensing [21], radiometry [22], and thermal imaging [23]. One of the challenges that

remain in the development of IR waveguides is the fabrication of ultra low loss

waveguides for the delivery of high power IR laser radiation.
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Figure I-1:  Schematic  cross  sections  and  refractive  index  profiles  of  the  seven  types

of  hollow  core  waveguides:  ATIR  waveguide  (a),  metal  tube  (b),  metal-

coated hollow glass waveguide (HGW) or hollow polymer waveguide

(HPW) (c), metal/dielectric HGW or HPW (d), multilayer metal/dielectric

HGW or HPW (e), hollow Bragg fiber (HBF) (f), and photonic crystal

fiber (g).
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A Ag/AgI HGW has been used in conjunction with a water cooling jacket to

deliver 2.6 kW CO2 laser radiation with a wavelength of 10.6 µm [24]. This technology

has yet to be adopted by industrial CO2 laser delivery system manufacturers, despite its

potential performance and cost benefits over the articulated arms and free space optics in

use today. Reducing the transmission loss of the HCWs could be a driving force for their

application in high power IR laser delivery systems. Single layer metal/dielectric

waveguides are already fabricated with near theoretical loss for CO2 laser radiation, so

there is little room to improve their performance. George et al. have demonstrated lower

losses by increasing the bore diameter of the HCW, but the mode quality of the

waveguides is compromised [14]. Experimental observations and theoretical calculations

indicate that the performance of multilayer metal/dielectric waveguides will be limited by

the increase in roughness associated with increasing the number of dielectric layer pairs

[13-14].

HBFs may have the most promise for CO2 laser power delivery. The arsenic

triselenide (As2Se3) glass/polyetherimide (PEI) HBF developed by MIT and

commercialized by OmniGuide, Inc. is the first HBF to be used in CO2 laser delivery for

medical applications [25-28]. The OmniGuide HBF has a loss of 0.5 dB/m, which is

significantly higher than the best Ag/AgI HCWs with losses as low as 0.017 dB/m [14].

The low loss of the OmniGuide HBF is remarkable because the loss of the low refractive

index layer material, PEI, is on the order of 100,000 dB/m. Theoretical calculations

indicate that the loss of an IR transmitting HBF could be reduced by several orders of

magnitude simply by using lower loss materials [29].
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The development  of  IR and  THz waveguide  technologies  are  at  vastly  different

stages of maturity. THz radiation covers the spectral range from 100 µm to 3,000 µm

(3 THz – 0.1  THz).  Interest  in  THz radiation  has  grown considerably  over  the  past  ten

years with the emergence of stronger transmitters and more sensitive receivers [30]. The

unique interaction of THz radiation with matter, in particular gasses and materials that

contain water, have led researchers to investigate applications in imaging and

spectroscopy [31-33]. Molecules with similar chemical bonds can be difficult to

distinguish using IR spectroscopy. The rotational transitions and associated THz

absorption spectrum of molecules can be more readily distinguished. THz time domain

spectroscopy (TDS) allows the rapid collection of an analyte’s spectral response over the

range  of  0.1  THz to  3  THz.  THz TDS spectroscopy is  therefore  a  powerful  tool  in  the

chemical analysis of gasses and liquids.

It may be possible to achieve added functionality in systems utilizing THz

radiation by incorporating low loss optical waveguides. For instance, a flexible

waveguide could be coiled to create a small footprint, long path length cell for gas

sensing using TDS. Many approaches have been taken to achieve low loss THz

waveguides including photonic crystal fibers [34], hollow polymer fibers [35], metal

tubes [8], Cu coated hollow polycarbonate waveguides (HPWs) [9], and metal wires [36].

With the exception of metal wires, all of these technologies have been adapted from IR

transmitting waveguides. Taking this into consideration, it is interesting that the lowest

loss IR wave guiding technology, the metal/dielectric HCW, has not yet been applied to

fabricate THz waveguides.
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Chapter I.C Approach and Organization of the Dissertation

The approach that we have used to study HCWs is similar for both IR and THz

radiation. First the design of the waveguide is investigated theoretically. These

calculations form a basis for the selection of materials for use in constructing the

waveguide. Fabrication techniques that are capable of forming the selected materials into

the proper structure are then developed.

The  success  of  the  OmniGuide  HBF  shows  that  its  design  principles  are  sound

and that HBFs may be fabricated with precisely controlled microstructures. A

shortcoming of the OmniGuide HBF is the high absorption of the materials from which it

is made. This study seeks to build upon the Omniguide HBF technology by incorporating

materials with low absorption into a waveguide with a similar design and using similar

fabrication techniques. This effort requires the identification of two materials with high

refractive index contrast (ratio of the high refractive index to the low refractive index),

low extinction coefficient, and thermal properties that permit them to be co-drawn from a

HBF  preform.  Chapter  III  details  the  efforts  undertaken  in  this  study  to  identify

chalcogenide glasses that meet these three conditions for 10.6 µm radiation. The basic

elements of a preform fabrication and drawing process to produce a chalcogenide glass

HBF are also demonstrated.

The applications of THz radiation do not require the ultra low losses that are made

possible by the complex structure of HBFs. Instead this study focuses on the application

of the metal/dielectric HCW technology to THz waveguides. Theoretical calculations

presented in Chapter II indicate that the simple, single dielectric-layer design may be
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applied to THz radiation by increasing the dielectric film thickness in proportion to the

wavelength of operation. This study focuses on 119 µm radiation because that is the

strongest emission line of a Coherent SIFIR-50 laser that was available for use in these

investigations through a collaboration with Oleg Mitrofanov at Alcatel-Lucent Bell

Laboratories. The study did not require the synthesis of new materials because theoretical

calculations indicate that the optical properties of silver and polystyrene (PS) should

provide near minimum theoretical loss. Chapter IV describes the fabrication and

characterization of Ag/PS HGWs for THz radiation.

The design studies for both IR and THz waveguides are presented in Chapter II.

The materials selection and fabrication efforts for IR and THz waveguides are discussed

separately in Chapters III and IV, respectively. Chapter V summarizes the work

completed in this study and provides some perspective on future investigations that could

be conducted.
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Chapter II Design of Hollow Core Waveguides

II.A Background

This study focuses on leaky-type hollow core waveguides (HCWs) that consist of

a low refractive index core, for example air, surrounded by a higher refractive index

reflective wall. The design of the HCW’s reflective wall has evolved over time. Initially,

researchers focused on metallic tubes with circular or rectangular cross-sections [1].

Marcatili and Schmeltzer (MS) solved Maxwell’s equations for electromagnetic (EM)

radiation propagating in air-core cylindrical waveguides under the assumptions that the

bore size is much larger than the wavelength and the propagation constant, βlm, is

approximately equal to the wavevector, k [2]. The dependence of the modal power

attenuation constants (henceforth referred to simply as loss), αnm, on the wall’s complex

refractive index, ñ, are given by
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where λ is the wavelength, a is the radius of the air core, and unm is the mode parameter.

The  values  of unm for the lowest order modes are given in Table II-1. The practical

implication of Eq.(II.1) is that low loss waveguides can be realized by coupling radiation

to the lowest order modes, those with small unm, with large bore radius waveguides. This

principle is true for all leaky-type HCWs. There are two issues with metallic HCWs that
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limit their usefulness: the lowest loss mode is the TE01 mode, which cannot be coupled

efficiently to the TEM00 output of laser sources, and there is a significant increase in loss

when these waveguides are bent. MS showed that this increase in loss on bending is

proportional to 1/R2, where R is the bend radius, for large bend radii.

m

n
1 2 3 4

0 3.8317 7.0156 10.1735 13.3237

1 2.4048 5.5201 8.6537 11.7915

2 3.8317 7.0156 10.1735 13.3237

3 5.1356 8.4172 11.6198 14.7960

4 6.3802 9.7610 13.0152 16.2235

Table II-1: The values of the mode parameter unm.

The next step in the evolution of HCW design was the realization that one or

more dielectric layers deposited over a metallic substrate tube could greatly enhance its

reflectivity and, thus, lower the waveguide’s losses [3,4]. Miyagi and Kawaki (MK)

characterized the transmission modes of these hybrid metal/dielectric HCWs by their

surface impedance and admittance and developed an expression for the modal loss as,
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where n and k are the refractive index and extinction coefficient of the metal (ñ = n - i·k).

MS  and  MK  theories  predict  the  same  dependences  of  the  modal  loss  on  the  mode
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parameter, wavelength, and bore size. A significant difference between the two equations

is the inclusion of the term Ffilm that describes the loss reduction upon the addition of a

dielectric film given by
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where nd is the refractive index of the dielectric, which is assumed to be lossless, i.e. ñd =

nd - i·0. The loss of the hybrid modes is minimized when nd is equal to 1.41. The bend

loss for small bend radii was described by MK and shown to be proportional to 1/R [5].

The transition from the large bend radius behavior described by MS to the MK small

bend  radius  behavior  occurs  at  the  critical  bend  radius  where  radiation  couples  to

whispering gallery modes. MK also indicate that the loss of hybrid metal/dielectric

waveguides can be decreased by adding additional quarter wave thickness dielectric

layers in an alternating high refractive index, nH, / low refractive index, nL, configuration.

The intensity of the EM fields penetrating into the metal decreases exponentially as more

dielectric layers are added over the metal surface. If a sufficient number of dielectric

layer pairs are added, the metal can be removed without increasing the loss significantly.

Such a fiber is the hollow Bragg fiber (HBF) first described by Yeh and Yariv [6].

HBFs consist of an air core surrounded by alternating quarter wave thickness nL

and nH layers.  HBFs support  similar TE, TM, and HE modes to those that propagate in

metallic HCWs. Three analysis methods have been employed to determine the complex
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propagation constants of the modes in HBFs: the transfer matrix method [6,7], the

asymptotic method [8,9], and the Galerkin method [10,11]. A key result of these studies

has been the identification of the refractive index contrast (nH/nL)  as  a  key  design

parameter for HBFs. High refractive index contrast reduces the number of layers needed

to provide low loss; increases the materials absorption suppression (ratio of the materials

absorption to the fiber’s transmission loss); and allows for omnidirectional reflection

[12,13] where light of any polarization state and angle of incidence is perfectly reflected

from the waveguide’s wall. The implications of omnidirectional reflection are discussed

in more detail in Section II.G-3.

Miyagi’s ray optical treatment [14] of the modal loss in HCWs is far less complex

than any of the above mentioned analysis techniques yet provides the flexibility to

analyze the modal loss characteristics of any leaky-type HCW. The basic approach is to

determine the incidence angles corresponding to the propagation constants of each mode;

calculate the reflectivity of the waveguide’s wall for the mode’s polarization state and

angle of incidence; and then determine the loss of radiation traveling in a given mode

based on the distance each wavefront travels between interactions with the wall and how

much intensity is lost with each interaction. The calculation of the reflectivity coefficients

of multilayer thin films is thoroughly described in several texts [15,16] and there are

many optical thin film analysis software packages available, making ray optics

calculations easy to employ. The accuracy of the ray optics formulation has been verified

in a number of studies [17,18]. One drawback of ray optics calculations is that they are

limited to analysis of the modal loss, whereas the wave optics methods can provide

information about both the attenuation and dispersion of the modes.
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This study is concerned primarily with the identification of materials and

fabrication techniques for HCWs that transmit infrared to THz laser power. The ray

optics method is an excellent tool for evaluating HCW designs for these applications

because it provides accurate modal attenuation constants and its results are easy to obtain

and interpret.

II.B Ray Optics Calculations for Hollow Core Waveguides

An optical  ray coupled into a HCW within a plane intersecting the center of the

waveguide’s cross section is called a meridional ray. Meridional rays are guided in the

waveguide’s core via successive reflections at an angle θz measured from the ray to the

normal of the reflective wall. The distance between consecutive reflections, L, is given by

the equation

( )zaL θtan2 ⋅⋅= Eq.(II.4)

where a is the radius of the waveguide’s core. The propagation of a meridional ray in a

HCW is shown schematically in Figure II-1. If the wall of the waveguide is not a perfect

reflector there will be some loss of intensity each time the ray is incident upon the wall.

Neglecting any reduction in loss due to the Goos-Hänchen shift, the power attenuation

coefficient, or simply loss, α, is given by the equation

( )za
R

L
R

θ
α

tan2
11
⋅⋅
−

=
−

= Eq.(II.5)

where R is the polarization specific reflectance of the wall. When the orientation of the

electric field of the light ray is parallel to the plane in which it is traveling (the plane of

incidence) the light is said to be p-polarized and the parallel reflectance, Rp, is substituted
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for R in Eq.(II.5). When the orientation of the electric field is perpendicular to the plane

in which the ray is traveling the light is s-polarized and the perpendicular reflectance, Rs,

is used. If the light is unpolarized the average reflectance, Ravg, is substituted for R in

Eq.(II.5). Ravg is given by

2
sp

avg

RR
R

+
= Eq.(II.6)

The calculation of reflectance is discussed in Section II.D.

Figure II-1: A schematic diagram of a hollow core waveguide that indicates the bore

radius, a, and mode angle, Θz.

II.C Modes in Hollow Core Waveguides

Ray optics is a useful tool for understanding the attenuation characteristics of

optical waveguides, but does not provide a complete description of the light’s

propagation. An electromagnetic analysis, in which each ray is associated with a

transverse electromagnetic (TEM) plane wave, can be used to understand light

propagation in hollow core waveguides in more detail [19]. The sum of plane waves

associated with each ray determines the electromagnetic field in the waveguide. It is

instructive to first examine the case of a waveguide consisting of two planar infinite

lossless mirrors in the x-y plane separated by a lossless dielectric of thickness, 2·a, and

θz

a
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refractive index, n, as shown in Figure II-2. A monochromatic TEM plane wave

propagating in the y-z plane at an angle, θz, is guided in the z direction without loss. This

wave has a wavelength noλλ = , wavenumber oknk ⋅= , and phase velocity ncc o= .

The TEM wave is reproduced after every other bounce when its bounce angle satisfies

the equation









⋅
⋅== −

a
mmz 4

cos 1 λθθ Eq.(II.7)

where m is  an integer and θm is the mode angle corresponding to m. There are only two

distinct plane waves propagating in the waveguide when Eq.(II.7) is satisfied. The

superposition of these two waves results in a field distribution across the waveguide’s

cross section (the x-y plane) that does not change with z. Such fields are called the modes

of  the  waveguide.  The  modes  are  called  transverse-electric  (TE)  modes  when the  TEM

waves are polarized in the x direction (the electric field is parallel to the mirrors). The

modes are referred to as transverse-magnetic (TM) modes when the TEM waves are

polarized in the y-z plane (the magnetic field is parallel to the mirrors). The value of m is

used as a subscript to distinguish between individual TE and TM modes, for instance,

TE1, designates the TE mode for m = 1.

Hollow core waveguides consisting of cylindrical lossless dielectric core of

radius, a, and refractive index, n0, surrounded by a perfectly reflecting mirror confine

light in two dimensions and support radially symmetric TE and TM modes and hybrid

HE and EH modes. Both the electric and magnetic fields of the hybrid modes have

transverse components. The bounce angles corresponding to the modes propagating in

cylindrical hollow core waveguides are given by [14]
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




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π
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θ Eq.(II.8)

where unm is the mode parameter of the nmth mode and λ0 is the freespace wavelength of

the radiation propagating in the waveguide’s core. The value of unm is  equal  to  the mth

root of the Jn-1(x) Bessel function. The HE11 mode angles for 10.6 µm and 119 µm

radiation are plotted as a function of bore diameter in Figure II-3. Combining Eq.(II.5)

and Eq.(II.8) yields an equation that can be used to calculate the modal attenuation

constants:


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
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



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⋅
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−
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2
costan2

12

π
λ

α Eq.(II.9)

where R = Rs for TE modes, R = Rp for TM modes, and R = Ravg for HE and EH modes.

Figure II-2: A TEM plane wave propagating between two planar mirrors that satisfies

the condition of self-consistency. The wavefronts of the initial plane wave,

reflected  plane  wave,  and  twice  reflected  plane  wave  are  shown  in  red,

green, and blue, respectively. The diamond shaped pattern formed by the

intersection of the wavefronts is analogous to a waveguide mode.
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Figure II-3: The HE11 mode angle, θz, is plotted as a function of bore diameter 2·a for

HCWs  transmitting  CO2 laser infrared radiation at 10.6 µm  and  CO2

pumped CH3OH THz radiation at 119 µm.

II.D Coupling to the HE11 Mode

Commercially available laser sources operating in the infrared to THz spectral

range are commonly designed to emit a TEM00 linearly polarized Gaussian beam,

henceforth  referred  to  as  a  TEM00 beam.  Of  the  modes  supported  by  HCWs,  the  HE11

most closely matches the intensity distribution and polarization of the TEM00 beam.

Therefore the radiation from a laser that emits a TEM00 beam can be coupled most

efficiently to the HE11 mode  of  a  HCW.  The  relative  electric  field  distribution  of  the

TEM00 beam is given by:

2
2

0

)( ω
r

e
E

rE −
= Eq.(II.10)
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where r is the radial distance measured from the center of the mode, ω is  half  the beam

diameter of the TEM00 beam taken as the value of r where 0)( ErE  is equal to 1/e. The

relative electric field distribution of the HE11 mode in the core (0 < r < a) of a HCW with

a circular cross section is given by







 ⋅

=
a

ruJ
E

rE 11
0

0

)( Eq.(II.11)

The axial variations of the relative intensity, ( )2
00 )()( ErEIrI ∝ , for the HE11 mode in

a HCW of bore radius, a, and the TEM00 beam with a beam radius ω = 0.64·a are plotted

in Figure II-4. The optimum coupling efficiency from the TEM00 beam  to  the  HE11

waveguide mode is 98% and is achieved when ω/a = 0.64 [20]. The total loss of the

waveguide depends on the coupling efficiency and the characteristic loss of each mode.

Thus the insertion loss is not necessarily minimized under the condition of optimum

coupling to the HE11 mode, particularly for short waveguides. Nubling and Harrington

show that for 1 m long Ag/AgI HGWs the minimum insertion loss for 10.6 µm CO2 laser

radiation is achieved for values of ω/a that are slightly less than 0.64 [20].

It is fortunate that the TEM00 beam is coupled most efficiently to the HE11 HCW

mode because it is the lowest loss mode for the HGWs and HBFs examined in this study.

Referring to Eq.(II.8) it is clear that higher order modes (high unm) have lower θz, which

results in increased loss due to a shorter length per bounce and lower reflectance. Since

the TEM00 beam can be coupled most efficiently to the HE11 mode, which is also the

lowest loss mode of HCWs, the remainder of this study focuses on the transmission

losses of the HE11 mode exclusively.
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Figure II-4: The relative intensity distributions of the TEM00 Gaussian beam (a) with

beam diameter, ω = 0.64·a, and the HE11 mode (b) propagating in a HCW

with bore diameter, a. The darkest regions correspond to the greatest

intensities.

II.E Calculation of Reflectivity Coefficients

There are several methods that may be employed to determine the reflectance of

the HCW wall. George [21] has applied Rouard’s [15] method. The calculation is

initiated  by  replacing  the  outermost  layer  of  the  wall  with  a  single  surface  having  the

same Fresnel coefficient and phase shift. Rouard’s method proceeds by similar

replacement of the layers in order from the outermost layer to the layer nearest the core

until all layers have been replaced by a single surface. The Fresnel coefficient of this

surface is equal to that of the collection of thin films that make up the HCW wall. There

are also two matrix methods that are often employed to calculate the reflectance of a

HCW wall. The transfer matrix method relates the positive going and negative going

electric field vectors in successive layers to a 2 X 2 transfer matrix [22]. The elements of
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the transfer matrix for each film are determined using Abele’s equations for the electric

field vectors in successive layers expressed in terms of their Fresnel coefficients [15].

The  reflectivity  coefficients  of  the  system  of  layers  are  related  to  the  product  of  the

transfer matrices for each layer. In this study, the reflectivity of the HCW’s wall is

determined using a variation of the transfer matrix method in which the tangential

components of the electric and magnetic field vectors at adjacent interfaces are related by

another  2  X  2  matrix.  In  this  case,  the  elements  of  the  matrix  are  determined  by

expressing the tangential components of the electric and magnetic field vectors in terms

of  the  characteristic  admittance  of  each  layer  [16].  In  a  similar  fashion  to  the  transfer

matrix method, the matrix associated with each film is multiplied together to obtain the

characteristic matrix of the system allowing the determination of the reflectance. This

method is discussed in detail below.

Consider a plane wave incident from a medium with a complex refractive index,

000
~ kinn ⋅−= , onto a multilayer thin film at an angle, θz, consisting of J layers with

complex refractive indices, jjj kinn ⋅−=~ , supported by a substrate with a complex

refractive index sss kinn ⋅−=~  as shown in Figure II-5. The subscript j takes on a value

between 1, for the film nearest the incident medium, and J, for the film nearest the

substrate. The coordinate system is chosen such that the layers are parallel to the y-axis

and perpendicular to the z-axis. The tangential components of the plane wave’s electric

and magnetic vectors, Etan and Htan, are continuous at the interface between each layer.
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Figure II-5: A schematic diagram of a plane wave incident on a multilayer thin film.

The ratio tantan HE thus varies continuously and is related to the optical impedance, Z,

and admittance, Y, by

tan

tan1
H
E

Y
Z == Eq.(II.13)

The reflectance of the system is given by
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Eq.(II.14)

where 0η  is the polarization specific characteristic admittance of the incident medium,

and Y is the polarization-specific characteristic admittance of the system of thin films and

•
•
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•
•
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substrate. 0η  is given by,

( )zn θη cos~
00 ⋅= Eq.(II.15)

for s-polarization and is given by,

( )z

n
θ

η
cos

~
0

0 = Eq.(II.16)

for p-polarization. To determine the admittance of the system it is first necessary to

determine the relationship between the tangential components of the electric and

magnetic vectors at the two interfaces associated with any layer j. This relationship can

be represented in matrix form:


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




⋅
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δδη
η

δ
δ

cossin

sin
cos

1

1 Eq.(II.17)

where Ej-1 and Hj-1 are the tangential components of the electric and magnetic field

vectors at the interface between layer j and layer j-1, Ej and Hj are the tangential

components of the electric and magnetic vectors at the interface between layer j and layer

j+1, δj is the optical phase shift associated with layer j, and jη  is the polarization specific

characteristic impedance of layer j. δj is given by,

( )
λ

θπ
δ zrr

j

nnd sin~~2 2
0

2 ⋅−⋅⋅⋅
= . Eq.(II.18)

jη is given by,

( )( )22
0

2 sin~~
zrj nn θη ⋅−= Eq.(II.19)

for s-polarization and;
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for p-polarization. The matrix:
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is called the characteristic matrix of the thin film j. The tangential components of the

electric and magnetic field vectors at any two interfaces can be determined by

multiplying the characteristic matrices of all of the layers separating them. Thus the E0

and H0 are related to EJ and HJ by
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where ηs is the characteristic admittance of the substrate given by

( )( )22
0

2 sin~~
zss nn θη ⋅−= Eq.(II.23)

for s-polarization and
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= Eq.(II.24)

for p-polarization. The characteristic matrix of the film and substrate assembly is then

given by
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where the elements B and C are related to the systems admittance by
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B
CY = Eq.(II.26)

Combining Eq.(II.14) and Eq.(II.26) yields the polarization-specific reflectance of the

multilayer film when the properly defined characteristic admittances for the incident

medium, substrate, and layers are used.

Equations Eq.(II.9) and Eq.(II.14) through Eq.(II.26) can be readily incorporated

into program for calculating the modal attenuation of the HCWs using a calculation

management suite such as Mathcad or Matlab. In this study, Mathcad v.13.1 was used to

write programs to determine the transmission loss of the HE11 mode for HBFs and HGWs

operating in the infrared to THz spectral range. The results of these calculations have

been checked against the reflectance calculated using the optical thin film analysis

software IMD v. 4.1 [23]. This software package calculates the reflectance of arbitrary

multilayer structures using Rouard’s method. IMD was also very useful in calculating

reflectance bandgap diagrams in which the reflectance is obtained as a function of

wavelength and angle of incidence. This is because the IMD software is capable of

efficiently handling large data sets.

II.F  Optimized Hollow Core Waveguide Structures

There is a vast array of reflector designs described in the literature that could be

applied to HCWs [15,16]. Any reflector design devised with real materials in mind, i.e.

the refractive index of each layer is complex, must consider two effects that reduce the

reflectivity coefficients: transmission of energy though the system, T, and absorption of

energy by the system, A. A simple definition of the reflectivity of the system is thus:
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ATR −−= 1 Eq.(II.27)

Metallic reflectors have high R due to the high refractive index and extinction

coefficients of the metals commonly used as reflectors such as, Ag, Au, Cu, and Al. In

the case of a metallic reflector, T = 0 as long as the metal is thicker than its skin depth. A

is non-zero because any radiation that is not reflected is absorbed by the metal. Greater R

values can be achieved using multilayer dielectric reflectors. The layer thicknesses of a

multilayer reflector are designed to achieve very low T for specific wavelengths. A is also

low when dielectrics with low extinction coefficients are chosen. Hybrid

metallic/dielectric mirrors have one or more dielectric layers deposited over a metallic

substrate. High R can be obtained using a hybrid reflector design with fewer layers than

an all-dielectric design. Hybrid reflectors have been successfully applied to HGWs and

Hollow Polycarbonate Waveguides (HPWs) operating in the infrared spectral range

[24,25]. This study is focused on the two reflector designs that have received the most

widespread application in HCWs and have the greatest potential for future applications;

the single dielectric thin film on a metal substrate hybrid reflector and the all-dielectric

multilayer Bragg reflector.

II.F-1 All-dielectric hollow Bragg fibers

HBFs are based upon the design of the multilayer Bragg reflector which is shown

in Figure II-6. The Bragg reflector design consists of alternating high refractive index,

nH, / low refractive index, nL, layers. The Bragg reflector is also characterized by the

number of layer pairs, N,  of in the dielectric stack. Structures with nL layers nearest the
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incident medium and substrate, thus having a total of 2·N+1 layers, have higher

reflectance at near grazing incidence (a characteristic of the low loss modes) than those

with an even number of layers or those with nH layers at the incident medium and

substrate interfaces. In the context of the nomenclature describing the arbitrary multilayer

film  discussed  in  Section  II.C,  the j = odd layers have the refractive index nL and the

j = even layers have the refractive index nH.

Figure II-6: A schematic diagram of the multilayer alternating nL/nH all dielectric

Bragg reflector design.

Under the assumption that the layers are non-absorbing (k = 0) the optimum thickness of

each layer, with the exception the layer nearest the incident medium (j = 0), is given by

the quarter wave condition at glancing incidence [4]

14 2 −⋅
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H

o
H

n
d λ

, Eq.(II.28)

where dH is the thickness of the nH layers (j = 2… J-1) and
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Eq.(II.29)

where dL is the thickness of the j  1 nL layers (j = 3… J). The thickness of the j = 1 layer

is given by
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It is important to consider the magnitude of the reflectance and its spectral

variation when designing coatings for a HCW for practical use. If the waveguide is to be

used for laser power delivery it is critical to design coatings to achieve maximum

reflectivity, providing the lowest loss, at the laser’s operating wavelength. The small

spectral width of laser sources dictates that the HCW needs only to have low loss over a

narrow spectral region centered on the operating wavelength. The HBF suits this criterion

well. A wall design that provides low loss over a broad range of wavelengths is favorable

for waveguides that are intended for spectroscopic applications. Metal/dielectric HGWs

and HPWs have the flexibility to provide low loss at a single design wavelength and

relatively low-loss over spectral range that extends from the design wavelength to longer

wavelengths.

II.F-2 Metal/dielectric hollow glass waveguides

The  design  of  the  single  dielectric  layer  on  metal  reflector,  as  shown  in

Figure II-7, is very simple and is the basis for the design of metal/dielectric HGWs. The
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thickness of the metal, dmetal, must be thicker than its skin depth to prevent radiation

leakage through the metal. For example the skin depth of silver in IR is between 10 nm

and 30 nm. A dielectric added over the metal greatly enhances its reflectivity. The HE11

mode propagates at near glancing incidence for practical waveguide geometries as

indicated by Figure II-3. The optimum thickness, dd, at glancing incidence of a non-

absorbing (k = 0) dielectric film on a metal substrate is given by [4]
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where λ0 is the design wavelength and nd is the refractive index of the dielectric.

Figure II-7: A schematic diagram of the reflector design single dielectric layer on a

metal substrate.

II.G Characteristics of the OmniGuide Hollow Bragg Fiber

The concept of the HBF was first proposed by Yeh and Yariv in 1978 [6]. One of

the most interesting features of HBFs is that their transmission losses can be much lower

than the materials from which they are made. The Bragg reflector design of the HBF

walls results in a photonic bandgap centered on λ0. The term photonic bandgap refers to a

spectral region where the electromagnetic field intensities decrease exponentially with

ddñd = nd - i·kd

ñ = n - i·k
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depth into the multilayer Bragg reflector wall. As the ratio of nH/nL, termed the refractive

index contrast, increases the fields decay more rapidly with depth into the HBFs inner

wall. Any radiation with a wavelength within the bandgap and propagating along the axis

of  the  fiber  is  confined  to  its  hollow core.  The  fraction  of  the  radiation  confined  to  the

core can reach near unity for an HBF with high refractive index contrast and many layer

pairs.  Since the core can be filled with dry air,  inert  gas or vacuum HBFs can be tuned

over a broad spectral range to achieve low loss at a discreet wavelength by changing the

layer thicknesses according to Eq.(II.28) through Eq.(II.30).

II.G-1 Structure and fabrication of OmniGuide fibers

The first practical demonstration of a HBF was accomplished in 2002 by

researchers at MIT [26]. This HBF, termed the “OmniGuide” fiber, consists of a hollow

core surrounded by alternating layers of arsenic triselenide (As2Se3) glass,

ñ = 2.74 - i1.3×10-6, and polymer polyetherimide (PEI), ñ = 1.69 – i0.046 [27], supported

by a thick outer PEI cladding as shown in Figure II-8. The fabrication of the fiber begins

with the thermal evaporation of As2Se3 glass on either side of a PEI film. The coated film

is then rolled into a spiral and covered with a thick PEI cladding to form a drawable

preform that closely approximates the ideal HBF structure. An interesting feature of the

OmniGuide fabrication process is its wavelength scalability. It is obvious by inspection

of Eq.(II.28) and Eq.(II.29) that the ratio LH dd does not change with λ0. During the

draw process the Omniguide HBF preform is heated and pulled reducing the inner and

outer diameters and layer thicknesses in proportion. Since the ratio of the As2Se3 layer
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thickness  to  the  PEI  layer  thickness  does  not  change  during  the  draw  process,  the

OmniGuide fiber’s low loss wavelength can be adjusted simply by changing the diameter

of the final hollow waveguide. The draw speed can be altered during the draw process

allowing fibers that operate at many different wavelengths to be drawn from a single

preform.

Figure II-8: A schematic of the OmniGuide HBF cross section.

II.G-2 Transmission of CO2 laser radiation in OmniGuide fibers

The  ray  optics  formulation  is  used  to  calculate  the  theoretical  loss  of  the  HE11

mode at 10.6 µm  as  a  function  of N for the Omniguide fiber. Figure II-9 shows  a

comparison of the loss computed under the assumption of no materials absorption, i.e. ñ

= n – i·0, and the loss computed when the complex refractive indices are considered. In

the absence of materials absorption the transmission losses of the OmniGuide HBF can

air
core

PEI substrate
PEI thin film

As2Se3 thin film
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be reduced arbitrarily by adding more layer pairs. When the complex refractive indices

are used in the calculation it is apparent that materials absorption limits the decrease in

loss upon the addition of layer pairs beyond N =  7.  A  minimum  theoretical  loss  of

0.18 dB/m is achieved for N > 10.
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Figure II-9:  The transmission loss of the HE11 mode for 10.6 µm CO2 laser radiation

propagating in an OmniGuide fiber is plotted as a function of the number

of layer pairs, N, that form the waveguide’s reflective inner wall. The red

curve indicates the loss when the complex refractive indices of the

materials are considered. Only the real indices are considered in the

calculation of the blue curve. a = 350 µm and λo = 10.6 µm.

In practice, Omniguide HBFs with a = 350 µm tuned for transmission at 10.6 µm

have losses as low as 0.5 dB/m [28].  The loss of the real  fiber is  expected to be higher

than the calculated HE11 mode loss due to the presence of some higher order modes and

structural imperfections from the fabrication process. The low loss of the OmniGuide
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HBF at 10.6 µm is remarkable in light of the fact that the extinction coefficient of PEI at

10.6 µm corresponds to materials absorption of over 200,000 dB/m. To put this in

perspective, CO2 laser radiation focused on the outside of an OmniGuide HBF can ignite

its PEI cladding. The low loss of the OmniGuide HBF, despite its high materials

absorption, is possible because of its high refractive index contrast

(nH/nL = 2.74/1.69 = 1.62).

II.G-3 Omnidirectional reflection

The OmniGuide HBF derives its name from the fact that over a range of

wavelengths the bandgap of its Bragg reflector wall is omnidirectional, meaning that it

extends over all angles of incidence and polarizations [12,13]. IMD optical thin film

analysis software is used to study the variation of the OmniGuide wall reflectivity with

wavelength and angle of incidence. Figure II-10 shows Ravg of the OmniGuide’s wall

plotted as a function of wavelength and angle of incidence under the assumption that the

extinction coefficients of the layers are equal to zero. Figure II-11 shows a similar plot

except  that  it  is  calculated  using  the  true  extinction  coefficients  of  the  materials.  In  the

absence of materials absorption, the fundamental bandgap appears as a white band

(indicating high reflectivity) stretching from 10 µm  to  14 µm at normal incidence and

from 9.5 µm to 11.5 µm at glancing incidence. The omnidirectional bandgap thus extends

from 10 µm to 11.5 µm, a range to midrange ratio (RTMR) of 14 %. These calculations

provide similar information to the projected band structure diagrams of OmniGuide

HBFs presented by researchers at MIT [26]. The RTMRs calculated using these methods
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Figure II-10: The average reflectivity coefficient, Ravg, of an OmniGuide fiber is plotted

on a color scale within a wavelength vs. angle of incidence coordinate

system. The extinction coefficients of the materials are ignored. The high

reflectivity photonic bandgap regions appear as white bands in the

diagram. N = 35, k = 0, and λo = 10.6 µm.
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Figure II-11: The average reflectivity coefficient, Ravg, of an OmniGuide fiber is plotted

on a black-to-white scale within a wavelength vs. angle of incidence

coordinate system. The complex refractive indices of the materials are

used in the calculations. Horizontal bands correspond to the absorption

bands of PEI. N = 35 and λo = 10.6 µm.
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are in good agreement [12]. When the materials’ complex refractive indices are used in

the calculation, the omnidirectional bandgap is largely eliminated due to materials

absorption. Bands stretching horizontally across the diagram correspond to the strong

infrared absorption bands of PEI. These calculations agree with the observed spectral

response the OmniGuide HBF [26].

The significance of omnidirectionality is its potential to reduce bend losses in

HCWs. The coupling of energy to higher order (hence higher loss) modes is responsible

for  increased  loss  on  bending  and  is  fundamental  to  all  HCWs.  There  are  two

contributions to bend loss: Eq.(II.6) shows that a higher mode parameter fundamentally

indicates higher loss; and the value of Ravg decreases as θz decreases for most HCW

reflective wall designs. Bend losses are highest in metal coated HGWs because the

reflectivity of the metal decreases dramatically as θz approaches the metals principle

angle of incidence [29]. As shown in Figure II-12, a dielectric AgI layer added over an

Ag coated HGW increases the wall’s reflectivity at 10.6 µm for incidence angles near

silver’s principle angle of incidence and thus reduces the HGWs bend loss. Also shown

in Figure II-12 is the dependence of Ravg at 10.6 µm on θz for the walls of the Omniguide

HBF. If materials absorption is ignored, Ravg of the OmniGuide HBF is near unity for all

angles of incidence which would provide reduced bend losses with respect to Ag and

Ag/AgI coated HGWs. Inclusion of the materials’ extinction coefficients shows that the

omnidirectionality of the OmniGuide’s wall is diminished due to materials absorption.

The bend loss of the OmniGuide at 10.6 µm has been found to increase linearly with the

inverse of the bend radius at a rate of 0.015 dB·m for a 2.5 m long 700 µm diameter fiber

subjected to 90 degree bends initiated 15 cm from the output [26]. The observation of
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increased loss on bending proportional to the inverse of the bend radius is consistent with

theory and experimental observations of other HCWs. Bend loss measurements are very

sensitive to the details of the measurement set-up so it is unclear if the OmniGuide fiber

has improved bend loss over Ag/AgI HGWs operating at 10.6 µm. The observed

increased loss on bending does indicate that the full potential of omnidirectional

reflection is not been realized in the OmniGuide fiber due to materials absorption.
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Figure II-12: The average reflectivity coefficient, Ravg, is plotted as a function of angle

of  incidence  for  the  wall  of  a  Ag coated  HGW, a  Ag/AgI  coated  HGW,

and the OmniGuide fiber with and without materials absorption.

The fabrication techniques for the OmniGuide HBF have been refined to the point that

fibers with near theoretical losses can be produced and they are gaining acceptance in the

medical community for the delivery of CO2 laser radiation for surgical applications
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[30-31]. The OmniGuide HBF may not be able to meet the low loss requirements of high

power CO2 laser delivery applications like laser cutting and welding due to limitations

imposed by its materials absorption and the low power threshold of the polymer layers.

Application of the OmniGuide manufacturing techniques to materials with high index

contrast and low absorption is a logical step towards the demonstration of even lower loss

HBFs.

II.H Materials Selection for Infrared Transmitting Hollow Bragg Fibers

Improvement upon the OmniGuide fiber requires the incorporation of low loss

materials, while maintaining high index contrast, into a similar fabrication process. One

of the key elements in the fabrication of OmniGuide fibers is the fiber draw process. The

fabrication of a preform with thick layers followed by a reduction in aspect ratio via the

draw process naturally results in more accurate film thicknesses than a fiber that is

fabricated to its final geometry directly. Additionally, the draw process has the effect of

reducing the roughness of the layers in the preform as it is stretched into long lengths of

fiber. The benefits of the draw process dictate that the search for new nH and nL materials

for the fabrication of HBFs be limited to those which can be co-drawn, i.e. their working

ranges must overlap [32].

There are several types of materials that can be drawn into optical fibers [33-35].

Oxide glasses, such as fused silica, are the basis for long haul telecommunications fibers.

Heavy metal fluoride glasses like ZBLAN received much attention in the 1980s due to

their low theoretical loss in the near infrared, but interest has waned due to difficulties in
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fabricating fibers that are free of inclusions. Chalcogenide glasses, which include arsenic

trisulfide, have been used in infrared transmitting fibers. Chalcohalide glasses, for

instance TeX, are also of interest for infrared transmission and have applications in rare

earth doped fiber amplifiers. Optical fibers made from thermoplastic optical polymers

like PMMA and CYTOP are being implemented in low bandwidth telecommunications

applications as a low cost alternative to fused silica fiber. The refractive index ranges and

maximum transmission windows of the types of materials listed above are summarized in

Table II-2.

material refractive index transmission window

oxide glasses 1.4 – 2.0 0.2 µm – 6 µm

fluoride glasses 1.4 – 1.6 0.5 µm – 8 µm

chalcogenide and

chalcohalide glasses
2.0 – 3.4 0.7 µm – 30 µm

polymers 1.3 – 1.8 0.4 µm – 2 µm

Table II-2:  The optical properties of some drawable materials.

The only materials that are drawable and have low transmission losses for CO2

laser radiation are chalcogenide and chalcohalide glasses. The similarities of

chalcogenide and chalcohalide glasses does allow them to be co-drawn, so it may be

possible to fabricate a HBF with alternating layers of each glass type. The range of

refractive indices from which to choose the nL and nH materials for a HBF operating at

10.6 µm may thus be taken as 2.0 to 3.4. The scientific community has devoted little
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effort to the identification of high refractive index chalcogenide glasses. Infrared

transmitting crystalline chalcogenides, such as PbSe, n = 4.74 at 10.6 µm [36], can have

much higher refractive indices than those demonstrated in glass forming chalcogenides.

In anticipation of the possible discovery of higher refractive index chalcogenide glasses,

calculations of the optical behavior of HBFs with nH up to 3.8 are presented in

Section II.I.

II.I Chalcogen Based Hollow Bragg Fibers

The loss of the HE11 mode propagating in HBFs with 2.0 nL  2.5 and

2.8 nH  3.8 is examined in this section. This study is conducted for the purpose of

assessing  the  potential  for  low loss  transmission  of  CO2 laser  radiation  in  HBFs  with  a

reflective wall constructed from chalcogen based glasses. The effect of the materials’

optical constants, number of layers in the structure, and layer thickness errors on the HE11

loss is studied to provide a basis for materials selection and the evaluation of potential

fabrication techniques. In anticipation of economics dictating that a chalcogenide HBF be

fabricated with a minimum number of layers, a HBF structure is proposed that consists of

an air core surround by alternating layers of chalcogen based glasses supported by a thick

polymer coating. The structure of the proposed chalcogenide HBF is shown in

Figure II-13. PEI is selected as the substrate material because its ability to be co-drawn

with chalcogenide glasses has already been demonstrated. The complex optical constants

of PEI are used for ns and ks in all the calculations presented in this section.
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Figure II-13:  A  schematic  diagram  of  the  proposed  fiber  cross-section  showing  its  air

core (a), chalcogenide glass Bragg reflector film (b), and thick polymer

coating (c). A schematic of the film’s layered structure and polymer

substrate is shown below the cross section.

II.I-1 Loss and refractive index contrast

The study is initiated using ray optics calculations to determine the theoretical

loss  of  the  HE11 mode at 10.6 µm  for  HBFs  with  2.0  nL  2.5 and 2.8 nH  3.8,

a = 500 µm, and N = 25 layer pairs. The reflectivity coefficients required for the ray

optics calculations are determined using the impedance transfer matrix method as

described in Section II.E. The loss, expressed in dB/m is plotted as contours in an nH vs.

nL coordinate system in Figure II-14. nH is taken in increments of 0.2 while nL is taken in

increments of 0.1. The theoretical transmission loss of the lowest contrast pair,

a b  c
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nL =  2.5  / nH = 2.8, is 2.5·10-2 dB/m while the loss of the highest contrast pair,

nL = 2.0 / nH = 3.8, is 3.7·10-12 dB/m. The loss contours shown in Figure II-14 are linear

and have a slope that is similar to that of the refractive index contrast contours plotted in

the same coordinate system as shown in Figure II-15. Thus the information contained in

Figure II-14 can be summarized by plotting loss as a function of refractive index contrast

as shown in Figure II-16. The correlation between refractive index contrast and loss is

obvious and it is apparent that the loss decreases exponentially with increasing refractive

index contrast. This type of plot is useful because it allows the comparison all refractive

index combinations while varying other important quantities, such as the number of

layers and the materials extinction coefficient.
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Figure II-14: HE11 transmission loss contours for CO2 laser  radiation  are  plotted  in  an

nH vs. nL coordinate system for HBFs. Loss values are expressed in dB/m.

a = 500 µm, k = 0, N = 25, and λo = 10.6 µm.
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Figure II-16: Theoretical HE11 mode transmission loss for CO2 laser radiation is plotted

as a function of refractive index contrast nH/nL for HBFs with 2.0 nL

2.5 and 2.8 nH  3.8. N = 25, a = 500 µm, k = 0, and λo = 10.6 µm.
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II.I-2  Effect of additional layer pairs

The HE11 loss is plotted as a function of refractive index contrast for N = 5, 10,

15, 20, and 25 layers pairs in Figure II-17. Again the extinction coefficient of the layers

is assumed to be zero. The loss decreases exponentially with refractive index contrast for

all values of N. The loss also decreases exponentially as N increases for constant

refractive index contrast as was the case when the materials absorption of the Omniguide

was ignored. Referring back to Eq.(II.5), the loss is linearly related to the transmittance,

T = 1-R, of the multilayer stack. It is well know that T decreases exponentially as N and

refractive index contrast increase [16]. Losses below that of the real (k  0) OmniGuide

are possible for any contrast value when N is greater than 15 layer pairs, and moderate

contrasts of 1.2 and 1.4 are required to improve on the Omniguide for N = 5 layer pairs

and N = 10 layer pairs, respectively.
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 Figure II-17: Theoretical HE11 mode transmission loss for CO2 laser radiation is plotted

as a function of refractive index contrast nH/nL for HBFs with 2.0 nL

2.5 and 2.8 nH  3.8 for various numbers of layer pairs, N. a = 500 µm, k

= 0, and λo = 10.6 µm.

II.I-3  Effect of materials absorption

The analysis of the OmniGuide fiber presented in Section II.G-2 indicates that

materials  absorption  is  a  critical  factor  in  the  design  of  HBFs. Figure II-18 shows  the

theoretical HE11 loss at 10.6 µm for chalcogen based HBFs plotted as a function of index

contrast for various degrees of materials absorption. The value of N = 25 layer pairs was

held constant in the loss calculation for extinction coefficient values of k = kL = kH = 10-3,

10-5, 10-7, and 0. Each layer is assumed to have the same extinction coefficient for

simplicity. The effect of materials absorption is most obvious for high index contrasts.

The loss calculated for the highest contrast pair, nL = 2.0 and nH = 3.8, increases by many
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orders of magnitude upon increasing k from 0 to 10-7 and increases even more going to

higher values of k. The effect is much less dramatic for lower refractive index contrast.

The magnitude of k defines the range of index contrasts where the loss of HBFs with non

zero k becomes higher than those with zero k.  In  effect,  materials  absorption  limits  the

benefit of increasing refractive index contrast of the layer materials in HBFs.
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 Figure II-18: Theoretical HE11 mode transmission loss for CO2 laser radiation is plotted

as a function of refractive index contrast nH/nL for HBFs with 2.0 nL

2.5 and 2.8  nH  3.8  for  various  extinction  coefficients, k, of the layer

pairs. a = 500 µm, N = 25, and λo = 10.6 µm.

Referring back to Eq.(II.27) it is apparent that the inclusion of materials

absorption, resulting in a higher value of A, decreases wall reflectivity and contributes to

higher calculated losses. A dominates the reflectivity term in Eq.(II.9) when k is high. T

dominates when k is low. The transition between these two regimes is apparent in
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Figure II-19 where the HE11 loss at 10.6 µm of an nL = 2.4 / nH = 3.2 HBF is plotted as a

function of N for various values of k. The loss decreases exponentially as N increases for

k =  0  and k =  10-5. Attenuation of radiation propagating in these HBFs is limited by

leakage through the walls. Adding more layers decreases the leakage exponentially. The

loss decreases exponentially only up to 10 layer pairs for k = 10-3. Beyond 10 layer pairs

the decrease in loss become less significant as A becomes large relative to T.  The fields

are fully extinguished (T = 0) by absorption at depths beyond 20 layer pairs for k = 10-1.

Since A is independent of N,  the  loss  is  constant  at  7.5×10-3 beyond 20 layer pairs. As

was the case with the OmniGuide fiber, these calculations indicate that materials

absorption limits the extent to which loss can be reduced by adding layer pairs to the

structure of HBFs.
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 Figure II-19: The theoretical HE11 mode  transmission  loss  for  CO2 laser  radiation  is

plotted as a function of the number of layer pairs, N,  for  a nL =  2.4  /

nH =  3.2  HBF  for  various  extinction  coefficients, k,  of  the  layer  pairs.

a = 500 µm and λo = 10.6 µm.
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II.I-4 Layer thickness uniformity

The calculations presented thus far have shown that a chalcogen based HBF with

low materials absorption could transmit CO2 laser radiation with lower losses than any

fiber presently available. To achieve such low losses in practice would require the

fabrication of a fiber that is free of structural defects and errors in layer thickness. Any

real process will result in some degree of imperfection. To account for random variation

in layer thickness along the length of an HBF the reflectivity of the wall is averaged over

many randomized structures. The calculation is initiated by defining a layer structure

with thicknesses assigned randomly based on a normal distribution of mean, µ, equal to

the optimum layer thickness and standard deviation, σ. The ratio σ/µ is held constant for

each layer and is used as a variable to quantify layer thickness error. A high value of σ/µ

corresponds  to  a  large  variation  in  layer  thickness  along  the  length  of  the  HBF.  The

reflectivities of a minimum of 5000 structures are averaged to obtain the true mean

reflectivity for a given value of σ/µ. Additional randomized structures are incorporated

until the mean reflectivity has not changed by more than 0.1% over the previous 1000

iterations. 5000 iterations were typically enough to satisfy this criterion for σ/µ < 0.05,

but in the case of σ/µ = 0.1 as many as 15,000 iterations were required.

Figure II-20 shows the loss of the HE11 mode at 10.6 µm plotted as a function of

refractive index contrast for HBFs with various magnitudes of layer thickness error

expressed as σ/µ. The values N = 10, k = 0, and a = 500 µm were held constant for each

calculation. Up to σ/µ = 5 % there is very little change in the loss. Above 5 % the

magnitude of the loss increase is uniform for all values of refractive index contrast. With
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σ/µ = 10 % the increase in loss over the perfect structure is only about one half of an

order of magnitude. Based upon these results one may conclude that variations in layer

thickness inherent in any practical fabrication technique should not be prohibitive to the

production of low loss chalcogen based HBFs for CO2 laser radiation. For practical

applications, the increased loss due to layer error would be most significant at low

refractive index contrast because it corresponds to a greater decrease in the percentage of

power transmitted by the waveguide.

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1 1.2 1.4 1.6 1.8 2

nH/nL

lo
ss

, d
B

/m

0.01
0.02
0.05
0.075
0.1

(σ / µ) =

Figure II-20: The theoretical HE11 mode transmission loss for CO2 laser radiation

propagating in HBFs with 2.0 nL  2.5 and 2.8 nH  3.8 is plotted as a

function of refractive index contrast nH/nL for various magnitudes of error,

σ/µ, in their layer thicknesses as measured by the standard deviation, σ, of

each layer’s thickness divided by it’s optimum thickness, µ. a = 500 µm,

N = 10, and λo = 10.6 µm.
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II.J  Design of Metal/Dielectric Hollow Glass Waveguides for THz Radiation

Metal/dielectric HGWs consist of a glass capillary tube with an inner a metallic

coating and thin dielectric film. The structure of a metal/dielectric HGW is shown

schematically in Figure II-21. Metals that are commonly employed in HGWs include

silver, copper, gold, and aluminum. The dielectric layer is formed either by a subtractive

process [37] in which the metal is reacted with other chemicals to form a dielectric, as is

the case with Ag/AgI and Cu/CuI HGWs, or the dielectric is added directly over the

metal surface as in Ag/CdS [38] and Ag/COP HGWs [39]. Metal/Dielectric HGWs are

most commonly used for the delivery of infrared laser radiation. Figure II-22 shows a

comparison of the experimentally-determined loss of real Ag/AgI coated HGWs [24] to

the loss calculated using the MK formulation and the loss calculated as part of this study

using ray optics. The optical constants measured by George [25] for Ag (ñ = 4.97 –

i·33.9) and AgI (ñ =  1.95  –i·0) at 10.6 µm are used in the ray optics calculation. The

agreement between both theoretical calculations and the experimental data confirms that

ray optics calculations are applicable to metal/dielectric coated HGWs.

Metal/dielectric HGW technology has not been applied to the transmission of

THz radiation, but referring back to Eq.(II.31) it is apparent that the layer thickness of the

dielectric need only be scaled proportionally to achieve low loss at the desired

wavelength so long as the metal is thicker than its skin depth for the radiation that is to be

transmitted in the waveguide. Since wavelengths in the THz spectrum are one to two

orders of magnitude longer than those in the infrared, a corresponding increase in film

thicknesses is necessary. Stresses induced during deposition prevent films of such large
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thickness from being deposited by the subtractive iodization process or the additive

process used to create metal sulfide films. The dynamic liquid phase deposition process

used to create polymer films is therefore the best candidate for scaling to the thicknesses

required for THz radiation.

Figure II-21:  A  schematic  diagram  of  the  axial  (left)  and  longitudinal  (right)  cross

sections of a metal (Ag) / dielectric (PS) coated HGW.
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Figure II-22: The transmission loss for CO2 laser radiation propagating in Ag/AgI

coated HGWs is plotted as a function of their bore diameter, 2·a. The red

curve indicates the HE11 mode loss calculated using the ray optics method.

The Miyagi-Kawakami impedance / admittance formulation is used to

calculate the black curve. Black squares indicate experimental data.
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II.J-1  Metal selection for THz hollow glass waveguides

Ag, Al, Au, and Cu have all been used in metal coated HGWs. At optical

frequencies the metals have optical constants that are defined in the same manner as

dielectrics, i.e. ñ = n –i·k. The optical constants of metals in the infrared to THz spectral

range are well described by the Drude model [40]. The Drude parameters are the plasma

frequency ωp and the damping frequency ωτ  and  are  related  to  the  metal’s  optical

constants by the equations:

221
2

kn
kn

+−
⋅⋅⋅

=
ω

ωτ Eq.(II.32 )

and

( ) ( )22222 1 τωωω +⋅+−= knp Eq.(II.33)

The values of the Drude parameters as well as calculated n and k at 119 µm for Ag, Al,

Au, and Cu are given in Table II-3. The difference in the metals’ Drude parameters

corresponds to very different dependence of the optical constants on wavelength in the

THz spectrum as shown in Figure II-23, in which n is  plotted  as  a  function  of

wavelength, and Figure II-24, where k is plotted as a function of wavelength. The

calculated reflectivity coefficient at normal incidence at 512 µm for Ag and Cu is

compared to experimental data to confirm the veracity of the calculated optical constants

[41]. The results of this analysis are summarized in Table II-4. The similarity of the

calculated and experimentally determined reflectivity coefficients indicates that it is

appropriate to use the calculated optical constants in theoretical calculations of the loss of

HGWs designed to transmit THz radiation.
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metal ωp, cm-1 ωτ, cm-1 n @ 119 µm k @ 119 µm

Ag 7.25·104 1.45·102 305 529

Al 1.19·105 6.47·102 335 382

Au 7.25·104 2.16·102 293 429

Cu 6.38·104 2.78·102 243 328

Table II-3: The Drude parameters and optical properties of some metals.

0

100

200

300

400

500

600

700

50 100 150 200 250 300

wavelength, µm

n

Al
Cu
Au
Ag

 Figure II-23: The refractive indices, n, of some metals commonly used as reflective

coatings for HGWs are plotted as a function of wavelength. The values are

calculated from each metal’s Drude coefficients.
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 Figure II-24: The extinction coefficients, k, of some metals commonly used as reflective

coatings for HGWs are plotted as a function of wavelength. The values are

calculated from each metal’s Drude coefficients.

metal R (experimental) R (calculated)

Ag 0.996 0.9981

Cu 0.997 0.9969

Table II-4:  Experimental  and  calculated  reflectivities  of  copper  and  silver  at  normal

incidence for 512 µm radiation.
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The  loss  of  the  HE11 mode propagating in metal coated HGWs at 119 µm is

plotted as a function of bore diameter, 2·a, in Figure II-25. The metal thickness is

assumed to be of infinite thickness. The loss increases rapidly with decreasing bore size,

consistent  with  1/a3 dependence predicted by the MS and MK theories. Silver has the

lowest loss for all bore sizes. In practice it is favorable to utilize the thinnest metal

coating possible not only to reduce raw materials cost and fabrication time, but more

importantly because the roughness of the metal surface increases with thickness, causing

a corresponding increase in loss. The loss of the HE11 mode propagating in a = 900 µm

metal coated HGWs at 119 µm is plotted as a function of the metal thickness, dmetal, in

Figure II-26.  The  substrate  material  is  taken  as  silica  glass  with  a  complex  refractive

index ñ = 1.58 –i·0.0036 [36]. The metal thickness require to reach the minimum loss are

summarized in Table II-5. These values are approximately equal to the skin depth. All of

the investigated metals reach a constant loss beyond 200 µm. The predicted HE11 mode

loss ranges from 3.79 dB/m, for Ag, to 6.43 dB/m, for Cu. The calculated losses for the

HE11 mode are significantly higher than those predicted for the TE01 mode by Roser et al.

[42]. For a = 1000 µm they calculate a loss of 0.08 dB/m for a Cu waveguide. Such low

losses have not been demonstrated in practice due to the inefficient coupling of THz laser

radiation to the TE01 mode. Of the metals investigated, Ag is the easiest to deposit and

provides the lowest calculated loss for the HE11 mode, which can be coupled readily to a

THz laser source. Ag coatings are therefore the best choice for HGWs designed for THz

radiation.
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 Figure II-25: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm is plotted as a function of bore diameter for metal-coated HGWs.

Each curve represents a different metal commonly used in reflective

coatings for HGWs.
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 Figure II-26: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm is plotted as a function of the metal layer thickness, dmetal, for

metal coated HGWs. Each curve represents a different metal commonly

used in reflective coatings for HGWs. a = 900 µm.
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metal dmetal, nm loss, dB/m

Ag 87 3.79

Al 79 5.64

Au 89 4.91

Cu 104 6.43

Table II-5:  Optimum metal thicknesses and HE11 mode loss for metal coated silica

HGWs at 119 µm.

II.J-2 Evaluation of dielectrics for THz hollow glass waveguides

Ag/dielectric HGWs with arbitrarily chosen values of nd and kd are compared in

this section to establish a basis for evaluating materials for use as the dielectric layer to

lower the loss. The loss of a = 900 µm Ag/dielectric  HGWs at  119  mm is  plotted  as  a

function of nd in Figure II-27 for kd equal to 0, 10-4, 10-3, 10-2, and 10-1. The addition of

any dielectric film with 1.3 nd   5 and k  10-2 results in a loss reduction over the Ag-

only HGW studied in Section II.I-1. The maximum loss reduction is achieved for

nd = 1.41 and kd = 0 which is consistent with MK theory [4]. Losses in Ag/dielectric

HGWs with kd = 0 are attributed to absorption in the metal only, so it may be concluded

that nd = 1.41 minimizes the field intensity going into the metal surface. The minimum

loss increases as kd increases because of absorption in the dielectric film. The value of nd

that provides the minimum loss also increases. As nd increases beyond 1.41 there is a

trade-off between increased field intensity going into the surface of the metal, hence

increased absorption by the metal, and decreased field intensity within the dielectric,
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hence decreased absorption in the dielectric film. The value of nd that provides optimum

balance  of  absorption  in  the  film and  absorption  in  the  metal  increases  as kd increases.

The optimum value of nd is plotted as a function of kd in Figure II-28. The optimum nd is

constant at 1.41 up to kd =  10-5 then grows exponentially for kd > 10-3 as the loss

transitions from being dominated by absorption in the metal to being dominated by the

absorption in the dielectric.
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 Figure II-27: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm  is  plotted  as  a  function  of  the  refractive  index  of  the  dielectric

film, nd, for Ag/dielectric coated HGWs. Each curve is calculated

assuming a different value for the extinction coefficient of the dielectric.

a = 900 µm and λo = 119 µm.
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 Figure II-28: The optimum dielectric refractive index, nd, for a Ag/dielectric coated

HGW is plotted as a function of the dielectric’s extinction coefficient kd.

The lowest losses for Ag/dielectric coated hollow waveguides correspond to low

kd and 1.3 nd   2.0. The optical properties of polymers closely match this criterion for

THz radiation. The refractive index and extinction coefficients of polystyrene (PS) in the

high frequency range of the THz spectrum are plotted as a function of wavelength in

Figure II-29 and Figure II-30 [43]. The complex refractive index of PS at 119 µm falls

well within the range of the combinations of nd and kd that result in Ag/dielectric HGWs

with significantly lower loss than Ag-only HGWs.
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 Figure II-29: The refractive index, n, of PS is plotted as a function of wavelength [43].
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 Figure II-30: The extinction coefficient, k, of PS is plotted as a function of wavelength

[43].
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II.J-3 Silver/polystyrene hollow glass waveguides for THz radiation

Figure II-31 shows the calculated loss of the HE11 mode at 119 µm propagating

in an a = 900 µm Ag/PS HGW plotted as a function of PS film thickness, dd. The loss

decreases rapidly from dd = 0 µm (metal only) until it reaches a minimum of 0.25 dB/m,

over an order of magnitude improvement over the Ag-only HGW, at dd = 12.7 µm. The

loss increases to a maximum at about 25 µm. The spectral dependence of the loss for dd =

0 µm, 5 µm, 12.7 µm and 25 µm is plotted in Figure II-32. There is a broad spectral

range for which the loss of Ag/PS coated HGWs is lower than that of the Ag-only HGW.

The minimum loss wavelength increases in proportion to the film thickness as is expected

by inspection of Eq.(II.31). dd = 25 µm corresponds to the PS thickness where the first

order interference band of the dielectric film occurs at 119 µm,  which  explains  the

maximum loss observed for this thickness in Figure II-30.
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Figure II-31: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm is plotted as a function of different PS film thickness, dd, for

Ag/PS coated HGWs. a = 900 µm and λo = 119 µm.
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Figure II-32: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm is  plotted  as  a  function  of  wavelength  for  Ag/PS coated  HGWs.

Each curve represents a different PS film thickness dd. a = 900 µm.
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The fabrication and characterization of Ag/PS HGWs by dynamic liquid phase

coating methods is described in Chapter IV. In light of the difficulties experienced by

other researchers [44] in obtaining uniform films designed for 10.6 µm radiation it is

important to consider the impact of non-uniformity of the PS layer thickness for Ag/PS

HGWs designed to transmit THz radiation. As was the case in Section II.I-4, the

magnitude of the layer error is defined by the ratio σ/µ. The loss of the HE11 mode at 119

µm propagating in Ag/PS HGWs with a = 900 µm is plotted as a function of σ/µ in

Figure II-33. The increase in loss with layer non-uniformity is modest up to σ/µ = 20%.

The resistance of the Ag/PS HGW structure to increased loss due to layer non-uniformity

can be attributed to fact that for any given thickness the spectral width of low loss

wavelengths is up to 50% of the design wavelength. The loss starts to increase rapidly

only when the magnitude of the thickness variation is great enough to incorporate the

primary interference peak.
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Figure II-33: The theoretical HE11 mode transmission loss for CH3OH laser radiation at

119 µm propagating in Ag/PS-coated HGWs is plotted as a function of the

magnitude of error, σ/µ,  in  the  PS layer  thicknesses,  as  measured  by  the

standard deviation σ of each layer’s thickness divided by it’s optimum

thickness. a = 900 µm and λo = 119 µm.

The interference peaks in the near infrared (NIR) spectrum of Ag/PS HGWs

designed for THz radiation is very sensitive to film thickness uniformity. Small changes

in thickness result in large phase shifts for wavelengths corresponding to the high order

interference peaks observed in the NIR. The calculated NIR interference spectra of

Ag/PS HGWs with dd = 12.7 µm and layer error defined by σ/µ of 0, 0.1 %, 0.5 %, and 1

% are shown in Figure II-34. There is very little change in the NIR interference spectra

going from 0 to 0.1 % layer error. At 0.5 % error the high order peaks beyond 6000 cm-1

begin to decompose. The NIR interference spectrum is essentially lost for a layer error of

just 1%. The NIR interference spectra thus can be used as a metric to evaluate the

uniformity of PS coatings for THz Ag/PS HGWs.
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Figure II-34: The theoretical NIR absorption spectrum is plotted for Ag/PS-coated

HGWs designed to transmit 119 µm  radiation.  Each  curve  represents  a

different magnitude of error σ/µ in  the  PS  layer  thicknesses.  The  curves

are offset vertically for clarity. a = 900 µm and λo = 119 µm.

II.K Summary

The ray optics theory for HCWs is simple, intuitive, and is applicable to both

HBFs and HGWs. The loss of the HE11 mode predicted by ray optics is  consistant with

the performance of the OmniGuide HBF and Ag/AgI HGWs operating at 10.6 µm

reported in the literature. In this study, ray optics calculations are applied to hypothetical

chalcogen based glass HBFs operating at 10.6 µm and metal/dielectric coated HGWs for

119 µm radiation. The refractive index and extinction coefficient of the dielectrics
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layer(s) of both structures are critical to the fabrication of low loss waveguides. Minimum

loss is achieved for HBFs when the refractive index contrast is maximized and the

extinction  coefficients  of  the  layers  are  minimized.  Incorporating  additional  layer  pairs

results in an exponential decrease in loss to the extent that loss is limited by the extinction

coefficients of the layers. For metal/dielectric HGWs it is shown that silver provides the

lowest theoretical losses at 119 µm.  The  optimum  values  of  the  dielectric’s  optical

constants are interdependent. The lowest theoretical losses are possible when the

extinction coefficient is low and the refractive index of the dielectric layer is between 1.3

and 2.0.  The dielectric polystyrene meets this criterion. In theory a Ag/PS HGW with a

12.7 µm PS has an HE11 mode loss of 0.25 dB/m representing over an order of magnitude

improvement with respect to an Ag-only HGW. The effect of layer thickness variation

along the length of the waveguide is evaluated by calculating the change in loss upon the

inclusion random variations in the layer thicknesses for both waveguide types. Chalcogen

HBFs have smaller low loss spectral bands and are therefore more sensitive to errors in

layer  thickness  than  HGWs.  The  calculated  loss  of  Ag/PS  HGWs  designed  to  transmit

119 µm radiation is insensitive to layer thickness errors up to σ/µ = 20 % whereas 5 %

error causes a significant increase in the loss of chalcogenide HBFs designed for 10.6 µm

radiation. The impact of layer error on the theoretical loss of either guide should not be

prohibitive to their practical fabrication. These theoretical calculations provide sufficient

evidence and motivation to proceed with the identification of suitable chalcogen based

glasses for HBFs designed for low loss at 10.6 µm, as described in Chapter 3, and to

fabricate and characterize Ag/PS HGWs designed to transmit 119 µm radiation as

described in Chapter 4.
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Chapter III Chalcogenide Glass Hollow Bragg Fibers

III.A Background

The technology used to fabricate the OmniGuide HBF has produced fibers with

near theoretical losses that are much lower than the loss of the materials from which the

fiber  is  made.  The  high  refractive  index  contrast  of  the  OmniGuide  HBF  allows  it  to

transmit CO2 laser radiation with low loss, because the fields are largely confined to

fiber's air core. However, the study of the OmniGuide HBF in Chapter II clearly indicates

that its performance as a waveguide for CO2 laser radiation is limited by the high

extinction  coefficient  of  PEI.  To  achieve  a  fiber  with  ultra  low  losses  for  CO2 laser

radiation, it is proposed that the fabrication techniques used to make Omniguide HBFs be

applied to a pair of materials with similar refractive contrast, but much lower extinction

coefficients at 10.6 µm.  Chalcogenide  and  chalcohalide  glasses  are  the  only  glassy

materials that have the requisite thermal and optical properties for this application.

Chalcogenide glasses have non-oxide compositions that contain at least one of the

elements S, Se, and Te. These chalcogen elements (group 16) are commonly alloyed with

elements from groups 14 and 15, such as Ge and As, to form thermally stable glasses [1].

Mott’s 8-N rule provides a good approximation of average coordination around each

atom in chalcogenide glasses [2]. The chalcogen elements are generally two coordinated

and have the ability to form homopolar bonds creating chain-like structures linking the

higher coordinated atoms. This bonding behavior is responsible for the wide range of

compositions that form chalcogenide glasses. In contrast, oxide glasses have stricter
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stoichiometry. Chalcohalide glasses are formed by adding halogen (group 17) elements to

chalcogenide glass compositions [3]. The halides act as chain ending units, decreasing the

connectivity  of  glass,  and  hence  have  the  effect  of  reducing  the  glass  transition

temperature.

Chalcogenide glasses are formed by melting together the pure elemental

constituents in an inert atmosphere or more commonly in an evacuated ampoule. These

special atmospheric conditions are needed to prevent contamination of the glass with

oxide impurities, which have strong absorption bands in the infrared. The elimination of

oxide impurities is critical when fabricating chalcogenide glasses for use in the

transmission  of  infrared  radiation  [4].  Some  of  the  common  impurity  absorption  bands

and intrinsic absorption bands are summarized in Table III-1. The raw materials for

chalcogenide glass fabrication can be subjected to special purification measures like

distillation or surface oxide removal to achieve low levels of oxide impurities. The

melting procedure for the glasses examined in this study is described in Section III.E-1.

Chalcogenide glasses have unique optical, thermal, and electronic properties that

have led to their use in numerous applications. Chalcogenide glasses have good IR

transparency so they have been applied in transmission windows, optical fibers, and

chemical sensors operating in the 2 - 12 µm spectral range [6-7]. The photo-induced

amorphous to crystalline phase transition behavior of some chalcogenide glasses has led

to applications in optical memory devices [8-9]. Rare earth doped chalcogenide fibers are

of interest for infrared fiber amplifiers and lasers [10-11]. Amorphous Materials, Inc. is a

commercial provider of optical fibers and optical components made from chalcogenide

glasses such as Ge33As12Se55 (AMTIR-1) and As40S60 (C-1) [12].



75

Type Species Absorption Peaks (µm)

H20 2.29, 2.32, 6.3, 10.7

OH- 2.73, 2.78, 2.84, 2.9, 2.92

CO2 4.26

S-H 2, 2.05, 2.1, 2.55, 3.09, 3.64, 3.69, 4, 4.1

Se-H 3.45, 3.55, 4.1, 4.3, 4.45, 4.5, 4.57, 4.7, 4.9, 14.4

Te-H 5

As-O 8.9, 9.1, 9.5, 9.6, 10.2, 10.4, 10.7, 12.5, 12.7, 13, 14.1

Se-O 10.7

Ge-O 11.1, 12.5, 12.7, 13

Extrinsic

Te-O 13.6,  14.4

S-S 10.2

Se-Se 10.5, 11.9, 13.5, 13.6, 14.4, 14.5Intrinsic

As-Se 11.4

Table III-1: Absorption peaks of chalcogenide glasses.

It is challenging to identify glass compositions that have a high index contrast and

transparency at a common wavelength because their transmission windows, the range of

wavelengths between their electronic band edge and the multiphonon edge, tend to

correlate strongly with refractive index. For instance, oxide glasses have low refractive

indices and transmit in the visible to near-infrared while telluride glasses have very high

refractive indices and transmit only in the mid to far infrared. Among chalcogenide glass

forming  systems  only  those  based  on  Se  and  Te  have  low  absorption  at  10.6 µm. The

refractive index of selenide glasses is generally greater than 2.6, while tellurides have
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refractive indices greater than 2.8. Chalcohalide glasses have significantly lower

refractive indices yet still maintain good IR transparency [13]. From an optical standpoint

chalcohalide glass compositions are ideal for the low index material of a HBF operating

at 10.6 µm, but the high vapor pressure of the halogen atoms is prohibitive to the

deposition of stoichiometric chalcohalide thin films. Since thin film deposition is a key

element of the HBF fabrication process only chalcogenide glasses with no halide doping

are considered in this study. It is thus necessary to identify a low refractive index

chalcogenide glass with a transmission window that extends beyond 10.6 µm, effectively

limiting the search to selenium-based chalcogenide glasses.

This chapter is devoted to the identification of a pair of chalcogenide glasses that

can be used in a HBF designed for low loss at 10.6 µm. The criteria for selecting the

chalcogenide glass pair are:

1.The compositions must have high refractive index contrast for 10.6 µm

radiation.

2.Both compositions must have low absorption (low k) at 10.6 µm.

3.The  compositions  must  be  co-drawable,  which  implies  that  they  have  similar

glass transition temperatures, Tg, and high crystallization

temperatures, Tx.

Upon the identification of a pair of chalcogenide glasses that meet these criteria, the basic

elements of a preform fabrication and draw process for chalcogenide glass HBFs is

demonstrated.
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III.B Germanium Selenide Glass

Germanium selenide (Ge1-xSex) glasses have unique thermal and optical properties

that make them an excellent candidate for the low refractive index composition in a

chalcogenide glass HBF. One of the earliest investigations of Ge-Se glasses focused on

compositions around the stoichiometric compound GeSe2 [14]. Unlike the analogous

SiO2 glass, GeSe2 does not readily go into the glassy state. Tronc et al. obtained glasses

with 0 x  0.4 and found that compositions between pure selenium and GeSe2 formed

glasses most readily [15]. Phillips sought to explain these observations using his

constraint theory of glass formation [16-18], which proposes that optimum glass

formation is realized when the number of constraints placed on each atom by the

surrounding glass network is equal to its spatial degrees of freedom (3 for a

3-dimensional network). This condition is satisfied when the average coordination

number, <r>, of each atom is 2.4. Figure III-1 shows the glass forming difficulty in the

Ge-Se glass forming system plotted as a function of mol % Ge. The composition

Ge20Se80 corresponds to <r> = 2.4 and is in the range of Ge-Se compositions that form

glasses most readily. The Tg of Ge-Se glasses increases continuously with increasing

germanium content and takes on values from 125 ºC to 223 ºC over the range

0.75 < x < 0.85 [19]. It is reasonable to conclude that Ge-Se glasses could be used in a

similar fabrication method as the OmniGuide fiber based upon their thermal stability and

the similarity of their Tg to As2Se3, which has a Tg = 173 ºC [20].
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Figure III-I: The glass forming difficulty of Ge-Se glasses is plotted as a function of Ge

content [17].

The  transmission  window  of  selenide-based  glasses  that  are  free  of  oxygen  and

hydrogen impurities typically extends beyond 10.6 µm, but their refractive indices are

generally too high to be considered for the low refractive index material in an HBF.

Ge-Se glasses have lower refractive indices than typical selenide glasses. The refractive

indices of Ge1-xSex glasses reported by Nang et al. are plotted as a function of x in

Figure III-2 [21]. Ge-Se bonds have lower susceptibilities than either Se-Se or Ge-Ge,

which explains the refractive index decrease upon the addition of Se to pure Ge, or Ge to

pure Se. The fraction of Ge-Se bonds is maximized for the composition GeSe2, which has

a refractive index of 2.4 corresponding to the minimum value for Ge-Se glasses. The

composition Ge20Se80 has a slightly higher refractive index of 2.46, but it is a much better
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glass former. Ge20Se80 has a Tg of 152 °C [22] and does not crystallize below 422 ºC [20].

Nishii measured a transmission loss, α, of 5.0 dB/m at 10.6 µm for a purified Ge20Se80

glass fiber [23]. Neglecting scattering losses, the extinction coefficient can be calculated

from the transmission loss using the equation

( )
( )π

λα
⋅
⋅

=
4

k Eq.(III.1)

where λ is the wavelength at which the absorption coefficient is measured [24]. Applying

Eq.(III.1) to the transmission loss of Ge20Se80 glasses, an extinction coefficient of

9.7 ·10-7 is calculated.

Figure III-2: The refractive index of Ge1-xSex glasses is plotted as a function of x [21].
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The chalcogenide glass composition Ge20Se80 is an excellent glass former; has a

relatively low refractive index among selenides based glasses; and has low transmission

loss at 10.6 µm. Based upon this information, Ge20Se80 is proposed as the low refractive

index composition for a chalcogenide glass HBF.

III.C Identifying High Refractive Index Chalcogenide Glasses

If nL is taken as 2.45, nH must be greater than 3.9 to equal the refractive index

contrast of the OmniGuide fiber. The theoretical analysis in Section II.I indicates that a

chalcogenide glass HBF with low materials absorption requires less refractive index

contrast to achieve similar or even lower losses than the OmniGuide fiber. It is therefore

not necessary to achieve an equal refractive index contrast to the OmniGuide fiber, but

there are benefits to identifying a high refractive index composition to pair with Ge20Se80.

One important benefit is a reduced number of layers pairs needed to achieve low loss.

The highest refractive index chalcogenide glasses are those containing the heavy

elements  like  Sb,  Te,  Pb,  and  Tl,  which  are  more  polarizable  than  the  lighter  elements

from the same groups. Glasses containing large mol fractions of these elements, however,

tend to exhibit poor glass forming ability, not to mention high toxicity, thus limiting their

usefulness for HBFs. Working with these elements requires sophisticated safety

equipment that was not available for use in this study. Instead new high refractive index

glass compositions that are free of Sb, Te, Pb, and Tl are sought.

Several models have been proposed in the literature to describe the dependence of

refractive index, n, on density, ρ, of glasses [25]. Figure III-3 shows n plotted  as  a
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function of ρ for many chalcogenide glass compositions. The data for this plot is taken

from the comprehensive chalcogenide glass texts of Borisova [20], Kokorina [4], and

Popescu [26]. A linear fit to the data forced through the point, (n = 1, ρ = 0), has a slope

of 0.36 and a correlation coefficient of 0.83. The refractive index of chalcogenide glasses

is  far  less  commonly  reported  than  their  density,  but  they  are  closely  correlated.  In  the

absence of optical property data, it is possible to identify potential high refractive index

compositions in chalcogenide glass forming systems based upon their density.

2

2.2

2.4
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2.8

3

3.2
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3 4 5 6 7

density, g/cm3

n

Figure III-3: The refractive indices of many chalcogenide glass compositions are

plotted as a function of their density.
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III.D Optical properties of Silver-Arsenic-Selenide Glasses

The Ag-As-Se system has high density and stable glass forming compositions

with similar Tg to  Ge20Se80, so it is logical to examine compositions in this system for

possible use in chalcogenide HBFs. Glass forming in the Ag-As-Se system was first

investigated by Kreidl and Patel [27]. Borisova and Rykova conducted a more detailed

study and discovered two distinct regions of glass formation [28]. Figure III-4 shows the

glass forming regions in the Ag-As-Se system. The smaller of the glass forming regions

contains compositions enriched with As and Ag that exhibit more stable glass formation

than the compositions in the Se-enriched glass forming region. The Tg and Tx of  these

compositions are given in the ternary diagrams shown in Figure III-5 and Figure III-6.

The difference in Tg and Tx, denoted ∆T, is a good indication of the suitability of a glass

composition for the fiber draw process. The glasses with high arsenic and silver content

have high ∆T  and similar Tg to Ge20Se80 indicating their potential to be co-drawn. The

density of these glasses is close to 6 g/cm3 indicating that their refractive index is likely

to be greater than 3 based upon the correlation between the density and refractive index

of chalcogenide glasses discussed in Section III.C. Borisova and Rykova’s density and

thermal analysis data are summarized in Table III-2. Of particular interest is the

composition Ag25As41.7Se33.3 that has ∆T = 159 °C, the highest of the glasses investigated,

and a density of 5.93 g/cm3.

Borisova’s thermal and physical property data suggests that Ag-As-Se glasses are

a good candidate for use with Ge20Se80 in a chalcogenide glass HBF, but there is very

little data on the infrared optical properties of Ag-As-Se glasses in the literature. To
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confirm the suitability of Ag-As-Se glass for use in an IR transmitting HBF several

compositions in the Se-deficient region of glass formation are fabricated and

characterized using Fourier Transform Infrared (FTIR) spectroscopy, CO2 laser variable

angle reflectometry (VAR), and CO2 laser calorimetry.

Figure III-4: The glass forming regions in the Ag-As-Se system [28].



84

Se30 40 50 60 70

Ag

10

20

30

40

50

As

20

30

40

50

60

150
162

172

165

176

168
160

175

158

148

155

152

Figure III-5: The glass transition temperature is indicated for several compositions in

the Se deficient region of Ag-As-Se glass formation [28].
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Figure III-6: The crystallization temperature is indicated for several compositions in the

Se deficient region of Ag-As-Se glass formation [28].
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Composition, mol %

Ag As Se
ρ, g/cm3 Tg, ºC Tx, ºC ∆T, ºC

14.3 47.6 38.1 5.14 162 296 136

18.2 45.5 36.3 5.42 165 310 145

21.7 43.5 34.8 5.70 168 318 150

25 41.7 33.3 5.93 175 334 159

16.7 41.7 41.6 5.30 150 270 120

20 40 40 5.50 160 290 130

25 37.5 37.5 5.86 172 320 148

28 36 36 6.04 176 325 149

16.7 33.3 50 5.37 148 238 90

21.9 31.3 46.8 5.62 152 232 80

25 30 45 5.76 155 232 77

30 27.8 42.2 6.04 158 235 77

Table III-2: Density and thermal properties of Ag-As-Se glasses [20].

III.D-1  Glass fabrication

The first step in fabricating chalcogenide glasses for optical property

measurements is purification of the raw materials. Distillation and surface oxide removal

techniques are effective in reducing the extrinsic absorptions in chalcogenide glasses

[29-30]. In this study, a surface oxide removal (SOR) treatment is performed on As and

Ag, and Se is distilled before they are batched together and melted in an evacuated

ampoule.



86

Figure III-7 shows a schematic diagram of the distillation furnace fabricated for

use in this study. It consists of two furnaces stacked vertically and separated by sufficient

insulating material to allow the top furnace to be maintained at a temperature that is

several hundred degrees hotter than the bottom furnace. The distillation loop tube is

passed through a small hole in the insulation at the bottom of the upper furnace. The

distillation loop tube is fabricated from a 4’ fused quartz tube, purchased from Technical

Glass  Products,  Inc,  with  an  outer  diameter  of  0.5”  and  wall  thickness  of  about  1/16”.

First, the tube is divided into a 3’ long section and a 1’ long section using a propane-

oxygen torch. The tube is rotated and gradually and twisted as it becomes viscous in the

heat  of  the  torch.  Eventually  the  two  sections  can  be  separated  forming  tubes  that  are

hermetically sealed on one end. The tubes are etched with a 10% HF solution in a fume

hood for 20 minutes and then rinsed thoroughly with distilled deionized water. Upon

drying in air, the 1’ tube is reserved for use in the SOR treatment for Ag and As. The

three foot tube is formed into a loop shape by heating small sections with the propane-

oxygen torch and gradually bending the tube. The closed end of the tube extends about 6”

below the loop, which is about 3.5” in diameter, and the open end extends about 8” above

the loop. The distillation loop tube is transferred into an argon atmosphere glove box

while it is still hot from the bending process to minimize the adsorption of water vapor.

25 g of 99.999 % purity 3 mm Se shot and 125 mg of 99.99% purity Mg metal strip, both

purchased from Cerac, Inc., are added into the loop tube via its open end. The tube is

capped and transferred out of the glove box where it is evacuated to 10-3 torr  and

backfilled several times with ultra-high purity (UHP) grade argon from Airgas, Inc..

Evacuation to at least 10-5 torr is typically preferred for the fabrication of infrared
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transmitting chalcogenide glass, but a vacuum system capable of achieving this pressure

was not available for use in this study. After the tube has been evacuated and backfilled

three times it is evacuated once again and sealed above the loop and separated from the

vacuum  system  using  the  propane  oxygen  torch.  With  the  Se  shot  and  Mg  in  the  loop

section, the distillation loop is placed in the dual zone furnace. The heat treatment

schedules for the two furnace zones are given in Table III-3. Selenium vapors condense

in the portion of the distillation loop that extends into the low temperature furnace zone

leaving more refractory impurities like Si and C in the loop. The magnesium strip acts as

an oxygen getter. Upon the completion of the heat treatment schedule, the distillation

loop is removed from the furnace and quenched in air. The loop is transferred back into

the glove box where it is broken open to remove the slug of purified selenium that is dark

black metallic in color and has a glossy finish.

Figure III-7:  A schematic  diagram of  the  distillation  furnace  used  to  purify  Se  before

chalcogenide glass batching.

550 °C

350 °C
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Lower Zone
Program

step Type Set point,
ºC Time. hr. Rate,

ºC/min.

1 ramp 350 - 5

2 hold 350 22.8 -

3 ramp 25 - furnace
cool

Upper Zone
Program

step Type Set point,
ºC Time. hr. Rate,

ºC/min.

1 ramp 350 - 5

2 hold 350 3 -

3 ramp 550 - 5

4 hold 550 19.2 -

5 ramp 25 - furnace
cool

Table III-3: Selenium distillation heat treatment schedule.

The  1’  section  of  silica  glass  tubing  reserved  from  the  fabrication  of  the

distillation loop is transferred into the Argon atmosphere glove box and filled with 25 g

of either 99.99% purity 3 mm Ag shot or 99.9999 % purity 3-5 mm As lump and 250 mg

of Mg strip, all purchased from Cerac, Inc.. The tube is capped and transferred out of the

glove box where it is evacuated and backfilled with UHP Argon. After the tube has been

evacuated and backfilled three times, it is evacuated once again and sealed approximately

two  inches  above  the  portion  of  the  tube  where  the  Mg  strip  and  As  or  Ag  rest.  The

sealed ampoule is held upright in a furnace where it undergoes the heat treatment
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schedule given in Table III-4. A schematic diagram of the SOR treatment furnace is

shown in Figure III-8. While the furnace is held at 400 ºC the presence of the Mg strip

creates a reducing atmosphere that removes the surface oxides from the As or Ag. Once

the furnace is cooled the ampoule is removed and transferred to the glove box where it is

broken to collect the purified material. The As lump is dull and black before the SOR

treatment; after it is shiny and grey. Little change is observed in the Ag shot because

there is limited surface oxide prior to the SOR treatment.

Program
step Type Set point,

ºC Time. hr. Rate,
ºC/min.

1 ramp 400 - 5

2 hold 400 12 -

3 ramp 25 - furnace
cool

Table III-4: Ag and As SOR heat treatment schedule.

Figure III-8: A schematic diagram of the surface oxide removal furnace used to purify

Ag and As before chalcogenide glass batching.

400 °C
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The  following  batch  calculations  are  used  to  determine  the  mass  of  each  of  the

purified elements required for a 15 g glass batch:

[ ]
[ ] [ ] [ ] 96.7892.749.107

9.10715
⋅+⋅+⋅

⋅
⋅=

SeAsAg
AgmAg Eq.(III.2)

[ ]
[ ] [ ] [ ] 96.7892.749.107

92.7415
⋅+⋅+⋅

⋅
⋅=

SeAsAg
AsmAs Eq.(III.3)

[ ]
[ ] [ ] [ ] 96.7892.749.107

96.7815
⋅+⋅+⋅

⋅
⋅=

SeAsAg
SemSe Eq.(III.4)

Each element is massed to greater than 0.1 % accuracy and placed in a 1’ silica ampoule.

After all three components are added to the ampoule it is transferred out of the glove box,

evacuated and sealed using the same procedure described for the SOR treatment

ampoules. The evacuated sealed ampoule is suspended in a rocking furnace, shown

schematically in Figure III-9, using nichrome wire. The heat treatment schedule is given

in Table III-5. The eutectic reactions in the Ag-As-Se system occur above 350 ºC, so a

four hour hold at 450 ºC allows the more volatile Se to alloy with As and Ag, reducing

the risk of the ampoule exploding as it is heated. The melt is maintained at a temperature

of 975 ºC for 24 hours while the furnace is rocked to ensure homogenization. Upon

completion of the 24 hr hold the furnace is turned upright and cooled to 650 ºC before the

ampoule is removed and quenched in air. Before the glass is removed from its ampoule it

is annealed at its Tg + 10 ºC for 24 hours and then cooled at a 1 ºC/min. The annealed

glass is removed by carefully cracking the ampoule. The glass slug thus obtained is

approximately 3 cm in length and is shiny dark grey metallic in color. Figure III-10

shows a silica ampoule containing quenched Ag-As-Se glass and an annealed chunk of

Ag-As-Se glass.
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Figure III-9: A schematic diagram of the rocking furnace used to melt chalcogenide

glasses.

Program
step Type Set point,

ºC Time. hr. Rate,
ºC/min.

1 ramp 450 - 2

2 hold 450 4 -

3 ramp 975 - 2

4 hold 975 24 -

5 ramp 650 - furnace cool

6 quench 25 - air quench

Table III-5: Glass melting heat treatment schedule.

Figure III-10: A digital photograph of an ampoule (upper) used to melt chalcogenide

glass compositions and a Ag-As-Se glass slug (lower).
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III.D-2  Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is used to qualitatively analyze

the infrared transparency of Ag-As-Se glasses. The analysis is performed on 3 mm plates

with  parallel  polished  faces.  To  obtain  these  plates,  first  a  5  mm  section  is  cut  from  a

3 cm glass slug using a Buehler IsoMet low speed saw fitted with a 3” diameter X 0.006”

wide diamond wafering blade. The faces are ground parallel using 600-grit SiC paper

fixed to a low speed grinding wheel. Lapping oil is used as a lubricant instead of water to

prevent modification of glass surface chemistry. The plates are ground with progressively

finer grits up to 3000-grit. The final polishing step is accomplished using 0.03 µm

alumina powder mixed with lapping oil on a polishing pad affixed to a stationary glass

plate. The sample is traversed over the polishing pad in a figure-8 pattern creating a

mirror finish. The samples thus obtained are 3 mm ± 0.1 mm in thickness with faces that

are  parallel  to  within  0.1º.  A  Thermo  Nicolet  Protégé  460  FTIR  spectrometer  with  a

tungsten glow bar source and DTGS KBr detector is used to obtain the transmission

spectra of the Ag-As-Se plates in the 2.5 µm to 20 µm spectral range. The basic set-up of

the FTIR for these measurements is shown in Figure III-11. First, a background

spectrum is collected by measuring the spectral variation of the intensity passing through

the sample holder’s 5 mm aperture with no glass plate in place. The sample spectrum is

collected with a glass plate centered on the aperture and held flush against it, so that its

faces are perpendicular to the beam. The ratio of sample spectrum to the background

spectra is calculated to determine the percent transmission of radiation through the

sample as a function of wavelength. Five measurements are averaged for each sample.
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Figure III-11: A schematic diagram of the Nicolet Protégé 360 FTIR.

The infrared transmission spectra of Ge20Se80, Ag25As40Se35,  and  Ag15As45Se30

glasses are shown in Figure III-12.  The  intrinsic  transmission  window  of  Ge20Se80

extends from below 2 µm to about 16.5 µm. There are absorption peaks at 4.5 µm,

9.1 µm, and 13.2 µm. For Ag25As40Se35 the intrinsic transmission window extends from

below 2 µm to 18.1 µm, with absorption peaks at 9.3 µm, 12.7 µm, 13.5 µm, 15.2 µm,

and 15.7 µm. The intrinsic transmission window of the Ag20As45Se35 glass extends from

2.8 µm to 18.3 µm; this composition has absorption bands at 9.3 µm, 13.5 µm, 15.2 µm.

The observed absorption peaks correspond to oxide impurity bands. The silver containing

glasses have lower percent transmission than the Ge-Se glass because their refractive

index is much higher and therefore have greater Fresnel reflection. The multiphonon edge

and  absorption peaks of the glasses examined in this study are given in Table III-6.

There are no strong absorption bands at 10.6 µm  for  any  Ag-As-Se  glass  or  Ge20Se80,

indicating the lost intensity at this wavelength is mainly due to Fresnel reflections and

scattering. These glasses should have low extinction coefficients for CO2 laser radiation.

tungsten glow bar

DTGS KBr Detector

sample

sample holder /
5 mm aperture

off-axis parabolic
mirror

moving  mirror
KBr beam splitter
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Figure III-12: The infrared transmission spectra of 3 mm thick chalcogenide glass plates.

Composition, mol %

Ag As Se
Multiphonon

edge, µm Absorption peaks

18.3 43.3 38.4 20.1 13.6, 16.6

18.3 38.3 43.4 18.3 12.6, 13.5, 15.2

20 45 35 18.3 9.3, 13.5, 15.2

20 40 40 18.2 9.5, 12.7, 13.5, 15.2, 15.7

21.7 41.7 36.6 18.1 9.4, 12.7, 13.5, 15.2, 15.7

21.7 36.7 41.6 18.2 12.6 13.5, 15.2,

23.3 38.3 38.4 18.1 9.4, 12.6, 13.5, 15.2, 15.7

23.3 33.3 43.4 17.9 9.5, 12.6, 13.5, 15.2, 15.7

25 40 35 18.1 9.4, 12.7, 13.5, 15.2, 15.7

25 35 40 18.1 9.4, 12.6, 13.5, 15.7

26.7 36.7 36.6 18.0 9.4, 12.6, 13.5, 15.2, 15.7

26.7 31.7 41.6 18.1 9.5, 12.6, 13.5, 15.2, 15.8

28.3 33.3 38.4 17.9 9.4, 12.6, 13.5, 15.3, 15.7

Table III-6: Summary of FTIR results.
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III.D-3  CO2 Laser Variable Angle Reflectometry

Light incident on the interface between two dielectric materials is either reflected

or transmitted. The reflectance, R, of the interface is defined as the ratio of the reflected

power to the incident power. The polarization specific reflectances are Rp and Rs, where

the subscripts s and p are used to distinguish between p-polarized and s-polarized

radiation, respectively. The Fresnel equations describe the relationship of Rp and Rs to the

refractive indices of the materials forming the interface and the angle of incidence, θ0

[31]. The reflectance for s-polarization is given by
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and the reflectance for p-polarization is given by
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where n0 is the refractive index of the dielectric medium from which the radiation is

incident, n1 is the refractive index of the material forming the interface with the incident

medium. Figure III-13 shows these  equations  plotted  as  a  function  of θ0 for the cases

where n0 =  1  and n1 =  2.8,  and n0 =  1  and n1 =  3.2.  In  both  cases Rs increases

monotonically as the angle of incidence increases. Rp decreases with increasing angle of

incidence up to the Brewster angle, θb = tan-1(n1/n0), and then increases to unity at
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glancing incidence. Comparing the curves for each value of n1 it is clear that the relative

change in Rp is greater than the relative change in Rs, particularly for 25° < θ  <  65  °.

Since Rp is so sensitive to changes in n1, the refractive index of materials can be

determined precisely by measuring the value of Rp over a range of angles and then fitting

the data to Eq.(III.6). Stagg and Charalampopulos have reached similar conclusions in

their study of the sensitivity of reflection techniques for the determination of the optical

constants of bulk materials [32].
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Figure III-13: Rs, and Rp are plotted as a function of θ0 for the interface between air and

dielectrics with n = 2.8 (red curves) and n = 3.2 (blue curves).

The refractive index of Ag-As-Se glasses at 10.6 µm is determined by fitting the

dependence of Rp on the angle incidence for CO2 laser radiation. The variable angle

reflectometer used to determine Rp is shown schematically in Figure III-14. Radiation
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emitted from the MPB CO2 laser is polarized vertically. The rotating stage is oriented so

that radiation striking the sample is polarized in the plane of incidence (p-polarization).

The range of motion of the stage allows Rp to be measured from 25º to 65º. The 3 mm

plates from FTIR measurements are used for these measurements as well. One face of the

plate is dulled using 600-grit SiC paper to minimize reflections from the back face. Since

the alignment is critical to obtain accurate reflectivity measurements, a special sample

holder is  used. The sample holder consists of a 1.5” X 1.5” X ¼” metal plate with a 1”

diameter hole bored through it. Epoxy fixes a glass slide to its back surface. Enough

modeling clay is placed in the bore of the plate on the glass slide, so that a sample placed

upon it (the dull side in contact with the clay) rests slightly above the surface of the metal

plate. The sample is pressed into the modeling clay using a flat surface covered with lens

paper  until  it  is  flush  with  the  surface  of  the  metal  plate.  The  process  for  aligning  the

sample in the plate is shown schematically in Figure III-15.  The  metal  plate  is  held  in

three point contact with the rotating stage maintaining the alignment of the sample.

Figure III-14: A schematic diagram of a variable angle reflectometer.
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Figure III-15: The cross section of the VAR sample holder is shown schematically for

each stage of the procedure used to align a chalcogenide glass sample.

The reflectometer is calibrated by measuring the power reflected by a silver

mirror for θ0 between 25º and 65º taken in 5º increments. The measured reflected power

is divided by the theoretical Rp of silver, calculated using IMD v. 4.1, to determine the

incident power for each value of θ0.  The power emitted by the CO2 laser is ~17 W, but

several gold screens were inserted in the beam path to reduce the power to about 1.60 W.

A thermopile detector is used to measured the power reflected by the chalcogenide glass

sample. Five measurements are performed on each chalcogenide glass sample for each

θ0. Rp is determined by dividing the average reflected power by the incident power.

Figure III-16 shows the measured dependence of Rp on θz for the composition

Ag25As40Se35. Least squares regression is used to fit the reflectance data to the Fresnel

1.

2.

3.

chalcogenide glass sample
modeling clay

aluminum plate
microscope slide

flat surface covered
with lens paper
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equation while allowing the value of n1 to vary. In this manner refractive indices are

determined with a precision of 0.01.
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Figure III-16: Rp is plotted a function of the angle of incidence of Ag25As40Se35 glass.

The refractive indices of the glass compositions examined in this study are

indicated on the ternary diagram presented in Figure III-17. The refractive index at

10.6 µm generally increases with decreasing Se content at constant As to Ag ratios.

Holding the As to Se ratio constant the refractive index increases with increasing Ag

content. The highest refractive indices correspond to the compositions Ag25As40Se35,

n = 3.10, and As26.7As36.7Se36.6, n = 3.11.
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Figure III-17: The refractive indices of Ag-As-Se glasses are indicated on a ternary

diagram.

III.D-4 CO2 Laser Calorimetry

Considering Borisova’s thermal property data, as well as the refractive index data

and infrared transmission spectra collected in this study, the composition Ag25As40Se35

meets the criteria stated in Section III.A for pairing with Ge20Se80 in a chalcogenide glass

HBF. The refractive index contrast of this pair (3.10/2.46 = 1.26) is lower than that of the

OmniGuide fiber. However, the theoretical calculations presented in Chapter II indicate

that  a  chalcogenide  glass  HBF  with  low  refractive  index  contrast  may  still  have  lower

loss at 10.6 µm than the OmniGuide HBF because chalcogenide glasses have lower
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extinction coefficients than PEI. To compare of the OmniGuide HBF to the proposed

Ge20Se80 /  Ag25As40Se35 chalcogenide glass HBF, the extinction coefficient of the

Ag25As40Se35 glass must be determined.

The analysis in Section III.E-2 of the infrared transmission spectra of Ag-As-Se

glasses indicates that they have low absorption at 10.6 µm, but FTIR spectroscopy does

not provide the necessary precision to quantify the extinction coefficient. Laser

calorimetry can be used to determine the absorption coefficient of very low loss materials

in the infrared, including chalcogenide glasses [33-35]. Willamowski et al. review the

various techniques for low loss bulk materials in detail [36]. The basic philosophy is to

transmit laser radiation through a sample and measure the small temperature increase as

the radiation is absorbed by the sample. The temperature of the sample is measured

continuously while the laser radiation is transmitted though the sample and for several

minutes after irradiation has ceased. The time of irradiation is denoted, tp.  The gradient

method relates the absorption coefficient, α, to the sum of the slopes of the heating curve,

hdt
dT ,   and

cdt
dT denotes the slope of the cooling curve.

hdt
dT  is measured at the time,

th = 0.8·tp and
cdt

dT is measured at the time, tc > tp, where T(tc)  = T(th). The absorption

coefficient, α [m-1] is given by









+⋅

⋅

⋅
⋅

⋅
+

=
hcT

p

dt
dT

dt
dT

PL
cm

n
na
2

1 Eq.(III.7)

where n is the refractive index, m [kg] is the mass of the sample, cp [J·kg-1·ºC-1] is the

heat capacity, L [m] is the length of the sample, and PT [W] is the transmitted power [36].
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Figure III-18 shows a schematic diagram of the CO2 laser calorimeter used to determine

the extinction coefficient of Ag25As40Se35 glass. A 14.7 mm glass rod with polished

parallel faces is fabricated in a similar manner as the plates used for FTIR spectroscopic

measurements. The calorimeter consists of brass box coated with an absorbing paint to

reduce the effect of scattered radiation. The Ag25As40Se35 glass rod is placed on a set of

rails in the calorimeter that align it with the propagation direction of the CO2 laser beam.

A 20” focal length mirror is used to focus the beam into the center of the sample. A

type-T  differential  thermocouple  is  used  to  measure  the  temperature  increase  of  the

Ag25As40Se35 glass rod relative to the reference. The thermoelectric voltage, E [mV], is

measured using a Keithley 181 nanovoltmeter. The relationship between the temperature,

T [ºC], to the thermoelectric voltage of a type-T thermocouple is given by

7
7

2
210 EdEdEddT K+++= Eq.(III.8)

The coefficients d0,  d1,… d7 are called the inverse temperature coefficients. Table III-7

gives the values of the inverse temperature coefficients for a type-T thermocouple

[37-38]. A GPIB interface is used to continuously transfer the thermoelectric voltage data

from the nanovoltmeter to a laptop computer. Initially, the CO2 laser beam is blocked by

a ceramic brick to permit the collection of a thermal background, which is averaged to

establish an initial temperature. The ceramic block is removed for 120 seconds and the

change in temperature is recorded continuously. The sample is allowed to reach thermal

equilibrium between measurements; and the results of 10 measurements are averaged to

determine the absorption coefficient.
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Figure III-18: A schematic diagram of a CO2 laser calorimeter is shown.

Coefficient Value

d0 0

d1 2.5928·101

d2 -7.602961·10-1

d3 4.637791·10-2

d4 -2.165394·10-3

d5 6.048144·10-5

d6 -7.602961·10-7

d7 0

Table III-7:  Inverse temperature coefficients of a type-T thermocouple for 0 °C to

400 °C.

CO2 Laser

detector

nanovoltmeter

sample

reference

differential
thermocouple

calorimeter

lens
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Figure III-19 shows a plot of the change in temperature of the Ag25As40Se35 glass

rod as a function of time as it is irradiated by the CO2 laser for 120 s and then allowed to

cool. The slopes of the heating curve and cooling curve at th and tc are indicated in red.

The average power transmitted by the plate is 66 mW causing the temperature at the

surface of sample to increase by 0.78 °C upon irradiation for 120 s. The value of α is

calculated to be 1.16×10-1 ± 3×10-2 m-1
. The extinction coefficient of Ag25As40Se35 glass

is 9.8×10-6 ± 0.3×10-6, obtained by substituting α into Eq.(III.1). This value is higher than

that of Ge20Se80 as determined by Nishii [23], but several orders of magnitude lower than

PEI.
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Figure III-19: ∆T is plotted as a function of time for a 14.7 mm Ag25As40Se35 glass rod

irradiated with CO2 laser radiation for 120 s.
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III.E Theoretical Analysis of a Ge-Se/Ag-As-Se Hollow Bragg Fiber

As a result of the studies described in Sections III.B through III.D the

compositions Ge20Se80 and Ag25As40Se35 have been identified as forming a pair that

meets the thermal and optical property requirements for application to a chalcogenide

glass HBF. The complex refractive indices of Ge20Se80 and Ag25As40Se35 are

2.46 –i·9.7·10-7 and 3.10 - i·9.8·10-6, respectively. This pair of glasses has lower contrast

than the OmniGuide Bragg fiber, meaning that more layers will be necessary to achieve

the same loss. However, the decrease in loss upon the addition of layer pairs is limited to

approximately 7 layer pairs for the OmniGuide HBF, whereas many more layer pairs are

effective in reducing the loss of the hypothetical chalcogenide glass HBFs analyzed in

Section II.I.

The  ray  optics  method  is  used  to  calculate  the  HE11 mode loss of 10.6 µm

radiation propagating in 700 µm bore diameter Ge20Se80 / Ag25As40Se35 and PEI / As2Se3

(OmniGuide) HBFs as a function of the number of layer pairs, N. First, the reflectivity for

radiation propagating at the HE11 mode angle, given by Eq.(II.7), is calculated using the

impedance transfer matrix method described in Section II.E. These values are substituted

into Eq.(II.9) to determine the HE11 mode loss. Figure III-20 shows the calculated HE11

mode  loss  for  the  Ge20Se80 / Ag25As40Se35 HBF  and  the  Omniguide  HBF  plotted  as  a

function of N. The loss of the OmniGuide HBF is lower when N is less than 5. Around

N = 6 the two HBFs have similar calculated losses. Beyond N =  7  the  loss  of  the

chalcogenide glass HBF continues to decrease exponentially while the loss of the

OmniGuide fiber remains relatively constant. The observed behavior can be explained by
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considering the relative contributions of materials absorption and leakage loss to the

overall loss of the waveguide. Below N = 5 the loss of both waveguides is dominated by

leakage through the Bragg reflector film. In this regime, the OmniGuide HBF has lower

loss because it has a higher refractive index contrast, and therefore greater confinement of

the HE11 mode. Above N = 6 the loss of the Omniguide HBF is dominated by materials

absorption. There is very little materials absorption for the chalcogenide glass Bragg

fiber, so its loss continues to be dominated by leakage even up to 15 layer pairs. Since the

leakage decreases exponentially with the addition of each layer pair the loss of the

chalcogenide HBF also decreases exponentially. The calculated loss of the

Ge20Se80 / Ag25As40Se35 and Omniguide HBFs with N = 15 are 4.9·10-3 dB/m  and

1.8·10-1 dB/m, respectively.
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Figure III-20:  The transmission loss of the HE11 mode is plotted as a function of N for

CO2 laser radiation propagating in a As2Se3 /  PEI  (red)  Omniguide  HBF

and a Ag25As40Se35 / Ge20Se80 (blue) HBF. a = 350 µm and λo = 10.6 µm.
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It is concluded that a chalcogenide glass HBF consisting of at least seven

Ge20Se80 /  Ag25As40Se35 layer pairs could have improved performance over the

OmniGuide  HBF  for  the  transmission  of  CO2 laser radiation. To realize this

improvement, a fabrication method must be developed for chalcogenide glass HBFs that

is capable of achieving similar microstructure precision to that which is possible using

the OmniGuide HBF fabrication process.

III.F Chalcogenide Glass HBF Preform Fabrication and Drawing

Chalcogenide glasses are investigated for application to HBFs both for their

optical and thermal properties. Fiber drawing is a key aspect of the OmniGuide HBF

fabrication process because it allows precise control of HBF microstructure; long lengths

of fiber can be made continuously; and fibers designed for many different wavelengths

can be drawn from a single preform [39]. A free standing chalcogenide glass thin film is

too brittle to be rolled into a preform, as is done with an As2Se3 coated PEI thin film to

make the OmniGuide preform. A new technique must be developed to make a drawable

chalcogenide glass HBF preform.

Chalcogenide glass thin films have been obtained by physical vapor deposition

(PVD) techniques, including thermal evaporation, sputtering, and pulsed laser deposition

[40-45]. A comparison of the film stoichiometry, film uniformity, and deposition rates

that are characteristic of each PVD process are given in Table III-8 [46]. Film

stoichiometry is important because small changes in the composition of the film can

change the optical and thermal properties significantly. The importance of film
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uniformity is discussed in Section II.I-4. A high deposition rate is needed to deposit films

with  thicknesses  that  are  in  proportion  to  the  bore  diameter  of  the  preform  taking  into

account the desired bore diameter of the HBF. For instance, the film thickness of a

Ge20Se80 layer of an HBF designed for low loss at 10.6 µm is 1.18 µm; thus the Ge20Se80

layers of a 12 mm bore diameter preform that will be drawn into a 700 µm bore diameter

fiber must be 1.18·12/0.7 = 20.2 µm thick.  The  slow deposition  rates  of  sputtering  and

PLD may be prohibitive to their application in fabricating chalcogenide glass HBFs.

These methods also require sophisticated equipment, whereas a rudimentary thermal

evaporation system can be fabricated using a simple vacuum chamber and a heat source.

PVD Process Deposition Rate sA
o Film Stoichiometry Film Uniformity

Thermal
Evaporation 15-300 Fair Good

Sputtering 1-10 Good Excellent

Pulsed Laser
Deposition 1-20 Good Poor

Table III-8: A comparison of PVD techniques.

The chalcogenide glass HBF preform fabrication process demonstrated in this

study is inspired by the Omniguide HBF fabrication process and two waveguide

fabrication techniques demonstrated by researchers from Tohoku Univeristy. Miyagi

et al. fabricate germanium coated nickel hollow waveguides by first sputtering a

germanium thin film on the outside of an aluminum mandrel; nickel is electroplated onto

the Ge film; and finally the aluminum mandrel is dissolved using a NaOH solution [47].

An AsS3 cladding is applied to the surface of an As2S3 rod  by  a  thermal  evaporation
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technique described by Saito et al. [48]. The As2S3 rod is suspended in a glass chamber

containing AsS3 glass  that  is  locally  heated  so  that  it  evaporates  and  condenses  on  the

As2S3 rod to form a low index cladding.

A simple thermal evaporation system is constructed to deposit chalcogenide glass

films onto a water cooled aluminum substrate tube as shown schematically in

Figure III-21.  To  deposit  a  chalcogenide  glass  layer,  first  the  glass  is  crushed  and

dispersed along the bottom of the 10” deposition zone in the fused silica evaporation

chamber. A ¼” diameter aluminum substrate tube is suspended above the chalcogenide

glass and sealed within the chamber using differentially pumped rotational vacuum

fittings. During the deposition process the tube is rotated at 5 RPM while cooling water

(~0 °C) flows along its  axis at  a rate of 1 L/min.  A turbo pump draws vacuum on the

chamber as it is heated at a rate of 5 °C/min. to a 150 °C. This temperature is held for

1  hour  to  eliminate  physically  adsorbed  water  molecules  from  the  chamber  walls.  The

furnace is then heated at 10 °C/min. to the final deposition temperature of

400 °C – 500 °C. The furnace is held at the final deposition temperature for 4 hours to

ensure that all of the material has been deposited on the aluminum substrate. This process

is repeated to build up alternating layers of different chalcogenide glass compositions.

The thickness of the layers is determined by the mass of the glass dispersed in the bottom

of the fused silica chamber.

The fabrication of a mechanically stable all-chalcogenide glass HBF preform would

require the deposition of an impractical number of layers. Instead, the chalcogenide glass

films and aluminum substrate tube are covered with a thick PEI coating to provide

mechanical support for the chalcogenide films. A 12” X 36” X 0.003” thick PEI film is
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rolled onto the substrate forming a 1/16 inch thick coating that covers a 12 inch long

section of the tube. The last layer of the polymer coating is tacked in place using a

soldering iron. The coating is consolidated under vacuum by placing it in an evacuated

fused silica tube and then passing a small hot zone tube furnace set at ~260 °C along the

length of the coated substrate at a rate of 1 cm/min. This consolidation furnace is

illustrated in Figure III-22. The portions of the aluminum substrate tube that extend

beyond the consolidated PEI are cut off and the remaining aluminum is dissolved by

submersing it in a 3 M hydrochloric acid solution. The chalcogenide glass film remains

bonded to the PEI film when the dissolution of aluminum is complete. The chalcogenide

coated PEI tube is drawn at a temperature ~305 °C at a draw rate of about 1 m/min.,

producing tens of meters of hollow fiber from each preform. A draw furnace with a small

~1 cm hot zone is used to minimize collapse of the air core.

Figure III-21: A schematic diagram of the thermal evaporation set-up used to deposit

chalcogenide glass films on the outside of a rotating aluminum tube.
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Figure III-22: A schematic diagram of the front (left) and side (right) of the polymer

cladding set-up used to consolidate PEI films to form a protective coating

for chalcogenide glass films deposited on the outside of and aluminum

mandrel.

Figure III-23 shows an optical  micrograph of the cross section of an aluminum

substrate tube upon which three chalcogenide glass layers (As40Se60 –  Ge20Se80 –

As40Se60)  have  been  deposited.  The  thicknesses  of  the  films  are  uniform  around  the

circumference of substrate and their interfaces are well defined. The outermost layer is

dc motor

screw drive

heating cuff

aluminum
substrate tube

vacuum fitting

silica vacuum
chamber

to vacuum pump

PEI Coating
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partially obscured by the epoxy in which the sample is mounted. Ag25As40Se35 glass can

not be deposited using this thermal evaporation system because silver has a much lower

vapor pressure than As or Se. The molten glass in the evaporation chamber becomes

increasingly concentrated in Ag as As and Se evaporate, which leaves a crystalline

deposit  that  has  a  high  silver  content.  As40Se60 is  used  in  place  of  Ag25As40Se35 to

demonstrate that layers with different compositions can be deposited on top of one

another. A more sophisticated thermal evaporation system incorporating separately

heated boats for each element would be required to deposit Ag25As40Se35 layers with the

correct stoichiometry.

Figure III-23: A reflected light micrograph of the cross section of an aluminum substrate

tube  (a)  with  three  layers;  As40Se60 (b), Ge20Se80 (c),  and  As40Se60 (d)

mounted in epoxy (e).
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Figure III-24 shows the  undrawn portion  of  a  preform that  consists  of  a  single

layer of Ge20Se80 coated with PEI. The preform is yellow and translucent where the PEI

coating extends beyond the chalcogenide glass film. A short length of fiber drawn from

this preform and split along its axis is shown in Figure III-25. The bore diameter and

outer diameter are 200 µm and 460 µm, indicating a moderate collapse of the air core

relative to the aspect ratio of the preform. The Ge20Se80 film appears to be smooth and is

bonded uniformly to the PEI coating.

Figure III-24: A digital photograph of a hollow fiber preform consisting of a 1/4” inner

diameter 1/16” wall thickness PEI tube with an inner Ge20Se80 coating.

Figure III-25: An optical micrograph of the cross section of a hollow PEI fiber with an

inner Ge20Se80 coating. The fiber’s inner and outer diameters are 200 µm

and 460 µm, respectively.
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II.G Summary

Chalcogenide glasses have unique optical and thermal properties that make them

a good candidate for application to the fabrication of a CO2 laser radiation transmitting

HBF. Ge-Se and Ag-As-Se glasses are investigated to identify a pair of glass

compositions with high refractive index contrast, low extinction coefficient at 10.6 µm,

and appropriate Tg and Tx for  application  to  the  fiber  draw process.  The  pair  of  glasses

Ge20Se80 and Ag25As40Se35 has the best combination of these properties among Ge-Se and

Ag-As-Se  glasses.  Ray  optics  calculations  are  used  to  compare  theoretical  loss  of  CO2

laser radiation propagating in a Ge20Se80 /  Ag25As40Se35 HBF  to  the  loss  of  the

OmniGuide  HBF.  These  calculations  show  that  the  theoretical  loss  of  the  all

chalcogenide HBF is significantly lower than the OmniGuide HBF for microstructures

consisting of at least 8 layer pairs. The basic elements of a chalcogenide HBF fabrication

process are demonstrated including depositing chalcogenide glass thin films on a rotating

aluminum substrate tube by thermal evaporation, adding a thick PEI cladding for

mechanical support, dissolving the substrate tube, and drawing the chalcogenide film /

PEI preform into a hollow fiber.
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Chapter IV Ag/PS Hollow Glass Waveguides for THz Radiation

IV.A Background

Applications in spectroscopy, radiometry, and the delivery of high power CO2 and

Er:YAG laser radiation have driven the development of infrared (IR) transmitting

waveguides over the last 40 years [1]. The field of THz radiation sources, waveguides,

and detectors is comparatively new. The first commercial THz spectrometer became

available in the year 2000, which roughly coincides with the earliest studies of THz

waveguides [2]. Many IR waveguiding technologies have been applied to THz frequency

radiation, such as photonic crystal fibers (PCFs) [3-4], hollow Bragg fibers (HBFs) [5-6],

and solid core fibers [7-8], but the metal/dielectric HGW technology has not. Ray optics

calculations in Section II.J indicate that this technology could be used to fabricate

waveguides with lower loss than any THz radiation transmitting waveguide that has been

demonstrated to date.

A significant challenge in the application of metal/dielectric HCW technology to

THz waveguides is that much greater dielectric layer thicknesses are required for low

loss. Eq.(II.31) shows that the optimum dielectric layer thickness for metal/dielectric

HCWs is proportional to the design wavelength. The wavelength of THz frequency

radiation is 10 to 100 times longer than IR radiation; hence the dielectric film thickness

of a metal/dielectric HCW designed to transmit THz frequency radiation must be 10 to

100 times greater than those designed for IR radiation.
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The goal of this study is to extend the metal/dielectric HCW technology used for

IR waveguides to the fabrication of waveguides for the transmission of THz frequency

radiation. First, the methods commonly employed in the fabrication of IR transmitting

metal/dielectric HCWs are compared to determine the potential for their successful

application  to  THz  waveguides.  It  is  shown  that  the  liquid  flow  coating  (LFC)  process

used to deposit polymer thin films has the greatest potential for THz HCWs. The LFC

process is studied in detail to determine the important processing parameters to produce

thicker polymer films. It is shown in Section II.J that PS has good optical properties for

making good metal/dielectric HCWs. In this chapter it is demonstrated that solutions

formed by dissolving PS in toluene have favorable rheological properties for depositing

relatively thick polymer films by the LFC process. PS films are deposited in Ag-coated

HGWs using highly concentrated PS/toluene solutions. The Ag/PS HGWs thus formed

are characterized using FTIR spectroscopy and a Coherent SIFIR-50 CO2 pumped

CH3OH laser tuned to emit 119 µm (2.5 THz) radiation.

IV.B Fabrication of Metal / Dielectric Hollow Core Waveguides

Numerous techniques have been demonstrated for fabricating metal/dielectric

HCWs. Researchers at Tohoku University fabricated nickel tubes with inner Ge, ZnS, or

PbF2 dielectric coatings by sputtering the dielectric layer onto an aluminum substrate,

electroplating a thick nickel layer over the dielectric, and then dissolving the aluminum

tube [9]. Laakmann deposited Ag and PbF2 layers on a thin metal strip, which was then

rolled into a tube and inserted into a stainless steel sleeve [10]. Bhardwaj et al. used a
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more direct technique in which the inner surface of a silver tube is partially converted to

dielectric  AgBr  or  AgCl  using  a  gas  or  liquid  phase  reaction  [11].  The  surface  of  the

silver tube was chemically polished prior to the addition of the dielectric film. A

smoother silver surface, and therefore improved performance, can be achieved by

depositing a silver coating on the inside of a smooth glass or plastic tube. This technique

was first demonstrated by researchers at Tel Aviv University, who deposited silver

coatings on the inner surface of polyethylene and Teflon tubing using an electroless

liquid phase chemical deposition (ELPCD) process [12]. In this technique a dielectric

AgI thin film is formed by reacting a portion of the silver layer with a solution containing

I-. Researchers at Rutgers University have fabricated the lowest loss Ag/AgI waveguides

using high quality fused silica and polycarbonate tubing [13].

Ag/AgI  HCWs are  limited  to  a  single  dielectric  layer  because  of  the  subtractive

nature of the fabrication process. Seeking to improve upon Ag/AgI HCWs, researchers at

Rutgers Univeristy have developed new ELPCD processes to deposit dielectric thin films

with metal sulphide compositions, such as CdS and PbS [14]. Since the films are added

over the silver layer, multiple layers can be deposited to form a periodic alternating

high/low  refractive  index  structure.  In  theory,  a  multilayer  dielectric  waveguide  should

have significantly lower loss than a waveguide consisting of only a single layer of either

dielectric material. In practice, the potential loss reduction by depositing multilayer

dielectric films is compromised by the increase in roughness as the overall thickness of

the dielectric stack increases [15].

THz metal/dielectric HCWs require much thicker dielectric films than IR

transmitting HCWs. The increase in roughness upon depositing 10 to 100 times thicker
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films may therefore be prohibitive in the application of Ag/AgI or Ag/metal sulphide

technology to HCWs designed for THz frequency radiation. However the increase in

scattering resulting from rougher films will be at least partially offset by the decrease in

scattering losses at these longer wavelengths. In practice it is difficult to form thick

dielectric coatings limiting the choices for fabricating a viable THz HCW. The refractive

indices of AgI, CdS, and PbS at IR wavelengths are 2.2, 2.3, and 4, respectively.

Assuming the refractive indices of these materials are similar at THz frequencies, the

dielectric film thicknesses for single layer metal/dielectric HCWs optimized for 119 µm

are 9.7 µm, 9.3 µm, and 5.4 µm for AgI, CdS, and PbS, respectively. The growth rate of

the silver films deposited by the ELPCD process is about 1 µm/hr. [15], so it will take at

least 10 hours to fabricate a single Ag/AgI HGW optimized for 119 µm radiation. The

growth rate of CdS and PbS films are 0.14 µm/hr. and 0.4 µm/hr, respectively [16]. To

fabricate a single layer HGW the deposition times for CdS and PbS are therefore about

66 hours and 14 hours, respectively. Application of the fabrication processes used to

make Ag/AgI and Ag/metal sulphide IR transmitting HCWs to THz radiation would

result in increased roughness, long deposition times, and would also increase the

hazardous waste generated.

Researchers at Tohoku University have developed metal/polymer coated HGWs

as an alternative to HCWs with inorganic dielectric thin films [17-21]. A primary

motivation  for  their  work  is  that  polymers  have  refractive  indices  that  are  close  to  1.4,

which provides the lowest theoretical loss for metal/dielectric HCWs assuming that the

polymer  has  no  absorption  [22].  Polymer  films  are  deposited  by  the  LFC  process.  The

LFC process is a promising alternative to the dynamic liquid phase chemical deposition
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process for fabricating HCWs optimized for the transmission of THz radiation and it is

described in detail in the following section.

IV.C The Liquid Flow Coating Process

The first reported metal/polymer HGW is the polyimide (PI)/silver HCW

described in a short communication from researchers at Tohoku University [17]. A silver

layer is formed inside a fused silica tube by the ELPCD process. The PI film is then

added over the silver by flowing a 3.9 wt. % solution through the waveguide at a rate of

12.5 cm/min. A thin liquid film remains on the surface of the silver coating after the

liquid has passed through tube, a phenomenon called the Jamin effect [23-27]. The

waveguide is heated to evaporate the solvent leaving a thin uniform film of PI. The

waveguide thus fabricated has a loss of about 1 dB/m at the Er:YAG laser wavelength of

2.94 µm. Shortly  after  this  initial  publication,  the  same researchers  provided  a  detailed

analysis of the relationship between coating velocity and solution concentration to the

film thickness and surface roughness of fluorocarbon polymer (FCP) films deposited

inside silver coated fused silica tubing [18]. More recently researchers at Tohoku

University have focused on the deposition of cyclic olefin polymer (COP) because it has

low absorption at the Er:YAG and CO2 laser wavelengths [19-21].

Figure IV-1, reproduced from Wang et al [18], and shows the roughness of FCP

films formed by dip coating Ag-coated silicate glass slides in solutions with various

concentrations of FCP dissolved in a perfluorochemical solution at various coating

velocities. Figure IV-2 is reproduced from the same study and shows the relationship of
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the film thickness to the coating rate and solution concentration. Clearly, both the

roughness and film thickness increase with increasing concentration and coating rate. The

polymer film thickness, d, varies with solution concentration, C, and coating rate, V,

according to an empirical relationship established by Fairbrother and Stubbs [26] which

is
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where a is the bore radius of the waveguide, η is the viscosity of the coating solution, and

γ is the surface tension of the solution specific to the substance that is being coated. It is

well  known  that  the  viscosity  of  polymer  solutions  increases  with  concentration.  The

relationship between η and C for the FCP solution is given by

C⋅− ⋅⋅= 2.03 10109.2η Eq.(IV.2)

where η and C are expressed in Pa·s and weight percent,  respectively. Substituting

Eq.(IV.2) into Eq.(IV.1) provides a simple expression for d in terms of C and V:

2
11.010 VCAd C ⋅⋅= ⋅ Eq.(IV.3)

where A is a constant that incorporates a, γ, and the proportionality term in Eq.(IV.2). As

shown in Figure IV-2, experimentally determined values of d increase linearly with V1/2

as predicted by Eq.(IV.3). An equation similar to Eq.(IV.3) can be established for any

metal/polymer/solvent system allowing the polymer film thickness to be controlled by

altering C or V. The researchers concluded that the highest quality films are produced

using combinations of low V and high C, but they did not draw any conclusions about the

relationship between film thickness and roughness.
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Figure IV-1: The roughness of FCP films deposited on silver coated glass substrates as

a function of coating velocity for various weight concentrations of the

coating solution [18].
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Figure IV-2: The thickness, d, of FCP films deposited on silver coated glass substrates

as a function of square root of the coating velocity, V1/2 for various weight

concentrations of the coating solution [18].
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To better study the relationship between roughness and film thickness the data of

Wang et al. is further analyzed by determining the coating velocities that correspond to

constant  values  of  roughness  for  5  wt.  %,  7  wt.  %  and  9  wt.  %  solutions  as  shown  in

Figure IV-3. Contours of constant roughness may then be plotted over the data from

Figure IV-2 as shown in Figure IV-4. The constant roughness contours show that films

with different thicknesses can have the same roughness. At low solution concentrations

the roughness decreases with decreasing film thickness. The roughness is relatively

independent of film thickness for high concentration solutions, but decreases with

decreasing coating rate. This observation confirms that thick polymer films can be

deposited with low roughness by using highly concentrated polymer solutions and low

coating velocities. It is intuitive that this should be the case, because films deposited from

highly concentrated solutions undergo less shrinkage during drying. The deposition of

thick yet smooth dielectric films is an essential element in the fabrication of

metal/dielectric HCWs designed to transmit THz radiation.

In addition to decreased roughness, the LFC process addresses the other major

issues associated with extending the ELPCD process to HCWs designed for THz

radiation.  The  volume  of  solution  required  to  deposit  a  polymer  film  using  the  LFC

process is less than 10 mL so very little waste is generated. Also, the deposition time is

independent of the film thickness because the value of C can be varied to achieve any

film thickness at a given coating rate. Assuming a typical coating rate of 4 cm/min., it

takes only 25 minutes to deposit a polymer film inside a 1 m long HCW. Clearly the LFC

process has significant advantages over the ELPCD process for the fabrication of HCWs

designed to transmit THz radiation.
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Figure IV-3: Lines laid over the plot from Figure IV-1 illustrate the procedure for

determining the coating velocities that produce films with roughness of 25

nm, 50 nm, and 85 nm for 5 wt. %, 7 wt. %, and 9 wt. % FCP solutions.
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Figure IV-4: Constant roughness contours are laid over the plot from Figure IV-2.
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IV.D Viscosity of Polystyrene/Toluene Solutions

The flow of a liquid in a capillary tube becomes less stable with increasing flow

rate and increasing viscosity [27]. Unstable flow results in the formation of small droplets

of liquid with regular size and spacing. This behavior is unsuitable for the deposition of

uniform polymer films for metal/dielectic HCWs. The viscosity increases rapidly with

concentration  for  the  COP  coating  solutions  used  to  fabricate  IR  transmitting  HCWs.

Since high concentrations are needed to deposit COP films designed for 10.6 µm

radiation, researchers have had to develop special modifications to the LFC process to

counteract the decreased flow stability of the coating solution. For instance, Iwai et al.

[21] deposit polymers films using a closed loop pumping system, which allows the

coating solution to be simultaneously drawn and pushed through the waveguide using a

single peristaltic pump. Their results indicate that increased coating uniformity is

obtained due the more consistent flow rate and less rapid solvent evaporation provided by

this system. Increasing the polymer film thickness to achieve low loss for THz radiation

requires further increasing the concentration or increasing the coating velocity, both of

which decrease the flow stability. COP coating solutions produce uniform films for

10.6 µm radiation, but extension of LFC process to the film thicknesses needed for THz

HCWs requires a new solvent/polymer combination with lower viscosity at high

concentrations.

The ray optics calculations presented in II.J-3 show that polystyrene (PS) has near

optimum optical properties for metal/dielectric HGWs designed for low loss at 119 µm

(2.5 THz) radiation. The viscosity has been measured for solutions of PS in toluene to
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determine if this system has favorable rheological properties for the deposition of the

relatively thick films required for low loss THz HCWs. ACS grade toluene and 148G

grade PS pellets purchased from Fisher Scientific and BASF Corporation, respectively,

are combined in glass bottles to obtain solutions with concentrations ranging from

15 wt. % to 27.5 wt %. The bottles are capped and placed in an ultrasonic bath to

homogenize the solutions. A TA Instruments AR 1000N rheometer equipped with a

rotary vane spindle is used to determine the viscosity of each solution. The basic

philosophy is to immerse the spindle in the solution, rotate the spindle at a constant rate,

and measure the torque required to maintain a constant shear rate, u/ y. The shear stress,

τ, applied to the liquid is calculated from the torque. The viscosity, η, is the constant of

proportionality between τ and u/ y such that
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for Newtonian fluids [28]. The shear stress required to maintain various shear rates for a

25 wt. % PS in toluene solution is plotted in Figure IV-5. The linear relationship and the

fact that the data passes through the origin indicate that PS/toluene solutions are

Newtonian. A least squares regression is used to fit a straight line through the data and

the slope is equal to the solution viscosity. The viscosities of PS/toluene solutions are

plotted as a function of concentration in Figure IV-6. Least squares regression is then

used to fit the data to the empirical relation

CBA ⋅⋅= 10η Eq.(V.5)

where C is the concentration and A and B are fitting parameters. It is found that the values

of A and B for BASF 148G grade PS in toluene are 2.6·10-3 and 0.079, respectively. The
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viscosity-concentration relationship for FCP/perfluorochemical solutions which have

A = 2.9·10-3 and B = 0.2 is also plotted in Figure IV-6 for comparison [18]. The viscosity

of the PS solutions is clearly much lower than the FCP solutions for all concentrations. At

15 wt. % the viscosity of the PS solution is about 73 times lower than the FCP solution;

at 25 % the viscosity is nearly 1,200 times lower.

0

5

10

15

20

25

0 20 40 60 80 100

shear rate, s-1

sh
ea

r s
tr

es
s,

 P
a

η = 0.233 Pa·s

Figure IV-5: The shear stress required to maintain a constant shear rate is plotted for a

25 wt. % PS/toluene solution. The slope of the solid line fit through the

data is obtained by least squares regression and is equal to the viscosity, η.
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(blue)  solutions  are  plotted  as  a  function  of  the  concentration  of  the

polymers measured in wt. %.

In comparison to the FCP/perfluorochemical solutions, PS/toluene solutions are

better suited for the deposition of polymer films in HCWs designed for low loss at THz

frequencies. The low viscosity of PS solutions allows thick films to be deposited under a

more stable fluid flow condition than is possible using higher viscosity FCP solutions.

IV.E Liquid Flow Coating Process Study

Section  IV.B reviews  the  philosophy of  the  LFC process  and  describes  some of

the key experimental results reported by its pioneers from Tohoku University. In contrast

to the prior art,  which focuses on IR transmitting HGWs, this study seeks to extend the

LFC process to the fabrication of waveguides optimized for THz radiation. The ray optics
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calculations presented in Section II.J-3 show that Ag/PS HGWs could transmit 119 µm

(2.5 THz) radiation with low loss. This new application requires the deposition of PS

films  that  are  greater  than  10  times  the  thickness  of  the  polymer  films  used  in  IR

transmitting HGWs. As demonstrated in Section IV.C PS/toluene solutions have

favorable rheological properties for the deposition of relatively thick polymer films.

Ag/PS HGWs are fabricated by first silver coating the inner wall of a silicate glass

tube using the ELPCD process and then adding a PS film by the LFC process. PS films

are deposited using a variety of coating rates and PS/toluene solution concentrations. The

Ag/PS waveguides are characterized using FTIR spectroscopy to ascertain the

relationship between these key process variables and the film thickness and uniformity.

IV.E-1 Ag Coating Deposition

The classic silver mirroring process described by Schweig [29] is the basis for the

ELPCD process used to deposit  Ag films to form HGWs. The ELPCD process consists

of:

1. forming a silver solution and a reducer solution,

2. combining the solutions inside a glass tube causing a reaction that

results in the deposition of silver metal on the inner wall of the tube

and

3. flowing the solutions through the tube to continuously replenish the

reactants until a silver metal film of sufficient thickness has been

deposited on the inner wall of the glass substrate tube.
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Rabii et al. have studied this process in detail [30]. Their process is reproduced in this

study to deposit Ag coatings on silicate glass tubing. The chemicals used in this study are

obtained from Acros Organics.

 The silver solution is prepared by first dissolving 2.44 g of silver nitrate (AgNO3)

in 800 mL of deionized water contained within a 1000 mL beaker. While stirring

continuously, the AgNO3 solution is titrated with a 6 % ammonium hydroxide (NH4OH)

solution. Initially, the solution turns dark brown as the silver ion is converted to silver

oxide according to chemical equation

2·AgNO3 + 2·NH4OH  Ag2  + 2·NH4NO3 + H2O Eq.(IV.6)

Upon further additions the NH4OH reacts with the silver oxide to form a silver complex,

a reaction described by

Ag2O + 4·NH4OH  2·Ag(NH3)2OH + 3·H2O Eq.(IV.7)

The titration process continues until the solution turns clear, indicating that all of the

Ag2O has been reacted. 44 mL of a 1% sodium hydroxide (NaOH) solution are then

added to the silver solution, which again causes the precipitation of Ag2O. Titration with

NH4OH continues until the solution is once again clear. The addition of NaOH improves

the adhesion and hardness of the deposited Ag film [29]. Deionized water is added to the

silver solution until the total volume is 1000 mL. The silver solution thus obtained is

photosensitive and must be covered with a dark cloth to prevent precipitation of silver

metal prior to the initiation of the coating process.

The reducer solution is prepared by dissolving 0.56 g of dextrose (C6H12O6) and

0.08 g of disodium salt of ethylenediamine tetraacetic acid (Na2EDTA) in 1000 mL of

water contained in a 1000 mL flask. The flask containing the solution is immersed in an
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ultrasonic bath for 20 minutes to promote homogenization.

A schematic diagram of the system used to deposit Ag films by the ELPCD

process is shown in Figure IV-7. A peristaltic pump is used to draw the silver solution

and reducer solution into a Nalgene tube system where they are mixed and delivered to

the glass substrate tube. Upon mixing the solutions, a chemical reaction is initiated that

results  in  the  precipitation  of  silver  metal.  It  is  unclear  which  of  the  many  possible

reactions by which Ag metal may be formed are active in this process; two possibilities

are described by the reaction equations

12·Ag(NH3)2OH + 6·NaOH + C6H12O6

12·Ag  + 6·HCOONa + 12·H2O + 24·NH3 Eq.(IV.8)

and

2·Ag(NH3)2OH + NaOH + C6H12O6

2·Ag  + C5H11O5COONa + 2·H2O + 2·NH3 Eq.(IV.9)

Initially, small clusters of Ag atoms precipitate on the inner surface of the glass substrate

tube. The clusters grow and coalesce, ultimately forming a continuous silver coating. The

thickness of the silver coating increases linearly with time. George has measured a

growth rate of about 1 µm/hr. from solutions of the same concentrations as those used in

this study [15]. The flow rate of the solutions must be optimized for each tubing bore

diameter. If the flow rate is too low the reactants become significantly depleted along

length of the glass substrate tube as Ag precipitates. This results in a coating thickness

that decreases along the length of the glass substrate tube. If the flow rate is too fast the

mixing of the reactants may not be sufficient to initiate the precipitation of Ag where the

solutions enter the glass substrate tube [30].
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Figure IV-7: A schematic diagram of the apparatus used to deposit silver coatings via

the electroless liquid phase chemical deposition (ELPCD) process.

In  this  study  the  ELPCD  process  is  used  to  silver  coat  1.6  mm,  1.7  mm,  and

2.2 mm bore diameter silicate glass substrate tubes that are 120 cm in length. The volume

flow rates of the silver solution and reducer solution are 5 mL/min., 6 mL/min. and

7 mL/min. for the 1.6 mm, 1.7 mm, and 2.2 mm tubes, respectively. The flow rate of the

combined coating solutions is twice their individual flow rates. According to the

theoretical calculations in Section II.J a coating thickness of only 100 nm is required to

prevent leakage of 119 µm  THz  radiation  through  the  HGW  wall.  The  Ag  deposition

process proceeds for 40 minutes resulting in an Ag coating thickness of approximately

600 nm. George has observed that at IR wavelengths the n and k of Ag films formed by

the ELPCD process are significantly lower than bulk Ag [19]. Thus, a wide thickness

margin is used to account for the likelihood that the n and k of  the  Ag  film  at  THz

peristaltic
pump

pipette tip

glass tube

waste

Ag+ donor solution
(AgNO3 + NH4OH + NaOH)

reducing solution
(Dextrose + Na-EDTA)
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frequencies are lower than those of bulk Ag, which were used in the theoretical

calculations.

IV.E-2 Polystyrene Thin Film Deposition

A schematic diagram of the system used to deposit the PS films within Ag-coated

HGWs is shown in Figure IV-8. The system is designed to draw PS/toluene solution

through the HGW at a constant coating velocity using a Masterflex L/S peristaltic pump

configured with a microbore tubing pump head. A viton feed tube connected to the upper

opening of the waveguide delivers the PS/toluene solution. Viton tubing is chosen

because it does not degrade when exposed to toluene. The bottom opening is connected

to  a  U-shaped  Nalgene  waste  tube  that  collects  the  excess  solution  as  it  exits  the

waveguide. The peristaltic pump acts on a 0.89 mm bore diameter PVC pump tube

connected to the other end of the waste tube. Some pulsation of the volume flow rate is

inherent in systems utilizing a peristaltic pump, thus the coating velocity is also pulsed.

The use of a microbore pump tube minimizes the amplitude of the pulsation.

One  mL  of  PS/toluene  solution  is  transferred  from  the  bulk  solution  to  a

15 mm X 85 mm glass vial using a graduated polyethylene pipette. With the peristaltic

pump engaged the feed tube is inserted into the solution. The peristaltic pump creates a

pressure difference between the atmosphere over the solution and the inside of the

waveguide causing solution to be drawn into the feed tube. After a specific time interval

the feed tube is removed from the vial while the pump runs continuously. This action

forms a column of solution that passes through the waveguide at a constant coating
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velocity. The time interval between the insertion of the feed tube and its removal is

adjusted for each combination of HGW bore diameter and coating velocity to produce a

10 cm long column of solution. As the column travels along the length of the HGW a thin

film of PS/toluene solution is deposited over the Ag coating. Once the column of solution

exits the waveguide the pump is stopped. The HGW is immediately transferred to a

drying apparatus that forces air through its core at a rate of 1 L/min. The HGW remains

on the drying apparatus for ~24 hours to ensure complete evaporation of the solvent.

Figure IV-8: A schematic diagram of the apparatus used to deposit polymer thin films

by the liquid flow coating (LFC) process.
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As the column of PS/toluene solution passes though the waveguide its length

decreases. The time interval between the leading meniscus entering and exiting the wave

guide is measured using a stop watch. The interval is also measured for the trailing

meniscus. The coating velocity is calculated by dividing the length of the waveguide by

the average of the time intervals measured for both menisci. The measured coating

velocity for 1.7 mm bore diameter HGWs is plotted as a function of the revolution rate of

the peristaltic pump head in Figure IV-9. The revolution rate of a peristaltic pump head

is directly related to the volume flow rate that it induces. This explains the observed

relationship between the coating velocity and the revolution rate for 1.7 mm bore

diameter HGWs. It is concluded that the revolution rate of the pump head provides an

adequate predictor for the coating velocity.

V = 0.3803·RPM
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Figure IV-9: The measured coating velocity, V.  is  plotted  a  function  of  the  revolution

rate of the peristaltic pump head used draw PS/toluene solutions through

1.7 mm bore diameter Ag-coated HGWs.
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Figure IV-10 shows an optical micrograph of the cross-section of a 2.2 mm bore

diameter Ag/PS HGW. A 25 wt. % PS/toluene solution and a coating velocity of

4.5  cm/min.  are  used  to  deposit  the  PS  film.  The  PS  film  is  uniform  around  the

circumference of the HGW and its thickness is about 11 µm. The PS film and Ag coating

adhere well to each other and the glass substrate tube. The surface of the PS film is

smooth relative to both the Ag coating and the roughness that would be expected for a

dielectric film of similar thickness deposited by the Ag/AgI or Ag/metal sulphide coating

processes.

Figure IV-10: An optical micrograph of a 2.2 mm bore diameter Ag/PS HGW.
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IV.E-3 Characterization of Ag/PS Hollow Glass Waveguides by FTIR

Spectroscopy

FTIR spectroscopy is a powerful tool for the characterization of metal/dielectric

coated HGWs. The basic set-up of an FTIR spectrometer is shown in Figure III-11. The

spectral loss variation of a HGW can be determined by aligning the waveguide core with

the beam path of the radiation traveling between the interferometer and the detector.

Figure IV-11 shows the spectral loss variation of Ag-only and Ag/COP coated HGWs

measured by Abe et al. [20]. Several absorption peaks intrinsic to COP are observed

beyond 4.5 µm. The stronger peaks at 3.6 µm and 1.8 µm correspond to the first and

second order interference peaks of the COP film. The sharpness of the peaks indicates

that the film thickness is uniform along the length of the waveguide. The reflectivity of

the Ag coating is enhanced in the wavelength ranges between the interference peaks and

beyond the first order peak. This effect is evident in decreased loss of the Ag/COP HGW

in the same wavelength ranges.

Figure IV-11: The infrared spectra of a 700 µm bore diameter, 1 m long, Ag–only HGW

and Ag/COP HGW [20].
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The wavelengths, λm, where the interference peaks occur are given by

( )
m

nd
m

14 2 −⋅⋅
=λ Eq.(IV.10)

where d is the thickness of the dielectric film, n is the refractive index of the dielectric

film, and m is a positive integer that corresponds to the order of the interference peak

[20]. By rearranging Eq.(IV.10), an equation is obtained that can be used to determine the

dielectric film thickness from the interference peaks observed in the IR loss spectrum of

the HGW.

14 2 −⋅

⋅
=

n

md mλ
Eq.(IV.11)

The dielectric film thickness is typically calculated by substituting the wavelength

corresponding to the first interference peak into Eq.(IV.11) with m = 1. This technique is

used to calculate a COP film thickness of 0.77 µm  for  the  Ag/COP  HGW  from

Figure IV-11, assuming a refractive index of 1.53 for COP.

In this study, many 120 cm Ag-coated HGWs are prepared according to the

procedure described in Section II.E-1. Each waveguide is cleaved to form two 60 cm

sections. PS films are then added by the LFC process described in Section II.E-2.

Individual waveguides are coated using 15 wt. %, 20 wt. %, 22.5 wt. %, 25 wt. %, or 27.5

wt. %, PS/toluene solutions. For each concentration, waveguides are fabricated using

coating velocities of 1.5 cm/min., 2.4 cm/min., 3.4 cm/min., 4.7 cm/min., 6.1 cm/min.,

and 7.7 cm/min. The IR absorption spectrum is measured for each Ag/PS HGW using the

FTIR spectroscopy set-up shown schematically in Figure IV-12. The Protégé 460 FTIR

spectrometer used to analyze chalcogenide glasses in Section III.D is also used in this

study. In this case the beam is reflected out of the spectrometer and then focused into a
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Ag-only coated HGW that conditions the mode for launching into the waveguide that is

to be analyzed. The Ag/PS HGW is brought into close proximity with the launch

waveguide and their cores are aligned to provide maximum coupling. A white light

source and InSb detector are used to collect the absorption spectrum of the Ag/PS HGWs

from 1 µm to 5 µm. Between 5 µm and 20 µm the absorption bands of PS are so strong

that they obscure any interference effects from the PS film.

Figure IV-12: A schematic diagram of the FTIR spectroscopy set-up used to characterize

Ag/PS HGWs.

Figure IV-13 shows the absorption spectra of Ag/PS HGWs deposited using

three combinations of solution concentration and coating velocity: 15% / 6.1 cm/min.,

22.5% / 6.1 cm/min., and 25 % / 7.7 cm/min. From 2 µm  to  5 µm the spectra are

FTIR Source off-axis parabolic mirror

Ag/PS HGW

launch piece

InSb
Detector
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dominated by the intrinsic absorption bands of PS. Between 1 µm and 2 µm, where PS is

transparent, interference peaks are clearly visible. The presence of interference peaks

indicates  that  the  PS film is  uniform along  the  length  of  the  HGW. The  spacing  of  the

interference peaks is longest for the 15% / 6.1 cm/min. waveguide and smallest for the 25

% / 7.7 cm/min. waveguide indicating that they have the thinnest and thickest PS films,

respectively. All three films are too thick to permit the observation of the first order

interference peak so Eq.(IV.11) can not be applied directly to determine the thickness of

the PS films. A new method is required to determine the dielectric film thickness the

thick films needed for Ag/PS HGWs designed to transmit THz radiation.
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Figure IV-13: The near infrared (NIR) spectra of 1.7 mm bore diameter Ag/PS HGWs

with PS films deposited using various PS/toluene solution concentrations

and coating rates. The vertical scale is offset for clarity.
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Substituting m = 1 and m = 2 into Eq.(IV.10) it is found that the first and second order

interference peaks occur at wavelengths λ1 and λ2 given by

( )14 2
1 −⋅⋅= ndλ Eq.(IV.12)

and

( )
22

14 1
2

2
λ

λ =
−⋅⋅

=
nd Eq.(IV.13)

In general the interference peaks occur at wavelengths given by

mm
1λ

λ = Eq.(IV.14)

The wavenumbers, mν~ , corresponding to each peak are then given by

1

1~
λλ

ν m

m
m == Eq.(IV.15)

The spacing between any two peaks, with orders m and m-1, in wavenumber space is

given by

1111
1

1111~~
λλλλλ

νν =
−

−=−=−
−

−
mm

mm
mm Eq.(IV.16)

Combining Eq.(IV.16) and Eq.(IV.11) it is found that the thickness of the dielectric film

is related to the difference in wavenumber between any two adjacent interference peaks

by

( )
14

~~
2

1
1

−⋅

−
=

−
−

n
d mm νν

Eq.(IV.17)

Figure IV-14 shows the absorption plotted as a function of wavenumber for a

Ag/PS coated HGW fabricated using a 22.5% PS/toluene solution and coating rate of
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6.1 cm/min. The spectrum between 4000 cm-1 to 9000 cm-1 (2.5 µm to 1.1 µm) is shown

to emphasize the spectral region where the interference effect is not obscured by PS

absorption bands. The interference peaks are evenly spaced as predicted by Eq.(IV.16).

There are 9 interference peaks between 8770 cm-1 and 6380 cm-1, so the average spacing

between adjacent peaks is 266 cm-1. Assuming the refractive index of PS is 1.58 and

substituting 266 cm-1 for 1
~~

−− mm νν  in Eq.(IV.17), the calculated PS film thickness is

7.7 µm . The calculated interference spectrum for a 7.7 µm PS film on Ag is plotted in

Figure IV-14, along with the absorption spectra of a free standing PS thin film and a Ag-

only HGW. Dashed lines connect some of the features that each spectrum has in common

with that of the Ag/PS HGW. The Ag-only HGW and the Ag/PS HGW have similar

atmospheric absorption peaks at 5400 cm-1 and 7300 cm-1. The increase in absorption

with increasing wavenumber, associated with the roughness of the coatings, is similar for

both waveguides. The Ag/PS HGW has absorption peaks that correspond to the intrinsic

absorption peaks of PS, some of which are at 5980 cm-1, 4670 cm-1, and 4060 cm-1. The

alignment of the calculated interference spectrum of a 7.7 µm  PS  film  on  Ag  and  the

interference peaks observed in the Ag/PS HGW spectrum confirms that Eq.(IV.17)

provides an accurate measure of the thickness of a dielectric film deposited in a HGW.

The PS film thickness deposited in 60 cm long Ag-coated HGWs by the LFC

process is analyzed using FTIR spectroscopy. Films with various thicknesses are obtained

using the various combinations of solution concentration and coating velocity. The film

thicknesses are plotted as a function of the square root of the coating velocity in

Figure IV-15. As predicted by Eq.(IV.1), the film thickness increases linearly as the

square root of the coating rate increases for constant solution concentrations. The film
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thickness also increases with increasing PS concentration at constant coating velocity.

The largest film thickness is 16.6 µm and is achieved using a 27.5 % PS/toluene solution

and 7.7 cm/min. coating velocity.
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Figure IV-14:  The  NIR  absorption  spectrum  of  a  1.7  mm  bore  diameter  Ag/PS  HGW

(black) is compared to the absorption spectra of an Ag–only HGW

(green), a free standing PS film (blue), and the calculated interference

spectrum for a 7.7 µm thick polystyrene layer on silver (red). The vertical

scale is offset for clarity.

All of the measured PS film thicknesses are simultaneously fit to a modified form

of the Fairbrother-Stubbs equation given by

2
1

2
1

10 VCAd CB
PS ⋅⋅=

⋅ Eq.(IV.18)

where dPS is  the  thickness  of  the  PS  film; A is a constant that incorporates the surface

tension of the PS/toluene solution, the viscosity proportionality constant from Eq.(IV.5),
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and the bore diameter of the waveguide; B is the constant from Eq.(IV.5) that relates the

viscosity of the polymer solution to its concentration, C; and V is the coating velocity.

The value of A and B are 0.042 and 0.019, respectively, as determined by least squares

regression. Thus dPS is approximated by

2
1042.010019.0 VCd C

PS ⋅⋅= Eq.(IV.19)

 Solid lines plotted in Figure IV-15 correspond  to  the  value  of dPS obtained by

substituting the appropriate value of C and V into Eq.(IV.19). The viscosity data

presented in Section IV.D gives the value B = 0.079, which is in good agreement with the

value of B = 0.084 determined by fitting the thickness data to Eq.(IV.18). The agreement

between Eq.(IV.19) and the measured film thickness is generally good. There is some

systematic error in the predicted film thickness for C = 20 % and C = 25 %. An error of

less than 1 wt. % in the coating solution concentration can account for the systematic

error in the predicted film thickness.

Eq.(IV.19) provides a good estimate of the deposited PS film thickness for

1.7 mm HGWs. Referring to Eq(IV.1) it is clear that the constant A is proportional to the

HGW bore diameter. Therefore the PS film thickness can be predicted for any HGW with

bore diameter, a, by replacing the coefficient A = 0.019 with 7.1019.0 aA ⋅= . This

information  allows  the  calculation  of  the  approximate  PS  film  thickness  deposited  in  a

HGW of any bore diameter with any combination of solution concentration and coating

velocity.
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Figure IV-15: The thickness, dPS, of PS films is plotted as a function of the coating rate,

V½, for various concentrations of PS in toluene. Markers indicate

measured data. Solid lines indicate the film thickness calculated from the

empirical equation d = 0.019·100.042·C·C V.

IV.F Ag/PS HGW Characterization using 119 µm THz Laser Radiation

The ray optics calculations presented in II.J-3 show that the Ag/PS HGWs could

have low loss for 119 µm  (2.5  THz)  radiation.  The  theoretical  loss  decreases  with

increasing PS film thickness up to 12.7 µm, for which a minimum theoretical loss of 0.18

dB/m is predicted. To confirm these calculations 1.6 mm, 1.7 mm, and 2.2 mm bore

diameter Ag/PS coated HGWs are fabricated with various PS film thicknesses. The films

are deposited in 120 cm long substrate tubes. The PS/toluene solution layer deposited at

the inlet end of the waveguide slumps over the time that is required to coat the entire

waveguide. This effect is most significant for the thickest films, imposing a limit of about
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11 µm for the thickness of uniform films. Attempts to deposit thicker films often resulted

in the formation of a PS plug at the bottom of the waveguide during drying.

The mode structure and transmission loss of the Ag/PS HGWs are analyzed using

a  Coherent,  Inc.  SIFIR-50  CO2 laser pumped CH3OH laser tuned to emit 119 µm

radiation. The set-up used to characterize the waveguides is shown schematically in

Figure IV-16. The SIFIR-50 laser emits a horizontally polarized TEM00 beam that is

coupled into the HGW using a 7.5 cm focal length off-axis parabolic mirror. The

radiation  exiting  the  HGW  is  detected  using  a  pyroelectric  detector  for  cut  back  loss

measurements, or a Spiricon Pyrocam I pyroelectric camera for mode profile

measurements.

Figure IV-16:  A schematic diagram of the SIFIR-50 CO2 pumped CH3OH laser system

used to characterize Ag/PS HGWs. A thermopile detector is used for

cutback loss measurements and a pyroelectric camera serves as the

detector for mode profile measurements.
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IV.F-1 The SIFIR-50 Laser

The SIFIR-50 is an optically pumped THz laser (OPTL) [32]. OPTLs emit THz

frequency laser radiation generated by the rotational transitions of excited molecules. In

this study, the SIFIR-50 laser cavity is evacuated and filled with CH3OH gas at a pressure

of ~200 mTorr. CO2 pump laser radiation at 9.62 µm is coupled into the cavity where it is

absorbed by the CH3OH molecules through excitation of the C-O stretch mode. The

molecules  relax  by  emitting  a  photon  at  119 µm, corresponding to transition from the

J = 16 to J = 15 rotational energy levels. A physical representation of this process is

shown in Figure IV-17.  The  energy  that  remains  after  the  emission  of  the  THz photon

dissipates as heat when the CH3OH  molecules  collide  with  the  wall  of  the  cavity.  The

maximum efficiency of this laser is only 4%, but it is the highest power OPTL laser that

has been demonstrated [33]. The power output of the SIFIR-50 laser at the 119 µm line is

~25 mW.

Figure IV-17: A physical representation of the process by which a 9.69 µm photon is

absorbed  by  a  CH3OH molecule resulting in the emission of a 119 µm

photon [31].
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IV.F-2  Mode Profiles

The mode profile of 119 µm radiation propagating in Ag/PS HGWs is observed

by measuring the spatial intensity variation of the radiation exiting 90 cm long

waveguides. Separate images are collected with horizontal and vertical wire grid

polarizers inserted between the output end of the waveguide and the pyroelectric camera

to determine the polarization state of the radiation exiting the waveguides.  The

waveguide is aligned with the beam path and its position is adjusted to achieve the

maximum output power. Figure IV-18 shows the modes profiles of 1.6 mm bore

diameter Ag-only HGW and a Ag/PS HGW with a 10 µm  PS  film  obtained  with  a

horizontal polarizer, no polarizer, and a vertical polarizer. The donut shape of the mode

profile  for  the  waveguide  with  no  PS  film  is  characteristic  of  the  TE01 mode. The

horizontally and vertically polarized radiation profiles confirm that the electric field is

parallel to the walls of the waveguide, also a characteristic of the TE01 mode. In contrast,

the mode profile of the Ag/PS coated HGW with a 10 µm PS film is Gaussian-like and is

made up almost entirely of horizontally polarized radiation. These are characteristics of

the HE11 mode.

Figure IV-19 shows the mode profiles of 1.6 mm, 1.7 mm, and 2.2 mm bore

diameter  Ag/PS  HGWs  with  various  PS  coating  thickness.  The  mode  profile  of  the

radiation propagating in the guide changes significantly with the HGW bore diameter and

the  PS  coating  thickness.  The  waveguide  with  no  PS  coating  has  a  significant  TE01

component. As the PS thickness increases the HE11 component of the mode profiles

increases significantly. Radiation propagates primarily in the HE11 mode in the
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waveguides with the thickest PS films. Some higher order modes propagate in the

2.2 mm waveguides that are not present in the 1.6 mm or 1.7 mm Ag/PS coated HGWs.

The observed increase in the number of propagating modes with increasing waveguide

bore diameter is consistent with Eq.(II.2) and the experimental observations of

Harrington et al. [34].

(a) (b) (c)
 dPS = 0 µm, horizontal polarizer dPS = 0 µm, no polarizer dPS = 0 µm, vertical polarizer

(d) (e) (f)
 dPS = 10 µm, horizontal polarizer dPS = 10 µm, no polarizer dPS = 10 µm, vertical polarizer

Figure IV-18: The far-field spatial intensity variation of 119 µm radiation upon exiting

90 cm long 1.6 mm bore diameter Ag/PS HGWs is shown. Images a, b,

and c correspond to a waveguide with no PS film, whereas images d, e,

and f correspond to a waveguide with a 10 µm PS film. Images a and d are

obtained with a horizontal wire grid polarizer inserted between the output

end of the waveguide and the camera. Images c and f are obtained using a

vertical wire grid polarizer.
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a = 1.6 mm, dPS = 0 µm a = 1.7 mm, dPS = 0 µm a = 2.2 mm, dPS = 0 µm

a = 1.6 mm, dPS = 2.6 µm a = 1.7 mm, dPS = 2.7 µm a = 2.2 mm, dPS = 2.5 µm

a = 1.6 mm, dPS = 7.1 µm a = 1.7 mm, dPS = 5.6 µm a = 2.2 mm, dPS = 4.7 µm

a = 1.6 mm, dPS = 10.0 µma = 1.7 mm, dPS = 9.8 µma = 2.2 mm, dPS = 11.3 µm

Figure IV-19: The far-field spatial intensity variations of 119 µm radiation upon exiting

90  cm  long  Ag/PS  HGWs  are  shown.  The  bore  size, a,  and  PS  film

thickness, dPS, of the HGW are given below each image.
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At near glancing incidence metals have high reflectivity for s-polarized radiation,

but low reflectivity for p-polarized radiation due to the effect of the metal’s principle

angle  of  incidence  [35].  The  TE01 mode propagates with low loss in Ag-coated HGWs

with no dielectric coating because the orientation of the electric field is parallel to the

surface of the metal coating. Radiation propagating in the HE11 mode  has  a  hybrid

polarization state. Hybrid modes are highly attenuated for metal-only HCWs, because

p-polarized radiation is absorbed by the metal. The addition of the dielectric PS film

increases the reflectivity of the metal for p polarization via an inference effect and thus

the loss of the hybrid modes decreases. Ray optics calculations predict a minimum HE11

mode loss with a 12.7 µm PS film. The transition from TE01 dominated transmission to

HE11 mode transmission as the film thickness increases supports these concepts. To

further characterize the transmission properties of the waveguides, cutback loss

measurements are compared to the theoretical HE11 mode loss in the following section.

IV.G-3 Cutback Loss Measurements

The set-up shown schematically in Figure IV-16 is used to determine the loss of

Ag/PS HGWs by the cutback method. A cutback loss measurement consists of measuring

the power transmitted by a long section of waveguide, Pout; cleaving the waveguide to

remove the majority of its length while a small section of the waveguide at its proximal

end is left undisturbed; and measuring the power , Pin, exiting the remaining short section

of the waveguide. The loss, measured in dB/m, over the section of waveguide removed in
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the cutback process is given by









⋅−=

in

out

P
P

L
loss log10 Eq.(IV.20)

where L is the cutback length. In this study the initial length of the waveguides is 90 cm.

They are cleaved 10 cm from their proximal end to measure Pin. The remaining 80 cm is

reserved for another cutback measurement. A total of six cutback measurements are

performed on each 90 cm waveguide. Thus the loss is measured for waveguide sections

that are 80 cm to 30 cm in length.

Figure IV-20 is a plot of the quantity 







⋅−

in

out

P
P

log10  versus L for a 1.7 mm bore

diameter Ag-only coated HGW and a 1.7 mm bore diameter Ag/PS coated HGW with a

9.8 µm PS film. According to Eq.(IV.20), the slope of a straight line forced through the

origin  and  fit  to  the  data  gives  the  loss  of  the  waveguide.  The  loss  of  Ag/PS  HGW  is

1.7 dB/m, significantly lower than the 4.6 dB/m loss of the Ag-only HGW. Figure IV-21

is a plot of the loss versus PS film thickness, dPS, for the waveguides examined in this

study. Solid lines indicate the theoretical loss of the HE11 mode calculated using the ray

optics method. The theoretical calculations assume that the core is a vacuum, but the core

was not evacuated for these measurements. To account for atmospheric absorption at

119 µm, 0.5 dB/m is added to the theoretical loss [34]. The loss of the Ag/PS HGWs is

generally higher than the theoretical HE11 mode loss, but the predicted trend of decreased

loss with increasing film thickness is clearly shown. The lowest measured loss is

0.95 dB/m for a 2.2 mm bore diameter Ag/PS coated HGW with an 8.2 µm PS film. The

theoretical loss for this waveguide including atmospheric absorption is 0.68 dB/m.
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Figure IV-20: Cut-back loss measurement data is shown for 119 µm radiation

propagating in 1.7 mm bore diameter Ag/PS coated HGWs. The solid

lines are linear fits to the data forced through the origin.
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IV.G-4 Coupling Efficiency

The percent coupling efficiency is given by

source

input

P
P

efficiencycoupling ⋅= 100 Eq.(IV.20)

where Psource is the power emitted by the SIFIR-50 THz laser (~25 mW), and Pinput is the

power coupled into the waveguide. For each waveguide Pinput is estimated by taking the

average power collected from the six 10 cm cutback sections for each waveguide less the

calculated  power  loss  over  that  10  cm  section.  Aside  from  one  outlier  with  a  coupling

efficiency of 66 %, all 1.7 mm and 2.2 mm bore diameter Ag/PS coated HGWs had

coupling efficiencies between 78 % and 84 %. There is no coupling efficiency trend with

PS film thickness and the difference between the average coupling efficiencies for

1.7 mm and 2.2 mm bore diameter waveguides is within the scatter of the data. The

measured coupling efficiencies are significantly lower for the 1.6 mm waveguides. The

difference in bore diameter between the 1.6 mm and 1.7 mm waveguides is not sufficient

to explain this difference. The temperature setting for the SIFIR-50 laser chiller was

outside of the manufacturer recommended range during the measurement of the 1.6 mm

bore diameter samples. The output power of the laser was not measured directly during

the measurements taken on the 1.6 mm bore diameter waveguides so the Psource was taken

as 25 mW, which is the output power of the SIFIR-50 laser under normal operating

conditions. It is likely that the improper chiller operation resulted in a lower Psource for the

1.6 mm bore diameter samples introducing a systematic error into the coupling efficiency

calculation for the 1.6 mm bore diameter waveguides. The coupling efficiency and loss

data are summarized in Table IV-1.
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Nubling and Harrington have calculated the overlap integral of the spatial

distributions of the hybrid modes and the TEM00 laser mode to determine the coupling

efficiency as a function of f-number [36]. The f-number is given by

λπω 2==− Dfnumberf Eq.(IV.21)

where f is the focal length, D is the beam diameter, ω is the beam waist, and λ is the

wavelength of the radiation. When the ratio ω/a is equal to 0.64 there is optimum

coupling of 98 % to HE11 mode.  For  lower  values  of ω/a there is greater coupling to

higher order modes. For higher values the amount of radiation coupled to the HE11 mode

increases relative to the higher order modes. However, the total coupling efficiency

decreases because a significant portion of the beam intensity is incident beyond the core

of the waveguide. For this work, the beam diameter of the 119 µm laser radiation is about

1 cm and the focal length of the off-axis parabolic mirror is 7.5 cm. The ratio ω/a for the

1.6 mm, 1.7 mm, and 2.2 mm HGWs is therefore 0.71, 0.67, and 0.52, respectively. The

theoretical coupling efficiency for the HE11 mode at these ratios is greater than 90%. The

observation of non-ideal coupling efficiencies is most likely due to misalignment of the

waveguide and distortion of the laser beam profile by the off-axis parabolic lens. It is

interesting that even the waveguides with no PS coating, which exhibit TE01 modes, have

high coupling efficiency. This may indicate that radiation is initially coupled to hybrid

modes that are then converted to TE modes within the waveguide. In general, it is

observed that the TE01 mode is never fully developed even after propagating for 90 cm.

The agreement between the loss of the waveguides with predominantly TE modes and the

calculated loss for the HE11 mode also indicates that there may be some additional

coupling losses as the TE modes develop.
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Bore Diameter
(mm)

Loss
(dB/m)

Coupling Efficiency
(%)

5.1 41

6.1 46

3.5 46
1.6

2.6 53

4.6 78

3.8 66

2.3 81
1.7

1.7 84

3.2 84

3.6 79

1.8 79

2.0 81

0.95 81

2.2

1.4 79

Table IV-1. Loss and coupling efficiency of Ag/PS HGWs.

IV.G Summary

For the first time, the metal/dielectric HGW technology used primarily for IR

applications has been demonstrated for THz waveguides. The greatest technological

barrier to the success of this study was the need to fabricate a waveguide with a dielectric

film thickness greater than 10 times that which has been previously demonstrated.

Smooth, uniform, well adhered PS films with thicknesses up to 16.6 µm are deposited in

Ag-coated HGWs using the LFC process. The key to the fabrication of such thick films is

the high concentration yet low viscosity of the PS/toluene solution used to deposit them.
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Waveguide
Type

Bore / Core
Diameter

(µm)

Length
(cm)

Frequency
(THz)

Coupling
Efficiency

(%)

Loss
(dB/m)

Polyethylene
Wire [7] 200 6 – 18 0.31 - 0.36 15 - 22 0.4 -8.7

High Density
Polyethylene

PCF [3]
500 2 0.1 – 2 30 < 22

Teflon PCF [4] 1000 18 0.1 - 1 10 43 - 130

Hollow Cu-
Coated

Polycarbonate
Waveguide [34]

3000 110 1.89 no data 3.9

Stainless Steel
Tube [37] 280 2.4 1 40 300

Polyvinylidene
Difluoride Tube

[38]
8000 30 1-2 no data 6.5

Ag/PS HGW
[this study] 2200 90 2.5 81 0.95

Table IV-2. Comparison of THz waveguides.

It is found that Ag/PS coated HGWs have significantly lower loss for 119 µm radiation as

compared to Ag-only HGWs. The dominant transmission mode transitions from TE01 for

the Ag-only guides to HE11 for Ag/PS HGWs with near optimum PS film thickness. The

best waveguide demonstrated in this study is a 2.2 mm bore diameter Ag/PS HGW with

an 8.2 µm  PS  film  thickness.  The  measured  transmission  loss  of  this  waveguide  is

0.95 dB/m and the demonstrated coupling efficiency was 81 %. Table IV-2 compares

these attributes to those of other THz waveguide technologies. The Ag/PS HGW as the

best THz waveguiding technology that has been demonstrated to date.
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Chapter V  Conclusions and Future Work

In this study the design theory, materials selection, and fabrication of HCWs were

considered together to develop low loss optical waveguides for the IR to THz spectral

range. Waveguide technologies were developed for the transmission of IR CO2 laser

radiation at 10.6 µm and THz CH3OH laser radiation at 119 µm (2.5 THz). However, the

design theory and fabrication techniques demonstrated in this study could be applied to

other wavelengths from the IR to THz spectral range. This chapter reviews the key results

of this study and provides some perspective on future work that could be conducted to

further develop IR to THz waveguiding technologies.

As HCWs have evolved their design has shifted from the metal tubes proposed by

Marcatelli and Smeltzer to designs that minimize the interaction of light with the metal

through the use of dielectric materials [1]. Most recently, innovative HCW fabrication

techniques have produced IR waveguides with periodic dielectric structures that do not

require metals to achieve high reflectivity and thereby low loss. The MIT / OmniGuide

HBF fabrication process has harnessed the potential of the all-dielectric Bragg fiber

design first proposed by Yeh et al in 1978 [2-3]. In this study, ray optics calculations

show that the 0.5 dB/m loss demonstrated at 10.6 µm for the Omniguide HBF is near the

theoretical minimum imposed by the high absorption of its PEI layers. This result both

validates the use of ray optics for investigating HBFs and shows that improvement upon

the  Omniguide  HBF  may  be  realized  though  the  use  of  low  loss  materials  that  can  be

incorporated into a multilayer structure.
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Having reviewed several candidate materials for application to an OmniGuide-

like HBF, it was found that only chalcogenide glasses possess the required combination

of thermal and optical properties to make an HBF. Ray optics calculations of hypothetical

all-chalcogenide glass HBFs show that it may be feasible to achieve orders of magnitude

improvement over the loss of the Omniguide HBF at 10.6 µm. These calculations

provided motivation for the identification of chalcogenide glass compositions that are

compatible  with  the  OmniGuide  HBF  fabrication  process.  Ge20Se80 glass

(ñ =  2.46  – i·9.7·10-7) was selected as the low refractive index glass because of its

relatively low refractive index among chalcogenide glasses which have low absorption at

10.6 µm as well as excellent thermal stability. To identify a high refractive index

composition to combine with Ge20Se80 glass, several glass compositions were synthesized

from within the Se-deficient region of Ag-As-Se glass formation. Thermal property data

from the literature was combined with the results of the optical characterization, which

included FTIR spectroscopy, CO2 laser reflectometry,  and CO2 laser calorimetry. Based

on this, Ag25As40Se35 (ñ = 3.10 - i·9.8·10-6) was selected as the best glass composition for

paring with Ge20Se80. Ray optics calculations of an HBF comprised of alternating layers

of Ag25As40Se35 and  Ge20Se80 glass  show  that  such  a  waveguide,  with  just  eight  layer

pairs, could have lower loss than the OmniGuide HBF. Efforts to fabricate a

Ag25As40Se35/Ge20Se80 HBF were unsuccessful because it is not possible to deposit

stoichiometric  thin  films  of  Ag25As40Se35 glass using the thermal evaporation system

developed for use in this study. However, many of the key elements of an all-

chalcogenide glass HBF fabrication process were demonstrated. Continuation of this

work will require the design of a system that is capable of depositing stoichiometric
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multicomponent chalcogenide glass thin films. For example, thin film deposition could

be done using RF sputtering, pulsed laser deposition, or simultaneous thermal

evaporation from several boats, each of which contain one of the elements that comprise

the target glass composition.

The THz waveguide technology has drawn heavily from designs that are used for

IR waveguides. Metal tubes, solid core fibers, PCFs, HBFs, and ATIR waveguides have

all been applied to the transmission of THz radiation. Prior to this study, the

metal/dielectric HCW design used to fabricate the lowest loss IR waveguides had not

been applied to THz radiation. In this work Ag/PS HGWs are fabricated by silver coating

a glass substrate tube and then depositing a PS thin film over the silver using the LFC

process. Ray optics calculations show that this combination of materials could produce a

HCW for 119 µm with near minimum loss for a metal/dielectric design. Achieving low

transmission loss at 119 µm required the extension of the LFC process to deposit films

more  than  10  times  thicker  than  previously  demonstrated  in  the  literature.  This  was

accomplished by depositing the PS films from highly concentrated solutions of PS

dissolved  in  toluene.  Ag/PS  HGWs  were  characterized  using  a  CO2 pumped CH3OH

laser tuned to emit 119 µm radiation. The propagating modes transitioned from TE01

dominant to HE11 dominant as the film thickness increased from 0 µm to 10 µm. The loss

also generally decreased over this range of film thicknesses, as predicted by ray optics

calculations.  With  a  2.2  mm  bore  diameter  and  8.2 µm PS film thickness, the best

waveguide had a loss of 0.95 dB/m and coupling efficiency of 80 %.  There are no other

THz waveguides that provide such high coupling efficiency and low loss.
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There are many paths for improvement over Ag/PS HGWs for THz radiation. The

glass tubing used in this study is inflexible, so the migration of these processes to flexible

polycarbonate tubing would provide added functionality. Many applications of THz

radiation require the transmission of a broadband pulse for TDS. The dispersion of these

waveguides is not well understood and must be investigated to optimize their design for

use in TDS systems. Future applications of THz waveguides may require even lower

losses, in which case it may be necessary to deposit multiple dielectric layers. None of

the currently demonstrated coating technologies have the capability to deposit high

refractive index films of optimum thickness for THz radiation. One possibility would be

to deposit a composite optical film consisting of nanosized high refractive index grains,

such as Si, dispersed in a polymer matrix. THz radiation would behave as though the

material  had  optical  constants  given  by  the  volume  average  of  the  optical  constants  of

each component. A similar concept has been demonstrated using PS foam to obtain a low

refractive index composite for THz radiation [4].
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