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ABSTRACT

STUDY OF PROPAGATION AND DETECTION METHODS OF
TERAHERTZ RADIATION FOR SPECTROSCOPY AND IMAGING

by
Aparajita Bandyopadhyay

The applications of terahertz (THz, 1 THz is 10 12 cycles per second or 300 pm in

wavelength) radiation are rapidly expanding. In particular, THz imaging is emerging as

a powerful technique to spatially map a wide variety of objects with spectral features

which are present for many materials in THz region. Objects buried within dielectric

structures can also be imaged due to the transparency of most dielectrics in this regime.

Unfortunately, the image quality in such applications is inherently influenced by the

scattering introduced by the sample inhomogeneities and by the presence of barriers

that reduces both the transmitted power and the spatial resolution in particular

frequency components. For continued development in THz radiation imaging, a

comprehensive understanding of the role of these factors on THz radiation propagation

and detection is vital.

This dissertation focuses on the various aspects like scattering, attenuation,

frequency filtering and waveguide propagation of THz radiation and its subsequent

application to a stand-off THz interferometric imager under development. Using THz

Time Domain spectroscopic set-up, the effect of scattering, guided THz propagation

with loss and dispersion profile of hollow-core waveguides and various filtering

structures are investigated. Interferometric detection scheme and subsequent agent

identification is studied in detail using extensive simulation and modeling of various

imaging system parameters.
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To all those thirsty devotees pursuing her beauty in so many ways

Where there is great doubt, there will be great awakening;
Small doubt, small awakening and with no doubt, there is no awakening.

— Zen proverb
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CHAPTER 1

INTRODUCTION

1.1 Background

The Terahertz (THz where 1 THz = 10 12 cycles/sec and 300 pm in wavelength)

frequency range of the electromagnetic spectrum has long been of very limited interest to

scientists and engineers, primarily due to lack of any efficient and affordable source and

detector. Though sustained research was focused to bridge this "THz gap" between

microelectronics and photonics for a long time r ' 2' 3 ' 4 ; the real breakthrough came only in

late 1980s with the advent of subpicosecond photoconductive dipole antennas 5' 6. It

brought about the largest wave of THz activities in terms of implementing the techniques

of THz time-domain spectroscopy (THz-TDS)7' 8' 9' 10 and "T-rays" imaging" 12 using

ultrashort synchronized THz-pulsed gating.

The use of THz radiation, especially in the area of spectroscopy, has become very

important as the scientists could carry out time-resolved far-infrared studies of materials

with subpicosecond temporal resolution 13' 14. Furthermore, many biological 15, organic 16

and inorganic 17 molecules have vibrational and/or rotational spectra that lie in the THz

frequency range, with signatures resulting from intra-molecular and inter-molecular

interactions. Coupled with that, THz wavelengths are short enough to enable

submillimeter imaging while long enough to penetrate many non-metallic common

materials, such as clothing, plastic, ceramic, wood etc., allowing concealed objects to be

imaged. These reasons have made the THz science a potential candidate for commercial

exploitation in a number of applications.

1
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Figure 1.1 THz technology: Integrating spectroscopy and imaging techniques.

In past few years, THz science has initiated a steady growth of research efforts in

a range of applications like biomedical imaging and diagnostics, nondestructive

evaluation of material parameters, chemical and gas sensing, remote sensing and security

screening as illustrated in Figure 1 .1 . Currently, THz technology is poised to make great

impact in several key sectors combining the spectral specificity with the imaging aspect

of THz range. However, one crucial restraining factor that is yet to be overcome is the

fact that there is no cheap, powerful and portable THz source and low cost, sensitive THz
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detector existing and therefore, strong research efforts are directed towards fabricated

cheap, solid-state THz emitters and detectors.

Figure 1.2 Electromagnetic spectrum and THz frequency range.
(Source: M.J. Fitch and R. Osiander, Johns Hopkins APL Technical Digest, 25, 348 (2004))

Presently, the THz regime is broadly taken to be the entire range from 0.1 to 10

THz. However, more strictly, the THz range has been defined to be the

submillimeter-wavelengths between approximately 1 mm (300 GHz) and 100 pm (3 THz), which is

located exactly between the traditional RF (radio frequency) microwave and the IR (infra

red) domains as shown in Figure 1.2. Detailed account of different stages of the

development and the current progress of THz science and technology in various fields of

applications can be found in many good review articles 18, 19, 20, 21, 22 and books by various

authors23' 24, 25, 26.

1.2 Motivation

Over the past several years THz technology has become a primary tool for researchers

across different fields of science and yet some key aspects of this multidisciplinary

subject remain relatively unexplored. Specifically the description and understanding of
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the propagation of THz pulses in optical systems and through material media are still

very limited. Though considerable efforts have been directed to measure and calculate the

distribution of THz field at or near THz emitting structure 27, focusing element28 or

aperture29; the overall propagation criteria of THz radiation through an assembly of

optical and material elements are still essentially approximated. In particular, THz

scattering by material media and surfaces, guided THz propagation, THz frequency

filtering, THz near field imaging and other characteristics of interactions between THz

radiation and physical systems have continued to be some of the pertinent questions for

researchers at present.

This limited understanding is especially disadvantageous in many areas of THz

application. In many situations, one needs to tailor selected propagation characteristics of

THz radiation such as the attenuation, dispersion, frequency content, pulse shape and

others to meet certain requirements associated with the particular application. Moreover,

the material and device parameters directly induce changes in both the amplitude and

phase of the propagated THz pulse which can be simultaneously measured by THz

detectors. Therefore, one may exploit these material and device considerations to realize

better operational systems in terms of accuracy, efficiency and cost, either in THz

spectroscopy or THz imaging. However, for accurate identification and understanding of

these parameters, one has to have a complete grasp of both THz propagation and

detection mechanisms.
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In the present study, to resolve some of the significant aspects related to THz propagation

and detection methods with a specific goal of improving the technique of stand-off THz

security imaging 30, in depth investigations of the following issues have been made:

• Determination of grain size dependent scattering contribution on the extinction
spectra and how it affects the identification criteria of non-absorbing granular
solids in THz range. The conclusion of this study will affect the detection mode
of a THz security imaging system in terms of its sensitivity and precision.

• Comparison of free-space and guided propagation of THz radiation illustrating
the particular case of a copper coated flexible, hollow polycarbonate THz
waveguide to measure the loss and dispersion profile using broadband THz
pulse source. This study would determine whether guided THz propagation is a
viable option for low loss THz transmission in stand-off THz imaging along
with many other applications.

• Design of a wavelength-scalable, band reject THz frequency filter in reflection
mode using multilayer structure. THz frequency filtering is a necessary
component in various THz applications, including THz security imager, as it
would offer a possibility of reducing the signal or noise in certain band of
frequencies (such as background thermal THz noise) and thus improving the
overall signal to noise of the system.

• With respect to a stand-off interferometric THz imager, different considerations
such as detector configuration, effects of boundaries, effects of near-field
imaging and presence of barrier are examined to evaluate their respective and
collective impact on agent identification. This study is a direct attempt to make
an estimation of the measure of the performance of the THz imager under
development.

1.3 Overview of Thesis

This thesis work is divided into seven main chapters. Summarized descriptions of the

following chapters are provided below:

• Chapter 2: A review of the a) THz time domain spectroscopic (THz-TDS)
technique used for scattering studies, waveguide characterization and b)
interferometric THz imaging set-up with CW generation and detection
techniques used for stand-off THz security imaging, have been provided. The
ultrafast optical methodologies involving femtosecond lasers to generate
terahertz radiation using photoconductive antennae has been described in detail.
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• Chapter 3: Effects of scattering on THz spectra of granular solids are studied
using common materials such as flour, salt, sugar and chalk in the frequency
range of 0.2 to 1.2 THz. Separation of intrinsic material absorption from
scattering losses using Mie Scattering theory shows that the frequency
dependence of extinction in weakly absorbing materials is predominantly
particle size dependent in lower THz frequencies and therefore unique
identification of a granular solids cannot be made based on their rising trend of
THz extinction spectra.

• Chapter 4: Copper coated flexible, hollow polycarbonate THz waveguides are
studied using THz-TDS technique and the loss and dispersion profile of the
same are determined over the frequency range of 0.2 to 1.2 THz. Comparison of
free-space and guided propagation of THz radiation are also made to investigate
the prospect of using THz guiding structures in various applications.

• Chapter 5: A design of a wavelength-scalable, band reject THz frequency filter
in reflection mode using multilayer structure has been proposed. Physical
parameters like refractive indices, attenuations, thicknesses of the layers are
optimized for specific applications.

• Chapter 6: To complement experimental testing of THz interferometric
imaging set-up, extensive simulations yield spatial composite images of agents
at different frequencies based on the spectral data obtained with a THz Time
Domain Spectroscopic (THz-TDS) system. Different criteria such as detector
configuration, effects of boundaries, effects of near-field imaging and presence
of barrier on image formation and subsequent agent identification using
Artificial Neural Network (ANN) analysis approach have been examined.

• Chapter 7: Conclusion and future scope of the studies conducted are provided.



CHAPTER 2

REVIEW OF TERAHERTZ TECHNIQUES

2.1 Introduction

For past 20 years, THz science has chronicled a steady growth in various methods and

techniques; some are quite typical to this new discipline and being utilized to realize the

goals of myriad THz applications. However, in spite of the tremendous advent in this

field, the developments have not spun-off any widespread industrial undertakings and one

of the primary reasons for this impediment lies in the fact that the most of the advanced

THz systems remain expensive and bulky. Though turn-key THz systems are now

commercially available for THz spectroscopy and imaging, these are still very expensive

(in excess of $250,000)31 . Moreover, the conversion efficiency of optical-to-THz power

in optoelectronic THz sources is still very low (not exceeding l0 4), imposing regular and

strict alignment requirements of the complex spectroscopic set-up and making large-area

imaging a very time-consuming process.

Essentially, THz technology heavily depends on certain THz techniques, all of

which are not general, but rather better suited for specific applications 32' 33 ' 34. Two of

these techniques namely the THz-Time Domain Spectroscopic (THz-TDS) technique for

spectroscopic application and Continuous Wave (CW) THz imaging technique for

imaging application will be discussed in detail in the present chapter. Both of these

techniques are based on optoelectronic generation and detection mechanisms which are

described in detail in the following sections. To understand these two THz techniques

properly, a clear perspective of presently available THz sources and detectors is required.

7
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2.2 Terahertz Sources and Detectors

Different existing approaches of generation and detection of THz radiation can be

broadly classified into two types: that is, the broadband (or pulsed) THz emission and

detection method and the continuous wave (CW) THz emission and detection. The

former is more important for either broadband spectroscopic type of applications or

proximity (< 3m) imaging 35 , while the later one is more suitable for high resolution

spectroscopy36 (with resolution 1 MHz) or stand-off (> 3 m) imaging 37 purposes.

2.2.1 THz Generation

The broadband and CW generation of THz radiation can further be classified from a more

fundamental perspective, based on the physical processes involved in such generation

methods in the following major groups which are electronic, optical and optoelectronic

THz generation.

2.2.1.1 Electronic THz Generation. This approach has been extended from the

microwave side of the EM spectra where essentially the radiation is generated due to the

movements of electronic carriers under the influence of strong electric and/or magnetic

fields externally established in specific amplifying or oscillatory structures. The

operational efficiency of these THz sources therefore essentially depends on the speed of

the carriers and the electrical parameters of the particular device. Some of the most

important and interesting electronic structures commissioned for THz generation are

monolithic nonlinear transmission lines (NLTL's) as ultrafast voltage step generators 38' 39 '

submicron scaled heterojunction bipolar transistors (HBTs) 40' 41 which are broadband THz

sources using the concept of high-order frequency multiplication and microwave



9

oscillators (for example, backward wave oscillator 42, Gunn diode oscillator43) which are

used for producing narrowband tunable CW THz radiation using low-order frequency

multiplication44. The advantages of this approach lie in the relative simplicity 45 and the

robustness of these electronic structures. However, it is difficult to fabricate electronic

devices that operate above a few hundred GHz of frequencies, because the optimal

performance of these devices rely on very short carrier transit times in the active regions

which effectively reduces the device area to lower device capacitance and consequently

the power delivered by these devices in THz regime is typically small. The highest

frequency generated with these kind sources is 1.9 THz with an output power of 20 μW 46 .

Nevertheless, some key areas of THz applications use this approach of THz generation 47 '

48,49 .

2.2.1.2 Optical THz Generation. Similar to microwave region, a few important

mechanisms of optical energy emission has extended from the optical regime to THz

region. These generation processes are fundamentally dominated either by direct optical

transitions between energy subbands in semiconductor structures (such as in

pgermanium5°, n-silicon lasers 51 and quantum cascade lasers 52' 53) or by exciting the

vibrational-rotational lines of molecular gases54' 55 (such as methanol, CH3OH) through

optically pumped far infrared laser to obtain narrowband continuous wave operation of

these sources. Using GaAs/AlGaAs quantum-well heterostructures, laser operation in the

frequency range of 1.9-4.8 THz at temperatures of up to —140 K, and high output power

of up to 90 mW have been achieved56. For broadband production of THz radiation, the

processes involved are mainly optical rectification by directly exploiting the material

57 58, 59	 iproperties of suitable crystalline species 	 (which include among others LiNbO3,
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LaTiO3; zinc-blende semiconductors (GaAs, ZnTe, CdTe, InP) or organic crystals

(DAST)) or synchronous radiation from relativistic electrons moving under the influence

of high magnetic field (free electron laser) 60. Some of these approaches of submillimeter

wave generation predates the advent of modern THz technology61, 62 and yet most of these

optical methods either require massive and expensive apparatus (like free electron laser

or molecular gas laser) or involve cryogenic operating conditions (p-Ge laser, quantum

cascade laser) and therefore their use is somewhat limited in many application areas.

However, electro-optic generation of THz has gained a lot of interest because of

extensive bandwidth comprising higher frequencies63 ' 64' 65

2.2.1.3 Optoelectronic THz Generation. Combining the optical and electronic

techniques, the optoelectronic THz generation exploits the electronic response of a

material to optical excitations; for example, photoconductivity in semi-insulating

semiconductors66 or different excitation mechanisms of coherent phonons in other

condensed media67 . Incidentally the inception of the modern THz science was made with

optoelectronic THz generation68' 69 with photoconductive generation to produce

subpicosecond THz pulse which has driven intense research activities since then to

explore different photoconductive antennae structures"' 71 ' 72' 73 and photoconductive

materials74' 75, 76' 77 in order to achieve higher power and broader bandwidth. Parallel to

this effort, alternative approaches using surface fields78' 79's° were also pursued to produce

broadband THz radiation. Moreover, narrow spectral bandwidth continuous wave THz

radiation sources with frequency tunability are some of the most recent advancements in

the THz optoelectronic sources with the use of photomixing mechanisms in materials

with nonlinear response81
' 

82
'

 83
. At the same time, parametric oscillators are also used to
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generate continuous tunable CW THz frequencies by parametric light scattering from the

stimulated polariton scattering in nonlinear crystals"' 85 . However, the one of the main

drawbacks of optoelectronic terahertz sources, like photomixers, is their low output

coming from their low optical-to-electrical conversion efficiency86 .

2.2.2 THz Detection

Unlike THz generation, the classification of THz detection in terms of physical processes

is not that insightful. The detection mechanism should be classified in terms of the

measurable quantity, that is, either THz field amplitude or THz power. The first

mechanism is evidently a phase-sensitive detection method where both phase and

amplitude can be detected simultaneously; while the later one measures the total power.

2.2.2.1 THz Amplitude Detection. To measure the THz electric field of either

the broadband (or pulse) or continuous wave (CW) THz source, coherent gated detection

mechanism is employed. For pulsed coherent THz radiation, either photoconductive

sampling87 or free-space electro optic sampling88 are used; while for CW THz radiation,

either homodyne89 or heterodyne detection" methods are used, principally employing the

photoconductive sampling.

2.2.2.2 THz Power Detection. The THz power detection is achieved using thermal

detectors. THz radiation incident on a thermal detector is absorbed by some form of

material which changes its physical properties such as electric conductivity (like

bolometers90), volume (like Golay detector) or dielectric nature (like pyroelectric

sensors 15) with temperature. Common characteristics of these thermal detectors are their

overall broadband sensitivity and comparatively long response times but with the
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advantage of very small Noise Equivalent Power (NEP). NEP is the signal input power

which is needed to generate a output signal at the detector as big as the output signal

generated by the detector noise; small values of NEP generally signifies better detection

because of very small inherent noise of the detector. The chart below in Figure 2.1

illustrates various forms of THz sources and detectors currently available.

Figure 2.1 Different sources and detectors of THz radiation.

2.3 THz Time Domain Spectroscopic Technique

The coherent generation and detection of terahertz THz radiation using ultrashort optical

pulses has become a standardized set-up in the field of THz spectroscopy today. Using

theoretical simulations based on electrical field screening model, it was shown that THz
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pulses of less than 100 femtosecond (fs) are possible 91 . However, the shortest free space

THz radiation obtained in laboratory set-up was in the range of 300 fs. Therefore

generation and detection of THz radiation were principally done using optical

rectification of ultrashort laser pulses in thin Electro-Optic crystals 92 , which was

especially found to be a more efficient method of THz detection 93 ' 94. However, as the

pulse width of commercially available mode-locked Ti:sapphire lasers is approaching few

tens of femtoseconds with ultrashort burst of visible/near-infrared laser pulses,

ultrabroadband photoconductive generation/detection are being reported95 ' 96 over 30

THz. Therefore, there is a renewed interest in employing photoconductive antennas for

generation and detection of THz radiation.

Figure 2.2 Experimental set-up for THz Time Domain Spectroscopy (THz-TDS).

In this technique, as described in Figure 2.2, an above-bandgap femtosecond laser

pulse (pump beam) with intensity I(t) excites a biased semiconductor and consequently,

electrons and holes are produced at the illumination point in the conduction and valence

bands, respectively. These photoexcited carriers are then accelerated by the applied
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electric ac bias (through function generator) and the physical separation of these charged

carriers forms a macroscopic space-charge field oriented opposite to the biasing field. As

a result, the fast temporal change in the electric field produces a transient current, which

generates a pulse of electromagnetic radiation in the THz frequency range into free-space

with the help of an antenna as shown in Figure 2.2. The production of ultrashort currents

with a full-width half-maximum (FWHM) of 1 picosecond or less (to obtain radiation in

THz frequencies) strongly depends on the carrier lifetime in the semiconductor which is

tailored to become of sub-ps duration using various processing techniques such as

annealing, ion implantation, and radiation exposure 33 . This type of semiconductors, for

example, GaAs, is known as low temperature grown GaAs (LT-GaAs).

Following the schematic of Figure 2.2, the emitted THz pulse can be seen to be

transmitted through an assembly of THz optics (which usually comprises of sets of

parabolic mirrors, silicon lenses, etc.) and samples and then is collected onto the surface

of another antenna for photoconductive detection. A part of the original femtosecond

optical pulse that was used at the emission point (pump beam), is brought to this

detection antenna (probe beam) with an intensity I (t + t) after subjecting it to a variable

delay line that delays it with time i compared to the excitation pulse. Again photoexcited

charge carriers are generated; however, the detection antenna is not externally biased.

The incident THz electric field, in this case, provides the bias and a current 'out,

proportional to the THz electric field amplitude and phase, is detected at the

photoconductor pads which is detected as a voltage by a lock-in after passing through

appropriate pre-amplification stage.
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2.4 Continuous Wave THz Imaging Technique Using Photomixers

Among different forms of continuous-wave (CW) terahertz sources, photomixers are one

of the most promising ones as potentially compact, low-cost, coherent, tunable and low

power consuming THz sources97' 98, 99. This particular type of CW production of THz

radiation is further favored by the availability of compact and inexpensive CW

semiconductor lasers with high output power and stable monomode operation.

A THz photomixer essentially describes a photo-mixing process in which outputs of two

single-mode lasers 10° or output modes of a dualmode laser101 are used such that the

frequency difference of the modes corresponds to THz range of frequencies.

Figure 2.3 Photoconductive Hertzian-dipole antenna for the generation of CW THz
radiation by the mixing of two visible/near-infrared laser beams, where one has (i)

/photo,AC cc UbiasPopt sin(wdifft), (ii) PTHz cc I 2photo,AC-
(Source: T. Loffler et al., Phil. Trans. R. Soc. Lond. A, 362, 263 (2004))
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As shown in Figure 2.3, these two modes of are then mixed accordingly in a

nonlinear medium, such as a photoconductorm102 to generate a continuous wave signal

whose frequency equals the frequency difference of the two lasers or two modes of the

dual-mode laser.

Though an all-optoelectronic CW THz measurement system was demonstrated in

1998 103 , the use of all optoelectronic THz generation/detection in CW THz imaging

application is a relatively new implementation 104, 105.

Figure 2.4 Experimental set-up for CW THz imaging with generation and detection of
coherent THz waves using photomixing mechanisms.

In this scheme, as shown in Figure 2.4, either the object to be imaged or the

receiver is mounted on a computer controlled x—y translation stage. To image one pixel of

the object, the relative phase of the THz signal is varied by moving the optical delay line

along x over only a few periods. The sampled temporal data points per period are then
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employed to evaluate both amplitude and phase of the sinusoidal THz electric field of the

object under THz illumination. In the attached figure, the imaging is in reflection mode.

In focal plane type of imaging, that is, where the number of pixels imaged at a

time is equal to the number of receivers employed, the above process is repeated along y

direction to obtain the complete image of the object in a scanning fashion. However, an

alternative method is interferometric imaging which correlates the measured amplitude

and phases by multiple receivers and reconstructs the image with number of pixels far

more than the number of receivers employed. The detail of the same would be discussed

in later chapters of this dissertation.



CHAPTER 3

IDENTIFICATION OF NON-ABSORBING GRANULAR SOLIDS IN
TERAHERTZ RANGE: STUDY OF SCATTERING EFFECTS

3.1 Objectives

The primary motivation of this study is to understand the nature of the extinction or

attenuation spectra of common granular solids such as, sugar, salt, flour and chalk in THz

range and to establish the specific identification criteria, if any, for these solids through

their THz extinction spectra obtained using THz Time Domain Spectroscopic (THz-TDS)

technique.

For granular solids, apart from concentration (or particle density), moisture

content, binder materials and other factors, the grain sizes of the solid itself play a major

role in determining the THz spectra. Especially for solids having grain sizes comparable

to THz wavelengths, the extinction spectra are greatly influenced by scattering losses

which partially obscure the characteristic phonon resonances leading to complications in

the quantitative analysis and subsequent material identification. The situation gets

particularly critical when the materials under concern do not have any sharp intrinsic

material absorption peaks in THz range. For these non-absorbing solid materials,

therefore, one is required to consider the effects of scattering due to variation in sizes and

shapes of the grains while analyzing their THz spectra. The following is therefore a case

study to understand the nature of the scattering effects on the THz spectra of some

common, non-absorbing granular solids and how it affects the identification criterion of

the same in THz range. Apart from spectroscopic identification, the information

regarding the scattering effects due to variation of grain sizes is equally vital for THz

18
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imaging application, especially for THz security screening imaging system, as it directly

affects the specificity of such a system in terms of successful spectral classifications of

different lethal and non-lethal groups of materials.

3.2 Physical Basis of Scattering and Absorption

Whenever an electromagnetic wave propagates through a material medium, it

experiences scattering due to the inhomogeneous nature of such medium 106 . It is an

inherent quality of any material medium that either exists on the molecular scale or on the

scale of aggregation of many molecules or both. As matter is composed of discrete

electric charges, that is, electrons and protons; upon illumination by an electromagnetic

wave, these electric charges of the medium, be it solid, liquid or even gas, are set into

oscillatory motion by the electric field of the incident light. Subsequently, these

oscillating electric charges or accelerated electric charges reradiate electromagnetic

energy in all directions and it is this secondary radiation which is collectively known as

scattering. Additionally to this secondary radiation, the excited bunch of electric charges

of the medium may also transform a part of the incident electromagnetic energy into

other forms through resonance processes that are characteristics of that particular medium

(such as thermal energy through phonon resonance). That process is called the

absorption.

However, almost all of the practical experimental arrangements that measure the

attenuation of an electromagnetic wave in terms of either the reduction of the original

field amplitude or intensity or energy of the incident wave upon the propagation through

a finite distance through a material medium, essentially estimates the sum effects of these
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two fundamental processes, that are the scattering and absorption. Moreover, as these two

processes are not mutually independent, it is rather a very difficult task to isolate the

effects of these two processes analytically. Nevertheless, careful experimental

observation l°7' 108 and theoretical analysis 109, 110, 111 can estimate (quantitatively, but only

with certain degree of accuracy) the average attenuation of the electromagnetic wave

caused by the scattering and absorption processes independently. In most of the cases, the

procedure involved to extract the scattering contribution from the total attenuation of the

electromagnetic wave is computationally challenging 112, but fundamental insights about

the structure and composition of the material medium can be gained through such

scattering measurements 113 .

For an accurate estimation of the scattering contribution towards the total

attenuation, it is a requirement of the experimental observation to be a phase sensitive

optical measurement technique such as, THz spectroscopy, which directly measures the

electric field amplitude of the scattered THz waves out of a medium. This condition is

necessary as the scattering process of the electromagnetic radiation by the material

medium essentially redistribute the radiation energy in all directions with changes in

phase and amplitude as the scattered radiation. The effect is manifested through the

alteration of the complex refractive indices of the medium that is, hip n + ix where n and

K are the real part and the imaginary part of the complex refractive indices of the

material, respectively. However, any sharp change in the real part of the refractive index

n, is principally associated with the phase change that occurs due to intrinsic absorption

of the medium. While the imaginary part of the refractive index or the attenuation

coefficient K, carries the information of both scattering and intrinsic material
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absorption 114 . As a consequence, simultaneous detection of both amplitude and phase of

the transmitted radiation through the medium is necessary to evaluate n and K accurately

which in turn represent the absorption and scattering contributions towards total

attenuation or extinction of the radiation energy by the material medium.

A physical example describes this fundamental and very important basis of

scattering and absorption, where THz transmission through three discs of high density

polyethylene (HDPE) is considered having different surface conditions, leading to

different amount of scattering of the incident THz radiation 115 . The material HDPE has a

very high transmission in THz range and therefore is used for manufacturing THz

optics116.

Figure 3.1 (a)The THz absorption and (b) the index of refraction of a high density
polyethylene (HDPE) disc with different surface roughness.
(Source: M. Walther, PhD Thesis, Albert-Ludwigs Universitat Freiburg, Germany, 2003)

In this case as shown in Figure 3.1 (a), three different curves represent the

absorption spectra (or essentially the attenuation coefficient K as a = 4πkv/c where a is

the absorption, v is the frequency and c is the velocity of light in vacuum) of the discs
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with flat surfaces (unscratched) and of the same disc where the surfaces were roughened

by sand paper (scratched), once on one side and the other one with both sides roughened.

All the absorption spectra show an absorption feature centered at 2.15 THz, due to the

characteristic lattice modes of the partly crystalline polyethylene. In addition to that,

though the absorption of the unscratched sample is always below 0.2 cm -1 (apart from the

phonon band peak at 2.15 THz), a rising scattering background is superimposed to the

absorption of the scratched samples, with the stronger effect for the disc with two sides

scratched. At the same time, the absorption band is accompanied by a characteristic

change in refractive index (at exactly 2.15 THz) as shown in Figure 3.1 (b), typical for

resonant processes, as discussed above. The real part of the refractive index n, does not

show an effect due to scattering and has an average value of 1.525 in all cases. The

slightly higher index of the scratched samples can be attributed to the decreased average

thickness, which was not taken into account in the optical extraction procedure of

evaluating n and K, in the present case.

However, to separate the actual contribution of absorption and scattering towards

the total attenuation from the above described analysis demands further theoretical

scrutiny with careful considerations of the physical parameters of the medium such as the

composition, sizes and shapes of the scattering centers and mutual distribution of same

inside the medium. The values of these material parameters with respect to the frequency

of the incident electromagnetic radiation set the regime of particular type of scattering

processes such as Rayleigh scattering, Mie scattering and others 111 . In most of the cases,

this part of the analysis becomes very complex and computationally involved, especially

whenever multiple scattering events take place (which is the case in most of the
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experimental observations) in a material and as a result the established scattering theories

can only match the experimentally observed attenuation up to a certain degree of

accuracy.

3.3 Scattering Studies in THz Range: Background and Current Status

By tapping the far infrared section of the electromagnetic spectra in form of THz

radiation, researchers have now acquired the ability to image or to represent objects with

a completely new perception which provide a rather different way to discriminate

between them as well. However, for successful discrimination or classification of objects,

it is essential to gain complete knowledge of the physical parameters of the materials that

constitute such objects. Therefore, THz spectroscopic classification or identification of

various materials is a prerequisite for any form of THz imager which attempts to

discriminate objects based on their THz spectral information.

From spectroscopic standpoint, the appeal of exploiting the THz range for material

classification is essentially three-fold:

• Material signature: The energies of terahertz radiation, that is, —10 -21 J (1 THz
4 meV and 1 eV ,‘k-$ 1.69e-19 J) are consistent with discrete molecular

vibrational, torsional and other liberational modes in liquids and solids 117 .
Especially low-frequency vibrations which are dominated by non-covalent,
intermolecular interactions such as electrostatic, Van der Waals, and hydrogen
bonds lie in the THz range 118 .

• Material transparency: THz radiation is transmitted through most non-metallic
and non-polar mediums, thus enabling THz systems to "see through" concealing
barriers 119 such as packaging, walls, clothing, coatings etc. in order to probe
hidden materials and as well as interfaces buried within dielectric structures 120 .

• Direct measurements: Simultaneous detection of both amplitude and phase of
the THz signal enables straightforward evaluation of the optical constants of the
material without resorting to complicated Kramers Kronig relations121.
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Consequently THz spectroscopy of solids is a fast developing field of studies 122. As a

result, there is a growing need to develop an understanding of the interaction of this low

energy, long wavelength radiation with commonly found solid substances and especially

the underlying role of scattering events in propagation of THz radiation through solid

media. Even though THz spectroscopy has been extensively used during the past decade

to characterize numerous materials in the far infrared region of the spectrum, only

recently granular solids are being inspected using THz radiation and experimentally

observed absorption peaks are being reported 123,124,125,126,127,128,129,130.

Submillimeter-wavelength scale of THz radiation implies that scattering will have

significant effect on terahertz signals while passing through granular solids and will

partially obscure the characteristic phonon resonances of the solid material leading to

complications in the quantitative analysis. The radiation will either experience Mie

scattering (proportional to vm where m could be 1.1, 1.2, 1 .5, 2.0 etc. depending on the

material) or much stronger Rayleigh scattering (proportional to v 4) depending on the size

distribution of the grains which could be either comparable or much smaller in scale to

the THz wavelength, respectively. Despite this significant influence of scattering on the

propagation of THz radiation through solids, experimental and theoretical work on

scattering studies has been very limited in the THz range 131, 132, 133.

The origin of this current work, therefore, lies in a recent attempt that was

undertaken by the THz Spectroscopy and Imaging group at NJIT to understand the effect

of morphology of granular solids on their terahertz spectra in the region from 0.2 to 1.2

THz using samples of Ammonium Nitrate of different grain sizes124.
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Figure 3.2 (a)Transmission and (b)extinction coefficients of different grain sizes of
Ammonium Nitrate.
(Source: A. Sengupta, PhD Dissertation, New Jersey Institute of Technology, USA, 2006)

It was found that Ammonium Nitrate has monotonically increasing absorption

spectra lacking any characteristic phonon resonance in the far IR range upto 3 THz 134 .

Therefore, it was expected that changing the grain sizes of the sample, the effect of the

scattering could be studied. As shown in Figure 3.2, it was found that the transmission

and extinction spectra of samples of different grain sizes of Ammonium Nitrate show a

characteristic trend with variation of grain sizes indicating scattering contribution to the

total attenuation. The transmission spectra was later fitted to a —1,2 dependence and

therefore Mie scattering was suspected to play a major role in this case 135 . Hence, to

examine the physical basis of this observation, further investigations of experimental THz

transmission and attenuation studies were carried out with commonly found granular

substances such as, salt, chalk, sugar and flour in the range of 0.2 to 1.2 THz using THz

time domain spectroscopic technique. The detail of this case study investigating the

scattering effects of grain size variation on THz spectra of solids is described in the

following section.
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3.4 Scattering Studies of Common Granular Materials Using THz-TDS

In this section, it would be shown that the experimentally obtained THz extinction spectra

of Ammonium Nitrate and as well as granular salt, chalk, sugar and flour of known grain

sizes can be predicted on the basis of the Mie Scattering model at lower THz frequencies

for smaller grain sizes. The current study is an attempt to extend the present

understanding of scattering processes in solids in THz range. This study also sets a

fundamental criterion for identification of non-absorbing, granular solids in THz range,

which states that unique distinction of these kinds of solids cannot be made based on their

rising trend of the extinction spectra at lower frequencies, as claimed previously by some

researchers 120, 123.

3.4.1 Experimental Arrangements

In the present study, the general experimental configuration for THz Time Domain

Spectroscopic (THz-TDS) set-up has been used in the transmission mode. The

experimental arrangement consists of a Ti:Sapphire laser emitting 125 fs pulses at 800

nm, part of which pumps an Auston switch consisting of a semi insulating GaAs wafer

with a gold transmission line structure microlithographically imprinted on it. These

antennas have been fabricated at Lucent Technologies, Murray Hill, NJ.

The structure acts as a coplanar stripline (CPS) antenna when an AC bias is

applied to it and becomes the source of THz radiation with a center frequency of about

0.5 THz. A silicon ball lens mounted above the antenna collects the emitted THz beam

and guides it through a set of gold plated off axis parabolic mirrors to the detector. The

detection scheme is just the reverse of the generation process, where the incoming THz

electric field provides the bias for the antenna which is optically gated by the other part of
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the laser pulse. The sample being studied is placed at the focus of the THz beam between

two parabolic mirrors. The experimental layout is shown in Figure 3.3.

Figure 3.3 Schematic of a THz-TDS system in transmission geometry.

3.4.2 Sample Preparation

The sample of salt was made from dry crystalline form of extra fine Diamond Crystal ®

table salt that is available commercially having an average grain size of 100-150 rim. The

sugar sample of average grain size of 300-350 rim was obtained from Shoprite ® sugar and

flour sample of average grain size of 150-200 μm was obtained from commercially

available Pillsbury® flour. For the chalk dust, a Crayola® chalk stick was crushed to a

powder of average grain size of 80-120 μM. Individual sets of grains were spread out

uniformly over Scotch® polyethylene packaging tape which was used as the sample

holder for each case and the two tapes sticking together was used as the reference or
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"blank" for the measurements. The final sample thickness of salt, sugar, flour and chalk

were of 0.3 mm, 0.6 mm, 0.4 mm and 0.25 mm respectively.

The samples of Ammonium Nitrate (CAS # 6484-52-2, from Fischer Scientific ®)

having an average grain size of 700-750 gm were spread out uniformly in three sets of

samples over Scotch® polyethylene packaging tape. The first set of the samples had a

thickness of 1.602 mm. The next two sets were crushed using mortar and pestle to an

average grain size of 350-400 pm, thickness: 0.380 mm and 100-150 gm, 0.413 mm

respectively 132 .

The standard procedure of making pellets mixed with high density polyethylene

(HDPE) using a pellet press was avoided in order to maintain control over the grain sizes.

Moreover, it has been reported that inexact mixing of PE powder and the compounds

affects the absorption spectra 136 .

3.4.3 Analysis of Experimental Data

Time resolved THz spectroscopy measurements provide simultaneous information about

the amplitude and phase of the samples under study. One reference waveform Eref (t) is

measured without the sample or with a sample of known dielectric properties, and a

second measurement Esampk (t) is performed, in which the THz radiation interacts with the

sample. In the present case, Ere (t) was obtained through "blank" and Esample (t) was the

signal through different granular samples. The transmission spectrum is calculated using

the Discrete Fourier Transform (DFT) of the sample and reference measurements,



29

The extinction of a material is defined as the true absorption which is the sum of

intrinsic material absorption and the extrinsic losses associated with scattering, that is,

extinction = material absorption + scattering loss". In this study, the experimentally

obtained extinction is defined as:

Previous work 126 showed that the THz extinction of Ammonium Nitrate of

different grain sizes rises slowly with frequency which does not follow Rayleigh

scattering where a dependence of v 4 is expected. Thus Mie theory which is more

comprehensive in dealing with spherical grains of arbitrary size is considered for

explaining this trend in the extinction spectra.

The fundamental assumptions of Mie theory involve independent elastic

scattering and single event scattering by spherical scatterers. The first assumption of

elastic scattering requires that, the frequency of the scattered radiation is the same as that

of incident radiation which is the case in the present situation as the samples under study

do not show any non-linearity in the THz region. The second assumption of single event

scattering essentially requires that the number of grains are small and their mutual

separation is such that the in the neighborhood of any grain the total field scattered by all

the rest of the grains is small compared to the external field. This ensures that the total

scattered field is just the sum of the fields scattered by all the individual grains, each of

which is acted on by the external field of the incident radiation in isolation from the other

grains. The assumption of single scattering is relatively restrictive in the present case,

particularly in higher frequency region or for bigger grains as the mutual separation
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between two grains becomes comparable to the wavelength. Lastly the assumption of

spherical scatterers holds true only for smaller grain sizes as they truly approach spherical

shape with an aspect ratio of almost one. However, bigger grains deviate considerably

from spherical shape and in those cases, Mie theory does not hold true. In general, Mie

scattering model is a well studied model and the algorithm for the computational

evaluation of the same has been developed over many years 137' 138 ' 139 .

3.4.4 Theoretical Modeling

The geometry of the incident and scattered fields is shown in Figure 3.4. The plane of

reference is taken through the directions of propagation of the incident and scattered

waves. The perpendicular and parallel components of the electric field of the incident

wave are Eol = cos q), E0 ,. = sin cP and those of the scattered wave are E1 = E9 , Er = .

Figure 3.4 Decomposition of electric vectors of incident and scattered waves.
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Here r denotes the perpendicular component and 1 denotes the parallel component of the

electric field. Thus, Mie's formal solution for spheres of arbitrary size is given by 111 ,

(3.3)

where S1(0) and S2(9) are two elements of the scattering matrix, S(8 and are known as

amplitude functions, k = 2,r 1 2 is the wave number in vacuum and co is the angular

frequency. The radial components of the electric field are ignored as they tend to zero

with higher powers of 1/r.

In the present experimental set-up, the incident THz field is p-polarized. Hence,

the theoretical extinction coefficient, ,μth, is calculated from the amplitude functions for 9

= 0 (S1(0) and S2(9) are equal for 0= 0) and is given by,

(3.4)

where N is the number of grains per unit volume, c is the speed of light and am, bm are

coefficients of the infinite summation such that,

where j,„ (z) and h„,(2) (z) are Spherical Bessel functions of the first kind and third kind 14°

respectively when z can be either x = 2nvr I c or y = 27rvnr / c and r is the radius of the

spherical grain and n is the real part of the complex refractive index. Equation (3.4) is the
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theoretical equivalent of Equation (3.2) and takes into account both the intrinsic

absorption of the material as well as extrinsic losses involving single scattering events.

Mie theory also defines the complex refractive index of a scattering material as

n(v) = 1 - i2rNS(0)1 k 3 . Equating the real and imaginary parts of this equation with

n(v) = n(v) + iK(v) , where n(v) and K(v) are the frequency dependent real and imaginary

parts of the complex refractive index ii(v), one readily obtains,

which is the effective attenuation factor caused by the sum effect of material absorption

and scattering losses, neglecting the effects of insignificantly small radiation pressure in

the present case (it is inversely proportional to the velocity of light).

One can then separate the theoretical extinction coefficient pm into the

coefficients of intrinsic material absorption Dabs and scattering p 	 as

μth (v) = μabs (v) 	 (v) where μsca(v) is also calculated using Mie theory and is given by,

In all of the above analysis, n(v) can be assumed to be n, the frequency

independent broadband refractive index, as all of the granular solids are known to have

no sharp absorption features 120, 123, 125, 131 in the frequency range of the present study. In

other words, there is no contribution of any intrinsic material absorption causing a sharp

change in the value of the real part of the refractive index, as explained in the previous

section.
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3.4.5 Results

The experimental results obtained for the common granular materials (that is, salt, sugar,

flour and chalk) and the experimental data of Ammonium Nitrate 132 are analyzed in the

following sections where the Mie scattering model has been applied to the extinction

spectra of all of the granular samples.

3.4.5.1 Raw Time Domain Data and Amplitude Spectrum. In Figure 3.5 (a),

typical THz electric fields for the "blank" and for flour of 150-200 pm grain size have

been shown. The corresponding amplitude spectrum is shown in Figure 3.5 (b) from

which it is evident that the acceptable frequency range in our THz-TDS system is

approximately between 0.2 and 1.2 THz.

Figure 3.5 (a) THz fields for 150-200 p.m grain size flour and "blank" samples and (b)
THz amplitudes of the same. The dips at 0.56, 0.78 and 1.13 THz are due to water vapor
absorption. The "blank" was almost 95% transparent and completely featureless between
0.2 and 1.2 THz.

For the purpose of brevity to avoid any repetition, corresponding plots obtained

for other samples (salt, sugar, chalk and Ammonium Nitrate of different grain sizes) are

not shown here. From these time domain plots, the broadband refractive indices of the
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materials under study can also be calculated by observing the delay in the arrival of the

THz pulse when the sample of finite thickness is placed between the source and the

detector. This technique is validated by finding the broadband refractive indices of flour,

salt and Ammonium Nitrate to be 1.44, 1.54 and 1.82, respectively which agree with

previously reported values 120 123 141 in the existing literature.

3.4.5.2 Mie Theory Calculations of Extinction for Non Absorbing Spherical Solids.

The experimental extinction data for the different samples is shown in Figure 3.6 with the

theoretically calculated extinction curves up to the 4 th order term of Equation (3.4).
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Figure 3.6 Experimental and theoretical predictions of extinction coefficients for (a)
100-15011m grain size of salt; (b) 300-350 pm grain size of sugar; (c) 150-200 μin grain
size of flour; (d) 80-120 μin grain size of chalk; (e) 100-150 μ M grain size of Ammonium
Nitrate and (f) 350-400 pm grain size of Ammonium Nitrate. The red dotted line in parts
(a), (c), (d) and (e) shows the region up to which the prediction of Mie theory matches
satisfactorily with the experimental analysis.
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In all of the above plots, Equation (3.4) has been terminated at 4th order as it

produces hardly any deviation as m changes value from 3 to 4. A comparison of the

experimental and theoretical data for 700-750 gm Ammonium Nitrate shows a strong

discrepancy in the 0.2-1.2 THz range and hence, has not been shown. It is suspected that

this deviation is mainly due to the fact that the grains of these samples were mostly

nonspherical in shape.

The apparent roll of at higher frequencies as seen in Figure 3.6 for all of the

materials does not indicate any true phonon characteristic resonance but rather indicates

the threshold of the region of validity of Mie theory. In other words, the fundamental

assumption of Mie theory of single event scattering ceases to hold in higher frequency

range as the incident wavelength becomes smaller compared to the size of the scatterers

and their mutual separations leading to a dominance of multiple scattering events 142 . It is

also observed that the experimental THz extinction of the materials with larger grain size

(Sugar of 300-350 gm grain size and Ammonium Nitrate of 350-400 gm grain size) show

significant deviation from the theory as any random irregularities of the spherical shape

of the scatterers become prominent to the incident wavelength with larger grain sizes.

This contradicts the other assumption of the Mie theory which requires the scatterers to

be spherical. In fact, on inspection of the samples with a microscope, it was found that

the grains in the case of 100-150 gm salt, 150-200 gm grain size of flour, 80-120 gm

grain size of chalk and 100-150 gm of Ammonium Nitrate were typically spherical while

the larger grains of sugar and Ammonium Nitrate form considerably irregular clusters.
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3.4.5.3 Mie Theory Calculations of Absorption and Scattering Coefficients. Two

separate parts of theoretically predicted extinction, i.e, the intrinsic material absorption

and extrinsic scattering losses, for the small grain samples of salt (Figures 3.7 (a) and (b))

and of Ammonium Nitrate (Figures 3.7 (c) and (d)) are shown using Equation (3.7).

Figure 3.7 Theoretically predicted absorption and scattering coefficients for (a) and (b)
100-150 lam Ammonium Nitrate and (c) and (d) 100-150 Jim salt respectively. Similar
legends have been followed for all the figures.

From the Figure 3.7, it is seen that at lower frequencies, single event scattering is

the predominant contribution towards the total extinction and thus Mie scattering model

is successful implementation in the present case in the lower THz frequencies. For

reasons of repetition, similar plots of sugar, flour and chalk have not been shown here.



38

3.4.5.4 Identification of Non Absorbing Spherical Granular Solids. From Figure

3.6, it can be observed that all the materials investigated, namely salt, sugar, flour, chalk

and Ammonium Nitrate, have rising trends in their extinction spectra as observed

experimentally which matches with the prediction of Mie theory in the limit of weak

scattering, that is, in the region of lower THz frequencies. Provided that this trend in the

spectral shape is characteristic of the material, previous reports have suggested that this

might offer a possibility for spectral identification in the lower THz frequencies 120' 123 .

Therefore, to test the possibility, a generic curve based on Mie theory has been

plotted which predicts the total extinction coefficient for different materials, M with

refractive indices nm, and a range of values of size parameter, x, to account for any

variation of their size and/or wavelength as shown in Figure 3.8. In this surface plot

x = 2rvr / c is the size parameter which is defined as the ratio between the size of the

grain and the centre wavelength of the probing radiation, is an important dimensionless

quantity in scattering analysis.

Figure 3.8 Generic plot of Mie scattering theory predicted extinction coefficients for
materials having refractive indices, n and size parameters, x.
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To understand the underlying information in a more conceivable fashion, the

surface plot can be sliced into several sections along the lines of constant refractive

index, n and then one obtains a two dimensional multitude plot as shown in Figure 3.9.

Figure 3.9 (a)Theoretically predicted extinction coefficients for materials having
refractive indices, n and size parameters, x; and (b) the normalized extinction coefficient
for a grain size of 100 μin as a function of frequency.

In the lower frequency region, this plot provides an incisive estimation of the total

extinction for materials with a particular refractive index value and grain size. As shown

in Figure 3.9 (b), (where the graph of Figure 3.9 (a) has been enlarged to show only upto

the first undulation in the data), this becomes apparent when the different frequency

dependences of the extinction coefficient are plotted for a constant grain size of 100 μn.

Hermann et al. 12° and Brown et al. 123 have reported experimental findings on

absorption spectra of solid grains where they have shown the frequency dependence to be

approximately v 1 and v2 respectively, for flour (n ~ 1.4) and sugar (n ~ 2.0). Upon a

direct comparison of these frequency trends with the theoretical plot of Figure 3.9 (b),

one may find that the predicted extinction spectra according to Mie scattering theory are
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to be indeed v 1.0 and v1'8 for those materials with those particular grain sizes. This

effectively suggests that their observed spectra were primarily due to single event

scattering contribution of the grains under study (flour-50 gm, sugar-300 inn).

Moreover, from Figure 3.9 (a) one can readily argue that these frequency trends are not

unique or representative of the materials used, as extinction is a function of the refractive

indices, n and as well as the size parameters, x of the samples. In fact, for a specific

material with different grain sizes, one would obtain varying frequency dependence of

extinction. Likewise, the grain sizes of different materials could be chosen in such a way

that the extinction spectra of all those different materials with varying grain sizes would

show a particular frequency trend. For example, 200 μ.m grains of flour and 450 1.1.M

grains of sugar would yield the same frequency trend of v 1.1 in the extinction spectra.

Therefore, the frequency dependence of extinction spectra cannot be used for identifying

non absorbing spherical granular solids of unknown grain sizes in the weak scattering

region. Nonetheless, Figure 3.9 (a) and 3.9 (b) also show that, in certain cases where the

grain sizes are accurately known for a particular non-absorbing solid, the frequency trend

of extinction spectra could be used for a broad classification of granular solids since one

can essentially estimate their refractive indices.

3.5 Conclusions

In this study experimentally obtained extinction spectra of granular salt, sugar, flour,

chalk and Ammonium Nitrate of different grain sizes between 0.2 to 1.2 THz using THz

time domain techniques have been presented. It has been shown that the obtained

extinction for these non-absorbing materials in the frequency range of study essentially
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consist of scattering losses. It is demonstrated that, the experimentally obtained

extinctions of these non absorbing solids of spherical grains can be predicted on the basis

of Mie theory in the weak scattering limit. The intrinsic material absorption and

scattering losses are separated from the total extinction and thus, this work makes an

attempt to reconcile the apparent discrepancies in the extinction values of different

materials of varying grain sizes by calculating the expected frequency dependence of

such materials due to the impact of scattering. Finally, it can be deduced from this study

that any identification of an unknown granular solid in a concealed manner cannot be

made based on the frequency trend of its THz extinction spectra, as the frequency

dependence of the extinction of a solid is a function of both its material property, as well

as its grain size. This work, therefore, might prove to be a crucial step towards successful

material identification under THz study by a complete understanding of the apparent

discrepancies in the extinction spectra brought about by the variations of different

morphologies of non absorbing spherical granular solids.



CHAPTER 4

GUIDED TERAHERTZ PROPAGATION: HOLLOW CORE WAVEGUIDES

4.1 Introduction

With the advent of semiconductor optoelectronics technology 143
, generation and detection

of coherent THz radiation has become possible. Associated with the development of THz

technology and techniques, a search for flexible guiding systems for THz transmission

has also become crucial. Guided propagation of THz waves is advantageous as the THz

beam can be directed into obscure places, around the bends without employing any bulk

optics and as most of the radiation energy is trapped inside the small cross-section of the

core of the waveguide structure during its propagation, spectroscopic measurements can

be done with enhanced sensitivity 144. Coupled with this fact, guided THz propagation is

also advantageous to reduce atmospheric losses of THz radiation as shown in Figure 4.1

which is prevalent in free-space THz propagation and is especially important for high

frequency THz range.

Figure 4.1 The water vapor absorption spectrum of THz radiation in atmosphere.
(Source: M.J. Fitch and R. Osiander, Johns Hopkins APL Technical Digest, 25, 348 (2004))

42
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Hollow waveguides present an attractive alternative to other forms of THz

guiding structures owing to their ability to transmit THz wavelengths with low loss and

their relatively simple structure and potential low cost 145 . In the present study,

characterization in terms of its attenuation and dispersion profile is made for a straight,

circular Cu coated hollow core waveguide of bore size 2 mm. The attenuation coefficient

of the lowest loss mode and the group velocity dispersion and waveguide dispersion of

the waveguide under study have also been calculated.

4.2 Background

From mid 1960's the research effort had been directed to develop a variety of materials

for transmitting wavelengths greater than 2 μn146, 147. This thrust gained impetus in

conjunction with the silica-based fiber optics which brought major impacts in

telecommunications and in general, optoelectronic industry including laser power

transmission for various sensing applications. While these silica-based fibers have

offered excellent optical properties upto 2 pm; longer wavelengths, especially CO2 lasers

which are particularly important for medical applications, cannot be transmitted through

these fibers. Therefore alternative materials like fluoride 148 and chalcogenide glasses 149,

single crystalline sapphire 150, polycrystalline silver halides 151 and many others were

pursued as a potential candidate for guiding wavelengths of 20 gm and beyond.

Around the same time, air-core guiding of CO2 laser through simple metallic

structure was also demonstrated 152 and the use of flexible, circular hollow waveguides

became common later on, especially in medical diagnostics 153. The interest in guided

THz propagation, which is a submillimeter range of wavelengths, arose recently with the
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low loss and dispersion of THz transmission through metal wires1 56. The utility of

transport of THz pulses in hollow core waveguides, especially in circular structures, are

also recently being inspected and characterization of their attenuation profile, dispersion

and bending losses are in progress 157' 158' 159. Various applications like biomedical

imaging and diagnostics, nondestructive evaluation of material parameters, chemical and

gas sensing, remote sensing and security screening are expected to improve their

performance through guided THz transmission. In most of these applications, THz

waveguides would either play the crucial role of a short-haul energy transmitter from a

broadband source to remote sensors or as a coupler between the THz source and other

parts of the optics in an integrated system employed especially for imaging or

communication.

4.3 THz Propagation in Hollow Core Metal Waveguides

The concept of using hollow metal pipes to transmit EM waves began in the times of

Rayleigh in 1897. However, it was in the 1930s when hollow waveguides became

widespread in the use of transmitting microwave frequencies which are millimeter to

centimeter wavelengths. These kinds of structures offer very low dissipative losses in that

range. The extension of this idea from microwave regime to mid-IR and finally far-IR

range of wavelengths was not straightforward. It was 1974, when rectangular hollow

waveguides were first used 16° to transmit CO2 wavelengths. Then gradually the field of

hollow core metal waveguides gained its prominence in transmitting longer wavelengths

offering superior flexibility and reliability. However, the issues of very strong
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dependence of attenuation of the waveguide on its bore size and bending losses restrict

the use of hollow core waveguides in many applications 142 .

4.3.1 Fabrication of the Hollow Core Waveguides (HCWs)

The fabrication of hollow core waveguide involves coating of the inside of either silica or

polymer tubing with metallic and metallic/dielectric coatings using liquid-phase

chemistry methods. For this study, Copper was chosen as the metallic layer because it is

one of the best reflectors at THz frequencies, having a measured reflectivity of 0.997 at

513.02 μm161. The reason for using polycarbonate tubing was because it has a very

smooth inner surface nearly equal in roughness to silica glass and secondly the use of the

same allows the guides to be quite flexible even with relatively large bore sizes. The

polycarbonate tubing used for this study has bore sizes of 2 mm. In contrast, glass tubing

with similar bore size would be inflexible.

During the fabrication, Copper films were deposited inside polycarbonate tubing

using an electrode less, liquid-phase chemistry process 162. The first step involves

sensitizing the polycarbonate using an aqueous solution of PdC12 and SnC12. Next a

copper bath solution was prepared consisting of copper sulfate, formaldehyde, Rochelle

salt, and sodium hydroxide with a pH of 12.5. This solution was pumped through the

plastic tubing at a flow rate of 5 ml/min. The formaldehyde reduces the Cu ions and Cu

metal plated out on the tubing. The duration of the deposition process is 30 to 45 min and

the estimated thickness of the Cu layer formed is 0.5 to 0.7 μn. This thickness is much

greater than the skin depth of about 0.05 pm for Cu at THz frequencies. A schematic of

the prepared hollow core waveguide and the diagram of the coating process are shown in

Figure 4.2 (a) and 4.2 (b) respectively.
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Figure 4.2 (a) Transverse section through a hollow core waveguide showing the profile
of the structure, and (b) Schematic of the waveguide fabrication procedure.

4.3.2 Experimental Arrangements for THz Characterization of HCWs

The experimental arrangement for THz characterization of the hollow core waveguides

consists of a standard THz-Time Domain Spectroscopic (THz-TDS) set-up, where a

Ti:Sapphire laser emitting 125 fs pulses at 800 nm is used as the pump source. A part of

the same pumps an Auston switch consisting of a semi insulating GaAs wafer with a gold

transmission line structure microlithographically imprinted on it. The structure acts as a

coplanar stripline (CPS) antenna when an AC bias is applied to it and becomes the source

of THz radiation with a center frequency of about 0.5 THz. A silicon ball lens mounted

above the antenna collects the emitted THz beam and guides it through a set of gold

plated off axis parabolic mirrors to the detector. The detection scheme is just the reverse

of the generation process, where the incoming THz electric field provides the bias for the

antenna which is optically gated by the other part of the 800 nm laser pulse.



Figure 4.3 Schematic of the THz-TDS system used for hollow core waveguide
characterization.

As shown in Figure 4.3, the Cu coated hollow core waveguide was placed at the

focus of the piano convex lens at the THz source side and the guided pulse was collected

by the second piano convex lens to direct the collimated beam to the parabolic mirror.

The pair of lens had a focal length of 50 mm with diameter 38 mm. The focused spot size

of the THz beam was about 0.5 mm. Metal foils were placed at the entrance and exit

faces of the waveguide to ensure that no stray THz radiation reaches the detector.

4.3.3 THz Propagation Considerations through HCWs

The optical principles that govern the transmission characteristics of hollow core

waveguides are somewhat different from that of solid-core fibers due to their typical

structures. The following sections briefly describe these typical characteristics of hollow

core waveguides based on the work done by Marcatilli and Schmeltzer in 1964 163 and

Miyagi in 1980s 164 ' 165.

47
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4.3.3.1 Attenuation. Attenuation, or power loss, as light travels a distance L, through a

material, can be measured in terms of the fractional power lost in transit. In particular for

metal coated hollow core fibers, the attenuation is principally caused by surface

impedance at the air-metal interface which is accentuated by the fact that at present range

of frequencies, the attenuation coefficient (K,:110 2) is very high166. This physical origin is

straight forward to understand why in general, the circular electric modes TEnm have the

lowest loss in metallic hollow core waveguides while the circular magnetic TM,,,,, and

hybrid modes AYE,,,,, are rapidly attenuated for even the shortest wavelengths. In fact, the

lowest loss mode is the TEN mode which travels parallel to the walls of the guide and has

a very tight energy spread centered round the axis of the hollow core waveguide. Other

sources of signal attenuation during guided propagation comes purely from experimental

considerations such as atmospheric losses in the air core, coupling losses due to

launching misalignment, scattering losses due to surface roughness of the waveguide wall

and other effects.

Theoretically, the attenuation in hollow metallic and dielectric waveguides for

long wavelengths was calculated by Marcatilli and Schmeltzer in 1964 160 where they

show that a metal coated circular cylindrical hollow straight guide will have the lowest

loss for TEN mode given by,

where ulm is the m th root of the Bessel function, a is the bore radius; A is the wavelength

and n- (v) is the frequency dependent complex refractive index of the metal. For TEo1

mode, ulm = 3.832 and therefore one obtains,
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where v is the frequency in THz and n and k are the real and imaginary part of the

complex refractive index n(v) such that, n(v) = n(v) + ik(v).

4.3.3.2 Dispersion in Waveguide. An optical signal becomes increasingly distorted as

it travels along a waveguide due to the mechanisms of intermodal and intramodal

dispersion caused by different group velocities of different modes and due to explicit

dependence of the core-cladding refractive indices on wavelength 167 . Essentially, the

dispersion causes different wavelengths to propagate along the fiber with different travel

time which causes broadening of the pulse at output end. Therefore, for all practical

applications, dispersion characteristics of waveguide propagation is extremely important

from design perspective and these phenomena can be explained by considering the group

velocity of the propagating waves inside a waveguide of particular geometry and

material.

• Intermodal Dispersion: Intermodal dispersion is present whenever more than
one mode is excited in a waveguide. In that case, the different modes travel
along different paths with different reflection angles at the core/cladding
boundary resulting in broadening of the pulse. This is measured as the difference
in travel time between the longest (Li) and shortest (L2) paths and for hollow
core waveguide is given by,

where the refractive index of the core n1=1 for hollow core metallic
waveguides. However, for the waveguide under study (straight 2mm bore
Copper coated hollow polycarbonate waveguide), this dispersion can be
neglected as the principal mode that is excited in the waveguide in the present
launch conditions is the TE01 mode which is also the lowest loss mode.
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• Intramodal Dispersion: Even in single mode operation, as an optical signal
propagates along the guide, each spectral component (the incident pulse is
centered about a mean wavelength), undergoes a time delay tg per length L of
the waveguide and is given by,

where k=2r/ is the free space wave vector and r3 is the propagation constant.
Correspondingly, assuming that the THz source has a finite spectral width, the
factor,

is then defined as intramodal dispersion and is usually measured in units of
ps/mm-cm. In general, D consists of contributions from both the core material
referred to as material dispersion (involving dni/d2) and from the guiding
aspects of internal reflection referred to as waveguide dispersion (involving
c10/d2). Material dispersion is obtained by assuming that there is no waveguide
dispersion and it occurs whenever the refractive index of the core composition
is a nonlinear function of 2. For a specific mode propagating within the
waveguide, the angle of reflection 9 is a function of wavelength due to the
wavelength dependent propagation constant 13. This variation in 13 produces a
wavelength dependent time delay Tlvg along a waveguide length L as the
wavelength spans the spectral width AX of the source. The resulting ratio,

is a measure of the waveguide dispersion.

4.3.4 Extraction of Attenuation and Dispersion of HCWs from Experimentation

Time resolved THz spectroscopic measurements provide simultaneous information about

the amplitude and phase of the samples under study. One reference waveform Ere  (1) is

measured without the waveguide and when the lenses moved to their confocal positions,

and a second measurement Esample (t) is performed, in which the THz radiation propagates

through the waveguide, when the waveguide is placed at the foci of the two lenses. The
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amplitude transmittance is calculated by performing a Discrete Fourier Transform (DFT)

of the sample and reference measurements.

4.3.4.1 Experimental Determination of Attenuation. The experimentally obtained

attenuation coefficient of the HCWs is calculated as,

where P(0) and P(L) are the total power transmission without and through the waveguide

of length L in meter. This attenuation is equivalent to the theoretical attenuation

expressed in Equation 4.2.

The coupling loss was estimated by using cut-back method where a long

waveguide was "cut back" to smaller lengths and the data points for specific losses were

extrapolated for zero length of the waveguide to obtain the coupling loss in dB. However,

since this coupling loss is a function of frequency and the THz source used was

broadband, coupling losses at different frequency points was measured for a better

adjustment in the final value of the attenuation coefficient of the waveguide arising out of

modal loss due to surface impedance.

Additionally, there is attenuation of THz radiation due to water vapor absorption

as the set-up has not been purged with nitrogen during the experimentation. This effect

has not been accounted for in the present analysis in the present range of analysis from

0.2 THz to 1.2 THz. This limitation does not affect the estimation of the waveguide loss

significantly in the lower THz frequencies below 1.2 THz. As can be seen from the

Figure 4.1, the atmospheric attenuation does not cross the 3 dB mark, except at 0.56 THz,

0.78 THz, 1.13 THz and 1.19 THz. Therefore, any oscillations in the attenuation values
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near these frequencies should not be considered to be true values, but rather local

instabilities arising out of unequal water vapor absorptions of the THz radiation

(dependent on the relative humidity of the surrounding at a specified time) at different

cases, that is, without and with waveguide.

4.3.4.2 Experimental Determination of Dispersion. To extract the dispersion of the

waveguide, the propagation constant fi of the guided pulse is calculated. Equating the

phase of the reference pulse and the pulse through the waveguide of length L, that are

detected at the THz receiver, one obtains,

where k = 2rv/c is the free space propagation constant; v is the frequency; 00 and 0 are

the phase of the pulse without and with the waveguide, respectively, so that

and hence the total pulse broadening over the entire waveguide becomes

Also, from the work of Marcatilli and Schmeltzer 160, the phase constant for TEo1

mode of the hollow core waveguide is found to be,

(4.11)
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where Ulm is the m th root of the Bessel function, a is the bore radius; 2 is the wavelength

and n- (v) is the complex refractive index of the metal. For TE01 mode, ulm = 3.832 and

therefore one obtains,

A direct comparison of this theoretically predicted phase constant by Equation

4.12 with the equivalent quantity given by Equation 4.8 reveals that the experimentally

obtained phase difference AO is expected to have a frequency variation. Therefore, the

pulse broadening would be,

A direct comparison of Equation 4.13 with Equation 4.10 reveals that the

experimentally obtained derivative of phase difference AO' is expected to have positive

and as well negative values, where the contribution of the negative dispersion comes

from the material characteristics, that is, from 2nd and 3 1'd terms. Therefore,

The first derivative of the total pulse broadening with respect to frequency is

proportional to the waveguide dispersion coefficient, which is given by,

where L is in cm and c, the speed of light is taken in mm/s to obtain an appropriate unit of

ps/cm-mm for the dispersion coefficient for hollow core waveguides in the present

spectral range. This quantity thus, in other words, gives the amount of the pulse
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broadening in the units of picosecond per cm (length of the waveguide) per millimeter

(spectral width of the THz source).

43.5 Optical Parameters for Metal Coating of HCWs

71Not many experimental studies are performed in far IR region on metals 168, 169, 170, 1 and

therefore it is difficult to obtain optical data, especially refractive index, attenuation

coefficient etc. in THz region. For the present study, to evaluate the attenuation and

dispersion theoretically, both n and k values of Cu as a function of THz frequencies are

required. To extract these values for the metallic coating of Cu, a Drude Model fit is

employed using the fitting parameters obtained near 30 pm wavelengths. Following are

the values165 of plasma frequency, a = 6.38 X 104 cm-1 , damping frequency, or = 2.78 X

102 cm-1 ; high frequency dielectric constant, Eoc, = 5.27 X 104 of Cu which are related

The values of n and k obtained through this method are somewhat extrapolated

and therefore the values of attenuation and dispersion of the waveguides under study are

also approximated to that extent.
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4.4 Results

4.4.1 Time Domain Data and Amplitude Spectrum for HCW

THz electric fields of the reference pulse and the HCW of different lengths have been

shown in Figure 4.4.

Figure 4.4 (a), (c) and (e) show the time domain reference THz pulses and the
propagated pulses through Copper coated polycarbonate hollow waveguide of lengths
4.882 mm, 6.076 mm and 6.828 mm respectively. (b), (d) and (f) show their
corresponding relative amplitude transmittance. It should be noted that the phase of the
guided pulse through the HCW have been temporally shifted to overlap with the
reference pulses for easy comparison in (a), (c), (e). It is also observed that as the length
of the HCW was increased, the propagated pulses were attenuated to larger extent.
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It could be seen from Figure 4.4 (a), that an input pulse of FWHM (full width at

half maximum) 1.4 ps broadens to a pulse of FWHM 6.5 ps after traveling through the

waveguide. Hence, the group velocity dispersion (GVD) for the 48.80 mm length

waveguide is approximately 2.1 ps/THz•cm at a center frequency of 0.5 THz.

4.4.2 Attenuation Coefficient for HCW

The theoretically obtained values for n and k for Copper using Drude Model Fit are

plotted in Figure 4.5 (a). Using these values, the experimentally obtained attenuation

coefficient from Equation 4.7 and the theoretically expected attenuation for TE01 mode

are compared in Figure 4.5 (b). Here the total loss is in dB/m and is corrected for losses

associated with coupling. However, the losses due to atmospheric absorption are not

corrected for and the apparent anomalies of the attenuation coefficient near 0.56 THz,

0.78 THz, 1.13 THz and 1.19 THz are suspected to be due to water vapor absorption in

the unpurged experimental set up for waveguide characterization, as discussed in Section

4.3.4.1.

Figure 4.5 (a) Theoretically obtained n and k for Cu using Drude Model Fit; and (b)
Comparison of the experimental and theoretical attenuation coefficients in dB/m using
the n and k data.
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Earlier works 157 on the measurements of attenuation of these HCWs (having bore

size of 2 mm with Copper coatings) using CW THz sources had reported a loss of 6.6

dB/m, 6.5 dB/m and 5 dB/m at 1.69 THz, 1.89 THz and 2.53 THz, respectively. From

Figure 4.5 (b), it can be seen that the attenuation of the Copper coated hollow core

waveguides is 20 dB/m at 0.5 THz. On extrapolation, the attenuation at 1.4 THz can be

found to be approximately 7 dB/m which agrees well with earlier reported values on a

direct comparison. These attenuation values are also expected to follow this decreasing

trend with increasing frequencies. As from Equation 4.1, one can see that the

theoretically predicted attenuation is proportional to the square of the wavelengths; or in

other words, the attenuation is inversely proportional to the square of the frequencies of

the THz pulse.

4.4.3 Dispersion Characterization for HCW

The unwrapped phase of the reference pulse and the guided pulse through fiber length of

4.882 cm are shown in Figure 4.6 (a) as a function of frequency and the corresponding

phase difference is plotted in Figure 4.6 (b). The pulse dispersion, which is proportional

to the derivative of the phase difference, is plotted in Figure 4.6 (c). It can be seen that

the pulse broadening is around 2 ps at 0.5 THz, a fact that has already been reflected from

the GVD calculation obtained from the time domain data.
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Figure 4.6 (a) shows the phase of the reference THz pulse and the guided pulse through
the hollow core waveguide of length 4.882 cm; (b) shows the corresponding phase
difference and (c) shows the pulse broadening in picosecond.

As can be seen from Figure 4.6 (c), the pulse dispersion is negative over a certain

range of frequencies, which could be explained on the basis of material dispersion as

discussed in Section 4.3.4.2. This conclusively shows that the interaction of the THz

electric field with the metal coating is significant not only from attenuation point of view,

but also for dispersion management in these kinds of waveguides.
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4.5 Conclusions

In the present study, a straight Cu coated hollow core cylindrical waveguide is

characterized based on its attenuation and dispersion profile in THz range of frequencies

between 0.2 THz to 1.2 THz. However, for a more practical approach, the scope of the

present study has to be broadened to include the characterization of different bore sizes,

different coating materials and outer layers and at the same time, the losses and mode

profile are to be characterized for bent fibers. In the present study, the estimation of both

the attenuation and dispersion of the waveguide structure is limited by the approximation

of n and k values of the metal coating, which in the present case is Cu. For a more

reliable estimation, direct experimental measurements of n and k are required in THz

region. Additionally, the effect of water vapor absorption to the loss estimation can be

minimized by purging the experimental set-up.



CHAPTER 5

WAVELENGTH SCALABLE TERAHERTZ BAND-REJECT FILTER

5.1 Objectives

Similar to electronic filter, an optical filter enhances the optical signal in a certain

frequency range while suppressing the same in other frequency range. In most of the

applications, the optical signal of interest has a major contribution from a certain band of

frequencies. On the other hand, the noise of an optical system, in general, has some other

distinct frequency characteristic than the signal. Therefore, to attain optimal performance

of any optical system, such as an optical imager, frequency management through filtering

is a very important issue. As many applications in THz region are being developed based

on the spectral response of the system including, spectroscopy 172, imaging 173 ,

communication and others, the demand for quasi-optic components such as tunable

frequency filters, phase shifters, attenuators and polarizers in the THz range is on the rise.

Many existing filtering technologies targeted mainly for the visible and infrared region

are unsuitable or difficult to fabricate for THz radiation which is essentially a long

wavelength radiation. At the same time, many filtering devices suffer from acute

substrate losses in the THz range, adding unwanted device specific frequency signature to

the signal.

In this chapter, a simple design of a wavelength-scalable, band reject THz

frequency filter using multilayer structure has been proposed in reflection mode. The aim

is to design a multilayer structure with p number of layers to obtain a featureless,

broadband frequency rejection in reflection over a certain frequency range. This could

also be used as a filter in different wavelength range with adjustment of the thicknesses

60
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of the layer with respect to the wavelength. The model is based on Impedance Matching

approach which takes into account of the Fabry-Perot effect due to multiple reflections at

the boundaries between different layers. Different parametric simulations have been

illustrated. Additionally, experimental THz characterization using standard THz Time

Domain Spectroscopic (THz-TDS) set-up, are shown for i) 3 metal grid structures having

20, 40 and 55 lines per inch respectively; and ii) different ferrous boride films, which

have potential use in THz frequency filtering. This work is particularly motivated to

attain THz frequency filtering in THz security imager. As frequency filtering is expected

to offer a possibility of reducing the noise in certain band of frequencies (such as

background thermal THz noise) and thus improving the overall signal to noise of the

imaging system.

5.2 Background

THz pulse shaping in time domain is a field of interest for a long time174' 175,
 176.

However, signal management in THz frequency domain is comparatively a new area of

pursuit. Different filtering architecture are being proposed which include frequency

filtering based on two-dimensional metallic hole arrays/photonic crystals acting as a

bandpass filter 177' 178, binary grating with rectangular grooves 179' 180, plasmonic high pass

filter consisting of high aspect-ratio micron-sized wire arrays 181, 182, tunable THz filter

based on a GaAs/AlAs multiple quantum well structure 183' 184, metallic photonic crystal

filter tunable by a relative lateral shift between two micromachined metallic photonic

crystal plates 185' 186; defect material inserted into a periodic structure of alternating layers

ceramic 187, 188of quartz and high-permittivity	 and other interesting structures 189, 19°, 191.



Figure 5.1 Some typical THz filtering structures:: (a) SEM picture of polymer structure
before gold coating with a 2D cubic lattice fabricated by advanced microstereo-
lithography (lattice constant 120 μ.m, wire radius 15 μm, wire length 1 mm). The
dimension of whole structure is 2.1 X 2.1 X 1 mm3 and (b) corresponding reflection
signal from FTIR measurement 179 , (c) One of two metal plates required to make the filter
which is tuned by lateral shift parallel to the inner grid and (d) corresponding frequency
spectra showing highest and lowest center frequency for the transmission peak 184 ; (e) 38

μm stacked metal lattice filter with (f) Measured and modeled transmission at 5 K
(dashed line) and at 298 K (dotted line)178.
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Figure 5.1 shows some of the representative structures used for filtering purpose

and their typical frequency response in THz range. However, there is a recent thrust in

developing the so called metamatetials 192 which are tailored structures to produce such

refractive indices/attenuation coefficients, otherwise unattainable through synthesis of

material media. As the THz frequency filtering essentially depends on the optical

parameters of the materials of the filtering structures, attaining these seemingly

impossible refractive indices/attenuation coefficients has opened up a new field of recent

research activities 193' 194 .

5.3 Design of the Band-Reject THz Filter

To design a band-reject filter having a stack of layers of different materials, an estimation

of the refractive indices and thicknesses of the different layers are required which

minimize the reflectivity over a particular frequency range and angle of incidence. For

this purpose, it is better to approach Impedance Matching (IM) technique instead of the

ray analysis as the IM technique directly relates to the optical parameters (n, p, 6) of the

materials involved which could be frequency dependent and can describe the energy

transfer of polarized radiation incident at any angle on the structure. On the other hand,

the ray analysis (or the transfer matrix) method, inherently restricts angular variation as it

makes the following assumptions, that is sine tan0 0, where 8 is the incident angle. In

other words, the radiation has to be incident normally or very close to normal, which is

not always practical for real life applications. However, the transfer matrix method is

much easier to implement in terms of calculations than impedance matching.
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5.3.1 Impedance Matching Approach

Optical Impedance of a medium is defined as the ratio between the transverse electric

the permeability and the permittivity of vacuum, respectively and 1.4 and er are the

respective quantities in the medium. This impedance is equivalent to electrical impedance

which a flow of alternating electrical energy experiences through an electrical medium.

Similarly a radiation, which essentially is an alternating electric and magnetic field,

experiences the same impedance through an optical medium. However, when radiation is

incident on an interface between two materials having different impedances, then the

amount of optical energy that gets reflected and transmitted, is related to the impedances

of both the materials under concern. At the same time, the changes in the polarization

state which results when the radiation passes through an optical system, can also be

directly calculated from the impedance of such a system. Therefore, for a composite

optical structure, one needs to apply the approach of impedance matching which directly

relates to the matching of the effective impedance of all the interfaces in such a structure

to find out the total reflection or transmission of the incident radiation by such a system.

5.3.2 The Formalism

Considering a three layer structure as shown in Figure 5.4 (a), the effective impedances

of media 1, 2 and 3 are195,
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where, 01 is the incident angle on the boundary between the media 1 and 2 with complex

refractive indices n1 and n2, respectively; 02 and 03 are refracted angles in media 2 and 3

with complex refractive indices n2 and n3, respectively; and d is the thickness of medium

2. It can be shown that the reflection and transmission coefficients of the structure are

exactly the same as shown in Figure 5.2 (b) for normal incidence where the effective

thickness of layer 2 is given by d'=dcos02 and effective impedances of media 1, 2 and 3

becomes 4,4,4 respectively.

Figure 5.2 Waves passing through a dielectric slab of thickness d; (a) waves incident at
a finite angle with normal being refracted and transmitted and (b) normal impedance
structure equivalent to (a).

Thus, the transformed impedance of medium 3 at the boundary between medium

1 and medium 2 is,

(5.2)
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Essentially, the aim is to calculate how medium 3, medium 4 and so on and so

forth would affect the reflection and transmission at the very first interface, that is,

instead of considering all these interfaces, one has to consider an effective two layer

structure with certain effective impedance.

The reflectivity, p of the above structure is given by,

5.3.3 Assumptions of the Current Model

Following are the assumptions of the current model under consideration;

■10

• The incident wave is p-polarized, that is, E lies in the plane of incidence.

• Faces of the layers (slabs of the stack under consideration) are flat and

parallel.

• The light source is coherent.

• The electromagnetic responses of all the media are linear.

The first assumption is made for the convenience of calculation. If the

polarization state is intermediate, then one has to account for both rp and r, components

separately and then sum them up through effective impedance matching at the interfaces

for both p and s polarizations separately, which complicates the calculation. The incident

polarization state is, therefore, taken to be p-polarized, which is also the polarization state

of the experimental set-up used for characterization of the THz filtering structures. The
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next two assumptions ensure that the effect of scattering is minimal and hence can be

neglected. In an optical structure which causes strong scattering, the effective impedance

of the same becomes strongly direction dependent (that is, dependent on the scattering

angles) and the following calculation becomes cumbersome. The fourth approximation is

generally true for most of the materials, except for magnetic materials with finite

magnetic permeability. These assumptions are made for a simple implementation of the

method of transformed impedances 196 to calculate the transmission/reflection. In case of

anisotropic magnetic materials, the impedances calculations get further complicated by

the presence of surface charges at the interfaces. However, the present model can account

for magnetic media in the multistack structures by incorporating the effect of the same in

the calculation of the corresponding impedances at particular interfaces. Finally, the last

assumption is made to design a linear optical structure which does not depend on the

incident electromagnetic intensities of the radiation.

5.3.4 The Model

Using the concept expressed in Equation 5.2 and Equation 5.3, the effective impedance

between any two media of a p-layered multistack is evaluated as,

frequency axis; y goes from 1 to t where t is the number of incident angles on angle axis;
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v is the frequency and c is the speed of light in vacuum. In this expression, d(a) is theop,

optical thickness of a-th layer such that,

where d ( a ) is the actual thickness of the a-th layer without any unit; is the center
actual

wavelength of the frequency range of interest and n(a) is the complex refractive index of

a-th layer such that, n(a) = 11(a) + iK(a) where n(a) and Ka) are the real part and imaginary

part (or attenuation coefficient) of the of the complex refractive index of the a-th layer,

respectively. Also one other important point that is to be noted about Equation 5.4 is that

the term in the denominator is solely due to the Fabry-Perot effect (that is, multiple

forward and backward reflections between adjacent layers) 197 .

5.4 Experimental THz Characterization of Different Structures

5.4.1 THz-TDS Characterization of Metal Grid Structures

A set of three square shaped screens (metal grid structures prepared at Electronic Imaging

Center, Dept. of Electrical Engineering at NJIT by the group led by Dr. Haim Grebel)

with 20, 40 and 50 lines/inch have been investigated in the frequency range of 0.1 to 1.0

THz ( 3 to 33 cm-1 in wavenumbers). Using a T Ray-2000TM THz Spectroscopic system

(which essentially is a standard THz Time Domain Spectroscopic set-up) a time domain

THz signal is obtained over a total of 80 ps sweeps with 0.078125 ps wait time for all of

the filters and reference scans. The reference used is a circular aluminum aperture of
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diameter ~ 0.7 cm to ensure normalization in THz transmission through all the screens.

The spot size (beam diameter) of the collimated THz beam from the transmitter is ~ 2 cm

with a nominal divergence angle of less than 10 mrad . The screens are placed normally

to the incident THz beam.

The THz transmittance in frequency domain is obtained after implementing Fast

Fourier Transformation (FFT, which is obtained using 2048 points with zero-padding) to

the time domain data. The transmittance is defined as following,

amplitude and phase information) through the screens and references, respectively in

frequency domain.

Figure 5.3 (a) THz time domain signal of the reference aperture and the square metal
grid screens with 20, 40 and 50 lines/inch; and (b) corresponding THz transmittance of
the same showing the filtering properties of the screens in the frequency range of 0.1 to
1.0 THz.
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Figure 5.3 (a) shows the time domain experimental plots. Correspondingly, Figure

5.3 (b) shows the transmission peaks for the metal screens which are observed at 0.2

THz, 0.42 THz and 0.59 THz (or 6.7 cm-1 , 14.0 cm-1 and 19.7 cm-1 in wavenumbers) for

the grids with 20, 40 and 50 lines/inch, respectively. The theoretical resonance

frequencies of these structures were found to be at 0.2034 THz, 0.4068 THz and 0.5593

THz, respectively 198 . The transmission data is truncated at 1.0 THz as the transmission is

found to be oscillating strongly at the water vapor lines of THz at 1.13 THz, 1.18 THz,

1.43 THz and so on as the system was not nitrogen purged.

5.4.2 THz-TDS Characterization of Ferrous Boride Films

Four Ferrous Boride (containing either FeB or FeB2 or both in different concentrations)

films (samples are prepared at Dept. of Physics, Material Science and Engineering

Program, NJIT by the group led by Dr. Roumiana Petrova) are investigated in the

frequency range of 0.1 to 1.0 THz (3 to 33 cm -1 in wavenumbers). Using the T Ray-

2000" THz system with the initial optical delay of 104.96 ps and 0.078125 ps wait time

and an averaging of 20 sweeps per scan, the effective bandwidth of the system with High

Density Polyethylene lenses is found to be — 1.8 THz. These convex lenses of focal

length 60 mm were used to focus the collimated THz beam of diameter — 2 cm to a spot

size of — 4 mm.

The sample holder used during the experimentation is an aluminum aperture of

diameter — 0.7 cm. Reference 1 is two layers of scotch tape with thickness 0.15 mm and

was used as sample holders for Sample 1, Sample 2 and Sample 3 with thickness of 0.19

mm, 0.30 mm and 0.33 mm, respectively. Reference 2 is two layers of scotch tape with
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thickness of 0.22 mm which was used as the sample holder for Sample 4 of thickness

0.56 mm.

The FFT is done using 2048 points to obtain THz transmittance as defined in

Equation 5.6. The transmission data is again truncated at 1.0 THz similar to the previous

case, as the transmission is found to be oscillating strongly at the water vapor lines of

THz at 1.13 THz, 1.18 THz, 1.43 THz and so on as the system was not nitrogen purged.

In the frequency range of 0.1 THz to 1.0 THz, the references are found to be featureless.

To extract the optical parameters, following expression is used,

(5.7)

where Texp (v) is obtained using Equation 5.6, / is the thickness of the sample; v is the

frequency and c is the speed of light in vacuum. This expression is obtained by equating

the modulus (amplitude) and argument (phase) parts of the Fresnel

reflection/transmission coefficients separately at the air/sample/air interfaces 197 .

Figure 5.4 (a) shows the experimentally obtained THz time domain signal of the

references and four different samples of Ferrous Borides, while Figure 5.4 (b) shows the

corresponding transmittance. Figure 5.4 (c) and Figure 5.4 (d) show the real part and the

imaginary part of the complex refractive index extracted from the experimental

transmittance using Equation 5.7.
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Figure 5.4 (a) THz time domain signal of the references and four different samples of
Ferrous Borides; (b) corresponding THz transmittance of the same; (c) extracted optical
refractive indices of the samples under study from the phase data and (d) the attenuation
coefficient of the samples.

5.5 Simulation of THz Filter Structures

Using Equation 5.4 and Equation 5.3, different multilayer structures are designed to

simulate THz filtering in reflection mode over the frequency range of 0.1 THz to 1.0

THz. In these simulations, the input parameters are the number of layers to be used in the

stack, frequency dependent real part of the refractive indices, n(v) and frequency

dependent imaginary part of the refractive indices, k(v) of all those individual layers in

the specified frequency range. To obtain minimum reflectance of the structures, the

thicknesses of the layers are adjusted automatically by the program made in MATLAB.
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This corresponds to the value of d = —
2 

(like thickness of an anti-reflective coating).
4n

Figure 5.5 shows a simulated multilayer structure of 5 layers based on the Ferrous Boride

samples studied in the previous section.

Figure 5.5 A simulated multilayer structure of 5 layers based on the Ferrous Boride
samples showing the predicted reflectance as a function of frequency and incident angles.

This shows the predicted reflectance, R of the structure as a function of frequency

and incident angles. The reflectance of the structure could be seen to be high (the lowest

reflectance is 0.83 at 0.38 THz at an incident angle of 0 degree with the normal) at all

incident angles other than normal which indicates a very narrow numerical aperture for

this filtering structure. This suggests a poor performance of frequency filtering for this

design.
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Using the same program, some other multilayer structures were also simulated

based on some of the representative materials such as, Silicon, Silicon-dioxide, quartz,

Silicon nitride, Aluminum oxide, metallic Aluminum and others.

Figure 5.6 Simulated multilayer structures of 9 layers with (a) metallic substrate and (b)
silicon substrate which show the predicted reflectance as a function of frequency and
incident angles.
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Figure 5.6 shows the performance of two simulated multilayer structures of 9

layers with Figure 5.6 (a) showing a structure with metallic substrate and Figure 5.6 (b)

showing a structure with silicon substrate. These designs are successful filter structures as

the predicted reflectances are very low over a wide range of angle of incidence. However,

as these structures use a large number of layers, they might prove to be difficult to

fabricate. In all of these structures, the optical parameters of the layers are taken to be

dispersionless (that is, the values of n and k are broadband and not dependent on the

frequency) as the n(v) and k(v) of the materials are extracted from experimental THz

characterization. The variations of the reflectance over the frequency as seen in Figure

5.6 (a) and 5.6 (b) are, therefore, only due to Fabry-Perot effect.

5.6 Conclusions

In this study, modeling of a wavelength-scalable, band reject THz frequency filter using

multilayer structure has been shown in reflection mode. The model of the filter design

based on Impedance Matching approach taking into account of the Fabry-Perot effect

produces different parametric simulations. The multistack of 5 layers, using the

experimentally characterized samples of Ferrous Boride as individual layers, shows poor

performance in frequency filtering. While the metal grid filters show good performance

of frequency filtering but only with a very narrow band (that is, around the resonance

frequencies of the grid structures). Additionally, design of multistacks with large number

of layers show promise, suggesting that to design a multilayer structure to obtain a

featureless, broadband frequency rejection in reflection over a certain frequency range, a

large of number layers with variation in both refractive indices and attenuation
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coefficients are to be used. This might be challenging from fabrication point of view as

only very few materials could be found to be suitable candidates for this application.

However, alternatively one can expect that an efficient frequency filtering multilayer

structure could be designed using tailored materials such as, metamaterials. For example,

photonic crystals with some introduced defects or micromechanically tailored grooves

and many others can be considered to be potential candidates for use in such structures.

In those cases, since the optical parameters are not only dependent on the intrinsic

material properties but also on the physical dimensions of the structures as well, it might

be easier to implement the design of a multilayer structure with few numbers of layers.



CHAPTER 6

TERAHERTZ INTERFEROMETRIC IMAGING

6.1 Objectives

The applications of terahertz (THz) radiation are rapidly expanding. In particular,

ultrafast THz radiation imaging is emerging as a powerful technique to spatially map a

wide variety of objects with spectral features which are present for many materials in

THz region. THz frequencies also possess several other notable advantages for imaging.

Objects buried within dielectric structures can be imaged using THz radiation due to the

transparency of most dielectrics in this regime. Therefore, concealed items having

spectral signatures in THz regimes can be identified non-invasively. Moreover, the

nonionizing nature of THz radiation permits noninvasive biological imaging as well.

Unfortunately, the image quality in these applications is inherently influenced by

scattering introduced by the inhomogeneities of the medium, presence of barriers and

attenuation due to water vapors and other factors. These factors thus reduce both the

transmitted power of the THz signal and the spatial resolution in the image. For

continued development in THz radiation imaging, therefore, a comprehensive

understanding of the interplay of these factors on image formation is necessary. In all of

the previous chapters, some of these aspects were discussed in detail, particularly from

the point of view of THz propagation and detection.

In the present chapter, a practical application of THz radiation in the form of a

novel imaging method has been described which is currently being developed by THz

Spectroscopy and Imaging group at NJIT. It combines the spectral imaging capability of

THz waves through characteristic transmission or reflection spectrum of explosive

77
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agents, with interferometric imaging techniques to provide spatial detection of such lethal

agents using only a limited number of detectors. Figure 6.1 shows a block diagram of the

proposed THz imager.

Figure 6.1 Proposed THz imaging system for security screening.

However due to the current limited availability of resources, especially suitable

THz sources and detectors, the measure of the performance of the THz imager in its

developmental stage cannot be estimated directly. Moreover, demonstrating the value of

the technique against more established imaging procedures is difficult. Especially owing

to the fact that necessary high power THz sources and sensitive and fast detecting

mechanisms required to obtain fast frame rates with high resolution are not readily

accessible.
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Therefore in addition to the ongoing experimental testing of this THz imaging

system 199, extensive simulations yield spatial composite images of agents at different

frequencies. These images are simulated based on the spectral data obtained with a THz

Time Domain Spectroscopic (THz-TDS) system and different interferometric detector

configurations. Apart from performance evaluation, this exercise is also important to

estimate the correct range of frequencies of operation to obtain necessary spectral

contrast of different agents in an image for positive identification. Additionally,

interferometric reconstructed images obtained either from experimental observation or

through simulation, cannot be interpreted directly for agent identification. Therefore,

artificial neural network (ANN) analysis has been employed as an agent classifier in the

subsequent processes of agent identification out of those images.

In this chapter, a compilation of all the above computational techniques to

generate simulative interferometric reconstructed images and identify the same using

ANN analysis has been discussed in detail. At the same time, some of the preliminary

images obtained experimentally using the THz interferometric imager are also shown.

6.2 Background

In the wake of the acute sense of vulnerability to concealed threats, a primary focus of

national security is the development of non-obtrusive, yet highly reliable schemes for

monitoring and detection of different lethal agents. While several existing security

screening technologies such as, X-rays, infrared, ion mobility spectrometry and others

have their various advantages and disadvantages, there has been considerable interest in

exploring the capabilities of Terahertz screening systems. Its ability to penetrate non-
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metallic common materials, such as clothing, plastic, ceramic, wood, and identify hidden

objects, such as plastic explosives, chemicals and other materials beneath clothing and in

200, 201 202 	 204packages '	 "203 presents an opportunity to use THz technology in the areas of

security and defense. Moreover, since energies of 10"21 J of THz frequencies are equal to

discrete molecular vibrational, torsional and librational modes in liquids and solids, there

is existence of spectral signatures of various explosives and chemical species in THz

range. That increases the potential of specificity to reduce false-alarm rates. At the same

time, as the energy levels of THz radiation are very low (1-12 meV), damage to cells or

tissue should be limited to generalized thermal effects, that is, strong resonant absorption

seems unlikely.

From an imaging standpoint, this wavelength regime is appropriate since the

diffraction limited spot size (1.224 = 366 pm @ 1 THz) yields a resolution (-70 dots/in)

that is comparable to the resolution of a standard modem day computer monitor.

Submillimeter-wavelength scale also implies that terahertz signals would pass through

tissue with only Mie scattering rather than much stronger Rayleigh scattering

(proportional to v 4) that dominates in the IR and optical region since cell size is much

less than the wavelengths of the radiation. All of these reasons implies that, THz imaging

technology has all the potential to complement and enhance existing and emerging

imaging techniques to increase operational effectiveness in security screening 205 ' 2°6' 207.
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6.3 Interferometric Spectral Imaging

The interferometric spectral imaging technique is suited for THz security imaging as it

requires only a few individual detector elements and can image many sources of THz

radiation at once. Therefore, this approach has the potential of developing a cost-

effective, fast THz imager. It can also produce images using incoherent as well as

coherent sources, and provides spectral information as well as spatial imaging data 2°8 ' 2°9 .

The proposed imaging interferometer consists of an array of individual detectors

arranged non-periodically. As the wavefront of reflected (or transmitted) THz radiation

encounters the array, each pair of detectors measures one spatial Fourier component of

the incoming THz radiation as determined by the separation of the detector pair,

otherwise known as a baseline. Each spatial Fourier component is represented by a point

in the Fourier transform plane called the u-v plane. In other words, signals at two or more

points in space (that is the detector aperture plane) are brought together with the proper

delay and correlated both in phase and in quadrature to produce cosine and sine

components (points in the Fourier transform u-v plane) of the brightness distribution. In

order to determine a spatial Fourier component and hence the direction of the incoming

THz wavefront, the phase delay in the arrival of the wavefront between a pair of detectors

must be measured. The relative angle between the direction to the source and the baseline

(an imaginary line connecting the two detectors) defines the geometric delay t g in arrival

of the wavefront between the two detectors. All the directions that form a cone around the

baseline have the same phase delay

zg = b sin(a)
(6.1)
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where b is the length of the baseline, c is the speed of light, and a is the relative angle. In

order to determine the correct source direction, additional measurements with other

orientations of the baseline must be carried out21° .

In the proposed THz imager, the THz radiation incident onto the interferometric

detector array corresponds to either the reflection or transmission spectrum of the objects

being irradiated. Given N detectors, there are N(N-1)/2 possible pairs of baseline

combinations.

Figure 6.2 Flowchart showing experimental scheme for terahertz interferometric image
reconstruction.

Figure 6.2 illustrates experimental interferometric image reconstruction with a

linear set of detectors for a linear image in reflection mode. It explains the calculation of

THz brightness distribution through measurement of THz electric field amplitudes and
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phases at each detector element. In order to obtain an interferometric image of an object

by an N element detector array, amplitudes and phases of THz field at the point of each

detector are necessary. The generated image is represented by the brightness distribution

function

electric field amplitudes and change in phase for each baseline pair combination,

respectively211 .

Unlike the astronomical applications where the interferometric imaging array is

typically operated in the far field (that is, planar wavefront), for the present imaging

applications, the object to be imaged is in the near-field (that is, the spherical wavefront)

region of the imaging array. Consequently, the far-field image reconstruction must be

modified to account for the wavefront curvature in the near-field. The near-field

correction is calculated conceptually by repositioning the detectors from a linear

arrangement to a spherical arrangement that matches the curvature of the incoming

wavefront.

Apart from the spatial information of different sources, the reflected wavefront

also carries the characteristic spectral signature of the sources present. Therefore, by

combining two or more images of the same set of objects made at two or more different

THz frequencies, composite interferometric spectral images are obtained through which
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discrimination or classification of lethal agents, even hidden behind barriers, can be

achieved using appropriate numerical techniques.

To obtain the measure of the performance of the proposed THz imager, initially a

point source of THz radiation for a particular detector configuration is imaged. This

essentially provides the point spread function or the impulse response function of the

particular detector array.

Figure 6.3 Comparison of a reconstructed line image (solid line) with near-field
correction and theoretically predicted point image (dashed).

Figure 6.3 shows the comparison between the reconstructed line THz images of a

point THz source with near-field correction with theoretical predictions of a point source

image. The interferometric array in this case was of 8 detectors at a distance of 40.9 cm

from the source. Subsequently, a piece of 3 cm wide rough metal object is imaged using

the same detector configuration, but at a distance of —1 m. The object surface is kept

rough which provides uncorrelated reflections of electric field from the object.



Figure 6.4 Linear interferometric images of a metal object obtained with reflected THz
radiation, where (a) shows the image of the metal object (with no barrier) and (b) the
image of the same object hidden behind a book bag.

Figure 6.4 (a) shows a linear interferometric image of the metal object without

any barrier and Figure 6.4 (b) represents the image of the same with a barrier of book

bag, respectively. Behind the bag, object is still detected at the correct position. The book

bag used in the experiment is — 2 mm thick and is non-transparent for visible light. In all

of these experiments, only one THz detector was used, which was mounted on an X-Y

computer controlled stage. The movement of this stage allows the change in the position

of the THz detector and obtains oscillations of THz field at several points. Subsequent

extractions of the THz amplitude and phase at those points from the obtained data

provides the electric field correlation function for each pair of detector positions resulting

in the image reconstruction using the interferometric imaging method. Due to this

shortage of THz detectors, computational technique is vital to design optimum

interferometric detector configuration for optimum image quality.
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6.4 Interferometric Image Simulations

For the interferometric image simulation, the starting point is a bitmap image of the

object under study. The image is then appropriately converted to multiple images at

different THz frequencies, containing the spectral characteristics of different compounds

present, based on their individual THz reflection spectra. After the Fourier transform of

these raw images, they are multiplied by the corresponding Fourier transform of the mask

at those frequencies. These masks are the impulse response or point spread function for

the imaging system. They are dependent on the specific detector configuration, and the

distance between the object and detector plane. In other words, these functions are a

measure of the energy spread of a central THz source. An inverse Fourier transform is

applied to these products. The results are simulated reconstructed interferometric images

of the object under study at those particular THz frequencies.

In the present study, a problem "Metal-RDX" is considered. This is a set of

images of 1 pixel by 500 pixel size as produced by the interferometric image simulation.

It corresponds to an object consisting of a 2.5 cm square of gold mirror and a 2.5 cm

square of Composite C-4 explosive (91% RDX or cyclotrimethylenetrinitramine + 9%

plasticizer) placed 5 cm apart at a distance of 1 meter from the detector array. The

detector array is linear and consists of 10 detectors. The probing frequencies are 0.7 THz

and 0.9 THz, which together produce a contrast of roughly 8% for Composite C-4 in its

reflection spectrum as measured with the THz Time Domain experimental set-up 212 .

Earlier reports also cite similar spectral signatures of this substance at two different THz

frequencies213, 214. Figure 6.5 shows the flowchart of the simulative interferometric

reconstructed THz images.
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Figure 6.5 Flowchart showing simulation schemes for terahertz interferometric image
reconstruction.

Figure 6.6 shows the reconstructed images of the Metal-RDX object obtained

through simulative image reconstruction.

Figure 6.6 The reconstructed images in the Metal-RDX problem at two frequencies of
interest as obtained from the simulation.
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One may readily see the spectral contrast of the agent Composition C-4 explosive

at two THz frequencies as opposed to metal which has flat spectral response in THz

range. In this study, the main objective is to establish a working model for a successful

spectral classification of different agents using these simulated interferometric images.

Therefore linear images are sufficient as they contain all the spectroscopic information of

various agents for the spectral classification purpose. However, linear images can only

specify the relative positions of the agents present, but cannot describe the geometrical

shapes of the same.

6.5 Image Analysis Using Artificial Neural Network Analysis

Interferometric reconstructed images obtained either from experimental observation or

through simulation, cannot be interpreted directly for agent identification. These images

contain fringe pattern, which is characteristic artifact of the interferometric image

formation, as well as additional effects due to noise, signal fluctuation and other

variables. These problems make extraction of spatial and spectral information on

potential hidden agents present in the images very difficult with traditional numerical

approaches. Therefore, towards the realization of an efficient and accurate classification

and positive identification scheme for lethal and non-lethal agents in an image, Artificial

Neural Network (ANN) analysis is employed.

Inspired by biological nervous systems, ANN is essentially an evolved structure

of mathematical functions that can perform a particular task of considerable complexity

through supervised learning215 . This kind of computing architecture is especially suitable

for solving problems of classification, pattern recognition and identification. A network is
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typically trained (that is, calibrated) based on a comparison of its actual output and the

desired target. Internal weighting values are adjusted until the network output matches

the target description to within a minimal (acceptable) error. During training, the network

produces an output to each input whereby correct outputs are reinforcing while incorrect

ones cause internal adjustments in the structure of the network 216 .

The ANN is extensively used in various industrial, business and scientific

applications217 . An early application of neural networks outside the financial industry was

in the area of security screening in 1989218 . The attributes that make ANN a very suitable

tool for agent identification, in contrast to the traditional statistical technique 219 or

discriminant analyses220, are its ability to adapt to the effects of multiple variability by

processing sufficiently large datasets to optimize an error criterion, and faster

performance owing to its tremendous number of interconnects and simple processors 221 .

There are various types of ANN architectures frequently used in the application of image

processing and pattern recognition 222. In our present study, the following methods are

adopted, which are Multilayer Perceptron (MLP) model and the Kohonen Self-

Organizing Maps (KSOM). The interferometric image simulation and KSOM model are

done using the MATLAB ® 223 . The MLP model is done using the NeuroSolutions for

MATLAB® software package from NeuroDimension, Inc 224 .

6.5.1 Application of Multilayer Perceptron Model

The MLP model is the most widely used class of ANN, especially for classifications. The

MLP can "learn" how to interpret large sets of input data relatively fast, though MLPs do

require considerable training to be effective 208. The MLP consists of input, hidden and
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to
output layers. The computation at the k node in a MLP considers a weighted sum

(activation value netk) of inputs (vector Ii). The output, ok, of the node is computed by:

where wki represent a set of weights that are optimized during the training process. Figure

6.7 represents a schematic of the basic structure for a MLP model. The threshold function

can be varied, though tank is common and effective.

Figure 6.7 Schematic representation of Multilayer Perceptron Model.

The reconstructed images corresponding to the object Metal-RDX are first

processed to prepare the training dataset for the MLP model used in the present study.

For the purpose of generating the dataset to train the MLP, the simulation produces

separate images in the following manner:

• Only a single metal square or a single RDX square is imaged at a time,
keeping the size, distance, detector configuration and other factors
constant.
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• To achieve superior randomization in the training set, which essentially
returns better performance of a trained ANN, the spatial position of the
object is changed. In other words, the square of metal or the square of
RDX is placed at different spatial locations in the image.

• These images are then scanned with a template of 1 pixel by 5 pixel
rectangular template. Thus they are converted to input matrices where
each row is assigned with a desired output of 0, 1 or 2 depending on
whether the template finds background, metal or RDX during its scanning
of a given row. Compared to a pixel-by-pixel approach, this method of
scanning reduces the data preprocessing time considerably.

Figure 6.8 (a) The learning curve obtained during the training of the MLP structure used
in the Metal-RDX problem with 2 hidden layers and 3500 epochs; (b) The response of
the trained MLP network to the unknown input in the Metal-RDX problem.

Successful training of the MLP network consisting of 2 hidden layers required

less than 5000 epochs (or iterations) as illustrated by the Learning Curve of the MLP in

Figure 5 (a). During this training session, the input was the set of simulated images with

one agent placed on bare background at a time as described above. In the present case,

with 2 hidden layers it is found that the active cost of the MLP stabilizes quickly within

or less than 1000 epochs, indicating better performance. The mean square error (that is,

the square of the difference between the calculated and desired output) is found to be
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appreciably low at 1.55E-5 with a very high correlation value, approaching 1, as shown

in the learning curve in Figure 5. This suggests a successful execution of the MLP

structure in recognizing the spectral signatures of the metal and RDX. The trained MLP

is then tested using another set of simulated images of individual agents on the

background.

Once successfully trained and tested, the MLP network is then employed to an

unknown input, that is, a set of composite images of the Metal-RDX as shown in Figure

6.6. The response is found to be quite satisfactory as shown in Figure 5 (b). The MLP

network could recognize metal and RDX in their respective original positions. However

in some of the pixel positions in between the metal and RDX squares, some ambiguities

are found. This is due to the so called boundary effect where the reconstructed images

themselves bear the edge effect due to the Fourier transform and subsequent finite

sampling of the image space in generation of the mask. This is a fundamental problem of

digital image processing225 . When the sampling function chooses a pixel near the edge or

boundary of an image, then some of the weight of the function also operates upon

"invalid pixels" beyond the boundary of the real image. As a result, the intensity values

which directly correspond to the spectral characteristics of the agents under concern get

distorted, and therefore, the MLP cannot classify or discriminate these pixel positions

accurately.

6.5.2 Application of Kohonen Self Organizing Maps

Kohonen Self Organizing Maps are two-layer (input and output) neural networks 226, 227.

The output is typically a two-dimensional arrangement of nodes, often forming square or

hexagonal maps. The number of input nodes is, in the present case, equal to the number
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of frequencies at which the measurements are made (0.7 THz and 0.9 THz, in the present

study). Input patterns presented to the network for processing are vectors with two

elements; these elements are image intensities corresponding to the same pixel at the two

distinct frequencies. The number of input patterns presented to the network is the number

of pixels in the images. No training is required in this method.

The input layer is linked to the output map through weighted connections. The

weights are initially randomized, with a random mapping from input patterns to output

nodes. Weights are adapted iteratively in a way that maps input patterns with a small

Euclidean distance to the same or neighboring nodes. Thus, measurements corresponding

to the same object are mapped to a cluster in the output space. Measurements

corresponding to different objects with distinct spectral signatures will typically produce

large distance and will be assigned to different clusters. The goal is to generate spatially

separated clusters at the output corresponding to the distinct categories of data. The

number of iterations necessary for the process to converge depends on the number of

input patterns and output nodes. Convergence is here defined as the state during which

the map does not change significantly between consecutive iterations.

Figure 6.9 The response of the KSOM to the Metal-RDX problem.
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In this work a square output map with 25 nodes was considered; the network was

presented with 500, two-element input patterns. The 5x5 output map shown in Figure 6.9

demonstrates that the KSOM successfully separates the three classes that are present in

the data (metal, RDX, and background) into three distinct clusters; metal is mostly

mapped to neighboring nodes (5,1) and (5,2), RDX is mapped to neighboring nodes (2,1),

(3,1), and (2,2), and background is mapped to a large cluster of nodes with a peak at the

upper left corner (1,5) of the map (a pair (x,y) denotes a KSOM node at coordinates x and

y, where x and y are integers with values between 1 and 5). The intensity value at each

node represents the number of elements mapped there. Higher intensity is observed in the

background cluster, because the number of background pixels exceeds the numbers of

metal and RDX pixels within the original interferometric image.

6.6 Further Issues with Image Analysis

The fundamental approach of agent classification using ANN in THz interferometric

spectral imaging as described in the above sections becomes complicated when practical

issues such as the presence of barriers, nearby boundaries of different agents, comparable

spectral signatures for different agent classes and other factors come into play. In this

study, the impact of barriers is discussed.

In most real cases, the effects of a barrier are primarily manifested in terms of

reduced signal to noise. These effects essentially lower the specificity in the classification

process. A possible solution is the removal of the spectral pattern of the barrier material

from the composite signature of the agent behind the barrier. It should be noted that,

common barriers such as cotton, wool, leather etc. have either flat or monotonically
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increasing or decreasing spectral properties in the THz range. Thus it is nominally

possible to "see through" the barriers and identify the agent, provided the reduction in

signal to noise is not significant.

Figure 6.10 The response of a trained MLP network to the unknown input in the Metal-
RDX problem behind leather barrier. The position of the multilayer barrier is shown at
the bottom of the figure with black solid lines.

As shown in Figure 6.10, the Metal-RDX object was placed behind two layers of

leather in the simulation. The normalized reflectance of leather are 0.34 and 0.46 at 0.7

THz and 0.9 THz respectively 228 and therefore the reduction in signal to noise due to the

presence of 2 layers of leather is found to be more at 0.9 THz. The MLP network could

still effectively classify the two agents and background behind the barrier. For the

training of the MLP used in this case, it was found that, its performance is improved

when different combinations of barrier materials such as, wool, cotton and leather were

used in different spatial positions in the training dataset. One other important
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consideration was the fact that both the training and testing set of images have to contain

some bare background. In other words, the MLP network has to "see" a portion of the

background without any barrier during the training. In this case, we also observe that the

effect of boundaries or the edge effect as discussed in Section 6.5.1 is enhanced due to

the presence of additional boundaries of the barrier.

6.7 Recent Experimental Results

Only very recently, the THz Spectroscopy and Imaging group at NJIT is able to obtain

two-dimensional THz interferometric images for the very first time.

Figure 6.11 Two-dimensional interferometric images of point source obtained with a
spiral array of 64 detectors, where (a) shows the image of the point source (with no
barrier) and (b) the image of the same hidden behind a book bag.

As shown in Figure 6.11, two-dimensional interferometric images of point source

are obtained with a spiral array of 64 detectors, where Figure 6.11 (a) shows the image of

the point source (with no barrier) and Figure 6.11 (b) shows the image of the same hidden

behind a book bag.
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6.8 Conclusions

In this study, a design of a stand-off imaging system in the Terahertz (THz) range is

conceived using an interferometric detector array to detect concealed lethal agents. The

composite images of simulated objects under THz illumination are analyzed using

artificial neural networks to make positive identification of the lethal agent based on their

spectral characteristics. It has been shown that a THz imager which allows sufficient

signal to noise ratio could be used to image concealed threats. The ongoing research is

directed at eliminating the disadvantage of linear imaging in the current experimental set-

up which does not allow the reconstruction of the geometrical shape of the target but only

its position. Therefore the aim is to produce stand-off two dimensional images of

extended objects, especially behind barriers at a faster capturing rate experimentally.

Additionally, another direction of improvement is to incorporate the statistical nature of

noise and the effect of barriers in the image analysis and subsequent agent classification.



CHAPTER 7

CONCLUSIONS AND FUTURE OUTLOOK

From its inception in 1980s, THz sciences and technology has come a long way. Both

THz spectroscopy and THz imaging techniques have evolved into versatile tools for the

fundamental study of materials and for the realization of myriad of applications from bio-

medical imaging and security imaging to environmental sensing to quality assessment.

Yet, in true sense, THz technology is just beginning to come of age. This rapidly

improving and changing area is thus poised for great advances as new sources and

detectors are developed and new applications are found. Therefore in this dynamic field,

as researchers are finding new answers every day, more questions are springing up as

well.

As discussed in the beginning of this dissertation, THz radiation propagation, THz

device description and different detection architectures are some of the most overlooked

areas of THz research. Therefore this dissertation work has made an attempt to answer

some of the lingering questions, especially pertaining to the roles of THz scattering,

guided THz propagation, THz frequency filtering and presence of barriers on the device

performance of an interferometric THz imager. Through experimental studies and

analytical results using various modeling and simulations, this work has extended the

present understanding of interaction of THz radiation with materials and structures. The

work also has demonstrated the effectiveness of an interferometric THz imager under

development.

98
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In this concluding chapter, a summary is provided below of some the central

questions asked and the answers found in all of the previous chapters of the dissertation.

• In Chapter 3, the question posed was whether any spectroscopic identification of
an unknown granular solid in a concealed manner can be made based on the
frequency trend of its THz extinction spectra. To answer the same,
experimentally obtained (using THz Time Domain Spectroscopy) extinction
spectra of granular salt, sugar, flour, chalk and Ammonium Nitrate of different
grain sizes between 0.2 to 1.2 THz have been analyzed using Mie scattering
theory. It has been shown that the obtained extinction for these non-absorbing
materials in the frequency range of study essentially consist of scattering losses
and the intrinsic material absorption and scattering losses are separated from the
total extinction. Finally, it was found that as the frequency dependence of the
extinction of a solid is a function of both its material property, as well as its
grain size, an unique identification of an unknown granular solid in a concealed
manner cannot be made.

• In Chapter 4, a more general question was asked that whether hollow core
cylindrical waveguide structures can be used to guide THz pulse without
appreciable loss and dispersion. To answer the same, the experimental study
characterized a guided TEN mode which was launched into a straight Cu
cladded hollow core waveguide, in terms of signal attenuation and dispersion.
However, it was found that the estimation of both the attenuation and dispersion
of the waveguide structure is limited by the approximation of n and k values of
the metal coating. Therefore for a more direct answer, reliable experimental
measurements of n and k are required in THz region. Additionally, the effect of
water vapor absorption to the estimation of the attenuation can be minimized by
purging of the experimental set-up. For a more practical approach, the scope of
the present study is also to be broadened to include the characterization of
hollow core waveguides with different bore sizes, different coating materials,
outer layers and bent structures with different radii of curvatures.

• Chapter 5 posed a question which sprang from a recent series of activities in
terms of THz frequency management through the use of quasi-optic structures.
Design of a wavelength-scalable, band reject THz frequency filter using
multilayer structure in reflection mode has been proposed. A physical model
based on Impedance Matching approach which takes into account of the Fabry-
Perot effect was made. Different parametric simulations demonstrated that the
experimentally characterized samples of Ferrous Boride as individual layers,
shows poor performance in frequency filtering. While the metal grid filters show
good performance of frequency filtering but only with a very narrow band (that
is, around the resonance frequencies of the grid structures). Further simulative
examples suggested that to design a multilayer structure to obtain a featureless,
broadband frequency rejection in reflection over a certain frequency range, a
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large of number layers with variation in both refractive indices and attenuation
coefficients are to be used.

• In Chapter 6 with a design of a stand-off imaging system in the THz range using
an interferometric detector array to detect concealed lethal agents, an answer has
been made to the ongoing quest of developing a working imaging system in
security screening application. However, in this chapter, a number of questions
have also emerged in terms of the performance measure of such an imaging
system. Through interferometric image simulation, composite images of objects
under THz illumination are analyzed using artificial neural networks to make
positive identification of the lethal agent based on their spectral characteristics.
It has been shown that a THz imager which allows sufficient signal to noise ratio
could be used to image concealed threats. As the aim is to produce stand-off two
dimensional images of extended objects, especially behind barriers, at a fast
capturing rate, there are many future challenges that are need to be addressed.
The ongoing experimental research is directed at eliminating the disadvantage of
linear imaging in the current set-up which does not allow the reconstruction of
the geometrical shape of the target but only its position. From analytical point of
view, further improvement is to incorporate the statistical nature of noise and the
effect of barriers in the image analysis and subsequent agent classification.

It would not be an understatement to mark the past decade in the development of

the THz science as the "era of origination" as various THz sources and detectors are

invented, as described in Chapter 2. However, as new THz applications are now rapidly

coming up, the bracket of different THz sources and detectors are needed to be extended

further. Therefore, a great part of research efforts continue to produce more powerful,

intense continuous and broadband THz sources and sensitive and fast THz detectors.

Apart from this continuing core initiative in terms of developing new THz

sources/detectors, different commercial THz-TDS systems are currently being developed.

Therefore, it can be expected that the availability of such systems (which can be operated

by any generally informed researcher) will promote a variety of investigations in different

fields of physical, chemical and biological research. Moreover, two distinct areas, that is,

THz spectroscopic evaluation of materials and THz spectral imaging will be pursued

further in different disciplines of science. With the conjunction of these two techniques,
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various industrial applications are conceivable, where spectral and spatial information of

concealed objects in THz range opens up new horizons.

Finally in this concluding section, with particular reference to this present

dissertation, some open questions are posed below. The aim is to incite future researchers

to continue the present quest further in understanding the propagation and detection of

THz radiation in the application of THz spectroscopy and imaging.

• How can one incorporate the effect of multiple scattering in explaining the THz
interaction with granular solid? Will that resolve the ambiguities in THz
extinction spectra of various solids?

• What is the origin of negative THz dispersion in metal cladded hollow core
waveguides? Can this be applied to fabricate dispersion compensating structures
in THz range by tailoring the material properties of the cladding layer?

• Is it possible to conceive a multilayer THz filtering structure with metamaterials
as individual layers and then what would be the physical dimensions and
properties of such layers? How convenient would it be from fabrication point of
view?

• In what ways will the coherent/incoherent nature of THz radiation affect the
THz image quality? How one can simulate such parameters, especially in an
interferometric detection set-up?

• Is it possible to come up with a definite threshold (in terms of the power of THz
source, sensitivity of the detectors, presence of different barriers, and interspatial
distances of different agents in the object field) of detectibility of a THz imager?
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