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Abstract 

The method of terahertz time domain spectroscopy (THz-TDS) allows deter

mination of the broadband electromagnetic response of materials over a typical 

spectral region of 0.3 to 3 THz. Past work in this field has generally been dom

inated by the investigation of isotropic materials and the significant potential 

of using THz-TDS to study anisotropic materials has generally be under uti

lized. This work encompasses several stages on the path to develop THz-TDS 

for anisotropic material studies. First, the design, construction and optimiza

tion of a high sensitivity THz-TDS polarimetry setup is shown. The extinct ion 

ratio between electromagnetic field components in this setup is on the order of 

105 :1 , over two orders of magnitude better than the typical 103 :1 found in pre

vious studies. Birefringent and dichroic polymer and crystalline materials are 

then studied to show the utility of the polarimetric system when compared 

to typical THz-TDS systems. To further the goal of developing broadband 

THz optics, a method for designing and constructing achromatic waveplates is 

discussed. Using this method , a proof of concept waveplate is fabricated and 

shown to induce an ellipticity of at least 0.75 over the THz bandwidth of 0.75 

to 2.25 THz. Discussion then shifts to the field of gas spectroscopy using THz

TDS, and the THz absorption spectra of water , methanol , ethanol, isopropanol 

and acetone are measured . The measured water spectrum shows evidence for 

the formation of a tertramer of water molecules , which has a collective vi

brational mode around 2.05 THz. The thesis concludes with a discussion of 

possibilities for measurements of circular dichroism using Hz- DS. 
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Notation and abbreviations 

BIMR Brockhouse Institute for Materials Research 

BWO backward wave oscillator 

CW continuous wave 

DFT discrete Fourier transform 

EM electromagnetic radiation 

FIR far infrared radiation 

HDPE high density polyethylene 

IR infrared radiation 

PRL photonics research laboratory at McMaster University 

THz-TDS terahertz time domain spectroscopy 

ZnTe zinc telluride 

()' the power absorption coefficient 

c the speed of light in free space 

d the thickness of a sample 

E the EM field amplit ude 

f the repetition rate of a source 

11m the measured transfer function 

K, the imaginary part of the index of refraction 

A the wavelength of EM radiation 

n the real part of the index of refraction 

¢ the polarization angle of a femtosecond pulse relative to <D 

<D the angle of the (001) axis of crystal 

Q the quality factor of a resonance or signal 

o the polarization angle of the THz field relative to <D 

w the angular frequency of a particular source 
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Chapter 1 

Introduction 

Terahertz time domain spectroscopy (THz-TDS) is a maturing experimental 

method which allows for broadband analysis of the electromagnetic response 

of materials in the terahertz range. Radiation in the terahertz range, generally 

considered as the region of the EM spectrum from a few hundred gigahertz 

to several terahertz , has free space wavelength in the submillimeter range. 

Below this region; microwave measurements have generally been used to study 

materials , and above it regular infrared spectroscopy is widely used (Nuss and 

Orenntein, 1998). For much of the 20th century a gap existed in between 

these two experimental methods, due to the issues intrinsic to the generation 

mechanisms. 

In the late 1980's the rise of ultrafast lasers enabled, for the first time, 

indirect access to generation and detection of radiation in the THz region 

through the method of THz-TDS. An a brief overview, in THz-TDS a tens 

to hundreds of femtosecond long optical pulse is used to generate and then 

detect a picosecond duration electromagnetic field which consists of radiation 

spanning the THz region . Since the initial development of THz-TDS, the tech

nology has been applied to study a myriad of materials, from paper, plastics 

and polymern, to nemiconductorn, metals and superconductors (Koch, 2007; 

Schmuttenmaer, 2004). 

The motivation for studying materials in the THz range goes well beyond 
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it being an "unexplored territory," there are engineering advantages and fun

damental physics which make it advantageous to work in this regime. Many 

materials absorb weakly in the terahertz range , compared to the visible, so 

terahertz radiation can be used to image through such materials . One in

dustrial use of THz range radiation has been for imaging through clothing for 

airport security purposes (Koch , 2007). When investigating conductive materi

als , THz-TDS provides a non-contact method to measure the DC conductivity 

and scattering rate of Drude metals independently in a single measurement. 

T he mainstream method for conductivity measurements, a Hall-effect appara

tus, requires the placement of electrodes on the materials surface and results in 

correlated measurements of the DC conductivity and scattering rate (Kamal 

et al. , 2006) . 

For use with biological samples, terahertz radiation is far lower in energy 

than x-rays and is non-ionizing, thus it has been investigated for clinical use 

in dentistry and in detection of various cancers (Koch, 2007). In addition 

to all these potentially useful measurements, THz-TDS can provide access to 

picosecond and femtosecond dynamics of materials systems after excitat ion 

by another source. Typically, the source used for excitation is an optical 

pump with femtosecond duration which allows the potential for studies of the 

dynamics of systems on the femtosecond time-scale. 

A key difference between THz-TDS and most spectroscopy techniques is 

that it offers a measurement of the t ime domain profile of the electric field 

amplitude, rather than a measurement of the spectral power or equivalent . 

The measurement of the electric field allows direct extraction the real and 

imaginary components of the response through the use of a discrete Fourier 

t ransform (DFT) . Intensity based frequency domain measurement techniques 

require that these components be extracted indirectly through the Kramers

Kronig relations. Unfortunately, the Kramers-Kronig relations require the 

assumption that the measurement has infinite bandwidth , which is physically 

unattainable and thus additional uncertainty is introduced into the estimates 

of the complex response. 

The span of current THz-TDS experiments has generally been confined to 
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isotropic materials systems, in other words , systems where the dielectric con

stants can be described by a single complex scalar. Where anisotropic systems 

have been studied, the primary method has been to determine the two princi

pal axes by rotating the sample and to then extract the dielectric constant as 

independent scalars along each axes. While the method of measurement along 

each principal axis is effective ; additional benefit may be possible if a polari

metric approach is taken. In order to conduct polarimetric measurements; the 

method of THz-TDS must be expanded to allow determination of the electric 

field vector. In other words , both transverse components of the electric field 

must be measurable in a reliable and repeatable manner. This thesis focusses 

on issues related to the development of a polarimetric THz-TDS system and 

the application of this system to several test cases. 

The key interest in developing a polarimetric system came from the possi

bility of measuring circular dichorism at THz frequencies. Theoretical studies 

have indicated that biological materials; such as proteins, should have signifi

cant circular dichorism in the THz range, but this effect has yet to be verified 

by any experimental measurements (Xu et al. , 2003, 2004). A polarimetric 

mea~mrement system is one way of quantifying the presence of circular dicho

rism, as the variation in absorption coefficients of the two circular polarization 

states results in a net rotation of the electric field vector at any given frequency. 

Thus the development of a system where the high SNR of THz-TDS is used 

to give extreme sensitivity to small rotations of the electric field vector is a 

potential path for detection of this biologically and physically relevant effect . 

This thesis begins in Chapter 2 by provioing a backgrouno overview of the 

experimental set up required for THz-TDS, the physical principles that allow 

THz-TDS to be used to study materials , and the methods for extraction of 

materials parameters from THz-T DS datasets. Chapter 3 contains topics of 

the utmost important to conducting a repeatable THz-TDS experiment . Due 

to the pulsed nature of the laser system and the time-domain nature of the 

measurement, numerous issues are encountered in THz-TDS that are quite 

different from typical spectroscopy measurements. The creation , alignment 

and optimization of the polarimetric system for THz-TDS is discussed in detail. 
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Chapter 3 concludes with a description of a method for using polarimetric 

THz-TDS measurements to extract the birefringence of a sample. 

Chapters 4 through 6 explore several different sets of experiments con

ducted using the developed THz-TDS polarimetric apparatus. In Chapter 4, 

birefringence and dichorism in polymer and crystalline systems are explored. 

In polymer systems, the birefringence can be readily changed through plastic 

deformation of the material , and several samples are deformed and analysed 

using THz-TDS. In Chapter 5, the property of birefringence is exploited to 

develop an achromatic waveplate for THz-TDS applications. This proof-of

concept waveplate performs well and indicates the potential utility of bire

fringent stacks of materials. Chapter 6 changes course from solid samples to 

investigate the gas phase. The work in this chapter was part of an phased ap

proach towards detecting circular dichorism at THz frequencies. Several small 

molecules, including water and the three simplest alcohols are studied for their 

absorption spectra at varying vapour pressures . One particularly interesting 

result of these measurements was the potential detection of a collective vibra

tional mode of the water tetramer. 
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Chapter 2 

Essential THz Background 

The field of THz time domain spectroscopy (THz-TDS) has grown significantly 

since its inception in the late 1980~s . This chapter aims to give an overview 

of the components and technologies which enable THz-TDS. While work to 

develop new THz sources is ongoing, Ti:sapphire femtosecond lasers are still 

the heart of the majority of experiments in the THz field . As such, it is prudent 

to discuss the most relevant aspects of Ti:sapphire pulsed laser systems before 

delving into the topics of generation and detection of THz radiation. 

2.1 Pulsed Laser Systems 

The Photonics Research Laboratory (PRL) has several laser systems capable 

of producing picosecond or shorter pulses. Two commercially produced sys

tems, both from Spectra Physics Inc. are capable of producing non-amplified 

MHz repetition rate pulses, or kHz range amplified pulses with femtosecond 

duration. The work in this thesis primarily used the more modern of the sys

tems, which is capable of generating m.] pulses with less than 100 fs duration . 

This section is only meant to serve as a rough overview of these laser systems 

and full details can be found in user 's manuals for these devices. 

A modern Ti :sapphire pulsed laser system actually requires several different 

laser systems, pulsed and CW, in order to generate femtosecond pulses. The 

PRL amplified laser system can be considered as being comprised of 4 main 
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components: the oscillator pump laser (Millennia V) , the Ti:sapphire oscilla

tor (Tsunami) , the regenerative amplifier pump laser (Evolution X) and the 

regenerative amplifier (Spitfire) . During the latter stages of the work compris

ing this thesis , t he Evolution X pump laser was replaced by a new Empower 

series pump laser , which has similar characteristics, but is capable of much 

higher output power. 

The Millennia V uses cw diode lasers operating at 809 nm to generate 

approximately 13 W of light to pump a Nd :YV04 crystal via fibre opt ic cables . 

The Nd:YV04 lases at 1064 nm, and this light is then frequency doubled using 

a lithium triborate crystal to achieve about 4.3 W of CW out put at 532 nm 

(Spectra-Physics Lasers Inc. , 1997). 

The green light from the Millennia is then used to pump the Ti:sapphire 

crystal within the Tsunami oscillator. The Ti:sapphire based system is capable 

of light amplification over a wide range of wavelengths, from 690 nm to 1080 

nm (Spectra-Physics Lasers Inc., 2000). It is well known , from the properties of 

the Fourier transform , that a wide bandwidth of light is required to get a short 

pulse (Hirlimann, 2005) . In order to get a pulse of light , the various frequencies 

must have their phases match up correctly and the Tsunami cavity has been 

designed to ensure this occurs (Hirlimann, 2005). While the laser is capable of 

spontaneous mode-locking into short-pulsed operation , t his process is assisted 

in the Tsunami by an acousto-optic modulator (Spectra-Physics Lasers Inc. , 

2000; Ducasse et at., 2005). While the Tsunami should stay mode-locked once 

pulsed operation has begun, it has been found to be unstable over the very 

long periods of operation , more than 8-10 hours, which are generally required 

for THz experiments. As such , the acousto-optic modulator was generally left 

on for most experiments. 

The oscillator has an intrinsic repetition rate of around 80 MHz, which is 

determined by the properties of the laser cavity (Hirlimann , 2005 ), and has an 

output of around 400 m Vi in 50 fs pulses t hat are linearly polarized (Spectra

Physics Lasers Inc., 2000) . The seed pulse from the oscillator is then routed to 

the Spitfire regenerative amplifier , where polarization sensitive optics ensure 

that one pulse is let into the cavity every 1 ms, resulting in the 1 kHz repetition 
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rate (Spectra-Physics Lasers Inc. , 2001). The Evolution X pump laser contains 

diode lasers which output approximately 60 W of light into a Nd:YLF rod, 

which la.';e~ at 1054 nm. A~ with the Millennia V, the cavity is frequency 

doubled resulting in 527 nm output light (Spectra-Physics Lasers Inc., 1999) . 

The cavity is also Q-switched at the same rate as the desired repetition rate 

of the regenerative amplifier resulting in nanosecond range pulses. 

Within the Spitfire system, a grating and large parabolic mirror are used 

to introduce a ~ignificant amount of di~per~ion by imaging the pulse onto 

the grating four times (Spectra-Physics Lasers Inc. , 2001) . The grating ef

fectively stretches the pulse out increasing the path length that shorter wave

lengths must travel, so a mismatch between different components occurs (Hirli

mann , 2005). The stretched pulse then enters the amplification cavity where 

a Ti :~apphire cry~tal has already been pumped by the Evolution X. The pulse 

makes several hundred passes through the Ti:sapphire crystal , gaining inten

sity with each pass (Spectra-Physics Lasers Inc. , 2001). Over the course of 

these passes, the pulse is amplified from the nJ range to the mJ range. If the 

pulse had not been stretched, there would be potential for non-linear interac

tion~ within the Ti:~apphire cry~tal which would distort the pulse. It is also 

possible that the peak intensity of the pulse would exceed the threshold for 

causing significant damage to the Ti :sapphire crystal. 

Through the use of two Pockels cells, the user selects a pulse to switch 

out of the regenerative amplifier cavity. This pulse is then routed to a second 

grating where the dispersion in the opposite direction is introduced (shorter 

wavelength travel less distance) effect ively compressing the pulse in t he t ime 

domain (Spectra-Physics Lasers Inc., 2001). By adjusting the location of 

grating-mirror pair , the amount of total di~persion can be optimized to re

sult the shortest possible pulse. This optimization is typically performed by 

monitoring second harmonic generation in a to determine the position which 

results in the maximum amount of 400 nm light . During THz experiments, 

the position would be further optimized to obtain to maximum THz output 

amplitude. 

Due to the degradation of the compressor grating, the output pulse length 
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of the Spitfire has generally been limited to around 100 fs during the course of 

this work. The typical output power was 500 mW, resulting in a usable pulse 

energy of 500 jJJ . Recent upgrades to the system have improved this output 

to 700-800 m W at around 60 fs . More details on these systems can be found 

within their respective Spectra Physics instructional manuals . 

2.1.1 Future Perspectives for Femtosecond Sources 

As described above, the current laser systems used in THz-TDS experiments 

are bulky, costly and have less than desirable stability. In addition to the many 

various avenues being investigated to design and fabricate CW THz sources, 

significant potential exists for the use of diode pumped fibre amplified pulsed 

laser systems instead of Ti:sapphire free space femtosecond lasers . 

Utilization of fibre amplified lasers for THz experiments means a signifi

cant change in the wavelength of the output pulse, which has a very strong 

effect on the efficiency of THz generation. Moving to fibre amplifiers means 

a wavelength shift to at least a 1.05 /-Lm , and potentially up to 1.5 /-Lm . At 

1.05 /-Lm THz generation in the most common THz generation crystal , ZnTe, is 

highly inefficient due to a very small coherence length between the optical and 

THz pulse (Baker et al. , 2003). The use of In G aAs as generation and detection 

medium has been shown to resolve this coherence length issue (Baker et al. , 

2003). 

Using another electro-optic crystal , gallium phosphide, THz detection and 

generation has also been shown for a 1.05 /-Lm fibre-amplifier system operating 

at 120 MHz repetition rate and 10 W average power (Chang et al. , 2004) . 

While much work remains to be done in these areas , fibre amplifier sources 

can be significantly more compact, significantly cheaper, and potentially more 

reliable than Ti:sapphire systems. It is quite clear that if THz-TDS is ever 

to be used in the field , the current generation of Ti:sapphire systems must 

be replaced by a more compact and robust system. Fibre-amplifiers, such as 

those based on yttrium doping, may be one of the solutions to this problem. 
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2.2 THz Generation 

The original research and development work that lead to modern THz-TDS 

was conducted primarily at two research groups lead by Dan Grischkowsky 

at IBM , and David Auston and Martin Nuss at Bell Labs (Schmuttenmaer, 

2004) . At the time t heir goal was to generate and detect and study ultra

short (sub-picosecond) transients in electrical transmission lines (Fattinger and 

Grischkowsky, 1989) . The ability to study and characterize these transients 

was important, as materials advances were pushing electronic devices towards 

the ~ubpico~econd regime , where the understanding of physical processes is 

more limited than at lower frequencies (Smith et al., 1988 ). 

The sources developed by these two research groups are generally referred 

to as Auston switches. These switches are are more appropriately referred to 

as photoconductive sources, as they rely upon induced photoconductivity in a 

normally insulating semiconductor to generate THz radiation . THz generation 

by both optical rectification and photoconductive sources is discussed in the 

following sections. 

2.2.1 Photoconductive Sources 

The Auston switch is a remarkably simple, but very effective generator of THz 

radiation . The switch consists of two electrodes attached to a transmission 

line whose termination is on a normally insulating piece of semiconducting 

material. T he original materials used to make Auston switches were sapphire 

for substrates with radiation damaged silicon as the semiconductor and alu

minum for the contacts and transmission line (Kubler , 2002). Recent advances 

have shown that specially grown low-temperature gallium arsenide (LT-GaAs) 

is superior to silicon for the photoconductive material , and GaAs is becoming 

far more widespread as a THz generation and detection medium (Bonvalet and 

Joffre , 2005) . Typically the separation between the two transmission lines is 

on the order of tens of microns. The basic configuration, not to scale, of an 

Auston switch is shown in figure 2.1. 
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Figure 2.1: The basic setup of Auston switches for a) generation , where an 
external bias is applied and b) detection, where the current through the switch 
is measured . 

To generate THz radiation, an Auston switch must be biased by an effec

tively DC voltage (relative to THz frequencies) in the range of tens of volts, 

creating an effective field on the order of of 5 kV /cm (Smith et al. , 1988) . 

The near-IR femtosecond pulse is then aligned and focussed onto the surface 

of the semiconducting region. The arrival of the pulse, with photons of en

ergy greater than the bandgap, results in generation of a significant amount 

of photocarriers. These carriers are then swept across the gap between the 

transmission lines due to the high field , creating a transient current density 

J(t) (van Exter and Grischkowsky, 1990) . 

From Maxwell's equations, it can be shown that the changing current re

sults in a propagating electromagnetic field , E(t) , such that E( t) ex: aJ (t) / at 

(Griffiths, 1999). This changing field will radiate out into free space with the 

source semiconductor region almost being like a point source (Bonvalet and 

Joffre, 2005). In order to more effectively couple the THz radiation into a col

limated beam for free space propagation, a hemispherical silicon lens is often 

attached to the backside of the antenna (Auston, 1993). 
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While sampling and detection of THz radiation is discussed later , it is pru

dent to note that an equivalent Auston switch can also be used for coherent 

detection of the THz field. As shown in figure 2.1 b, if another near-IR pulse 

is focussed onto a second Auston switch along with the THz radiation, then 

carriers are again created in the semiconducting region (Smith et al. , 1988). 

In this case, the THz field itself accelerates the carriers across the transmis

sion line gap: with the resulting current being measured by a highly sensitive 

ammeter. Through modelling, and numerical analysis it can be shown that 

the detected current is very close to being linearly dependent on the THz field 

when the photocurrent was generated (Duvillaret et al., 2001). 

The effectiveness of THz generation with photoconductive sources is highly 

dependent on the laser parameters as well as the materials parameters of the 

semiconductor. The most important material parameter is the recombination 

rate within the semiconductor (Duvillaret et al. : 2001) . Normal recombination 

times in silicon and GaAs are on the order of nanoseconds to microseconds, and 

thus the current in the generator switch would effectively be constant once the 

carriers were photogenerated (Schmuttenmaer, 2004) . However, a very short 

recombination time is desired in order to create a sharp current change that 

results in much larger THz field propagating in free space. It is this factor 

that necessitates the use of very specific semiconductors for THz generation, 

LT-GaAs and radiation damaged silicon have been specifically tuned to have 

recombination times that result in significant THz field amplitudes for typical 

laser setups. 

2.2.2 Optical Rectification in Zinc-Blende Crystals 

While photoconductive sources drove the initial development of THz-TDS, 

it is now more common to exploit optical rectification in various nonlinear 

media to generate freely propagating THz electric fields. A key driver of the 

movement towards optical rectification is the availability of kHz repetition 

rate regenerative amplifiers working in the near-IR (Schmuttenmaer: 2004). 

As described earlier in this chapter, these systems can provide sub 100 fs 

pulses, at repetition rates of 1 kHz, with pulse energies in the mJ range. 
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The physical process of creation of THz radiation through optical recti

fication can be considered through several different avenues. From a purely 

mathematical perspective, the generation of THz radiation is simply a result of 

a difference frequency process. \N'ithin the ZnTe crystal, there is wave-mixing 

between electromagnetic fields of different frequencies, which are present be

cause of the short duration optical pulse and mixed due to the non-linear 

suscepti bili ty. 

The result of mixing two waves of frequencies W I and W 2 are signals at 

the sum frequency and difference frequency. Within the optical pulse, the 

significant energy exists over the band of 780 nm to 830 nm . If intermedi

ate wavelengths of 798 nm and 803 nm are considered, these correspond to 

frequencies of 376.0 THz and 373.6 THz respectively. Thus a mixing process 

results in a signal at the sum frequency, 749.6 THz (400 nm) , and at the differ

ence frequency 2.4 THz (125 {Lm). A proper treatment of this process would 

of course consider integrals over the optical pulse and consider the various 

dispersion effects; however this simple picture illustrates how such a process 

can result in THz radiation . 

Of all the potential nonlinear crystals that could exploit optical rectifica

tion , the most popular for THz applications is ZnTe (Schmuttenmaer, 2004) . 

All crystals with a zinc-blende structure have a non-linear susceptibility tensor 

with a single non-zero element, which is dI4 using standard notation (Boyd, 

1992) . The polarization P can then be written in terms of the non-linear 

susceptibility tensor and the incident electric fields E as: 

E2 x 
F;2 

r ~ 1 r ~ 
0 0 dI4 0 

d~4 j 
J y 

E2 
0 0 0 dI4 

z (2.1 ) 

0 0 0 0 
2EyEz 

L - <. J L 0 l 2E
x
E

, j 
2ExEy 

The process of obtaining the expected THz response due to the suscepti

bility relation in eq. 2.1 is simply a geometrical manipulation which is well 
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Figure 2.2: Geometry of the electric fields of the optical generator pulse, Egen , 

and the resulting THz pulse ETHz ' Optimal THz generation occurs when 
c/J = 54.73° , and the resulting f) is also 54.73° . 

documented in several sources (Chen et al. , 2001). For brevity the derivation 

is not repeated here, but using the geometry of figure 2.2 the expected depen

dence of the THz generation efficiency on the angle, c/J, between the (001) axis 

of the ZnTe and the generator pulse is: 

(2.2) 

A quick analysis of eq. 2.2 shows that the maximum value of IETHzl is 

obtained when sin2 f) = ~, or when f) ~ 54.73°. The amplitude of the field at 

this point is proportional to d}4 and the optical generator beam power: 

(2 .3) 

The other key component to determine is the polarization angle of the 

THz field , this has been previously determined to be strongly related to the 

generator polarization angle, c/J via the relation: (Chen et al. , 2001) 
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o = tan -1 (2 cot ¢ ) . (2.4) 

At the angle of maximum THz generation, ¢ = 54.73° , substitution into eq. 

2.4, yields f) = 54.73°. Thus, the optimal generation condition also results in a 

THz pulse that has an equivalent polarization state to the incident generation 

polarization state. This behaviour is useful as it means that the absolute 

polarization state of the THz field can be determined as long as the absolute 

polarization state of the optical field is known. 

Coherence Length in ZnTe 

A key consideration in choosing an appropriate ZnTe crystal for generation 

and detection is the coherence length of the THz and near-IR pulses within 

the crystal (Bakker et al., 1998) . The finite coherence length between the two 

pulses is the result of the phase matching condition. In literature both phase 

matching and coherence length are used interchangeably depending on the 

application. In the generation crystal, coherence is important as the generation 

efficiency is ultimately limited by the coherence length; beyond the coherence 

length any generated THz radiation is out of phase with strongest pulse of THz 

energy and does not contribute significantly to the signal (Nahata et al., 1996). 

As the absorption coefficient of ZnTe at THz frequencies is non-negligible , 

being in the range of 5 - 10 cm -lover the region of 1 - 3 THz (G allot et al. , 

1999) , having a crystal thicker than the coherence length results in significantly 

reduced THz output . 

In the detection crystal , the coherence length plays a role as increase in 

phase mismatch between the THz and optical pulse results in the sampling of 

a different point on the time domain profile (Gallot et al. , 1999). Thus, as the 

detector crystal thickness is increased, each acquired THz data point actually 

represents a weighted average of an increasing time region . Eventually this 

smearing process will destroy the information contained in the time domain 

profile and significantly distort the measurement of the THz spectrum (Bakker 

et al. , 1998) . 

Using previous numerical models of the coherence length (Nahata et al., 

14 



M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

.--. 
E 
.s 900 
...c --CJ) 

a5 850 
Q) 
> ro S 800 

ro 
t> 

+=i 750 c.. 
o 

700~~~~--~~----~----~------~--~ 

o 0.5 1 1.5 2 2.5 3 
THz Frequency [THz] 

2.5 

2 

1.5 

1 

Figure 2.3: The coherence length in ZnTe estimated from the coefficients given 
in (Nahata et al., 1996) . Each contour line represents a change of 250 /-Lm. The 
horizontal lines denote the limits of the bandwidth of the optical pulse used 
for THz detection and generation. 

1996) , figure 2.3 shows the coherence length for the region of interest in a 

typical THz-TDS apparatu~. For wavclength~ between 750 and 800 nm, the 

coherence length is at least 500 l1,m across the THz bandwidth. However, for 

longer wavelengths, e.g. 830 nm, the coherence length quickly falls off above 2 

THz. At 2.5 THz , the coherence length at 830nm i~ below 500 11m. 

This fall-off in coherence length is one of the reasons that limit the mea

~ured THz power at frequencies above 2 THz. While strong TO phonon ab

sorption modes at 5.3 THz are often discussed as limiting the bandwidth of 

THz-TDS experiments, in typical low-frequency experiments (0.3 - 3 THz) , the 

coherence length i~~ue~ are actually more important (Gallot and Grischkowsky, 

1999) . The ZnTe crystals used in this thesis were 1.0 mm thick for the gener

ator and 1.3 mm thick for the detector. Full details are available in Appendix 

A. 
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Figure 2.4: Physical layout of a typical electro-optic detection system for THz
TDS. The THz and optical pulses are aligned so their beam waists overlap in 
space and time within the electro-optic crystal. 

2.3 THz Detection 

There are three primary methods for detection of THz radiation: bolometric 

detection, time gated photoconductive antennas and free-space electro-optic 

sampling (Planken et al. , 2001). As the photon energy of 1 THz radiation 

is only 4 meV, bolometric detection is strongly influenced by thermal noise 

at room temperature. While cooling with liquid helium and using lock-in 

amplification can improve the sensitivity of bolometric detection, it is still far 

inferior to the time domain detection mechanisms. 

The detection mechanism for photoconductive antennas was discussed ear

lier, during the discussion on generation from photoconductive antennas. The 

typical geometry for THz detection using an electro-optic crystal, see figure 2.4, 

uses a pellicle beamsplitter to achieve collinearity between an optical pulse and 

the THz pulse. Both pulses are focussed , the THz with an off-axis paraboloid, 

and the optical with a long focal length lens, to beam waists within the crystal. 

The physical mechanism of electro-optic detection is discussed later, but 
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first , the mechanism of time domain gating needs to be discussed. 

2.3.1 Ultrafast Time Domain Sampling 

One of the key advantages of THz-TDS systems is the ability to measure 

electric fields on a femtosecond time scale. The key enabler of such rapid 

sampling is the ultrafast pulse, typically generated from a Ti:sapphire laser. 

Time domain oampling can be implemented with photoconductive or electro

optic detectors in a very similar fashion. From the perspective of gating, 

the main difference between the two types of detectors is that the ultrafast 

and THz pulses are typically oriented in the same direction in electro-optic 

detection , and in opposite directions in photoconductive detection . 

In order to implement time domain sampling; at least one optical delay line 

is required , in either the path leading to the THz beam, or the path leading 

to the probe beam. Typically, the delay line is placed in the probe beam. 

The path lengths of the THz setup are initially configured so the optical pulse 

arrives at the detector slightly before, perhaps by a few to tens of picoseconds, 

the THz pube. In figure 2.5 this correspond to t 1 . The optical delay line, 

typically implemented with a retrorefiector on a precision motorized stage, 

can then be translated to increase the optical path length of the probe beam 

by some amount on the order of tens of microns. 

The later time steps t 2-t6 in figure 2.5 correspond to 60 /-Lm increments 

in the probe path length which correspond to an increase in delay of 200 fs 

for each increment. In the case of photoconductive detection , the electronic 

apparatus detects a current with an amplitude proportional to the THz electric 

field when the optical probe pulse arrives. 
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Figure 2.5: Illustration of the time domain nature of the sampling used in free 
space electro-optic sampling. a) Within the detection crystal , the focussed 
optical probe pulse overlaps in time with a small region of the THz pulse and 
the optical delay between the pulses is varied to allow sampling of different 
regions of the THz pulse. b) Using the 6 time domain points in a) , the highly 
under sampled THz pulse would be recorded as shown. 
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In order to increase the signal to noise of the apparatus and utilize lock-in 

detection, the THz generator beam is typically chopped to create an on and 

off state in the detector electronics. The resulting waveform detected by the 

electronics is a filtered to obtain primarily the fundamental component of the 

chopping frequency. The fundamental component is then fed into a lock-in 

amplifier with the chopper signal as the reference waveform. When the lock

in signal stabilizes, a measurement of the THz electric field at one point in 

the time domain has been made. Obtaining a complete THz waveform then 

requires translating the stage through numerous points and measuring the 

lock-in signal after it has stabilized. 

This mechanism of translation and measurement means that each detected 

THz electric field value in the time domain is really an average over hundreds or 

thousands of different THz pulses. Each individual time domain measurement 

is also an average over a different set of THz pulses. This averaging process 

is very important to understand when considering the limits on noise and 

systematic errors in THz-TDS measurements. 

2.3.2 Electro-optic Detection 

The motivation for using electro-optic crystals for THz detection came from 

the desire to improve on the limited bandwidth and materials processing de

pendence of photoconductive antennas CWu and Zhang, 1996) . As previously 

mentioned, the performance of these antennas is highly dependent on the re

combination rate of photocarriers within the semiconductor. Over a period of 

months to years the performance of these antennas tends to decrease (Kubler , 

2002) . The performance of electro-optic crystals , other the other hand, is 

only limited by the intrinsic electro-optic coefficients and phonon modes of 

the material , with processing being a very minor consideration (Gallot and 

Grischkowsky, 1999; \"Iinnewisser et at. , 1997). 

Electro-optic detection relies upon the Pockels effect; where the presence 

of an electric field in a material results in an induced birefringence that is 

directly proportional to the strength of the electric field (Yariv, 1975). Within 

a crystal, of length L, that is less thick than the coherence length of the 
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optical and THz pulse in the material , the THz pulse can be considered to 

be inducing a constant birefringence when the optical pulse enters the crystal. 

The material then acts as a waveplate , resulting in a change in the polarization 

state of the output optical pulse. 

The detection apparatus after the electro-optic crystal consists of a quarter 

waveplate, a beam-splitting polarizer and a pair of photodiodes which are 

aligned to measure each of the beams off the polarizer independently. The 

system is initially aligned by rotating the quarter waveplate so the difference 

of signals received on the two photodiodes is zero. The slight change in the 

polarization state of the probe field is then detected as the signal between the 

two photo diodes becomes unbalanced. 

The derivation of the dependence of sensitivity electro-optic detection on 

the relative orientation of the electric field of optical probe and THz field 

requires a slightly different orientation of the coordinate system. The diagram 

of figure 2.6 shows the coordinate system (x',y' ,z ') along each crystal axes. 

For a zinc-blende crystal, where the only non-zero element is r41 = -47r /(E~d14) ' 

the index ellipsoid due to an applied electric field (Exl , Eyl , Ezl) , is (Yariv , 

1975) : 

As with the case of generation in zinc-blende crystals, obtaining the ex

pected change in polarization state requires a geometric transformation by 

considering the THz electric field from the x-y plane to the (x' ,y ' ,z' ) coordi

nate system. The coordinate system must then be rotated again by an angle, 

ex, to coincide with the principal axes of the index ellipsoid in the y" ,z" plane 

(Planken et al., 2001 ; Chen et al. , 2001) . From this , the induced birefringence 

along the index ellipsoid is (Chen et al. , 2001) : 

(2.6) 

From this induced birefringence, the intensity difference measured between 
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Figure 2.6: Geometry of the electric fields for electro-optic detection in ZnTe. 
Optimal sensitivity occurs when the THz pulse is polarized orthogonal to the 
(001) axis of the crystal and the optical probe is polarized parallel or orthogonal 
to the THz pulse. 

the photodiodes can then be readily determined as a function of the angle 

between the (001) direction of the crystal and the THz and probe electric 

fieldQ: 

J\ ( ) wn~IETHz lr41L ( . . ) u.J 0, ¢ ex: cos () sm 2¢ + 2 sm 0 cos 2¢ 
2(; 

(2 .7) 

The result of 2.7 is the key result that will be shown in Chapter 3 to enable 

polarimetric THz-TDS measurements simply by changing the geometry of the 

detection system. 

2.4 Parameter Estimation and Data Analysis 

One of the advantages of THz-TDS as an experimental method is that is allows 

direct determination of the complex dielectric constants of a material across a 

wide bandwidth. Most spectroscopic techniques only allow determination of 

the absorption coefficient and rely upon ancillary methods, requiring a priori 

knowledge of either the index of refraction or the use of the Kramers-Kronig 

relations (Schmuttenmaer, 2004). 
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As a general method, estimating the materials parameters from THz-TDS 

transmission experiments requires two measurements; one through a reference 

and a second through the sample. These time domain measurements can 

then be converted to the frequency domain by the use of the discrete Fourier 

transform (DFT). The materials parameters are typically related in some way 

to the ratio of the DFT of the reference and sample measurements, this ratio 

is generally referred to as the experimental transfer function , H m (w) . 

The ability to determine the complex dielectric constants by measuring 

the electric fie ld in the time domain comes with an important caveat . While 

literature in the THz-TDS field often expounds on the utility of direct de

termination versus using the Kramers-Kronig relations , using the DFT also 

introduces several significant flaws . The most significant of these flaws is a 

consequence of the finite sampling time and finite sampling duration imposed 

by experimental constraints. These constraints result in a smearing of the 

intrinsic complex spectra across several discrete frequency bins in the spec

tra estimated through the DFT. The combination of these flaws increases the 

uncertainty of extracted materials parameters and must be considered when 

comparing THz-TDS to other methods for measuring materials parameters. 

The following sections deal primarily with the first order estimate for ma

terials parameters. Numerous groups have developed more complicated esti

mation methods based on fixed point iteration (Withayachumnankul et al. , 

2005) , estimation of the Fabry-Perot refiection term (Duvillaret et ai., 1999) , 

iterative bounded thickness estimation (Dorney et ai. , 2001 ), and specialized 

non-stationary filtering (Pupeza et al. , 2007) . These more complicated meth

ods are used where necessary throughout the thesis due to the thickness of the 

sample. 

2.4.1 Complex Index of Refraction F',stimation 

Estimating the frequency complex index of refraction , is particularly useful 

when studying substrates, polymers, and other materials that are not neces

sarily transparent in other frequency regimes. In order to derive the appropri

ate estimation method, it is first assumed that a homogeneous, planar sample 
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Figure 2.7: Diagram of THz pulse propagation through a homogeneous sample 
of thickness d. For each of viewing, the pulses are offset vertically each time 
they refiect from or transmit through an interface. 

of thickness d, can be described by an index of refraction n = n + i,.., . The 

effect of reflections and transmission at each interface of the sample is shown 

in figure 2.7. 

At each interface, where the electromagnetic wave passes from a material 

with index n.I to a material with index iI'2 at normal incidence, the portion 

of the signal that is refiected and transmitted is dependent on the Fresnel 

reflection and transmission coefficients, which are given by (Griffiths, 1999) : 

t12 
2i1'2 (2.8) 

n2 + n1 
, 

T/.2 - nl 
(2.9) T12 -

iL2 + iLl 

As the sample is typically in air, further discussion is limited to the case 

where iiI ~ 1. For the first THz pulse through the sample, that is the pulse 

that is transmitted at both interfaces and does not undergo refiection, the 

output electric field , Es1 , and the reference electric field, Ere! are related to 

the input electric field Ei by: 
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tas exp ('iwd'ii2 / c )tsaEi 

exp ('iwd/ c) Ri 

(2 .10) 

(2.11) 

The experimental transfer function , Hm can then be determined by taking 

the ratio of the sample electric field measurement to the reference electric field 

measurement: 

(2.12) 

The result of eq. 2.12 can be used to determine 'n2 completely. but a 

transcendental solution does not exist. Instead, n2 must be estimated by an 

iterative method such as the Newton-Rhapson method. To continue further , 

assumptions must be made that /'l, < < n, so the /'l, term can be safely ignored in 

both of the Fresnel coefficients. With this assumption , the only contribution 

to the phase of Hm is the argument of the exponential involving the real part 

of n2' The index of refraction can then be estimated as: 

(2 .13) 

With the index known and continuing to assume that /'l, < < 71" the Fresnel 

coefficients can then be determined from 71,2 and the magnitude taken of eq. 

2.12. Recognizing that the absorption coefficient, 0' , is related to /'l, by 0' = 
/'l,w/(2c) , the magnitude of Hm is yields: 

O'(w) ~ _~ In (IIlm (w)l(n2 + 1)2) ) . 
d 4n2 

(2.14) 

For thin samples, direct substitution of n2(w) in eq. 2.14 typically results 

in significant distortion in 0' due to the Fabry-Perot effect . T his distortion 

can be reduced by either modelling the Fabry-Perot effect on the data, as is 

done in some of the complicated analysis methods mentioned earlier, or more 

simply by using the average of 71,2 over a ranges of w, instead of using frequency 

dependent value. 
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2.5 Conclusion 

The laser systems which enable THz-TDS and the non-linear phenomena that 

permit generation of THz electric fields using them have led to widespread 

investigations into the THz spectrum. The theoretical background discussed 

in this chapter will also need to be buttressed by a significant amount of 

experimental development , which is discussed in the following chapter. 
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Chapter 3 

THz Experimental Techniques 

and System Diagnostics 

The area of THz time domain spectroscopy first appeared in the early 1990's 

and has spread from use primarily by physicists (Grischkowsky et ai. ; 1990) , to 

chemintn (Schmuttenmaer, 2004) , and engineers (Reid and Fedosejevs, 2006). 

Despi te the adoption of THz-TDS within many research settings; rise of a 

((killer application" within the THz field has yet to occur. The lack of an 

application where THz-TDS truly shows its superiority over other methods is 

due to a number of factors , one of the most commonly cited being the difficulty 

of working with THz-TDS. 

As mentioned in Chapter 2, THz-TDS requires the use of femtosecond laser 

in order to generate and detect the radiation. While the short duration of the 

laser pulses in these lasers is of particular utility when studying dynamics, the 

fragility of these laser systems makes industrial uses far more difficult . 

Experiments using THz radiation occupy an interesting median between 

optical and RF measurements. Experimental techniques in both of these 

regimes are quite advanced, yet in a THz experiment the difficulties encoun

tered in both types of experiments interact. Perhaps the most frustrating 

aspect of THz experiments is the lack of an accessible direct method to mea

sure a THz signal. These themes influence numerous aspects of experimental 

optimization and diagnostic techniques for THz-TDS experiments . 
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This chapter covers a variety of topics of particular interest to any exper

imentalist working in the THz field . The chapter begins with a discussion of 

an appropriate noise measurement technique for THz-TDS and the levels of 

signal to noise that can realistically achieved in a typical THz-TDS setup. The 

fallacy of the often claimed 100 dB signal to noise ratio is discussed along with 

some mechanisms to improve signal to noise performance. 

The second section of the chapter is dedicated to systematic errors in THz

TDS experiments. Many of these errors were found and minimized or elimi

nated as part of an attempt to improve the performance of the spectrometer 

system. Finally the chapter concludes with an overview and in depth math

ematical analysis of the method of THz-TDS polarimetry developed in the 

course of this thesis. 

3.1 Appropriate Noise Measurement 

Noise in a THz-TDS experiment is far more complicated than a simple additive 

Gaussian type noise typical of many experiments. The issue of noise is critical 

for several reasons: thin film experiments the noise model directly affects the 

uncertainty on parameter estimates, and in absorption spectroscopy experi

ments the noise model affects the detection limit and detection sensitivity. 

Despite the critical importance of a good noise estimate , researchers in the 

THz field often neglect to do a full analysis of the noise characteristics of their 

signal. Completing a proper noise estimate is a tedious procedure if the entire 

signal must be measured a statistically significant number of times, as THz 

scans often take several minutes to complete. Through years of experience, a 

shorter method that creates a very good estimate of a complete noise model 

has been developed and is now used within the Photonics Research Lab at Mc-

Master University. The following section outlines the procedure used evaluate 

the THz noise model and gives an example of typical measurement. 
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3.1.1 Method for Noise Characterization 

Typically a noise estimate is performed by measuring a zero or constant signal 

level for an extended period of time. The extended measurement should com

prise enough measurements to build a solid statistical model of the noise. In 

most normal applications, building a noise model on repeated measurements 

of a time varying signal would be difficult due to problems synchronizing the 

acquisi tion system and signal. In a THz-TDS experiment, repeatedly measur

ing the THz amplitude at a single point is trivial as the delay stage is simply 

set to a single position and the lock-in value is read for as long as desired. 

It should be noted that this method of time-domain noise characterization 

by measuring at a single delay stage setting results in a slight underestimate of 

the noise . The effects caused by the translation of the stage and any resulting 

oscillation in the position of the retro reflector mirrors are neglected in using 

this type of characterization. 

The key observation in developing the noise characterization method was 

to realize that physical processes in a THz experiment result in three primary 

classifications of noise: 

1. additive noise: completely uncorrelated to the signal amplitude: 

2. proportional noise: linearly dependent on the signal amplitude, 

3. derivative noise: linearly dependent on the time derivative of the signal 

amplitude. 

Each of the above classes of noise can have systematic and random com

ponents, and it is very important to look for both . Systematic errors are most 

likely to appear when examining the proportional and derivative noise com

ponents. A common source of proportional noise is fluctuation in the output 

power of the laser system. A shift in the relative path length between the THz 

and probe beam paths, such as a shift caused by thermal expansion, will di

rectly become a source of systematic derivative noise. The following discussion 

concentrates on random noise sources, with systematic noise to be discussed 

in a later section . 
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To estimate the distribution of each of the noise classifications, the most 

optimal locations to do the noise estimate must be determined. As a quick 

estimate, three locations for noise measurement can be selected so that at least 

one of the other components is zero. These optimal locations, shown in figure 

3.1.1 are: 

1. pre pulse: measured before the THz signal has arrived; 

2. pulse peak: measured at the point where the amplitude of the signal is 

maximal; 

3. zero crossing: measured at the point where the time derivative of the 

signal amplitude is maximal. 

~ 

2. pulse-peak 

1 . pre-pulse 

• 
time [ps] 

3. zero-crossing 

Figure 3.1: The three key locations for characterization of the measurement 
noise in a THz-TDS system. Monitoring the recorded signal at these optical 
delay positions allows examination of both systematic and random contribu
tions to the noise. 

The pre pulse measurement gives a direct estimate of the additive noise 

coefficient, which is typically quite small. The random noise at the pulse-peak 

is comprised of only additive and proportional components, so combined with 

the pre pulse measurement, it allows determination of the proportional noise 

coefficient. The final location for measurement is the zero crossing, where the 
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proportional noise is zero, allowing determination of the derivative component. 

In practise, the proportional and derivative noise components are orders of 

magnitude larger than the additive noise , and so the second and third noise 

measurement locations can be taken as direct estimates of the respective noise 

coefficients. 

This quick method for noise characterization allows both systematic and 

random components of the noise to be studied with minimal experimental time. 

The presence of time-variant systematic contributions is detected by moving 

the THz delay stage to one of the measurement positions and then repeatedly 

measuring the electric field amplitude for a period of many minutes to hours. 

3.1.2 Typical Noise Measurements 

When significant changes are made to a THz-TDS setup, or performance prob

lems are noted , it is prudent to use the method of noise measurement to exam

ine the noise characteristics. Figure 3.2a shows a typical noise measurement 

taken at the THz pulse peak. The photodiode signal was recorded every sec

ond for an hour with the optical delay stage locked in place. As the noise 

contains periodic and random components, a filter was developed to split the 

noise into these components. 

In figure 3.2b, two key systematic fluctuations can be seen. The most ob

vious component is the fiuctuation in amplitude of about 1% with a period of 

approximately 2 minutes. This fluctuation may be due to short-term fluctua

tions in the pulse energy of the laser. If figure 3.2b were expanded to include 

the full hour long measurement, the longer term fluctuation of 1.5% with a 

period estimated to be 2 hours would also be apparent . 

Filtering out the periodic noise also allows an estimate of the level of ran

dom fluctuation in the detected THz signal. The standard deviation of the 

random fluctuation is 0.5%, which translates to a laser power fluctuation of 

about 0.3%. By comparison , the statistical fluctuation in the pre-pulse mea

surement is almost 3 orders of magnitude lower than the fluctuation at the 

peak. Many articles written on THz-TDS technology indicate that signal to 

noise ratios of 90 dB or higher can be achieved. When measuring this S N R; 
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however , those articles measure only at the pre-pulse location . 

As indicated by these measurements , a much more realistic expectation for 

the SN R is 50 - 60 dB . Through more precise control of the laser power fluc

tuations and improved experimental setups, this ratio could be improved. The 

significant periodic noise measured at the peak should be taken into account 

when conducting experiments. As THz-TDS measurements typically take sev

eral minutes, at least one period of the period fiuctuation will occur . In order 

to reduce the effect of these fluctuations , several measurements can be taken 

in succession and averaged. Each of these measurements should occur over as 

short a time frame as possible. It is also important to ensure that the period 

of the amplitude fluctuation does not correspond to the period of the mea

surement. If this condition occurs, the influence of the amplitude fluctuation 

on parameter estimates may be increased rather than being reduced. 
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Figure 3.2: Typical noise signals when measured at the THz peak. a) The 
measurements, taken every 1 second for an hour, show random fluctuations 
along with periodic noise. b) By fi ltering the data, periodic fluctuations can 
been seen . The period of these fluctuations is about 2 minutes with an ampli
tude of 1 %. A longer fiuctuation with a period greater than an hour, shows 
an amplitude drift of about 1.5%, in addition to the shorter variation. c) The 
random contribution to the noise is obtained by subtracting the periodic com
ponents, the standard deviation of this noise is less than 0.5% of the signal 
peak value. 
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3.2 Systematic Errors in THz-TDS Systems 

Some common systematic contributions to proportional errors are laser power 

fluctuations and beam drift . In a THz-TDS system using optical rectification 

for THz generation and electro-optic sampling for THz detection, the detected 

electric field amplitude is proportional to the laser power to the power of 3/2. 

Thus even small fluctuations of a few percent in the laser power/ pulse energy 

result in larger variations in the measured THz electric field . It should be 

noted that a fluctuation in the peak pulse intensity, even without a decrease 

in average laser power, has an equivalent effect to a change in the laser power. 

As a contributor to proportional systematic errors, beam drift primarily 

plays a role within the detection crystal. The THz beam waist , whose size 

varies with frequency, must overlap with the much smaller optical probe beam 

waist within the crystal. Relative drift between the two beam waists causes 

the optical beam to probe a different region of the THz beam profile. The 

change in the location of the probe changes the detected THz amplitude and 

can also lead to significant changes in the detected THz spectrum, especially 

for the high frequency components. 

3.2.1 Path Length Drift 

One of the most frustrating aspects of designing and operating a THz-TDS 

system is the need to maintain the path length of two separate beam paths with 

micron precision over a typical total path length of metres. This problem is 

particularly relevant in the gas-cell setup discussed in Chapter 6, as the probe 

and generation optical beams are split nearly 3 metres before they recombine 

in the detector crystal. Path length drift is important , as it is the primary 

source of systematic derivative error in THz-TDS systems. 

As mentioned previously, beam drift can result in systematic proportional 

errors and it can also result in systematic derivative errors. A small change 

in the approach angle to a mirror of either the probe or generator beam can 

result in a slight path length variation. While in most optical systems these 

extraordinarily tiny variations can be neglected, in a THz-TDS system, even a 
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micron path length variation can result in a very significant systematic error. 

Beam drift can be introduced by components with adjustable controls, but can 

also be intrinsic to the laser systems. Drift due components can be minimized 

by securing those components and minimizing nearby thermal fluctuations and 

air currents; drift intrinsic to the laser system is very difficult to eliminate. 

Thermal fluctuations are problematic for beam drift ; however, they are 

actually more concerning as a direct mechanism for path length drift. Within 

a research lab, it is common to fabricate custom mounts out of aluminum 

due to its ease of machining. The thermal expansion coefficient for aluminum 

is quite large, meaning for a realistic mount with dimensions in the tens of 

centimeters, a bulk temperature fluctuation of l Ois more than enough to 

result in noticeable systematic error in the THz signal. The most common use 

for custom fabricated mounts in THz-TDS systems is actually as a mount for 

the retro-reflector in the THz delay stage. This location also happens to be 

the worst possible place for a thermal path length variation to occur as the 

path length variation is potentially tripled due to physical layout of a retro 

reflector. 

The problem of temperature control is a larger issue than often suspected, 

due to fluctuations in the local temperature within the research lab . A well

tuned climate control system can pin the average room temperature to a frac

tion of a degree Celsius; however , the large amount of equipment and air 

currents around them results in local temperature extrema well outside the 

deviation in the average temperature. So even if the temperature in a lab is 

stable to within a fraction of a degree, thermal path length drift must still be 

considered in THz-TDS systems. 

If a custom machined retro-reflector mount is used in the THz-TDS setup, 

the thermal path length drift can be minimized by machining a second iden

tical retro reflector setup and putting in nearby the first retro reflector, but 

within the generation beam path . The second retro reflector does not need 

to be translated , but is there simply to mirror the effect of any temperature 

fluctuation on my both beam paths. 

35 



M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

3.3 Other Experimental Issues 

3.3.1 Regenerative Amplifier Repetition Rate Tuning 

The de-facto industry standard for repetition rates of Ti :sapphire regenera

tive amplifiers is 1 kHz ; however, many of these systems can also be run at 

other repetition rates. The effect of changing the repetition rate is something 

that has not generally been studied within the THz-TDS research community; 

however, from a theoretical perspective there could be some very significant 

advantages to tuning the repetition rate. 

THz-TDS systems based on photoconductive sources currently have a sig

nificant advantage over those based on optical rectification, as they do not 

require a regenerative amplifier. Thus in photoconductive systems the repe

tition rate can be as high as the intrinsic repetition rate of the Ti:sapphire 

oscillator, which is typically designed for around 80 MHz. To achieve lock-in 

detection, photoconductive systems are often amplitude modulated by an en

velope in the region of tens of kHz, but this still an order of magnitude higher 

than the regenerative amplifier systems. 

One of the experimental areas where the repetition rate plays a key role is 

in lock-in detection . In order to get an accurate measurement from a lock-in 

amplifier, numerous cycles of the waveform must be acquired and processed. 

Increasing the repetition rate allows either faster convergence of the acquired 

value towards the true value, or, if the acquisition window is decreased to keep 

a constant number of pulses, faster acquisition of the THz waveform. 

As the regenerative amplifier system in the Photonics Research Lab is 

capable of different repetition rates, the possibility of changing from the default 

1 kHz was investigated. The results of the investigation are summarized in 

figure 3.3. As the optical systems within the regenerative amplifier and pump 

laser have been designed with 1 kHz in mind , the efficiency of the amplifier 

is clearly reduced as the repetition rate is increased. When considering the 

effect the THz generation system, it becomes apparent that the optimal signal 

to noise is actually achieved at a repetition rate around 1.4 kHz, despite the 

much lower THz power. This improved signal to noise is potentially useful 
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Figure 3.3: Variation of various important physical quantities as the regener
ative amplifier pump repetition rate is change: a) THz power calculated over 
the entire experimental bandwidth , b) signal to noise ratio, which affects the 
uncertainity of parameter estimates and is optimized at around 1.4 kHz c) 
pulse energy out of the pump laser decreases linearly with frequency, indicat
ing a ncar com;tant average power, d) the noise variance at the peak measured 
using the process described in section 3.2 e) the 800 nm pulse energy drops 
off faster than the pump pulse energy f) the conversion efficiency in the regen
erative amplifier is higher at lower frequencies ; however, going too low risks 
damage to the optics within the amplifier . 
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in experiments as it would yield parameter estimates with lower uncertainty 

given the same experimental conditions. 

3.3.2 Mechanical Vibrations in Pellicles 

When designing THz-TDS systems based on electro-optic sampling, one of 

the important geometrical considerations is how to get the optical probe 

beam collinear with the THz beam. The most prevalent method for achieving 

collinearity is to use a pellicle beamsplitter constructed from a polymer mate

rial that is highly transparent to the THz radiation. The other primary option 

is drill a hole in the centre of one of the parabolic focussing mirrors within 

the THz-TDS setup, which inherently introduces some distortion to the THz 

wavefront . 

The THz systems in the Photonics Research Lab all use the pellicle method 

to achieve collinearity. One significant drawback of pellicles is the possibility 

of mechanical resonances of the thin membrane. The frequency of these me

chanical resonances can be accurately determined by sweeping a noise source, 

such as a audible speaker, through a range of frequencies. The resonances 

in the ThorLabs BP145B2 pellicles used in this research are sensitive enough 

that vibrations from the mechanical chopper used to modulate the generator 

beam are strong enough to see a noticeable signal. These resonances are often 

serendipitously noticed as a sinusoidal signal in the acquired THz waveform, 

even with no THz signal present. The presence of a significant amount of 

noise without a THz signal present indicates that signal is actually due to the 

displacement of the probe beam on the detector photodiodes, as indicated in 

figure 3.4a. 

The problem of displacement of the probe beam can be minimized through 

two mechanisms. The first option is to decrease the path length between 

pellicle and detection apparatus, so the absolute displacement of the beam is 

smaller, and potentially less than the photodiode size. Another way to reduce 

the displacement of the beam is to shrink the spot size on the photodiode by 

reducing the divergence angle of the probe beam. These two mechanisms can 

be used in a complementary fashion by using a longer focal length lens in the 
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Figure 3.4: a) Periodic noise is introduced to the detected probe signal due to 
vibrations of the pellicle which shift the physical location of the probe beam 
on the detector crystal. b) The amplitude of the periodic noise induced on a 
ThorLabs BP145B2 pellicle. 

probe beam, which reduces the divergence angle , and then by reorganizing 

the system geometry to move the pellicle as close to the detector crystal as 

possible. 

Even if the displacement of the probe beam is reduced to the point where 

clipping no longer occurs, the mechanical vibrations still result in measurement 

problems through additional derivative noise. The mechanical vibration of the 

pellicle results in a physical displacement and thus a path length variation 

for the probe beam. As mentioned previously, derivative noise is the most 

problematic type of noise for phase based parameter estimates. It is strongly 

preferable to reduce the mechanical vibrations by tuning the laser system off 

the resonance frequency. 

As mentioned previously, the laser systems in the Photonic Research Labs 

are capable of continuous repetition rate tuning around 1 kHz, although with 

some slight efficiency losses. After some experimentation, 1.1 kHz was chosen 

as the default pump repetition rate for THz experiments. The divergence 
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angle of the probe beam was also significantly reduced by switching from a 400 

mm focal length plano convex lens, to a 1000 mm focal length plano convex 

lens. The last measure taken to reduce the effect of the pellicle vibration 

was the redesign of the detection optics to allow for the photodiodes to be 

located less than 10 cm downstream from the beam waist of the probe beam. 

The combination of these efforts virtually eliminates the sinusoidal noise seen 

previously, when the system is optimally aligned. It should be noted that 

even a small misalignment in the detection optics can result in the phenomena 

returning, despite all of these efforts to eliminate it. 

3.3.3 Aperture Enhancement 

When conducting experiments on solid samples , the THz beam is often fo

cussed to a waist where the sample is placed. In order to find the specific 

location of the waist , a metal aperture with variable size is placed in the vicin

ity of the focus. Through an iterative method of moving the physical location 

of the aperture, decreasing its size , and monitoring the THz signal, the THz 

beam waist can eventually be found. In typical experiments, the aperture is 

then switched for a pre-aligned sample which is then measured . 

This indirect method for locating the THz beam waist is also an opportu

nity to investigate one of the more interesting difficulties in dealing with such 

broadband pulses: the variation of the beam waist with wavelength . The THz 

pulse contains significant energy over a bandwidth from less than 100 j..Lm to 

over 600 j..Lm. It is well known that Gaussian optics predicts that a focussed 

Gaussian beam does not focus to a point , rather to a waist whose diameter, do 

is dependent on the wavelength A, the input beam diameter D , and the focal 

length of the optical element F : 

(3.1 ) 

The input beam diameter of the THz is approximately 1 cm, and the focal 

length of the parabolic mirrors is 10 cm, thus the expected beam waist is 

approximately 1.9 mm for A = 150j..Lm and 5.7 mm for A = 450j..Lm . To test the 
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effect of a metal aperture placed at the THz focus , a series of experiments were 

conducted while the aperture was gradually closed . The size of the variable 

aperture was calibrated by using drill bits available in the PRL. In the results 

shown in figure 3.5, it is clear that the simplistic model of the THz field at the 

focal plane expected from Gaussian optics is not applicable. 
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Figure 3.5: Detected THz power through apertures of various sizes in several 
wavelength regimes. Wavelengths greater than 450 /lm show the expected 
behaviour, but shorter wavelengths show an apparent enhancement effect when 
the aperture is approximately 10-20x the wavelength of interest. 

At long wavelengths, A > 450/lm, the behaviour of the THz power is as 

expected, with the detected power significantly decreasing once the aperture is 

smaller than the expected beam waist. At shorter wavelengths, the behaviour 

is much more complex. At aperture sizes approximately a factor of 2 larger 

than the expected beam waist, the detected THz power is actually enhanced 

by the presence of the aperture. In fact , the total detected THz energy is in 

fact greater with the aperture set at 3.5mm than with it open . Clearly, the 
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aperture is not creating a THz field , so for an explanation the nature of the 

detection mechanism must again be considered . 

In order to detect the THz electric field , an optical probe is focussed and 

directed onto a path collinear with the focussing THz beam. The system is 

aligned such that t he THz beam and optical probe focus at the same point in 

space. However, the focal point of the optical beam is several orders of magni

tude smaller than the THz beam waist. Thus, the measurement is effectively 

a sampling of one region of the THz electric field . While careful alignment 

can ensure that the sampled region is the most intense region of the THz elec

tric field , this measurement technique is prone to changes in the THz spatial 

profile. The aperture clearly changes the THz beam profile by introducing 

diffraction and also through spatial filtering of various frequency components . 

The results of figure 3.5 indicate that, for wavelengths shorter than 450 pm, 

closing the apert ure actually results in a tighter beam profile at the detector 

crystal and thus a more intense electric field. If the THz beam were truly 

Gaussian out of the generation crystal , this effect should not occur. However, 

previous data has shown that the 800 nm beam profile is not Gaussian and the 

2nd order process which generates the THz radiation in the crystal, combined 

with the square aperture of the generation crystal, present ample opportunity 

to distort the beam shape even further . 

These results, in some ways , present an opportunity as well. If the lower 

frequencies are not as desirable for an experiment , the detected THz field 

can be increased by as much as 30% simply by filtering the beam with an 

appropriately sized aperture. Through the introduction of additional fo cussing 

optics, additional manipulation of the beam profile may be possible resulting in 

detected field enhancement beyond the 30% possible using the current setup. 

3.3.4 Chirp in THz Pulses 

When dealing with broadband pulses , the phenomena of chirp is of particular 

interest. Chirp is generally described as a frequency dependent delay difference 

and prevents the peak intensity and duration of a pulse from reaching Fourier 

transform limits. Previous experiments have shown the presence of temporal 
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chirp in generated THz pulses, although the phenomena has not been stud

ied in detail (Beard et at. , 2002). By using the short-time Fourier transform 

(STFT) with a window width of 1.01 ps and a shift of 0.27 ps, the chirp was 

extracted from a typical THz-TDS dataset. A clear trend of higher frequency 

components arriving later in the pulse is apparent in figure 3.6 indicating that 

positive chirp is present. Approximately 750 fs of chirp occurs over a frequency 

difference of 2 THz. 

..---. 0.4 
::J 
cO 0.35 .......... 

--e- 0.5 THz 
--&- 1 THz 

~ 
Q) 0.3 
!: 
0 

0.25 a... 

--e- 1.5 THz 
-Et- 2 THz 
--ti~ 2.5 THz 

N 
I 0.2 
~ 
"'C 0.15 
Q) 

.t::! 
0.1 

CO 
E 0.05 ~ 

0 
Z 

0 
5 5.5 6 6.5 7 7.5 8 8.5 

Time [ps] 

Figure 3.6: Evidence for chirp in a THz signal generated from optical recti
fication in ZnTe. The relative power was extracted by using the short-time 
Fourier transform with a window shift of 0.27 ps and a width of 1.01 ps. The 
THz power was normalized by summing each frequency component over all 
time windows. 

As an experimental diagnostic, chirp is of interest as it effectively will 

increase the duration of the THz pulse well beyond the desired single cycle 

radiation often described in theoretical studies. In the THz focal plane, chirp 

plays an interesting role in changing the evolution of the energy distribution . 

As the beam-width at the focus is also frequency dependent and the low fre

quency components arrive first due to positive chirp, the outer regions of the 

focal plane receive energy earlier and potentially with shorter duration than 
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the center of focal plane. In experiments where the THz power has the poten

tial to perturb the sample significantly, the effect of chirp at the focal plane 

may need to be considered. 

3.4 THz Polarimetry 

Typically THz-TDS studies focus on transmission or reflection of linearly po

larized radiation and utilize polarizers to ensure a highly polarized input to 

the sample and measured output at the receiver. By forcing the input and 

output polarization to a single linear axis, potentially relevant information on 

sample anisotropy is discarded. 

The focus of this discussion is to demonstrate that the common practise of 

using polarizers is not necessary when electro-optic detection is utilized, and 

equivalent or better performance can be achieved through careful adjustment 

of the experimental setup. The removal of the polarizers from the experimen

tal picture not only reduces cost , but allows access to highly relevant details 

regarding sample anisotropy. 

We refer to our method for accessing anisotropy information as THz po

larimetry as the key information is extracted via the change in the polarization 

state of an arbitrarily polarized THz field. Several polarimetric methods for 

THz-TDS have already been developed, typically based on techniques used for 

infrared spectroscopy (Kanda et al. , 2007; Masson and Gallot , 2006) . 

3.4.1 Current THz Polarimetry Methods 

Within the THz research community, numerous approaches have been used to 

conduct THz polarimetry. All of these systems utilize wire grid polarizers in 

some capacity to either refine the polarization state, or as an analyser before 

the detection mechanism. Cross-Nichol polarizer configurations, which require 

three measurements in order to determine the polarization state, have been 

used to study chiral metamaterials (Kanda et al. , 2007) . In another study, 

an analyser polarizer was rotated in 10° increments in order to characterize a 

waveplate at THz frequencies (Masson and Gallot , 2006) . A similar method of 
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rotating polarizers was also used to characterize the elliptical THz polarization 

state achieved by using multiple pulses for THz generation in ZnTe (Shimano 

et al. , 2005). 

These polarimetric methods require the use of at least two, and often three 

wire-grid polarizers. An example of how these polarizers could be used in a 

THz-TDS system is shown in figure 3.7. In this case, the first polarizer is used 

to create a polarization state at 45° in the laboratory x-'Y plane. The second 

polarizer is then used to decompose this polarization state into the x and y 

electric field components. In this case, the first polarization creates a limit on 

the extinction ratio; as the initial THz field is at 45° to the polarizer axis . 

a) Measurement 1 
Wire grid Wire grid 
polarizer (45°) polarizer (0°) To THz 

~~~mLP~le_n~-=---lb-=--""'-j~~T-=-odll\-"_ "~'_ ~~~).:n 

b) Measurement 2 
Wire grid Wire grid 
polarizer (45°) Sample polarizer (90°) 

~~~~ ~~~~~~~~~~~:=!tt~~~~ 
ToTHz 

Y Detection 

.~._ ~~~L ... 

Figure 3.7: Typical setup for measuring both THz electric field components 
using either electro-optic crystals or photoconductive antennas for generation 
and detection. By rotating the second polarizer, the component measured by 
the detector is changed. 

Attempts have been made to simultaneously measure both electric field 

components by using a directional photoconductive antenna fabricated on Fe+ 

ion-implanted InP (Castro-Camus et al. , 2005). The device was fabricated 

by sputtering gold contacts and transmission lines on top of the substrate 

while leaving two orthogonal gaps between the contacts and ground, as shown 
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in figure 3.8. While this method does eliminate the need for polarizers, the 

extinction ratio of these devices is limited to much less than 103 . 
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Figure 3.8: Diagram illustrating the multicontact photoconductive antenna 
used for polarimetric THz-TDS by Castro-Camus et al. (2005). 

Wire Grid Polarizer Performance 

Current methods for THz-TDS polarimetry typically use several wire-grid po

larizers. These polarizers are essentially an array of free-standing or embedded 

wires in tension across a wide aperture. As the wires are conductive at THz 

frequencies , an electric field component parallel to the wires results in a current 

and thus a significant reduction in the transmitted power. 

In the region below 1 THz, these polarizers can perform extremely well , 

with transmission as low as 10-5 for the parallel component. Data sheets 

published by a manufacturer of these polarizers, Microtech Instruments, show 

that the transmission of the parallel component increases with the square of 

frequency. For THz-TDS measurements, which may have a Q factor of 0.1 , 

this results in a reduction of the extinction ratio by at least a factor of 100 

over the experimental bandwidth. The predicted extinction ratio performance 

of Microtech Instruments' best performing polarizers are shown in figure 3.9. 
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Figure 3.9: Predicted extinction ratio performance for the wire-grid polarizers 
available from Microtech Instruments that are often used in THz-TDS studies. 
The primary source of the reduction in extinction ratio is the transmission of 
the component parallel to the wires, which increases as p . 
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Although the wire grid polarizers are not useful as the polarization analy

sis element for the polarimetric system developed in this work, they are still 

have utility. In later experimental data, the trend generally shows that lower 

THz frequencies have a much less pure linear polarization state than higher 

frequencies. In this case, a single wire grid polarizer would still be useful to 

increase the extinction at frequencies below 0.5 THz. 

3.4.2 Polarimetric THz-TDS without Polarizers 

In Chapter 2, the angular dependence of THz radiation generated from optical 

rectification in ZnTe and angular dependence of electro-optic detection were 

discussed in detail. It was clearly demonstrated that the signal detected by 

the photo diodes was strongly dependent on the angle between the THz field , 

probe field and (001) axis of the ZnTe crystal (Planken et al. , 2001 ). For 

reference, the geometry of interest is presented in figure 3.10, with the angles 

8 and ¢ being of primary interest. 

In these conditions, the detected intensity difference at the photodiodes, 

which is proportional to the THz electric field , is given by eq. 3.2. Examining 

this relationship gives insight into how it can be exploited for polarimetry. It 

is relatively straightforward to verify that the global maxima of eq. 3.2 occur 

when ¢ = mr/2 and 8 = ±7f/2 + m7f, where m and n are integers . 

.6. I (8, ¢) ex cos 8 sin 2¢ + 2 sin 8 cos 2¢ (3.2) 

As the period of the ¢ maxima is 7f /2 , for every quarter rotation of the 

probe electric field relative to the crystal axis, another maxima is possible. 

However, the response to 8, the angle between the THz electric field repeats 

only every 1800 
• If we consider rotating the ent ire crystal clockwise by an 

angle 8 ; then both 8 and ¢ are rotated by the same amount , as in eq . 3.3 . 

.6.1 (8 , ¢, 8) ex cos (8 - 8 ) sin 2 (¢ - 8 ) + 2 sin (8 - 8) cos 2 (¢ - 8 ) (3.3) 

If 8 = 7f /2 , and the system was originally setup to maximize the detected 
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y (001) 

z (110) 

Figure 3.10: Geometry of the THz and 800 nm probe electric fields within the 
ZnTe crystal. The amplitude of the detected signal on the two photodiodes 
depends significantly on the angle between both electric fields and the (001) 
axis . 

electric field, then the detected response should be o. However, if the THz 

electric field of interest was actually polarized at 90° from the original field, 

then the system would again be at a detection maxima. In other words, if the 

original position of the crystal made it sensitive to the x component of the THz 

electric field : then by rotating the detection crystal by 90° : the signal detection 

should be directly proportional to the 1/ component. Thus, by simply rotating 

the detection crystal, selectivity between both electric field components can 

be achieved. 

While the ability to rotate the detection crystal and achieve polarimetric 

measurements would appear to be a simple solution, there are numerous factors 

which significantly complicate actually achieving this. The following sections 

discuss the actual implementation of this scheme and the issues which must 

be addressed. The aforementioned procedure assumes that perfectly linearly 

polarized THz radiation is available with a known orientation. Achieving 

both linear polarization and knowing the orientation is far more difficult at 
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THz frequencies than at optical frequencies. It should be noted that having 

a single wire grid polarizer for initial alignment purposes would significantly 

simplify the procedure. As no wire-grid polarizers, which cost several thousand 

dollars and are extremely fragile , were available in the PRL, the procedures 

documented below were required. 

3.4.3 A Method for Optimal Alignment 

Before getting into significant detail about the optimization of THz polarimet

ric setup, the overall design needs to be discussed . The diagram in figure 3.11 

gives a to scale overview of general setup used for polarimetry. 

The generation laser for the system is a regeneratively amplified Ti:sapphire 

femtosecond laser system which has an output of around 500 jJ,J per pulse at 

1.1 kHz . The beam is split off into two separate paths, with 95% of the energy 

being used for generation and approximately 5% being directed towards a 

movable delay stage to be used for electro-optic sampling. 

On the generation side , a mechanical chopper blocks every other pulse, 

reducing the effective repetition rate for generation to 550 Hz . This reduction 

is necessary in order to use lock-in detection, as an on and off state must 

be detectable on the photodiodes. After the chopper, the first key addition 

for the polarimetric system is a standard optical polarizer used to ensure the 

polarization orientation of the generation beam. 

Before the setup was constructed, two polarizers were calibrated to be pre

cisely crossed through a series of optical measurements using high sensitivity 

photodiodes. One of these polarizers was placed in the generator beam path 

and one was placed just before the pellicle in the detection beam path . These 

polarizers allow an effective absolute frame of reference when optimizing the 

polarization of the THz signal. Without them, it would be extraordinarily 

difficult , if not impossible to optimize the polarization state of the THz signal 

due to the indirect measurement method and lack of THz polarizer. It is also 

important to note that, over the optical beam path , the polarization angle is 

prone to a slight change. One possible source of the accumulation of polariza

tion rotations are the slight rotations introduced by the numerous mirrors in 
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Figure 3.11: To scale diagram of the polarimetry setup developed and opti
mized in this thesis . 
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the setup which may have not have perfectly equivalent Fresnel coefficients. 
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The process of optimizing the alignment of the THz-TDS system with two 

ZnTe crystals with unknown axis locations must be done iteratively. The 

polarization angle of the THz electric field is highly dependent on the angle 

between the (001) axis and the 800 nm generator beam polarization. For 

optimal generation , the 800 nm polarization should be 54.73 0 from the (001 ) 

axis (Chen et al. , 2001) . In this orientation the polarization of the THz electric 

field is parallel to the 800 nm electric field. At all other angles , except for the 

1800 rotation from 54.73 0 
, the THz electric field is non-parallel to the 800 

nm field. This polarization rotation plays a very important role as the initial 

placement of the generator crystal will likely result in THz polarization state 

that is at some unknown angle to the laboratory x - J./ plane. 

One way to begin optimizing the system is to rotate the detector crystal 

through an angle of at least 1800 
, taking a THz scan at every 5-100 

• Doing 

this rotation and then calculating the power at each detector angle should 

yield a relationship of the type shown in figure 3.12a. The solid line in figure 

3.12 shows an optimally aligned system. In the optimally aligned case, the 

two secondary maxima in THz power are of equivalent height . As the sys

tem becomes unaligned , the secondary maxima shift in position slightly, but 

in height even more significantly, with the direction being dependent on the 

direction of the shift . 

The directional change of the secondary maxima indicates there is a rel

atively straightforward way to optimize the generator crystal. Once the first 

1800 rotation of the detector crystal has been completed, the generator crystal 

can be rotated in an effort to reduce the difference in the secondary maxima. 

In succeeding rotations of the detector crystal it is not necessary to rotate 

through a full 1800 
: rather only the height and location two secondary max

ima need to be determined . This reduction in required scans is important as 

a THz scan takes at least a minute, and a full 1800 rotation can easily take a 

half-hour . By only measuring the secondary maxima, this can be reduced to 

5 - 10 minutes . It should be noted that the secondary maxima are normally 

separated by about 1250 
. 

The process of stepping the rotation of the generator crystal while scanning 
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Figure 3.12: Dependence of the detected THz power on the angle of the de
tector crystal. a) Simulated relationship with the THz electric field ±15° off 
from the optimal positioning. The location and height of the secondary max
ima are highly dependent on the THz field angle, whereas the primary peak is 
significantly less sensitive. b) A Typical measurement of detected THz power 
with a moderately well aligned system and a parametric fit to the data. In 
this data set the THz field is estimated to be 3.65 0 from optimal positioning. 
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through numerous detector angles allows the system to be slowly optimized. 

Alignment of the generator crystal to within 10 of optimal from an arbitrary 

position can often be achieved in about 10 iterations, taking approximately 

2 - 3 hours. Optimization beyond 10 of optimal often takes much longer and 

numerous effects come into play that complicate the issue. As the system 

becomes closer and closer to alignment , the step size of the generator crys

tal rotation needs to be decreased quite rapidly. For the optimal alignment 

data shown in this thesis , the generator step size was reduced to 0.040 after 

optimization to within 10 had been achieved. 

The standard method of optimization for THz-TDS systems is to sit at 

the peak of the THz time domain trace and rotate the detector and generator 

crystal to reach a maximum detected intensity. While this method can be 

complimentary to the aforementioned method, it can not replace it for align

ment of THz-TDS polarimetric systems. The first problem with measurement 

of the peak is that changes in the optical path length alter the measurement 

location and make frequent adjustment of optical delay necessary. The second 

problem is that the sensitivity of the peak to changes in polarization state is 

quite low, that is quite significant changes in the angle of the generator are 

required to see a change in the peak. This lack of sensitivity makes it very 

difficult to achieve alignment to within a fraction of a degree, something that 

can be done through the secondary maxima monitoring. 

Later in this work, an automated rotation stage was purchased for use 

with the detector crystal. This stage permitted highly accurate and repeatable 

rotations of the detector crystal and enabled an improvement on the alignment 

algorithm . For the initial alignment , a complete scan such as in figure 3.12, 

was done and the data fit using the theoretical relationship of eq. 3.3. The 

parameters for this fit allowed the quick determination of the THz electric 

field angle which could then be used to determined the necessary rotation of 

the generator crystal. While this method did greatly improve the speed of 

the initial steps of the alignment , the later steps, beyond 10 of optimal for the 

generator crystal , still required the slow and tedious task of small rotations of 

the generator crystal. 
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3.4.4 Extinction Ratio Limitations 

The extinction ratio is defined as the ratio of the power of desired electric field 

polarization, to the power the orthogonal undesired electric field polarization. 

By using the method of optimization of the generator and detector crystal 

angles described above, the THz-TDS system can be tuned to have a high 

extinction ratio on the order of 104 (40dB) when averaged over the bandwidth . 

A spectrum of a typical extinction ratio after such an optimization is shown 

in figure 3.13. 

What is immediately striking is the significant frequency dependence of the 

extinction ratio. The variation of 20 dB over a range of just a few hundred GHz 

is a variation of two full orders of magnitude. While the average extinction 

ratio of the measurement of figure 3.13 is still quite impressive, being an order 

of magnitude better than anything in literature, it is less than optimal for use 

as a sensitive detector of polarization state changes. 
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Figure 3.13: Typical extinction ratio measurement after optimization of the 
setup described in figure 3.11. The extinction ratio is extremely dependent on 
the frequency. 

In order to understand the root cause of the frequency dependent extinction 
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ratio, it is necessary to examine several possible causes for this effect. 

Birefringence in ZnTe 

Birefringence is a likely candidate for limiting the extinction ratio as a bire

fringent material should alter the polarization state from a linear state to an 

elliptical state. The degree of ellipticity introduced is dependent on the bire

fringence of the material and the path length of the material the beam has 

travelled through . Both the generator and detector ZnTe crystals are known 

to be birefringent. This birefringence can quickly be verified in the detector 

crystal by blocking the THz beam and then rotating the detector crystal. In 

this case, the detected signal on the lock-in amplifier goes through several 

maxima and minima a~ the polarization ~tate of the optical beam i~ altered 

by the variation in index of refraction. 

When several materials are birefringent, the likely result would be a highly 

frequency dependent extinction ratio , as the combination of polarization rota

tions in the system would likely result in a small band of frequencies that have 

the necessary rotation to be almost optimally polarized. Despite this being 

a likely scenario, later evidence shows that birefringence is unlikely to be the 

root cause of the limitation to extinction ratios . 

Birefringence in HDPE 

While not indicated in the diagram of the THz-TDS setup, a thin piece of black 

HDPE is used after the generator crystal to block the 800 nm generator beam 

from continuing through the optical ~etup. An opaque material i~ absolutely 

necessary as any remaining optical power would be focussed at the sample, 

likely damaging it, and then again at the detector crystal, likely drilling a hole 

quickly through it. 

Unfortunately: it will be later demonstrated that this HDPE material is 

~lightly birefringent . A~ the axi~ of thi~ birefringence i~ not aligned with the 

physical axis of the material , in most of the measurements conducted early 

in this thesis, the birefringence was present and likely was part of a limiting 

factor in the extinction ratio. A birefringent sample introduces a frequency 
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dependent rotation of the THz electric field which cannot be compensated for 

in aligning the system. 

Pellicle Fresnel Coefficients 

The pellicles used for achieving a collinear path between the THz beam and 

the 800 nm probe beam were obtained from Thorlabs. While these pellicles 

work well , their data sheet does state that P and S polarized light are trans

mitted with different coefficients. The values of coefficients are not stated in 

the data sheet. As the pellicles are used at non-normal incidence, both P 

and S components must be considered and thus a slight polarization rotation 

should be expected. Part of this rotation is likely compensated for during the 

optimization procedure, but it would be strongly preferable to avoid the use 

of pellicles in the THz-TDS system. The pellicles can be removed by drilling 

a small hole in the centre of the final parabolic mirrors to have a small hole 

drilled in the centre. The probe beam can then be directed down this hole and 

thus achieve collinearity without requiring a pellicle. 

Non-Normal Incidence 

Another potential source of a limited extinction ratio is non-normal incidence 

of either the generator beam on the generator crystal, THz electric field on the 

detector crystal , or probe beam on the detector crystal. With the exception of 

the THz electric field , this effect can be eliminated through careful alignment 

of the THz-TDS setup and is not believed to be a key contributor to the limited 

extinction ratio . 

Broad band Effects 

Despite the efforts to minimize all the aforementioned effects , the broadband 

extinction ratio was still limited to the order of 104
. In order to increase the 

extinction ratio further , it was hypothesized that the broadband nature of the 

800 nm pulse could actually playa role in limiting the extinction. 
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The 800 nm pulse has a FWHM bandwidth on the order of 50 nm, corre

sponding to a Q factor of approximately 16. 'While this is far narrower than 

the T Hz pube, it i::; certainly far from a monochromatic ::;ource. Within the 

ZnTe detector crystal, t he THz and 800 nm pulses overlap and the birefrin

gence induced by the T Hz pulse results in an induced ellipticity on the 800 nm 

pulse. This induced ellipticity will be frequency dependent , as the introduced 

phase delay is proportional to the frequency of the 800 nm electric field . 

For thick cry::;tab, the coherence length variations in ZnTe work to reduce 

the effect of the frequency dependent phase delay introduced by the birefrin

gence. While the coherence length across the THz bandwidth is greater than 2 

mm between 800 nm and 825 nm, below 790 nm , the coherence length is halved 

to around 1 mm across much of the experimental bandwidth . The reduction 

in coherence length should result in a ::;horter effective length of interaction for 

the higher frequencies (i. e. shorter wavelengths) of the 800 nm pulse and less 

polarization rotation. 

The fin al broadband interaction to consider is within the AI4 waveplate 

used to balance the photodiodes. Again, the waveplate is cut from a material 

that i::; birefringent and t hu::; provide::; frequency dependent phase delay across 

the bandwidth of the optical pulse. The variation with frequency is the same 

as the induced birefringence in the ZnTe and so t hese two effects build upon 

each other. While the effect in the ZnTe crystals are unavoidable , the intro

duced frequency variation from the waveplate can be reduced by obtaining 

an achromatic waveplate, or removed completely by removing the waveplate 

entirely. 

3.4.5 Optimal Extinction Ratio Measurements 

With the knowledge that the AI4 waveplate could playa key role in limiting 

the ext inction ratio, the waveplate was removed from the setup . Removing 

t he waveplate results in a very significant reduction in the sensitivity of the 

detection mechanism, on the order of 101. The probe electric field was also 

rotated by 45° to allow effective splitting of the 800 nm field by the fixed 

Wollaston prism used. The result of these changes can be clearly seen in t he 
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extinction ratio measurement of figure 3.14. 
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Figure 3.14: To scale diagram of the polarimetry setup developed and opti
mized in this thesis. 

By removing the A/4 waveplate, the extinction rat io has been increased to 

almost 50 dB across the entire bandwidth . The broadband ext inct ion ratio has 

also increased by an order of magnitude to 105 , and is very near to the signal to 

noise ratio in the setup. Thus, it would appear that after the system has been 

properly aligned, broadband effects are the key limi t ing factor to the extinction 

ratio . In designing a polarimetric THz-TDS setup, the trade-off between the 

reduced sensitivity and increased extinction ratio must be considered in order 

to achieve the best experimental results. 

3.4.6 Mathematics of Polarimetric Analysis 

In order to succinctly derive the necessary polarimetric relations to determine 

the materials properties of samples under test , Jones calculus is typically used 

(J ones, 1941). In Jones calculus, the polarization state of light is represented 

in a Cartesian space by a two element vector , i.e. the electric field strength 
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in the x and y directions , with propagation assumed to be along the third di

mension , z (Hecht , 2001). It is possible to extend the Jones calculus formalism 

to arbitrary propagation; however , this extension significant complicates the 

math required with no discernible benefit for the polarimetric setup used in 

these experiments (Gil, 2007). 

The effect of an individual optical element on the polarization state of 

incident electromagnetic radiation is represented as complex 2x2 matrix. The 

appropriate matrix for an individual optical clement can be readily found in 

a number of sources, such as Hecht (2001). The effect of rotation an optical 

element around the z axis can also be modelled with an appropriate rotation 

matrix. 

In the case of THz-TDS polarimetry, the Jones calculus is used to model 

the transmission through a sample compared to the transmission through a 

reference. In this experimental geometry, the effect of the sample is consid

ered as a single combined Jones matrix and thus is related to the reference 

measurement as: 

Esamp = jsamPEref . (3.4) 

The following analysis assumes that the difference in the Fresnel reflection 

and transmission coefficients at each interface are negligible. The analysis 

could be expanded to include these differences , by adding additional Jones 

matrices describing partial polarizers to the eq. 3.4; however the correction 

factor is generally small for the range of anisotropy studied in this work. As an 

example, for a material with ~n = 0.1 and a no = 2.0, the relative difference 

in Fresnel coefficients is only 1.5 %. 
The coordinate system is described by x', y' , Zl for the sample reference 

frame and x , y , z for the laboratory reference frame. Assuming that the mate

rial is of thickness , d and can be described completely by two complex indices 

of refraction , n x, + iK,x' and ny' + iK,y' , one along each principal axis , and the 

sample reference frame is merely a clockwise rotation around the z axis by an 

angle B, then jsamp can be written as: 
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]samp = [ 'fhx' cos
2 e + 'riiy' sin

2 e (ihx' - ir~y') cos e sin e ] . (3.5) 
(mx' - my,) cos e sin e m x' sin2 e + my, cos2 e 

The terms 'fTLx' = exp ( - 'i (dw / (;) (nx' - 'iK,x' )) and 

my, = exp(-i(dw/c)(ny,- i K,y')) are the materials dependent parameters 

(Jones, 1941) . To proceed further in the analysis, either a rigorous mathe

matical approach must be taken, or some simple assumptions made about the 

reference measurement and the experimental procedure. In order to motivate 

the more rigorous approach, it is assumed the reference electric field is per

fectly polarized in the x direction and the sample is rotated to e = 45 0 from 

the laboratory frame . Under these conditions, eq. 3.4 can then be simplified: 

Esamp = jsamp [ 1 ] = ~ [ ~x' + ~~y' ] . 

o 2 m x, - my' 
(3.6) 

In systems were the dichroism is small: K,x' >:::: K,y' , then the K, term merely 

results in an overall amplitude factor which is common to all elements in 

the vector and it can be simply factored out. If the real part of the index 

of refraction is then simplified such that n avg = (nx' + ny') /2 and ndij j 

(nx' - ny' )/2 = tln/2 , then : 

E- samp ex [ exp (-indijjdw/c) + exp (- indijjdw/ c) ] (. / ) ( ) exp - 1,navgdw c 3.7 
exp (indij jCZw / c) - exp ( - indij jdw / c) 

The complex exponentials of the each electric field component in eq. 3.7 

can then be rewritten as sinusoids: E~amp ex cos (ndij jdw / c) and E~amp ex 

i sin (ndij jdw / c). Finally, taking the magnitude of the ratio of components, 

the birefringence, tln can be related to the measured electric fields : 

C - 1 (IE;ampl) 
tln = dfn tan IE;ampl (3.8) 

The result of eq. 3.8 clearly shows the motivation for pursuing the method 
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of polarimetry for measurement of the birefringence. Using this methodology: 

the birefringence can be determined by a measurement at a single orienta

tion of the sample while only requiring the ratio of the amplitudes of the 

transmitted electric field components. Using the amplitudes for birefringence 

determination, rather than the relative phase delay, significantly reduces the 

effects of path length drift and Fabry-Perot reflections on the uncertainty and 

systematic error in birefringence estimates. 

While eq. 3.8 is attractive due to its simplicity, several problems exist with 

using it directly. Numerous assumptions were stated throughout the deriva

tion , one of which was the assumed polarization purity of the input electric 

field . While extinction ratios in excess of 105 have been achieved, these ra

tios are far from the norm. A more typical extinction ratio is on the order of 

103
, which is often reduced to the order of 101 when the amplitude ratio is 

considered, instead of the power ratio . To offer a more mathematically rigor

ous polarimetric analysis method, the polarization purity assumption must be 

revisited. 

Returning to eq. 3.5 , the terms of the exponentials can be expanded and 

simplified using trigonometric relations to yield a symmetric matrix which has 

the form of: (Kanda et al., 2007; Naydenova et at., 1997) 

] samp = [ ]: ~2 ] . 
-J2 J; 

(3 .9) 

The simplification of eq. 3.9 is important as it allows rearrangement of 

eq. 3.4 to solve for ]1 and ]2 , as per eq. 3.10. These two matrix elements 

can then be related to the physical material properties through appropriate 

physical modelling . 

[ ~l ] = [~~e! E~e! ]-1 [ ~~amp ] 
J Ere! _ Ere! Esamp 

2 y x y 

(3.10) 

As with the simple analysis , use of eq . 3.10 to determine physical parame

ters requires some assumptions about the physical model and the experimen

tal procedure. If the measurement is taken 45° off the principal axes and the 
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material assumed to be birefringent , but not dichroic , then a transcendental 

solution exists for the birefringence: 

~n = d]ff tan-
1 ( I~:I ) (3.11) 

In the following discussion, the usc of eq. 3.11 is referred to as the advanced 

analysis method and eq. 3.8 is referred to as the simple analysis method. If 

the inverse of the extinction ratio is on a similar order to the desired resolution 

of the estimate, then the advanced method is highly preferable over the simple 

method . In most THz-TDS polarimetric systems, the extinct ion ratio is going 

to be limited to the order of 103
, so if a resolution of greater t han 1% is 

desired , then the advanced method must be used . A negative consequence of 

the advanced method is that it requires an additional reference measurement. 

The simple analysis method actually allows extraction of the birefringence with 

no reference measurement , assuming the thickness of the sample is known a 

priori . Even if the sample thickness needs to be determined, only E~ef needs 

to be measured to extract this information. The advanced analysis cannot 

be performed without taking a reference measurement that consists of time 

domain scans of both electric field components. 

In the preceding analysis, methods to estimate the linear birefringence 

were the only methods discussed . Using the same principles and eq. 3.10, 

appropriate analysis methods can can be rapidly determined for estimating 

the linear dichroism, circular birefringence, and circular dichroism. 

3.5 Conclusion 

THz-TDS is an experimental technique that allows exploration of regions of 

the electromagnetic spectrum that were previously difficult to access. This 

ability comes with limitations, as the current methods for generation and de

tection of THz radiation require complicated laser systems and rather fragile 

experimental setups. In designing a THz experiment, it is important to be 

aware of the specific challenges that result from the time domain nature of the 
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experiment . With careful planning and calibrat ion of the experimental setup, 

many of these challenges can be overcome. 
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Chapter 4 

Applications to Birefringent 

Materials 

The simplest , and perhaps most pervasive, case of anisotropy in materials 

systems is birefringence. At THz frequencies , birefringence has been measured 

in semiconductors and dielectrics (Grischkowsky et al. , 1990) , liquid crystals 

(Tsai et al. , 2003) , and oriented natural materials such as wood and paper 

(Reid and Fedosejevs, 2006) , as well as plant leaves (Jordens et al. , 2009) . 

The ready availability of birefringent materials offers an ideal test case for 

a polarimetry system. Birefringence is also an extremely useful property in 

device design, as optical polarizers, waveplates , beamsplitters and numerous 

other devices can all be fabricated from birefringent materials. 

This chapter focusses on several different birefringent systems found dur

ing the course of research, some through chance and others where the bire

fringence at THz frequencies is well known. In several cases, the anisotropic 

materials properties were altered through the application of mechanical force 

and thermal energy. The capabilities of polarimetric methods in THz-TDS are 

compared to the more commonly employed phase extraction method and the 

tradeoffs are analyzed . 
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4.1 Mathematical Review 

The most widely used method for obtaining complex index of refraction esti

mates from THz-TDS data relies upon using the phase of the Fourier transform 

to determine the real component, n and the magnitude to determine the ab

sorption coefficient, Q, which is related to the imaginary part of the index of 

refraction K, (G riffi ths, 1999) . 

As previously discussed , two key sources of systematic error in THz-TDS 

experiments are laser power drift and path length drift due to temperature 

or mechanical vibration. Using the widely accepted, which will be further 

referenced as the "classical", approach laser power drift error is coupled into 

the absorption coefficient measurements and path length drift is coupled into 

the real part of the index of refraction measurements. The laser power drift can 

be compensated for quite readily by repeating scans; however, the phase error 

is much more difficult to compensate for. As a result , the classical method 

typically results in noisier estimates of the index of refraction and more stable 

estimates of the absorption coefficient. 

From chapter 2, the index of refraction can be estimated from the phase 

delay between a sample and reference scan: 

(4.1 ) 

In order to solve for the absorption coefficient, Q, the Fresnel coefficients 

for the sample must be known a priori. As the Fresnel coefficient cannot be 

fully determined without the absorption coefficient , it is necessary to either 

resort to solving for the absorption coefficient through an iterative minimiza

tion procedure, such as the Newton-Rhapson method, or to assume that K, is 

small , so that the index of refraction can be approximated by n. Assuming K, 

is small tllcn: 

Q ~ _~ log (IE:ampl (n +1 )2 ). 
d IE1•ef l 4n 

( 4.2) 

The other relationship used extensively throughout this chapter is the 
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method to extract the birefringence from the change in polarization state of 

the THz field . As mentioned at the end of chapter 3, if the polarization purity 

of input THz field b poor, then the advanced analysis method should be used 

to estimate the birefringence. As the advanced method requires more scans, 

an approximation to use the simple method of analysis in the case of a low 

extinction ratio would be useful. In the case where the polarization angle of 

the reference electric field is small , then the simple polarimetric analysis can 

be modified by simply taking the difference of the polarization angles. The 

birefringence can then be approximated as: 

(; 

6.n ~ Kfd (Bsamp - BTe!) . (4.3) 

These three relationships are the basis of analysis performed on the samples 

in this chapter. Where necessitated by the sample, the advanced polarimetric 

analysis method was also used. 

4.2 Polymer Materials 

Polymer materials have a long hbtory of being studied through infrared mea

surements and spectroscopy (Peterlin , 1971) . These measurements have al

lowed insight into the orientation of polymer chains within a material and 

how the materials properties of the polymer are affected by heating (Wietzke 

et al., 2009) , extrusion (Peterlin , 1971 ), radiation damage (Clough , 2001) and 

blending (Turcsnyi et at. , 1987). 

In this section, two particularly interesting examples of birefringent poly

mers are discussed. First , a sample of silicone rubber heat-shrink tubing is 

examined before and after heat is applied . In addition to the change in phys

ical dimension , the tubing exhibits significant changes in birefringence and 

dichroism. The second set of mea~urements is particularly relevant the THz

TDS measurements in the PRL as the material , a thin sheet of optically opaque 

HDPE, is used in all of the experimental setups to block 800 nm beams. In 

this sample , the relatively small initial birefringence is increa~ed by an order 
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of magnitude through mechanical stretching of the material. Both of these ex

amples serve to show the superiority of polarimetric analysis for birefringence 

estimates. 

4.2.1 Heat Induced Birefringent Variability 

Numerous materials were investigated for birefringence at THz frequencies. 

While many materials exhibited birefringence, in a subset of materials a sig

nificant change in birefringence was also able to be introduced. The ability 

to induce and perhaps control the level of birefringence is interesting from 

both an engineering and scientific perspective. As an engineering tool , mod

ification of the birefringence at high speed is useful for creating electro-optic 

modulators. 

While the methods used in this work to induce birefringence are non

reversible and thus are not relevant as an engineering technology, scientific 

relevance still exists . The level of birefringence in a material is an indication 

of the ordering of the material on relevant length scales of the radiation used . 

One of the most interesting samples measured, was a sample of 1.0 cm di

ameter unbranded silicone rubber 2:1 heat-shrink tubing obtained from Sayal 

Electronics. Heat-shrink tubing is manufactured from numerous different poly

mers, with the most common material for electronic applications being poly

oefin . While the mechanism resulting in shrinkage is different for different 

materials , it generally requires creating a non-equilibrium state within ma

terial (Clough, 2001) . Radiation is used to partially cross-link the material, 

which is then heated above its crystalline melting point, stretched, and fi

nally cooled while still stretched. As a result of this process, the material is 

stretched beyond its normal equilibrium dimensions, later application of heat 

then allows the cross linked polymers to pull the material back into the state 

before the initial heat was applied (Clough , 2001) . 

Sample Preparation 

While numerous polyolefin samples were investigated , obtaining high quality 

measurement results was difficult as the material was typically quite thin , on 
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the order of 0.1 mm. The silicone rubber tubing, at 0.33 mm provided a much 

better platform for investigating the changes in materials properties of the 

heat-shrink tubing. 

The silicone rubber tubing was cut lengthwise to obtain a fiat strip of 

material of 2.0 cm by 2.0 cm. The initial thickness of the heat-shrink tubing 

was measured with a digital caliper to be 0.33 ±0.2 mm. After application 

of heat using a heat-gun , the thickness increased to 0.62 ± 0. 2 mm. Applying 

heat resulted in a decrease in the horizontal dimension of approximately 50%, 

and a slight decrease of approximately 10% in the vertical dimension as shown 

in figure 4.1. Thus the application of heat resulted in a slight decrease in the 

total volume of the material, and thus a higher material density. 

Initial Tube Cut and Flattened After Heat Applied 

eut 

t 
• 

1.0 em I heat 

• 2.0 em 

1.9 em 

Figure 4.1: Preparation of the heat shrink sample. The initial tube is cut 
along its axis and then eut into a 2.0 cm x 2.0 em square. This sample was 
measured using the THz-TDS polarimetry method. A heat-gun was then used 
to heat the sample well above its shrink temperature resulting in the reduction 
in the horizontal and vertical dimensions indicated. 

Data Analysis and Results 

Determining the anisotropic index of refraction in the heat-shrink tubing using 

THz-TDS requires several steps. In order to reduce the time needed for scans, 

only 192 points at a sampling time of 66.7 fs were taken . A series of five 

reference scans were taken with no sample in place and averaged to reduce 

variability. The principal axes were determined by measuring the change in 

polarization state of the THz radiation while rotating the sample through at 

least 180° . As shown in figure 4.2a, the difference in polarization state is 

maximized when the incident radiation is polarized 45° off the principal axes 
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and minimized when the radiation is polarized along one of the principal axes. 

As a function of frequency, shown in figure 4.2b, the change in polarization 

angle is almost linear for the off-axis measurements, and effectively negligible 

when polarized along the axis. As should be expected for heat-shrink tubing 

designed to reduce in size primarily in one direction, the principal axes line up 

with the physical dimensions of figure 4.1. 
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Figure 4.2: Experimental process for determining the principal axes a) The 
sample is rotated through at least 1800 and a polarimetric THz-TDS scan is 
taken. The angle of the THz electric field is determined. The principal axes are 
located at the sample angles where there is no change in the THz electric field 
angle. The location for optimally determining anisotropic materials properties 
using polarimetric analysis are 450 off of the principal axes b) As a function 
of frequency, the THz angle difference at the off-axis locations is nearly linear 
indicating a nearly constant bn. The fast and slow axes are determined by 
using the phase of the individual THz-TDS scans to calculate the delay relative 
to a reference pulse. 
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An inherent part of the process of taking the polarimetric THz-TDS mea

surements is taking the measurements along the principal axes that would be 

taken to utie for the clatitiical analytiiti. Utiing thetie measurementti, the classical 

analysis was used to extract the index of refraction along both principal axes, 

as well as the absorption coefficient, both before and after heat was applied. 

Table 4.1 summarizes the estimates of these properties at 2.0 THz. This fre

quency range was chosen as the estimates are generally quite poor below 1.5 

THz due to several aspectti that are diticussed later. 

Table 4.1: Complex index of refraction estimates extracted using the classi
cal analysis method for heat shrink tubing, before and after application of 
heat. All estimates are for 2.0 THz (67 cm- I ) . The real part of the index 
of refraction, n , iti approximately constant over the experimental bandwidth, 
while absorption coefficient increases in an approximately linear fashion with 
frequency (or wavenumber) . 

Axis I nbeJore I naJler I change I rYbeJm·e [cm- I
] I rYaJter [cm- I

] I change [cm- I
] 

"-

slow 1.59 1.66 + 0.07 24 22 -2 
fast 1.58 1.63 +0.05 23 18 -5 

The classical analysis method makes it quite clear that birefringence exists 

111 the initial stretched material , and is significantly increased after heat is 

applied. It is also interesting to note that the initial material only has a 

tilight linear dichroitim; however , after the heat is applied a quite significant 

linear dichroism is estimated. The key limitation of the classical method is 

demonstrated in figure 4.3. As the sample is quite thin , Fabry-Perot reflections 

within the material cannot be neglected. These reflections , as explained in 

Appendix B, result in sinuisoidal variations in the magnitude of the estimated 

transfer function. More importantly the phase it; abo significantly distorted, 

which in turn distorts the estimate of index of refraction. The distortions 

along each principal axis are slightly different and when taking the difference 

between the estimated indices, as is done to determine the birefringence , the 

distortion is significantly enhanced. The net result , shown in figure 4.3a and 

b , iti a birefringence etitimate that iti difficult to interpret . 
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Figure 4.3: Birefringence estimates obtained using both the classical phase 
extraction method and the polarimetric angle extraction methods. Due to the 
sample being 0.32 mm thick before heat application and 0.66 mm thick after, 
the periodicity of the Fabry-Perot reflections is quite different between the two 
measurements. 

In both the before and after cases, the polarimetric analysis method pro

vides birefringence estimates that have significantly less variability than the 

classical phase extraction method. While the Fabry-Perot reflections are still 

present in the polarimetric data, their influence is significantly reduced as 

the absolute magnitude is less sensitive to the introduced variability than the 

phase. Despite the improvement in the polarimetric birefringence estimate, the 

"after" estimate still suffers from a clearly systematic decrease with frequency. 

In the estimates given in table 4.1 a clear linear dichroism was present at 2 

THz, and the analysis of the entire dichroism spectrum in figure 4.4a, shows 

this effect is present across the entire bandwidth. 
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The estimates shown figure 4.4a are particularly noisy as the material sam

ple is quite thin. So while the absorption coefficient is quite high , upwards of 

25 cm- 1 at 2 THz, the actual measured absorption is quite small. Estimating 

the absorption coefficient also requires a priori knowledge of the real part of 

the index of refraction , as per equation 4.2 , to estimate the Fresnel reflection 

and transmission coefficients at the interfaces. The classical method for anal

ysis uses the estimate of n obtained from the phase to estimate ex, thus the 

Fabry-Perot reflectiom; and their systematic error arc introduced through two 

mechanisms in the estimate. 

One key complication of dichroism is that the simple method for polari

metric analysis yields biased estimates of the birefringence. This bias can be 

corrected by compensating for the effect of the dichroism and including that 

effect within the polarimetric analysis of the absorption coefficient . The linear 

dichroism exhibited in figure 4.4a, despite being quite noisy, can be approxi

mated as being stepwise linear with frequency, with negligible dichroism below 

0.7 THz . Using this approximation , the slope of the linear dichroism curve is 

4 cm-1/THz with a dichroism of a cm- 1 from 0.0 to 0.7 THz. This approxi

mation for the linear dichroism can then be used as a correction factor for the 

original measurements of 1 Esamp I· 
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Figure 4.4: Linear dichroism is present in the heat-shrink sample after heating 
and plays a role in adding bias to the polarimetric estimate. a) Using the 
classical analysis method the difference in absorption coefficient before and 
after application of heat was determined. While both estimates are quite noisy, 
the dichroism is only apparent after heat is applied. b) Assuming the linear 
dichroism is proportional to frequency, a correction factor for the dichroism 
was applied to the polarimetric estimate method resulting in the estimate 
shown. 
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Using this correct ion factor yields the corrected birefringence measurement 

in figure 4.4b. The corrected graph fits with numerous other experiments con

ducted within the course of this work that show a ncar constant birefringence 

across the experimental bandwidth for most of the polymers investigated. 

These experimental resul ts should be examined in the scientific framework 

for heat-shrink polymers that was earlier discussed . After the initial applica

tion of heat to melt the crystalline portions of the polymer, the cross-linked 

chains in the desired direct ion of shrinkage have been distorted. The net direc

tionality of the cross-linking in this state may have occurred due to the initial 

method for cross-linking, or may simply be a result of the mechanical stretch

ing. After application of heat , the chains are pulled back into shape to reduce 

the potential energy of the cross-linked chains. As the birefringence increases, 

the relaxed t;tate must have a net higher percentage of chains oriented in the 

same direction. 

4.2.2 Mechanically Induced Birefringent Variability 

One of the materials commonly used in constructing equipment for THz-TDS 

experiments is polyethylene, or PE. Polyethylene is the most widely used plas

tic, mot;t notably used in plastic shopping and garbage bags, and is available 

in numerous different weights . These weights correspond to different densities 

and branching structures possible along the polymer chain (Peterlin , 1971). 

Within the PRL, black coloured high density polyethylene (HDPE) , sheets 

are used to block the 800 nm pump radiation within the THz beam path, 

while caut;ing only a minor (7%) reduction the THz field intensity. 

Sample Preparation 

T he HDPE sheets have a nominal thickness of between 50-60 {1m. As the 

material it; opaque to optical probes, measuring the thickness in this regime 

is somewhat complicated. In order to verify the thickness, multiple THz

T DS measurements were taken and the estimates for introduced optical path 

length increase was averaged. The nominal value of n was then determined by 

stacking 15 layers, obtaining a thickness significant enough to measure with 
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a micrometer, and then conducting another THz-TDS measurement. The 

index information obtained from the stacked pile was then used to extract 

the thickness, d, from the individual sheet measurements based on the optical 

path length, as 0 P L = nd. 

Using the aforementioned method , the initial thickness of the sheets was 

determined to be 54 ± 6p,m. In order to induce birefringence in the sheets , 

a sufficient load must be applied to result in deformation. In this case, the 

desire is to create a measurable plastic deformation . Thus a load must be 

applied that exceeds the yield strength such that plastic, rather than elastic, 

deformation occurs. 

The yield strength in various HDPE samples is known to range between 

26-30 MPa (Turcsnyi et al. , 1987) . In order to estimate the approximate load 

needed to cause plastic deformation, the approximate size of the cut sheets was 

decided to be 4 cm. Thus the cross sectional area of the 4 cm by 54 /-Lm sheet 

would be approximately 2 x 10-om2
. Thus the required load would be 60 N, or 

about 6 kg. Using a clamping apparatus, loads of 6 kg were spread across the 

width of a cut sheet of the HDPE, plastic deformation was noticeable within 

several seconds. The deformation rate accelerated rapidly resulting in fracture 

if the load was left applied for more than 10 seconds. An optimized maximum 

deformation length of 250% of the original length of was determined through 

several trials , and a block used to prevent the load from deformation from 

exceeding this limit. 

More than twenty samples of stretched HDPE were created. Each sample 

was measured using polarimetric THz-TDS before the load was applied. In 

some cases, additional heat from a heat gun was applied to reduce the required 

load for plastic deformation . The sample described in the following data sets 

demonstrated the largest induced birefringence amongst all the samples, and 

was created using a 3 kg load with heat applied . As the entire stretched sheet 

was typically 4 cm x 10 cm, a 1.5 cm x 1.5 cm portion of the sample was cut to 

be used in the measurement. The sample creation process is shown in figure 

4.5. 
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Initial Sheet 

[ ~ 
4.0 em 

Stretched 
4.0 em 

Applied Load 

Measured Sample 

eut ! 1.5 em --10.0 em 1.5 em 

Figure 4.5: Sample preparation steps for the HDPE sheet. The initial sheet 
was cut from a roll of HDPE, with the edges parallel to the edges of the 
roll. This initial sample was measured using THz-TDS. The sample was then 
stretched using a load clampeci to the bottom of the sheet. After the sample 
was stretched , a noticeable change in opacity occurred. The stretched sample 
was cut from the center of the large piece of stretched material. 

Data Analysis and Results 

The measurement and analysis for the HDPE sheets is very similar to the 

process followed for the heat-shrink sample. The key complication in the 

HDPE measurements is that the thickness can not be measured independently 

using a micrometer. Instead, the THz-TDS measurements themselves must be 

used to determine both the thickness and index of refraction. For the initial 

sample, the thickness determination was done using multiple sheets to first 

determine n . With the stretched sample, the thickness has clearly decreased . 

The initial measurements of the HDPE sheets are shown in figure 4.6. 

An inspection of the initial sheet data in figure 4.6 a shows that a slight 

birefringence must be present , as the angle of the THz field varies as the 

sample is rotated. The peak of the angle variat ion occurs at a sample angle 

of 72° , indicating that the principal axes are located at sample angles of 27° 

and 117° . As the sample was mounted such that 0° corresponded to the THz 

field being parallel to the vertical edge of the HDPE sheet , these locations 
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of the principal axes indicate that the sheet has built-in strain in a diagonal 

direction. 
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Figure 4.6 : Steps in analysis of the stretched polyethylene sheet. a) Initially 
a small birefringence of f1n < 0.01 is present. The principal axes do not 
line up with the edges of the sheet , rather they are approximately 27° off the 
physical axes. After stretching the sheet along the physical axes, the principal 
axes lie along the physical axes. b) Compared the heat-shrink, the change in 
polarization state as a result of the polyethylene film is significantly less due 
as the thickness of the material is an order of magnitude less. 

The principal axes in the stretched sheet are parallel to the physical axes of 

the sheet. This is expected as the principal axes should follow the orientation of 

the strain applied to the sheet. The measurements along the slow axis in figure 

4.6b indicate some systematic flaws in the experiment as the angle difference 

is non-zero for frequencies below 1.5 THz. This flaw may be due to a non

uniform distribution of deformation within the stretched sheet. While care was 
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taken to obtain a sample that visually appeared uniform, without microscopic 

analysis of the sample over a wide area, this is hard to guarantee. As previously 

discussed in Chapter 3, the size of the THz focus is frequency dependent , and so 

lower frequencies are more susceptible to non-uniform materials . The slow axis 

measurement in figure 4.6b clearly less systematic error at higher frequencies, 

which also supports the hypothesis of non-uniformity as a cause of this error. 

As with the heat-shrink measurement , both the classical phase extraction 

method of analysis and the polarimetric method of analysis were used to es

timate the birefringence in the sample, with the results shown in figure 4.7. 

In order to extract the birefringence measurement after the material has been 

stretched, the thickness must first be determined . The method used to de

termine the initial thickness and index cannot be used as the sample is not 

homogeneous enough to get sufficient stacked pieces. Instead, an iterative 

process of estimating the index of refraction and thickness is used until a con

verged estimate of the thickness is achieved. The initial measurement of the 

index of refraction , 17,=2.09, was used to start the iterative procedure. To in

crease the accuracy of the estimate, the procedure was applied to numerous 

estimates with the sample at different rotation angles . These estimates formed 

a distribution, which was then averaged. 
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Figure 4.7: Birefringence estimates obtained using both the classical phase 
extraction method and the polarimetric angle extraction methods. Due to the 
sample being only 54 J-lm thick before being stretched and 24 J-lm thick after , 
the Fabry-Perot reflection effect is quite pronounced. a) The birefringence 
is small before the HDPE sheet is stretched. b) After being stretched, the 
birefringence was amongst the largest measured in this work . 

The measurements of birefringence in the HDPE sheet demonstrate the 

utility of of the polarimetric method. The classical method fails completely 

on such a thin sample due to the Fabry-Perot reflections and phase instabil

ity; however, the polarimetric method still provides a useful estimate. In the 

polarimetric birefringence estimate, a bias, as in the uncorrected heat-shrink 

measurements, appears to be present at higher frequencies . In this case, the 

cause does not appear to be anisotropic absorption, as no linear dichroism was 

detectable. 

The change in refractive indices of the HDPE sheet before and after stretch

ing are summarized in table 4.2. Unlike the heat-shrink tubing, mechanical 
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stretching of the HDPE results in an increase in the index of refraction along 

one principal axis, and a decrease in the other. This difference could simply be 

due to the relative difference in the change in material density. In the physical 

measurements of the heat-shrink, figure 4.1, the change in dimensions showed 

the material must have had a net increase in density after heat was applied. 

This increase in density would be expected to yield a higher index of refrac

tion and a higher absorption coefficient . In the case of the HDPE, the average 

density was not determined, although it could be estimated through sensitive 

mass measurements. 

Table 4.2: Index of refraction estimates extracted using the classical analysis 
method for the HDPE sheets , before and after being stretched. The principal 
axes used were the axes after the stretching. All estimates are for 2.0 THz (67 
cm- 1). R.eliable estimates of the absorption coefficient could not be obtained, 
as material does not cause sufficient absorption . 

Axis I thickness before [p,m] I thickness after [p,m] I nbe!oTe I na!teT I change 
slow 55 24 2.095 2.125 +0.030 
fast 55 24 2.090 -0.055 

Infrared measurements of polymer systems with induced birefringence have 

been a staple of polymer science (Peterlin, 1971) ;however, the use of THz-TDS 

has been quite limited. Polarimetric THz-TDS measurements allow the simul

taneous determination of the thickness of the material , through the optical 

delay change, and the anisotropic materials properties. In materials systems, 

such as the HDPE sheets , where the thickness is otherwise troublesome to de

termine, THz-TDS provides a significant advantage over infrared techniques. 

The region of the spectrum where THz-TDS operates is also a benefit 

over infrared polymer measurements. Absorption at the low end of the THz 

regime, below 1 THz , is typically quite low, while the mid-range of the THz 

regime may contain interesting features , such as the 2.5 THz phonon mode 

in polyethylene. THz-TDS allows the probing of such phonon modes under 

varying experimental and materials conditions, which could prove interesting. 
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4.3 Crystalline Lanthanum Aluminate 

Crystalline materials can be intrinsically birefringent depending on the pres

ence or lack of symmetry in the spacing of atoms within the crystalline lattice . 

With the exception of cubic crystals , all other crystalline materials are intrin

sically birefringent (Fowles, 1989). While crystalline birefringence is not a key 

component of this thesis , one example of this birefringence demonstrated the 

utility of THz-TDS polarimetry. 

Within the thin film growth facilities at McMaster University, numerous 

different substrates are used for growth. When growing any epitaxial thin film, 

lattice matching between the substrate surface layer and the thin film layer 

is extremely important. A large lattice mismatch results in film growth that 

with numerous dislocations, built-in strain and other defects (Ohring, 2002). 

In order to grow a wide-variety of exotic films , a wide variety of substrates must 

be employed. One particular substrate used in the growth of superconducting 

YCBO films is lanthanum aluminate , as it is lattice matched to within 2% 

(McDaniel and Hsu, 1996). 

The crystalline structure of lanthanum aluminate is a perovskite which is 

uniaxial at room temperature (McDaniel and Hsu , 1996) . The material is 

prone to twinning, with the twins easily distinguishable optically through a 

microscope. 

Sample Preparation 

The samples of lanthantum aluminate were obtained from a cleaved wafer 

at the thin film facilities in the Brockhouse Institute of Materials Research. 

The sample was trapezoidal with a total area of approximately 1 cm2 and the 

thickness was measured to be 530 pm with mechanical calipers. The sample 

was mounted on a mechanical rotation stage behind a 5 mm diameter aperture. 

Rather long scans of 768 points at a sample rate of 40 fs were taken. The longer 

scans were necessary as the high index of lanthanum aluminate results in quite 

a significant optical delay even from a relatively thin sample . 
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Data Analysis and Results 

These measurements were taken almost a year before all other measurements 

presented in this thesis and the system had significantly lower SNR and signif

icantly more phase noise. As a result, a significant amount of data tuning was 

required to obtain the index of refraction estimates. The increased phase noise 

results in numerous 27f offsets in the extracted phase of the Fourier transform 

of the each scan as the wrong branch cut is selected when unwrapping. In 

order to correct this limitation of the standard unwrap procedure, appropriate 

multiples of 27f were manually added to the required phase values in order to 

present the index estimate of figure 4.8. Similar correction was not required 

in the other birefringent samples measured with the improved THz-TDS ex-

perimental setup. 

a) 
Frequency [THz] 

b) 
Frequency [THz] 

0.6 1.2 1.8 2.4 3 0.6 1.2 1.8 2.4 3 5.2 18 
-FastAxis 

,......., 
-FastAxis ..-

5.15 - - - Slow Axis I 16 - - - Slow Axis E 
C 5.1 .£ 14 c ..... 
0 

5.05 
c 

12 :;:::::; I Q) 
(,) 'u ro 

5 
I 

~ 10 ~ . / ..... 
Q) 

I 
Q) 

~ 0 ..... 4.95 :1 () 8 
0 1 
>< 4.9 .. ... . ., c 6 Q) ; . 0 

"0 
:;:::::; 
c.. c 4.85 L... 4 
0 

4.8 
en 

2 ..c ., . .. .. ' . 

« 
4.75 0 

0 20 40 60 80 100 0 20 40 60 80 100 

Wavenumber [cm -1] Wavenumber [cm-1] 

Figure 4.8: Optical properties along both the principal axes of the lanthanum 
aluminate sample obtained by the phase extraction method for THz-TDS data 
analysis. a) The index of refraction increases monotonically, as does the b) 
absorption coefficient. 
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The measurements of figure 4.8 show that the lanthanum aluminumate 

sample is strongly birefringent with a slight dichroism as well. Unlike many 

the of polymer samples, the index of refraction varies significantly across the 

THz bandwidth. The index of refraction is also quite high , at approximately 5, 

which yields much larger Fresnel reflections at the sample interface and thus a 

stronger Fabry-Perot etalon effect. The net electric field transmission through 

the sample, assuming negligible absorption , is at best 56% due the Fresnel 

losses. 

Using both the phase extraction and polarimetric analysis method, the 

birefringence of the lanthanum aluminate was measured and is shown in figure 

4.9a. The birefringence actually shows several interesting features . While the 

initial bump in the birefringence at 500 GHz may simply be due to Fabry-Perot 

reflections, the gentle upwards slope between 750 GHz and 2 THz cannot. 

The significant drop in the birefringence after 2 THz is also quite interest

ing. One possible explanation for this behaviour is the twins present within 

the crystal sample. While care was taken to measure through an optically 

homogeneous region , microscopic verification of the homogeneity was not per

formed on this sample. As the beam waist varies significantly with frequency, 

it is possible that the higher frequency measurements are measuring the region 

of a single twin, where as the lower frequency measurements are across several 

twins . 

Evidence for the possibility of various between twins could be obtained 

by the rotation of the sample through a serious of intermediate angles, and 

translation of the sample in the plane orthogonal to the propagation of THz 

field . The combination of these measurements would allow a more complete 

understanding of the physical phenomena at play. 
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Figure 4.9: Anisotropic optical properties of the lanthanum aluminate sample. 
a) Using both phase-extraction and polarimetric data analysis, the birefrin
gence was extracted . Unlike polymer samples, the birefringence decreases 
above 2 THz. b) The linear dichrobm is small , but clearly present between 
0.75 and 2.0 THz. The dichroism measurement is relatively noisy due to the 
small absorption and relatively large Fresnel losses. 

The linear dichroism estimates, shown in figure 4.9b, also support the mea

sured changes in birefringence as physical manifestations and not experimental 

errors. Through the Kramers-Kronig relation, a change in the birefringence of 

the material must be accompanied by a change in the dichroism of the mate

rial. In the case of the two regions of rapid change in birefringence, (below 0.6 

THz and above 2.0 THz) corresponding changes in the dichroism are present. 

As a final note to this discussion on lanthanum aluminate, previous mea

surements have not noted birefringence at THz frequencies (Grischkowsky 

et al. , 1990). Indeed, significant birefringence makes a material particularly 

unappealing as a substrate for measurement of thin films. Another closely 
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related material , lanthanum gallate, has been noted as having significant bire

fringence at THz frequencies , although estimates of the values were not pub

lished (Grischkowsky et al. , 1990). Lanthanum gallate has similar optical fea

tures and n and a profiles at THz frequencies when compared to lanthanum 

aluminate , so it is possible, although unlikely, that the sample received was 

incorrectly labelled. If the sample were still available, it would be prudent to 

conduct further studies to ascertain is chemical composition. 

4.4 Conclusion 

Birefringence occurs widely in materials and can be due to intrinsic materials 

properties or due to the processing the material has received. While classical 

THz-TDS analysis is generally able to only examine birefringent samples at 

least hundreds of microns thick, polarimetric THz-TDS allows examination 

of much thinner samples. The ability to study thin samples, especially those 

which may be opaque at infrared frequencies , is an additional measurement 

tool that can be used in the study of materials. The examination of various 

polymer systems may be aided by the use of THz-TDS in addition to the more 

typical analysis using IR spectroscopy and x-ray measurements . 

88 



Chapter 5 

Design of an Achromatic THz 

Waveplate 

The broadband nature of THz-TDS systems presents a challenge for design

ing optical components. Optical pulses in the visible and telecommunications 

wavelength regimes typically have bandwidths in the tens of nanometers, cor

responding to a quality factor , Q, of greater than 10. However, THz pulses 

frequently have a Q below one underscoring the ultrabroadband nature of these 

pulses. 

Through the use of various materials , broadband lenses and polarizers have 

been created for THz frequencies . However, one key missing component of the 

optical toolset are broadband waveplates. In 2006 , Masson et al . fabricated a 

mult ilayer THz achromatic waveplate from birefringent quartz using a stacked 

structure as shown in figure 5. 1. While their waveplate performed well , it 

required the use of custom fabricated quartz layers and was over 3 cm thick 

(Masson and Gallot , 2006). 

The goal of this chapter is to show that polymer systems can be used to 

create an achromatic waveplate of similar effi ciency to the quartz achromatic 

waveplate whi le only using layers cut from a single sheet. T his task is compli

cated by non-negligible linear dichroism in the samples which requires effective 

modelling to enable design of t he waveplates. 

89 



M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

Layers Stacked Structure 

1 
... 1 
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4 

Figure 5.1: A stacked waveplate is formed by mechanically attaching several 
layers of birefringent material oriented such that the output polarization state 
is technologically useful over a broad range of frequencies , rather than in just 
a narrow band. 

5.1 Mathematical Modelling and Optimization 

The following treatment of EM wave propagation in anisotropic media fol

lows closely the work in (Naydenova et ai., 1997) and the description given in 

chapter 3 for polarimetric analysis. In general, the Jones matrix, j for propa

gation of an EM wave with free-space wavelength A through a linear medium 

of thickness d can be written in terms of the wave propagation matrix K: 

j = exp (-iKd). (5 .1 ) 

In order to treat the general case with linear dichroism and linear bire

fringence two complex indices of refraction are required : Nl = Ttl + 'ikl ' 

N2 = Tt2 + ik2. The K can then be expressed in terms of these indices: 

90 



M.A .Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

(5.2) 

It is then convenient to define ndiJJ = (n1 - nd/2 and kdiJJ = (k1 - k2 )/2, 

so the birefringence is 2ndiJ J and the linear dichorism is 2kdiJ J. The average 

complex index is also defined as N = (N1 + N2 )/2 . The wave matrix can then 

be decomposed into the average and difference components and substituted 

into equation 5. 1 using 5.2 to give: 

[ 

( 
211'dkdif f + . 211'dndi.f f ) 

J = exp - A ~ A 

a ] (
2nd - ) exp 'iTN . 

o 
( 

211'dkdif f . 21I'dndif f ) exp A - ~ A 

(5 .3) 

1\lrning back to the original problem of a stacked structure of multiple lay-

ers of birefringent , linearly dichroic material , the Jones matrix of equation 5.3 

can be combined with the general rotation matrix operator, R(B) to determine 

the effective Jones matrix for the entire stack: 

Jtot = (5.4) 

R( B) = [ co~ B sin B ] . 
- smO cos O 

(5.5) 

The key parameter of interest for performance of a waveplate is the dephas

ing, t6.¢ between polarization components , mathematically this can be derived 

from the Jones matrix of equation 5.4 as: 

8'[J1F + 8'[J2F 
R[J1F + R[J2 j2 

(5.6) 

T he form of equation 5.6 should make it clear that the overall average 

material term of exp (i27rdN / A) in equation 5.3 can be safely ignored when 

calculating t he dephasing. 

This preceding derivation gives the mathematical formality necessary to 
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design waveplates with arbitrary dephasing responses . The initial case of in

terest is a waveplate stack compromised of M layers of known thickness , d and 

complex indices of refraction, Hi and H2 , with each plate orientation at some 

angle B'i around the optical axis. This case occurs when numerous pieces of 

a material are cut from a single homogeneous sheet or slab of material. The 

product of 5.4 then yields a matrix product with M unknown angles B'i' 

Determining these angles is a case of non-linear parameter estimation and 

numerical software is the best approach to solving this problem. An intro

duction to parametric estimation methods is given in Appendix A and the 

following discussion adopts the formalism described in Appendix A. 

Parameter estimation problems are normally restated in terms of a cost 

function, X2(O) , with parameters O. For a given output data set y with esti

mated variance, (J2 , and given a model , >.. , which depends on the input variable 

x and estimated parameter set Bg , the X2 function for a least squares fit is 

given by (Tarantola, 2004): 

(5 .7) 

The role of the optimization software is to take an initial parameter guess, 

calculate the X2 , and then adjust the parameters to attempt to reduce the value 

of X2. This process is repeated until some termination condition , typically 

either a maximum number of iterations or minimum change in parameter 

values, is reached. 

To solve the design problem of the stacked waveplate , the desired frequency 

response of /:l¢ is given as y and>" is the determined from the Jones matrix 

using equation 5.6 . Since the design test case is for a quarter wave plate 

between 1 THz and 2 THz, y is set to 7f /2 for this frequency range and is 

unconstrained for all other frequencies. For any given material parameters, 

we now have a general way to design a waveplate with arbitrary dephasing 

response . 
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5.2 Material Selection 

Two classes of materials are obvious candidates for use in a THz waveplate. 

Birefringent single crystals, such as quartz (Si0 2 ) and lanthanum aluminate 

(LaAI03 ), are readily available , but are typically costly and also tend to have 

moderate indices of refraction , resulting in higher Fresnel losses. The other 

obvious candidates are polymer systems, several of which are quite transparent 

at THz frequencies . Birefringence in polymer systems occurs during the fabri

cation process, as the partially molten material is put under significant strain 

re::;ulting in a net orientation of the polymer chain::; (Tagaya et al. , 2001). This 

birefringence can readily be observed at optical frequencies in everyday items, 

such as overhead transparencies. The amount of birefringence is dependent on 

the fabrication process and can be increased or decreased through the addition 

of dopant molecules (Tagaya et al. , 2001) . 

Among polymer ::;y::;tem::;, TPX® (polymethylpentane) , Tsurupica, HDPE 

and Tefion® are commonly used for THz components. TPX is commonly 

used for medical applications as its glass transition temperature is above that 

of typical autoclave temperatures . It is readily available, but typically only 

in large quantities . Tsurupica, being custom engineered, is only available in 

very limited quantitie::; and i::; rather expensive. High Density Polyethylene 

(HDPE) is one of the most widely used polymers; it can be found in a variety 

of thicknesses and grades to suit just about any purpose. The glass transition 

of HDPE is just above lOoDe, so it is not particularly well suited for heating 

applications. Tefion® films and sheets find wide use as dielectrics in various 

electrical component::; due their high breakdown voltage and glas::; tran::;ition 

temperature. A final option is polypropelene, which has similar THz optical 

properties as Teflon® and HDPE, but has yet to commonly used for THz 

components . 

The key properties of the aforementioned polymers are summarized in table 

5.1. If T::;urupica and TPX are excluded from the analy::;i::; , then the common 

polymers HDPE, Tefion® and polypropelene are all quite similar. HDPE is the 

least preferable of the three materials , as it has a higher index of refraction and 

the lowest glass transition temperature. Teflon® and polypropelene appear 
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to be very similar; however, it turns out that thin polypropelene sheets are 

not commonly manufactured . Tefion® sheets , on the other hand , are readily 

available due to its common use as a dielectric and as an anti-stick work 

surface. 

Table 5.1: Properties of selected polymer materials transparent at THz fre-
quencies. 

Polymer 

HDPE 
Polypropelene 

Tefion® 
TPX® 

Tsurupica 

I Index n I a at 2 THz [cm- I
] I 

1.54 2.5 
1.49 
1.38 
1.46 
1.52 

3.5 
2.5 
1.1 
1.0 

Visible Properties 

Opaque 
Opaque 
Opaque 

Polished to transparent 
Polished to transparent 

Through the use of the polarization sensitive THz system described in 

Chapter 3, dozens of samples can be quickly inspected for birefringence . The 

sample is mounted at an arbitrary angle and then the principal component 

of the electric field is measured, allowing determination of the location of the 

THz signal. The detector system is then rotated so that it is sensitive to the 

perpendicular field polarization and another quick THz scan is taken . If the 

material is isotropic, the second scan should yield an extremely low power 

determined by the extinction ratio of the detector system. However , even a 

small birefringence of tln = 0.001 for a sample a few mm thick will yield a 

significant power increase in the second scan relative to an isotropic sample. If 

no increase is noted , the sample must then be rotated , typically by 45° around 

the optical axis, and another scan obtained. This second scan is necessary in 

case the first scan happened to be along a principal axis of the material , which 

would result in no net rotation of the electric even if it were anisotropic. 

If an increase in the detected secondary polarization signal is noted , the 

material likely has anisotropy. These samples can then be marked for more 

detailed invest igation. Through a mixture of polarimetry and direct measure

ment along the principal axes , the anisotropic material parameters can be 

gleaned from the data and independently verified. The remaining discussion 

focusses on a particular set of Tefion® sheets obtained from P&A Plastics in 
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Hamilton, Ontario. These sheets are 1.70 mm thick and have a significant 

birefringence. 

U:sing the clas:sical method for extraction of the anisotropic material param

eters , the parameters for the sheet were extracted and are shown in figure 5.2. 

The birefringence is 0.010 across the entire THz bandwidth and the dichroism 

varies with frequency. As with the heat-shrink tubing sample of Chapter 4, the 

dichroism is approximated by a piecewise linear function for the purposes of 

modelling. The birefringence is assumed to be constant across the bandwidth . 

a) b) 
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Figure 5.2: a) Index of refraction and b) absorption coefficient estimates for 
the 1.70 mm thick Teflon ® sheet . The estimates have been extracted using 
the classical analysb method. 

5.3 Mechanical Construction 

In order to construct the achromatic waveplate , numerous layers must be cut 

from a section of material and properly oriented to within a small margin of 

error. One potential worry when attaching multiple layers of material is that 
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resulting air gaps between the layers must result in significant interface Fresnel 

reflections. These reflections would be apparent in the THz spectrum due to 

the presence of Fabry-Perot type distortions as discussed in Appendix B. 

In several initial measurements, the individual layers were stacked together 

and their edges were attached with aluminum foil tape. THz-TDS measure

ments of these stacks showed Fabry-Perot type distortions only with the pe

riodicity of the entire stack, and not individual layers . Thus this stacking 

method was sufficient for waveplate construction and there was no need to 

find a suitable filler or glue for use between the layers. 

To test the possibility of creating an achromatic waveplate , a program 

was written in MATLAB® to implement the process described in section 

5.2. Achromatic plates with varying number of layers were modelled and con

structed. The best performing combination of these plates was constructed 

from 11 layers with the orientations described in table 5.2. It should be noted 

that the absolute reference for the angle of the layers does not matter , rather 

then key importance is the relative angle between each layer . The template 

used to cut these layers from a sheet of Teflon is shown in figure 5.3. 

Table 5.2: List of layers and relative orientation angles for TTAQ 006 
Layer I Angle [0] I Layer I Angle [0] I Layer I Angle [0] 

01 270 05 20 09 0 
02 67 06 20 10 181 
03 

04 
218 

22 
07 
08 

14 
5 

11 185 

To aid in alignment of each layer, a guide similar to the pnmary and 

secondary fiats used on semiconductor wafers was cut into each layer. With 

knowledge of the top side of the layer , via a marking and the cut corner, the 

layers can be oriented to within less than a degree rapidly. 
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G 
2 8 11 

3 

Figure 5.3: Orientation of various layers of the test waveplate , TTAQ 006, as 
cut from a uniform sheet of material. After cutting the layers are placed in 
order and aligned by using the angled edge to form the completed waveplate. 

5.4 Results 

The performance of the waveplate can be quantified in numerous ways. For our 

purposes, the primary use of the waveplate is to create right and left circularly 

polarized THz fields and so the most appropriate metric is ellipticity of the 

output polarization . Using the polarimetric THz-TDS apparatus, several scans 

were taken to determine the fast and slow axes of the waveplate, along with 

the angle for optimal output of circularly polarized light. As expected , optimal 

circular polarization was achieved at ±45° from the axes. 

Typical results of the scans are shown in figure 5.4. The trace in figure 5.4a 

is a polar plot of the individual electric field components. For a continuous 

source that is perfectly circularly polarized , this plot should show a perfect 

circle. However, for a pulsed source, obtaining a perfect circle is impossible as 

the amplitude varies , thus a pulse with a ellipticity of ±1 would be a spiral 

out and then a spiral back down to zero amplitude, similar to what is shown 

in the figure. The plots in figure 5.4a also demonstrate that the waveplate is 
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zero order as a higher order waveplate would result in a polar plot that was 

nowhere near circular at any point. The condition of zero-order is important 

for pulsed operation as it is desirable to maintain the short THz pulse. 

a) b) 1 
~ ", 0 I , 45 0.75 .... ~ 

0.04 0 I \ 
- - - 135 ,........, 

0.5 I \ 

::J I \ ,........, 
I " ::J ro 0.25 0.02 .......... I' ro I 

.......... >. 
0 

, ....... -- ·u ....... - 15. -0.25 >-
0 W 

W - 0.5 

- 0.02 - 0.75 

-1 
- 0.02 0 0.02 0 0.5 1 1.5 2 2.5 3 

E (t) [a.u] 
x 

Frequency [THz] 

Figure 5.4: Measurements of the performance of the test waveplate. a) Polar 
plot of the time domain traces of the individual electric field components. 
b) Ellipticity estimate, an ellipticity of 1 indicates a perfect right circular 
polarization state and -1 indicates a left circular polarization state. 

The second metric in figure 5.4b is the ellipticity which is the ratio of 

the minor to major axes of the polarization ellipse . For a perfect circular 

polarization state, the ellipticity should be ±1. Measurements indicate the 

achromatic waveplate has an ellipticity which exceeds 0.75 over a bandwidth 

of 0.75 to 2.25 THz. This bandwidth corresponds to the bandwidth of the 

THz-TDS apparatus. 

Another key performance measure for the waveplate is the total transmitted 

amplitude. Due to both Fresnel reflections and absorption within the polymer 

material, the electric field intensity is significantly reduced. At 1.87 cm thick, 

and with an average absorption coefficient of 2.0 cm- 1 at 2 THz, the expected 

transmitted intensity is only 0.15 at 2 THz. While the performance shown in 
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figure 5.5a does indicate that the waveplate performs better than the average 

absorption coefficient would indicate, the significant amount of absorption 

degrades its usefulness. 

As a secondary demonstration that the waveplate is in fact zero order, 

the individual components of the electric field are shown on the same axis in 

figure 5.5. Both pulses clearly maintain the shape a THz pulse. The delay of 

approximately 25 ps, seen in the time axis, is due to the optical thickness of 

the material. 
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Figure 5.5: Measurements of the performance of the test waveplate a) the 
transmission ratio of the plate falls off significantly with frequency due to the 
thickness of the plate and the moderate absorption coefficient. The net trans
mitted field has an almost flat spectrum from 0.5-2.0 THz due to the normal 
shape of the spectrum. h) Time domain traces of both electric field compo
nents show that the pulse shape is maintained despite transmission through 
the waveplate, indicating that it is zero-order waveplate. 
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For the achromatic waveplate to be a useful experimental tool , more strongly 

birefringent materials are needed . As was shown in Chapter 3, it is possible 

to significantly increase the birefringence in polymers that have low THz ab

sorption. This ability should enable the construction of a waveplate that has 

excellent performance, but much lower THz absorption. As an example, the 

HDPE sample in which birefringence was increased to ~n=O . l1 , would allow 

construction of a waveplate only 1.5 mm thick with ellipticity performance 

equivalent to 5.4b. This waveplate would transmit over 75% of the THz am

plitude at 2 THz, even with Fresnel reflections taken into account. 

5.5 Conclusion 

Using mathematical modelling and non-linear optimization, a process for cre

ating achromatic waveplates has been developed and tested. Through the use 

of the process, numerous waveplates were created and tested at THz frequen

cies . The resulting waveplates were achromatic across a broad-band of the 

spectrum. The best performing waveplate was able to create a THz field that 

had an ellipticity in excess of ±0.75 across the THz bandwidth from 750 GHz 

to 2.25 THz. 

These waveplates are a proof of concept for more precise waveplates that 

could be designed using materials with higher anisotropy. Through use of nu

merous different materials and an appropriate optimization procedure, achiev

ing an achromatic quarter waveplate that is less than 2 mm thick with minimal 

absorption should be readily achievable. 
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Chapter 6 

THz Gas Sensing 

In the current THz literature , experiments involving samples in the solid phase 

are by far the most prevalent. Solid phase experiments include thick mate

rials investigated to determine their complex dielectric constant: thin films 

on substrates measured for their materials properties; compressed pellets of 

heterogeneous material and more. At THz frequencies many liquids present 

rather uninteresting behaviour and are generally neglected for measurements. 

From the first THz-TDS experiments, where water absorption lines dominated 

the response; it was well understood that the gas phase was potentially a rich 

source for molecular responses at THz frequencies . 

While many isotropic gas species have been measured , we are unaware of 

any reports of mea~urements of anisotropy in the gas phase in the THz range. 

Given the high sensitivity of the developed THz polarimeter to anisotropy 

and the potent ial for a. very long interaction length , on the order of meters, 

the possibility exists for measurement of anisotropic THz interactions in the 

gas phase . The following chapter discusses the design of a THz gas sensing 

system built around the previously described THz-TDS polarimetery setup. 

The testing of the sensitivity of this system on numerous isotropic polar gas 

species is also discussed . The ultimate goal of this work is to enable THz 

circular dichroism spectroscopy in the gas phase, the possibilities of this sort 

of sensing a.re left until the following chapter. 
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6 .1 Cell Design and Implementation 

A gas cell for spectroscopic purposes can take many different formats . While 

the simplest format is a simple single pass linear cell , multi-pass cells can be 

of significant utility for detection of minute changes in absorption . The use of 

multi-pass cells for THz gas spectroscopy has been previously explored, with 

cells of path lengths up to 7.5 m to show the detection of parts-per-million 

levels of various gases species (Harmon and Cheville, 2004) . 

While multi-pass cells are very useful , their construction quickly becomes 

an expensive and time consuming endeavour. The White cell cited in the 

previous study requires three mirrors that are precision machined and mounted 

in addition to a large rectangular enclosure that is capable of withstanding 

vacuum. Even using an inexpensive material , such as aluminum, to construct 

the rectangular enclosure would quickly run costs up into the thousands of 

dollars given the large dimensions of greater than 60 cm x 60 cm x 15 cm used 

in the 7.5 m White cell (Harmon and Cheville, 2004) . 

Given that the standard size for optical tables is approximately 2.0 m, the 

construction of a single pass cell in the vicinity of l.5 m should be possible. 

Using the full 2.0 m would be very difficult given the extra optics required 

to route the THz and probe beam to the detector , which must be outside 

the gas cell. ~Then designing the cell , there is an inherent trade-off between 

the minimum detectable concentration of gases and the maximum absorption 

coefficient that can be measured. As any measurement system is constrained 

by a signal to noise ratio, S N R, the upper limit on the length of cell , L , to 

detect a species of with absorption coefficient of ex can be calculated as: 

L In (SN R(w) ) 
< Cl'(w) . (6.1 ) 

In order to decide the appropriate length, the species of interest must be 

considered. One particular species of interest is methanol , as it has a very 

rich THz spectrum and is often used for spectroscopic calibrat ion . Over the 

bandwidth of interest , the peak absorption coefficient of methanol has been 

measured to be in the vicini ty of 0.1 cm - 1 . The achievable signal to noise 
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in the THz spectrometer is in the vicinity of 60 dB or 106 : 1. Given these 

values , the upper limit on the length from equation 6.1 is 138 cm. With this 

information in hand, the length of the single pass cell was cho1:len to be 125 

cm to allow detection of absorption coefficients as high as 0.1 cm- 1 even if 

the signal to noise was slightly degraded. Selection of 125 cm also greatly 

simplified the physical layout on optical table as the THz focussing optics 

could be fit directly alongside the gas cell . 

M01:lt gas cell de1:lign1:l (Harmon and Cheville, 2004) rely on evacuating the 

cell and then controlling the introduction of gas species up to the vapour 

pressure of the sample gas at room temperature. This mechanism is highly 

effective for gas species with high absorption ; however , the primary purpose 

for designing this cell is to detect very small absorption features . Thus, the 

ability to increa.1:le the pre~1:lure of the ga1:l 1:lpecie~ well above the room tem

perature vapour pressure is quite desirable. The vapour pressure could be 

increased by simply heating the sample; however, the main gas cell would 

then be super-saturated and the gas species would condense out on the cell 

walls and windows. Condensation must be avoided at all costs as most liq

uid~ are highly ab1:lorbent at THz frequencie1:l. Thus any condensation would 

completely distort the absorption measurement of the gas species. 

The design chosen to avoid the problem described above is a two-cell design , 

where the liquid sample is maintained in a cold-cell and the measurement 

conducted within a hot-cell. The hot cell temperature must be maintained 

above the cold cell otherwise condensation will occur within the hot-cell. The 

cold cell temperature does not need to be maintained at room temperature, 

but can be increased to just below the hot-cell temperature. With this design , 

it i~ de~irable to have a hot-cell operating at a1:l high a temperature as p01:l1:lible . 

The key parameters limiting the operation of the hot-cell are the melting point 

of the materials involved and the auto-ignition temperature of the gas species . 

Above the auto-ignition temperature, spontaneous combustion is expected , 

thus it should be avoided by a significant safety margin. 

The layout of the two-cell de~ign i~ shown in figure 6.1. The hot-cell should 

be made from a material with high thermal diffusivity to encourage a uniform 
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temperature distribution, so a metal is the obvious choice. Stainless steel was 

chosen for the hot-cell as the reactivity the metal surface with various samples 

was a key concern. 

Hot Cell 
(Uniform temperature) Window 

~------------------------------------~ 

Sample Release 
Purge / Vacuum Valve 

Cold Cell 
(sample in liquid ph 

ermocouple 
Temperature Probes 

Figure 6.1: Physical layout of the two-cell THz gas spectroscopy chamber. 
The collimated THz beam is less than 1 cm in diameter (FWHM) and has 
minimal divergence over the 1.25 m length of the chamber. 

Heating of the hot-cell was achieved using a variable power 3 m long heat 

tape wrapped around the cell with a turn at least every 10 cm. The tape was 

secured to the cell using aluminum tape and several layers of aluminum foil 

were used to create an envelope around the cell. The heat tape was rated for 

up to 375 W; however, the maximum sustainable power was only half that, 

around 200 W. At the 200 W setting, the hot cell took approximately 2 hours 

to reach a stable temperature of around 110 oe, which was sufficient for all 

the species measured. 

The internal temperature of the cell was monitored via a thermocouple 

inserted through a Teflon plug in one of the lateral access paths to the cell. 

The external temperature was monitored with several thermocouples placed 

along the length of the cell. 

The arrangement for heating the cold cell was much simpler. Due to the 

small volume, a 20 m of twisted pair waxed 26 gauge copper wire was sufficient 

to provide about 20 W of heating to the cold-cell. The wire was wrapped 

around the cell and secured with aluminum foil tape. A thermocouple was 

104 



M.A.Sc. Thesis - Derek G . Sahota McMaster - Engineering Physics 

placed underneath wire and provided the temperature reading used to estimate 

the partial pressure of the gas species. 

Gas-Cell Optical Layout 

The complete layout of the gas chamber within the THz-TDS setup is shown 

in figure 6.2. 
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Figure 6.2: The complete optical setup for gas-cell spectroscopy setup . The 
diagram is to scale. 
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6.1.1 Window Materials 

The choice of materials for windows for the gas cell is very similar to the 

selection available for the achromatic waveplate design discussed in Chapter 

5. The obvious difference is that, for the gas cell windows, the anisotropy 

should be minimal to maximize sensitivity to anisotropy within the gas-THz 

interaction . 

In order to determine the optimal window material, numerous samples of 

HDPE and Teflon were tested with the results summarized in table 6.1. Due 

to its higher glass-transition temperature, HDPE is the preferable choice as 

it permits operation of the hot cell at higher temperatures . One key disad

vantage of HDPE is that polyethylene has a wide phonon band near 2.5 THz 

that causes significant absorption and distortion of the THz pulse. Selecting 

HDPE as a window material results in 300 GHz band where measurements 

are suspect. 

Table 6.1: Measured THz properties of potential window materials extracted 
using the classical analysis method. 

Material I Thickness [mm] I ex at 2 THz [cm- 1
] I !::.n 

HDPE 2.38 2.7 0.007 
HDPE 3.18 2.5 jO.005 
HDPE 4.76 2.6 0.009 
Teflon 1.52 2.5 0.011 
Teflon 3.04 2.4 0.005 

As the absorption coefficient is similar for all of the materials tested, the 

key difference between all of the tested window materials is their mechanical 

stability and birefringence. The Teflon sheets , in general , are quite flexible and 

are significantly more prone to bowing when exposed to a pressure differential. 

The 3.18 mm thick HDPE sheet was chosen for the window material as it has 

the lowest birefringence and is mechanically rigid enough. 
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6.2 Data Analysis and Results 

In order to extract parameters from gas phase spectroscopy measurements, 

a similar methodology to solid experiments must be used. As with previous 

derivations, the electric field components are considered in the frequency do

main as continuous functions . With the gas cell in place, the THz radiation 

traverses the first window, with transmission matrix Tw1 , the gas itself, Tg and 

a second window Tw2 ' Thus the reference and sample scans are related to the 

scan without the gas-cell in place by: 

- - --
Tw2Tpu7'geT wlE. 

(6.2) 

(6.3) 

For the purposes of the following experiments, molecules with isotropic 

features are being considered, so the transmission matrices of equation 6.2 

and 6.3 are simplified to complex scalars. In addition , it is assumed that the 

gas mixture is homogeneous and can be represented by a complex index of 

refraction at every frequency. 

H- Esamp (i(ng - l)wL) (O'L) 
m = -- = exp exp - -

R7'e f (; 2 
(6.4) 

Even in cases where the absorption is significant , the deviation in the real 

part of the index of refraction of the gas n between the purged tube and the 

tube with the sample in place will be quite small. Thus the measured transfer 

can be rewritten , assuming ng = 1, as : if m = exp - ( Q2L) . It is then clear that 

the absorption coefficient , am can be determined from the magnitude of the 

measured transfer function , and obtained as: 

(6.5) 

The determination of am can also be used to determine the relative density 

of absorbers within the chamber. From the Beer-Lambert Law, the absorption 

coefficient is equivalent to the product of the absorption cross section (J' and 
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the density of absorbers N: am = aN (Swinehart, 1962). The absorption cross 

section is not generally known ; however, if the temperature of gas species is 

held constant , then a should be constant. Thus, by comparing the absorption 

coefficient at multiple different cold-cell temperatures, the ratio of N(T)/No, 

where No is the quantity of absorbers at the reference temperature , can be 

determined . It should be noted that the Beer-Lambert Law is only truly 

applicable for monochromatic light sources, in the case of broadband sources, 

numerous other deviations must be considered (Swinehart, 1962). Despite 

these shortcomings, this method still provides a direct quantification of the 

gas density in the chamber. provided care is taken in its application . 

6.2.1 Experimental Optimization 

One of the critical parameters affecting the quality of THz experiments is 

the stability of the entire experimental system. In the case of THz-TDS, 

the stability of the mechanical apparatus, the thermal environment and the 

humidity must all be well controlled , in addition to the stability of the laser 

and detection electronics. The gas cell system adds an additional complication 

to maintaining a stable THz setup, as the hot cell has a large thermal mass 

and must be heated above the boiling point of the material under study. 

The first step in addressing stability in gas-cell experiments is to address 

the temperature stability of the entire apparatus. Before even starting the 

laser in gas cell experiments, the heater for the hot-cell was turned on and 

set to the desired power level. The apparatus, including the gas cell, thus had 

several hours to reach equilibrium while awaiting the laser warm-up. Typically 

four hours was required for sufficient stability. 

During the experiment itself, temperature stability is also an issue as the 

cold-cell temperature is changed. In the case of the cold-cell temperature being 

changed , waiting several hours for an equilibrium to be reached is simply not 

an option , as experiments would require several days to complete. Instead, 15-

30 minutes , depending on the temperature difference required , were allowed 

to elapse while the system came to equilibrium. 

When taking actual THz measurements, the step time was reduced to the 
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minimum workable step duration, 200 ms, resulting in a scan time of under 3 

minutes for a 768 point , 40 ps scan . At each cold-cell temperature a minimum 

of five THz scans were taken. During data analysis, stability was then checked 

by ensuring the standard deviation of the THz power in several key frequency 

bins, 1 THz, 1.5 THz and 2.0 THz, was less than 1 percent. If the standard 

deviation with the five measurement sample exceeded this threshold , the data 

was rejected. For each individual sample, specific spectral absorption bands 

were also checked to ensure their stability over the five measurements was 

within 5 percent. 

Reducing the step duration to 200 ms results in significant decrease in the 

signal to noise. As the data has been verified to be stable, the five THz scans 

taken at each temperature were averaged. Assuming purely random noise , this 

averaging should improve the signal to noise ratio by .j5 or 3.5 dB . 

The above methodology was developed through repeated experimental tri

als . All of the results in the following section utilized this methodology. 

6.2.2 Uncertainty in Spectroscopic Parameter Estimates 

Before delving into several different spectroscopic studies, an important note 

should be made about the uncertainty in absorption coefficient estimates using 

THz-TDS. In order to obtain a THz-TDS absorption spectra, two measure

ments are required , a sample and reference, and both of these measurements 

influence the uncertainty of parameter estimates. Taking both of these contri

butions into account , the uncertainty in the parameter estimate can be readily 

determined through some simple calculus. 

The uncertainty in the measured spectra can be estimated by calculating 

the variance of the complex spectra over the region of 3 - 6 THz. It is impor

tant to chose a region just outside the experimental bandwidth for the noise 

estimate as the effect of proportional noise does not contribute significantly at 

higher frequencies . Using this region for the noise estimate, the uncertainty in 

the absorption coefficient for one of the water measurements in the following 

section has been calculated and is shown in figure 6.3. 

The most significant influence on the uncertainty at a particular frequency 
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Figure 6.3: Measurement of the absorption spectra of water with the cold 
cell at 70°C and the estimated uncertainty in the absorption coefficient, offset 
by 0.1 cm- I

. The uncertainty of the measurement at each frequency bin is 
dependent on the reference measurement power and noise spectrum, as well 
as the sample measurement power and noise spectrum. 

bin is the amplitude of reference spectrum at that frequency. At low fre

quencies, the numerous spikes in the uncertainty seen in figure 6.3 are due to 

water absorption lines. As the THz focussing and detection system can not 

be completely purged of water, some absorption is present in the reference, 

even if the gas cell is completely purged. The reduction in reference amplitude 

at these frequencies results in more uncertainty in later absorption coefficient 

estimates. 

Another important influence on the uncertainty is the presence of highly 

absorbing regions in the sample measurement. In these regions of the spectrum 

very little THz energy remains after passing through the gas cell. This results 
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in an asymmetric uncertainty, although this has not be shown in figure 6.3. 

These two factors , the power in the reference measurement and the remain

ing power in the sample spectrum, should be kept in mind when considering 

the absorption spectra in the following sections. Individual uncertainty esti

mates are not shown for every spectrum, as it would be very difficult to fit on 

the individual graphs. The absorption coefficient where the THz energy has 

been absorbed to such an extent that the sample measurement signal to noise 

is 0 dB is shown as the upper «(detection limit" on numerous graphs. 

6.2.3 Water 

The significant spectral absorption features of water vapour at THz frequen

cies are one of roadblocks that make THz-TDS challenging. The large variety 

of rotational and rotational-vibrational modes in water vapour also make it an 

interesting case for study. THz studies of water vapour in a flame (Cheville and 

Grischkowsky, 1998) , in various ambient atmospheres (Gasster et al. , 1988) , 

and at various pressures (Podobedov et al. , 2004) have provided insight into 

details of these modes. As water vapour is an important constituent of the 

atmosphere, its spectral properties are of interest to climate scientists, radio 

astronomers and engineers developing the next generation of wireless commu

nication systems. 

Water vapour provides a good test case for a gas spectroscopy system 

as it is readily available, has a high vapour pressure and is spectrally rich. 

Experiments were conducted using steam distilled water obtained from regular 

CCEM supplies. Approximately 2 mL of water was loaded into the cold cell 

while it was isolated from the hot cell, which was preheated to 110a C and 

purged first with room temperature helium, followed by room temperature 

nitrogen. After loading the sample and sealing the cold cell , a valve between 

the hot and cold cells was opened and the water vapour was allowed to diffuse 

into the chamber. 

While a naIve view of the kinetic theory of gases would seem to suggest 

the diffusion of H20 vapour into N2 would occur quite quickly, experimental 

results indicate otherwise. When the valve between cells is opened, the vapour 
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pressure of H20 in the cell remains quite low for upwards of several hours. This 

can be seen in figure 6.4 where the absorption remains almost negligible even 

as the cold cell i:::; rabed 62°C. The :::;ource of thi:::; :::;low diffu:::;ion i:::; a combination 

of the relatively narrow pathway between the hot and cold cell and the density 

difference between the H20 vapour and N2 gas. The pipe leading between the 

two cells has a cross section of 9mm2 and so the density difference can allow 

a slow moving plug to form within the gas. During experiments, the rate of 

diffu:::;ion into the hot cell was :::;ignificantly affected by rotating the cold cell to 

a slight incline, allowing the density difference to be exploited to increase the 

rate of diffusion. 
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Figure 6.4: Spectral absorption lines of water vapour at THz frequencies when 
added into an N2 environment. Initial N2 pressure was 1 atm and the gas 
cell temperature was 110°C. The vapour pressure of water in the hot cell was 
increased until absorption saturation occurred by increasing the temperature 
of the cold cell. 
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In order to gain an estimate on the change in the density of water molecules 

in the hot-cell as the cold-cell temperature is varied , individual absorption 

bands must be considered. The strong absorption bands in figure 6.4 around 

l.10 THz, l.68 THz and 2.63 THz are good choices for monitoring. When 

using the absorption strength of bands to estimate the density, N , based on 

the Beer-Lambert law, several systematic problems must be noted. First , N 

should ideally be extracted from measurements using monochromatic radia

tion to excite a single transition. In the case of THz-TDS, what appears to 

be a narrow absorption feature is likely a composition of tens or hundreds of 

different molecular transitions. Second, as the density increases, these absorp

tion bands merge together to form even wider bands. When this occurs, N 

can no longer be extracted reliably. 

Numerous models of varying accuracy exist to describe the vapor pressure 

of a gas above a liquid. The most widely used model in engineering is the An

toine Equation and its variants . The Antoine equation , shown as equation 6.6 , 

is an simple logarithmic relation that is derived from the Clausius-Clapeyron 

relation assuming a temperature independent heat of vaporization (Thomsone, 

1946). The coefficients for a specific material can be obtained from a wide va

riety of handbooks and the vapour pressure estimated. Significant deviations 

from the Antoine equation are known to occur near the critical temperature , 

although it gives sufficient accuracy for most engineering purposes (Thomsone, 

1946; Calingaert and Davis. , 1925). 

[] 
10glO P = A - C + T (6.6) 

Figure 6.5 shows the result of using the Beer-Lambert Law to calculate the 

change in N and the Antoine equation to calculate the theoretical relationship. 

At temperatures below 65°C, experimental measurements and the theoretical 

relationship agree well. Above 65°C , however, there is significant disagreement 

in different directions depending on the frequency range chosen . 

As the upper detection limit for CY is reached, the estimated value of N is 

expected to level off, as there is insufficient energy left within those frequency 

bins to gain an estimate . This effect can be seen in the absorption features at 
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1.68 THz and 2.63 THz when used to estimate N above 80°C. 

Another effect than can occur at higher densities is the merging together 

of several absorption bands resulting in significantly greater absorption within 

the frequency bin and an overestimate of N . At the 1.10 THz bin we see 

this overestimate effect clearly taking place as the estimated N shows a five

fold increase over a 10°C range. Around the 1.10 THz bin several bands of 

absorption are actually present , spanning the region from 1.05 THz to 1.25 

THz. The large overestimate of N is likely due to the merging of these bands 

as the density is increased. 

The effects of pressure, temperature (Podobedov et at. , 2004) and collision 

(Gasster et at., 1988) broadening have been studied at THz frequencies. While 

the results of these studies could be combined to form a model to confirm the 

experimental measurements of figure 6.4, a non-trivial amount of simulation 

work would be required to effectively model the THz-TDS experiment. 

115 



j 

M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

45 

40 

35 

30 
0-
00 25 

Z - 20 z 
15 

10 

0 1.10 THz 
0 1.68 THz 
0 2.63 THz 

- - - Calculated 
. . . . . . .. . . 

o,a" 
5 ' 0 ,' . .. . 

. -0 .... 

o ... <> . 

4 , 
. " 0 " 0 

"; -0 

, 

, 
. .. , , , 

' · 0 

~ e - · - O .- .... 
O~~~----~----L---~----~----~--~----~ 

20 30 40 50 60 70 80 90 100 
o 

Temperature [C] 

Figure 6.5: Estimated density of water molecules from THz measurements 
assuming linear dependence on absorption and calculated dependence based 
on the Antoine equation at various cold cell temperatures. Significant devia
tions from the calculated dependence occur as the density increases due to the 
combined effects of spectral broadening, merging of transition bands, and the 
upper detection limit. 

One method to get around the slow diffusion rate between different vapours 

is to eliminate the problem entirely by pumping the hot cell down to a rough 

vacuum level. Using a mechanical roughing pump, the N2 was pumped out of 

the hot cell after following the same purging procedure outlined above. After 

loading a 2 mL distilled water sample, the valve between the hot and cold 

cells was opened. As shown in figure 6.6, the absorption spectra with the 

cold cell at room temperature when the cell is initially under vacuum shows 

significantly stronger absorption than when 1 atm of N2 is in the hot cell . 

The stronger absorption is clearly due to the much higher partial pressure 
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Figure 6.6: Spectral absorption lines of water vapour at THz frequencies with 
hot cell initially at a rough vacuum. The vapour pressure of water in the hot 
cell was increased by raising the temperature of the cold cell until the THz 
energy in several regions of the spectrum was completely absorbed, resulting 
in a saturation of measurable absorption coefficient. 

of water vapour in the hot cell. Independent pressure data is not available 

for this particular experiment. Comparison with the previous results of water 

vapour in an nitrogen atmosphere indicate that the absorption in vacuum with 

the cold cell at 22°is comparable to the absorption in nitrogen with the cold 

cell at 70°. Directly comparing these two data sets, as shown in figure 6.7, 

shows some very marked differences. While the absorption peaks below 1.5 

THz are similar in character, the differences in absorption around 1.85 THz 

and 2.0 THz arc particularly striking. 
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Figure 6.7: Comparison of the absorption spectra of water vapour in an ni
trogen ambient and in vacuum. In vacuum, absorption bands are present at 
1.85 THz and 2.05 THz that are not present in the nitrogen ambient. The 
anomalous absorption at 2.05 THz corresponds to an absorption feature of the 
water tetramer seen in previous studies (Cruzan et al. , 1997). The uncertainty 
shown has been calculated for the measurement in vacuum. The uncertainty 
estimate for the measurement in nitrogen is similar. 

Within the entire absorption spectra, the data set in vacuum also shows 

a general trend of absorption coefficient increasing in a quadratic like trend 

with frequency. This type of trend is indicative of liquid water and indicates 

a possible explanation for the large differences in the spectra. As the density 

of water molecules in the tube increases, the formation of clusters of increas

ing size becomes possible. Previous literature reports that both the trimer , 

(H20h, and tetrameter of water, (H20)4 , have a vibration-rotation modes at 

approximately 68 cm- 1 or 2.05 THz (Cruzan et al. , 1997) . The data of figure 

6.7 supports the existence of the tetramer state in an experiment conducted 
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with the cold cell initially in rough vacuum. The other outstanding absorp

tion feature at 1.85 THz (61 cm-1
) could be due to an even larger cluster of 

water molecule1:i. The trend for the ab1:iorption feature around 2 THz is for 

its resonant frequency to decrease with increasing cluster size (Cruzan et al., 

1997) , so the 1.85 THz feature may be due to the pentamer, hexamer or even 

higher order clusters of water molecules . 

The apparent lack of clustering in the experiments conducted in an nitro

gen ambient has a 1:iimple explanation. Even in a rough vacuum, the nearest 

neighbour for every water molecule should almost exclusively be another wa

ter molecule or cluster of molecules. Thus the probability of several molecules 

reducing their potential energy by organizing into a cluster is not impeded by 

other molecules. Within the nitrogen environment , the non-polar N2 molecules 

are of higher den1:iity than the water molecule1:i and po1:ie an impediment to 

clustering. An N2 molecule which approaches a water tetramer has the op

portunity to disrupt the delicate balance of fields which allows the cluster to 

exist . 

This part icular data set demonstrates how a seemingly simple interaction 

of H2 0 can become intere1:iting to study using THz radiation due to the ability 

to probe collective vibrational modes . vVhile THz-TDS does not provide the 

spectral resolution necessary for in-depth verification of ab 'in'it'io calculations, 

it does provide the opportunity to study the formation , evolution and destruc

tion of these states. While this work primarily focusses on static THz-TDS 

experiments , the possibilities for studies of molecular and cluster dynamics 

using pump-probe techniques make THz-TDS an intriguing tool for chemists 

(Schmuttenmaer, 2004) . 

6.2.4 Acetone 

Acetone is a widely used laboratory solvent that is miscible in water. As a 

test subject for gas phase spectroscopy, it is of interest due to its extremely 

strong absorption at low THz frequenci es. Literature indicates that at room 

temperature the absorption of acetone across a broad-band of THz frequencies 

is greater than 0.5 cm - 1 . 
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The level of expected absorption should result in the THz energy in several 

regions of the spectrum being completely absorbed, resulting in a saturation 

of measurable absorption coefficient. The complete absorption of energy in 

certain spectral regions results in an effective upper detection limit for the 

gas-cell apparatus. Throughout this chapter, this upper "detection limit" is 

often referenced and acetone provides the opportunity to verify the procedure 

for the estimation of this limit from S N R measurements. 

Figure 6.8: Equilibrium structure of the acetone molecule rendered using Jmol 
(Herraez, 2007). Hydrogen atoms are in white, oxygen atoms in red, and 
carbon atoms in dark grey. 

Table 6.2: Physical properties of acetone from (David R. Lide, 2010) 
Property I Value 

Boiling Point 56.5 °C 
Dipole Moment 2.91 D 
Autoignition Temperature 465°C 

Using the same experimental methodology as the experiments conducted 

with water, 2 mL of acetone was loaded into the cold-cell with the hot-cell at a 

uniform 104°C. Special care must be taken when working with acetone as its 

flash point is -17 °C, so any potential spark or flame may ignite the vapours. 

The measured absorption spectra for acetone is shown in figure 6.9. The 

absorption clearly reaches the detection saturation limit for the spectrometer 

setup, at frequencies below 1 THz. Some of the sharp features at 1.9 and 2.25 

THz may be due to water contamination. 
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Figure 6.9: Absorption coefficient for acetone at THz frequencies. The ab
sorption coefficient is above the detection saturation limit. 

6.2.5 Alcohols 

In earlier sections, the THz absorption spectra of both water and acetone 

provided interesting cases for analysis. The source of these spectra were the 

large dipole moments of these molecules, which allowed the THz radiation to 

couple into various rotational , torsional and collective modes. Another useful 

target class of molecules are alcohols. The three smallest alcohols, methanol , 

ethanol and isopropanol (2-Propanol) have relatively large dipole moments 

and vastly different THz absorption spectra. These three alcohols also have 

relatively high vapour pressures and low boiling points , making them ideal 

candidates for the temperature limited system. 
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Methanol 

Methanol is widely used for calibration of gas spectrometers due to its abun

dant absorption spectra over a large wavelength regime (D. Teyssier , 2004). 

With only a single carbon atom, methanol is the simplest possible alcohol 

and its rich absorption spectrum comes from the numerous rotational and tor

sional transitions possible. Calculation of the methanol spectra is complicated 

by the phenomena of internal rotation, which occurs as the hydrogen nuclei 

rotate with respect to the hydroxyl group (Belov et at., 1995). The molecular 

structure of methanol is shown in figure 6.10. 

Table 6.3: Physical properties of methanol from (David R. Lide, 2010) 
Property I Value 
Boiling Point 64.7 DC 
Dipole Moment 1.69 D 
Autoignition Temperature 470 DC 

Figure 6.10: Equilibrium structure of methanol molecule rendered using Jmol 
(Herraez, 2007). Hydrogen atoms are in white , oxygen atoms in red , and 
carbon atoms in dark grey. 

Initial attempts to conduct the experiment in a nitrogen environment re

sulted in an extremely slow diffusion rate, such that negligible absorption 

occurred even after several hours of waiting. As with water , pumping the 

chamber down to a rough vacuum resulted in high concentrations of methanol 

vapour even with the cold cell at the relatively low temperature of 41 DC. The 

122 



M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

measured absorption spectra over the entire THz bandwidth is shown in fig

ure 6.11, and has been verified against a meta data base of calculated and 

measured methanol transitions. 
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Figure 6.11: Absorption coefficient of methanol in vacuum with the cold cell 
at 41°C and the hot cell at 104°C. 

In order to verify the measured THz absorption lines are in fact due to 

transitions in the methanol , various data bases of methanol transitions in the 

THz region were examined. A measurement of sufficient quality using THz

TDS is not known to be available; however, microwave experts have compiled 

large data bases of over 29,000 transitions measured using a backward wave 

oscillator (BWO) for THz generation and a helium cooled bolometer for de

tection or Fourier Transform Far Infrared Spectroscopy (FTFIR) (Xu et al., 

2008) . As BWO's have been used for generation, the distribution of measured 

lines are skewed towards the region below 1 THz, with the majority of mea

surements being below the 250 G Hz threshold for detection using the PRL 
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THz-TDS. 

The typical uncertainty in the measurements of spectral lines is 50-250 

kHz which is several orders of magnitude below the spectral resolution pos

sible using THz-TDS. Thus the THz-TDS measurements are not measures of 

individual spectral lines, but ensembles of numerous lines within the frequency 

range of the discrete Fourier transform bin being considered. The frequency 

domain smearing effect of the applied or effective window, discussed in chapter 

2, also serves to increase the width of the combined ensemble of spectral lines. 

One method to translate the spectral data base into an expected THz-TDS 

measurement would be to take the data base and calculate the absorption co

efficient for each frequency bin by taking the appropriate integral over all the 

spectral lines convolved with the window function. One Haw with the readily 

available methanol spectral data bases is that measured line strength is not 

included within the data base, making calculation of the aforementioned inte

gral impossible. Some lines may also be included multiple times from multiple 

different measurement sets. 

As the quality of the measured data should be verified against some data 

base, an approximate method was used to calculate the expected THz ab

sorption spectrum. Each line in the data base was simply assigned equal 

strength of one and the integral approximated by a sum over the lines within 

frequency bin . This method neglects the smearing effect of windowing and 

relative strength difference between the spectral lines. It is also prone to sys

tematic bias due to the duplication of measured lines within data base in 

the low frequency regions of the spectrum and holes within the data base in 

the higher frequency regions. With these caveats in mind , figure 6.12 shows 

a closeup of the measured THz absorption spectrum of methanol with the 

expected absorption spectrum superimposed. 

Comparing the measured spectrum with the expected spectrum reveals 

several observations. First , with the exception of the absorption ensembles 

near 0.72 THz (24 cm- 1 ) and 1.00 THz (35 cm- 1) , there is a high degree of 

agreement between the measured and expected spectra. While some absorp

tion peaks do show a blue shift , the trend is not significant and may simply 
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Figure 6.12: Expansion of absorption data shown in figure 6.11 to show the 
region 0.15 to 1.05 THz, where the net absorption goes through peaks and 
valleys with regular intervals of approximately 47 GHz. The measured data 
is superimposed on the expected absorption based on the number of spectral 
lines within each frequency bin. 

be due to smearing due to windowing or stability issues in the apparatus. 

The previous measurements of water vapour in section 6.2.2 showed agree

ment with other measurements (Van Exter et al. : 1989) of the location of 

absorption peaks up to 1.4 THz to a single GHz. This degree of agreement in 

previous experiments using the same apparatus makes it highly unlikely that 

the disagreement shift is due to a calibration error. 

The lack of absorption ensembles at 0.72 THz and 1.00 THz is likely due to 

deficiencies in the data base and the aforementioned systematic errors intro

duced by the spectrum estimation method. Other measurements do indicate 

a large ensemble of transitions at 0.72 THz and 1.00 THz (Belov et al. , 1995) 
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and the absence of these measurements in the data base may be something to 

note. 

Ethanol 

The second simplest alcohol possible, after methanol , is ethanol. Ethanol has 

a backbone of two carbon atoms with a hydroxyl group on one of the carbon 

atoms figure 6.13. The ethanol sample was obtained from regular PRL supplies 

and may have been exposed to ambient atmosphere for a significant amount of 

time. As water is completely miscible in ethanol (and vice-versa) , the sample 

may have been contaminated. 

Figure 6.13: Equilibrium structure of the ethanol molecule rendered using 
Jmol (Herraez, 2007). 

Table 6.4: Physical properties of ethanol from (David R. Lide, 2010) 
Property I Value 

Boiling Point 
Dipole Moment 
Autoignition Temperature 

78.4 DC 
1.69 D 
422 °C 

The absorption measurements for ethanol are shown in figure 6.14. The 

expected absorption profile is generally smooth broad absorption; however 

several sharp features are present in the spectrum around 1.0 THz, 1.4 THz 

and 2.25 THz. A quick inspection of the water spectrum in figure 6.4 shows 

that these locations correlate with known water vapour absorption bands. 

Thus, the sample is likely contaminated by a small amount of water. 

126 



M.A.Sc. Thesis - Derek G. Sahota McMaster - Engineering Physics 

...... """'" 0.14 
IE 0.13 
u 0.12 
~ 0.11 
a5 0.1 
·u 0.09 
~ 0.08 
o 0.07 
U 0.06 
§ 0.05 
a 0.04 o 0.03 
~ 0.02 
~ 0.01 

Frequency [THz] 
0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7 3 

-- 23 °C 

--46 °C 

-- 64 °c 

O~~~~~~~~~~~~~~ __ ~ __ ~ 
o 10 20 30 40 50 60 70 80 90 100 

Wavenumber [cm-1
] 

Figure 6.14: Absorption coefficient of ethanol in nitrogen ambient with the 
hot cell at 104°C. 

While the measurement could be repeated using a better sample, there 

is no particular feature of interest that would compel such a measurement. 

The contaminated spectra of figure 6.14, serves to show the general trend of 

absorption features in the first three alcohols, which is our interest at this 

point. 

Isopropanol 

Also known as isopropyl alcohol or 2-propanol, isopropanol is one of several 

isomers of propanol. In isopropanol the hydroxyl group is attached to the 

middle carbon, which also attached to two methyl groups, as seen in figure 

6.15. Commonly referred to as rubbing alcohol, isopropanol is a commonly 

used and readily available solvent. The isopropanol use in these experiments 

was obtained of topical grade and from a commercial vendor with stated purity 
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of at least 99 %. 

Table 6.5: Physical properties of isopropanol from (David R. Lide, 2010) 
Property I Value 

Boiling Point 
Dipole Moment 
Au toigni tion Tern perat ure 

82.5 °C 
1.66 D 
399°C 

Figure 6.15: Equilibrium structure of isopropanol molecule rendered using 
Jmol (Herraez, 2007). 

The behaviour of isopropanol in experiments, shown in figure 6.16, differs 

from the other gases as the absorption increases almost linearly as the cold-cell 

temperature is increased. While the high temperature and low temperature 

absorption ratio agrees with the Antoine Equation, intermediate temperature 

points do not. The intermediate points show concentrations significantly above 

the expected concentration with the overall shape of the concentration versus 

temperature plot being almost linear. 

This behaviour is most likely an indication of a poor equilibrium within the 

cold-cell, and not some significant deviation from the well-established Antoine 

equation. This behaviour is quite different from the deviations in expected 

behaviour seen in water and cannot be attributed to broadening of absorption 

modes. 

One feature of the isopropanol absorption spectrum that is the significant 

difference between it and the ethanol spectrum. The isopropanol absorption 

spectrum features a strong but broad absorption band centered around 0.65 

THz and then an almost liquid like absorption feature that increases propor

tional to the frequency. These features of isopropanol are distinct from all of 
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the other gas species measured . 
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Figure 6.16: Absorption spectra of isopropanol measured using THz-TDS. 
Two main absorption bands are present, a strong band centered at 650 GHz 
with a width of 400 GHz and an extremely broad feature that increases almost 
directly proportional to the frequency of the radiation. 

6.3 Conclusion 

Several isotropic gas species have been measured to verify the operational char

acteristics of the gas-cell. The apparent absorption feature corresponding to 

the water tetramer exemplifies the utility of THz-TDS in spectroscopic applica

tions. The ultra-broadband nature of THz-TDS allows for quick determination 

if features are present. Using long-baseband THz-TDS, where scans several 

hundred picoseconds in duration are taken ; could allow for more precise in

vestigation of individual molecular transitions, rather than the ensembles seen 
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with scans of tens of picosecond duration. 

While measuring collective vibrations of gases is interesting, it is not the 

true motivation of this work. As mentioned previously, this cell was designed 

with the intent of measuring circular dichroism at THz frequencies . The work 

in this chapter shows that even very small absorption coefficients of 10-4 cm- 1 

can be seen and distinguished using this system. Resolution on this order of 

magnitude is necessary to see the predicted levels of dichroism for molecules 

of interest . 
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Chapter 7 

Future Work and Conclusion 

7.1 Future Work 

As with many theses, the result of this work poses many possibilities for future 

work. A selection of these possibilities are discussed in the following sections 

with a final discussion being reserved for the issue of circular dichroism spec

troscopy at THz frequencies. 

7 .1.1 Improving Frequency Resolution for Spectroscopic 

Measurements 

In most many spectroscopy experiments, t he frequency resolution is set either 

by the line width of a monochromatic source, or the spatial resolution of a 

sensor. In a THz-TDS measurement the frequency resolution is constrained 

by completely by t he duration of t he time scan . While increasing the duration 

of a scan may introduce additional complications, such as Fabry-Perot reflec

tions off the generator and detector crystals, these can be overcome through 

appropriate data analyt>it> . The t>eparation between frequency bins in a THz 

experiment, where N data points are taken at a sampling time of Ts , is: 

1 
0..f = NT . 

s 
(7 .1 ) 

The product NTs is the total scan duration and in the most high resolution 
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scans in this thesis was 40 - 50 ps, yielding a frequency resolution of 25 - 20 

GHz. With a single retro reflector, this scan duration requires a delay in optical 

path length of 6.0 - 7.5 mm respectively. The upper limit on the movement 

of the optical delay stage is 100 mm, so a factor of 10 improvement, down to 

single GHz resolution, should be possible with the current optical setup. 

In order to use the maximum length of the delay stage the retro reflector 

must be aligned extremely well. A slight mismatch in either the entire retro 

reflector angle or ei ther of the mirrors in the reflector results in a path length 

change that varies with the optical delay. This would introduce an effect 

similar to run out in optical masks, where the expected time of measurement 

at later optical delays would be biased significantly. To increase frequency 

resolution to the single GHz range, which should be possible, the retro-reftector 

should be realigned over a pathlength exceeding the 2 m currently used to align 

it . 

One immediate benefit of improving the frequency resolution would be the 

ability to more accurately correlate known physical phenomena to features 

seen in various spectra. The absorption feature which has been attributed to 

the water tetramer, for example, could be studied in more detail and more 

readily verified against other measurements. 

7.1.2 Rapid Scan Methods for THz-TDS 

One of the distinct disadvantages of THz-TDS is the extremely slow data 

acquisition rate as a result of the need to physically translate a mechanical 

stage. Until a few years ago, the primary method for moving the delay line 

was to step a translation stage, wait anywhere from 200 ms to 2 seconds for 

the stage to settle, and then read the measurement from the lock-in amplifier 

(Kubler , 2002) . 

One method to remove this slow acquisition rate is to keep the optical delay 

stage in continuous motion at a constant velocity. Data can then be acquired 

at set intervals and the position of the stage at that time determined. These 

methods are typically referred to in the literature as rapid scan methods. Scan 

rates of 1 Hz for amplified laser systems are typical (P lanken et al. , 2001) and 
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can reach into the kHz regime for non-amplified laser systems . The highest 

repetition rate THz measurements are due to a different procedure, known as 

ASOPS , where two femtosecond lasers with slightly different frequencies are 

used for detection and generation respectively. The difference in frequency 

essentially causes one pulse to be scanned in time across the other , with an 

effective repetition rate corresponding to the difference in frequencies (Bartels 

et al., 2006 ). 

While ASOPS requires new la~ers , the method of rapid scan can be enabled 

with a software rewrite for the facilities in the PRL. This work has already 

been started ; and completion of it ; combined with significant testing could 

enable significant faster THz acquisition rates and improve the resilience of 

the system to long time scale noise sources. 

7.1.3 Improved Achromatic Waveplates 

The achromatic quarter waveplate that was developed in Chapter 5 showed the 

significant potential of using stacked layers of birefringent materials for THz 

optics. The transmission ratio of the current waveplate could be significantly 

improved through use of other materials, or more simply; by finding materials 

with a larger birefringence . The conditions which induced the birefringence 

in Teflon sheets can be recreated in the lab with other materials. As was 

shown in Chapter 4, a birefringence of ~n=0.10 can be readily induced in 

HDPE, which h~ comparable absorption to Teflon. This level of birefringence 

makes the fabrication of a waveplate that is 1/ 10 the thickness of the Teflon 

waveplate possible. Through further exploration of polymer materials, and 

also by considering natural oriented materials such as paper and wood, it 

should be possible to significantly improve upon the proof of concept shown 

in this work . 

7.1.4 Circular Dichroism THz Spectroscopy 

The initial motivation behind this work was not the study of birefringence or 

linear dichroism, rather it wa~ the potential for the study of circular dichroism. 
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Beginning in 2003, a series of papers was published which showed the theoret

ical possibility of circular dichroism at THz frequencies in certain biological 

molecules that could be of significant interest Xu et al. (2003 , 2004). 

Circular dichroism is the analogue to linear dichroism, in other words the 

two circular polarization states of light end up having different absorption 

coefficients. Circular dichorism is also often referred to as optical activity. One 

source of circular dichroism is the chirality of molecules. A chiral molecule is a 

molecule which cannot be superimposed upon its mirror image. One obvious 

example of chirality is the human hand ; no set of linear transformations exists 

which can manipulate a right hand to look idential to a left hand. Therefore 

the human hand exhibits chirality. The two different forms of chiral molecules , 

the left and right handed, are referred to as enantiomers, a mix of the two 

enantiomers with equal percentages of each is referred to as a racemic mixture. 

The effect of a mixture of optically active molecules on the polarization 

state of incident light is different than the effect of a mixture of linearly bire

fringent or linearly dichroic molecules. If a large number of randomly oriented 

molecules with intrinsic linear birefringence or linear dichroism interact with 

light , no change in polarization state should occur as the random orientations 

result in an average of zero rotation. In a randomly oriented mixture of op

tically active (circularly dichroic) molecules, it can be shown that a rotation 

of the polarization state does occur. Thus circular dichroism is a potentially 

more versatile mechanism for identification of molecular species as an effect 

can be seen even in a randomly oriented mixture. 

In biological systems, chirality is of interest because chiral monomers make 

up all biological macromolecules, proteins, and nucleic acids . In other words, 

the essential building blocks of life are all chiral, and they also exhibit what is 

known as the chirality consensus (Jaakkola et ai. , 2008). Essentially, life on the 

planet earth exhibits a distinct preference for one handedness of molecule over 

another. In addition to being of interest to biologists , the chirality of a drug 

can significantly change its behaviour in the body (Henderson Jr et al. , 2005) . 

The difference between racemic mixtures of drugs and individual enantiomers 

have also been detected due to different THz absorption spectra (Kishi et ai., 
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2005). 

The human sense of smell happens to be highly chiral specific, with one 

of the common demontitrationti of thiti being the aromatic molecule carvone. 

One enantiomer of carvone is found highly concentrated in spearmint leaves, 

and predictably, smells very minty. The other other enantiomer is found in 

caraway and its smell is best described as "herby". 

The goal of detecting circular dichroism at THz frequencies is what drove 

the contitruction of a THz polarimeter with an extremely high extinction ratio. 

As liquid materials typically yield bland THz responses, and finding an appro

priate solid material to work with is difficult , the natural choice for detecting 

circular dichroism was in the gas phase. This choice drove the construction of 

the gas-cell described in Chapter 6. 

After an untiuccestiful attempt to detect a THz response from the enan

tiomers of carvone, chiral alcohols were chosen as the next potential test case. 

In a chiral alcohol , a hydroxyl group is attached to the chiral carbon. As 

was shown in Chapter 6, alcohols are highly active at THz frequencies due 

to the hydroxyl group. It was hypothesized that the chirality of the molecule 

surrounding the absorption centre could impart a strong chiral response. Due 

to the expense of these alcohols, the only test molecules were (S)-butanol 

and (R)-butanol , the structure of which is shown in figure 7.1. Both of these 

molecules exhibit circular dichroism in the liquid phase at optical frequencies. 

a) b) 

Figure 7.1: The two enantiomers of butanol: a) (R)-butanol b) (S)-butanol 

No detectable chiral signature at THz frequencies was noted from either of 
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these molecules despite several trials and raising the temperature of the gas

cell to above lOocC. It is still possible that these molecules do exhibit circular 

dichroism at THz frequencies , and the apparatus was not sensitive enough to 

detect it . In any case, the question of circular dichroism at THz frequencies is 

still open , and the work in this thesis demonstrates one approach which may, 

in the future , yield a measurement of THz circular dichroism of biomolecules. 

7.2 Conclusion 

As has been demonstrated throughout this work, THz-TDS holds potential for 

experimental uses in many different fields. The ability to probe such a wide 

portion of the electromagnetic spectrum while also having access to study 

picosecond dynamics through pump-probe experiments is an extremely potent 

combination. 

The focus of this work has been towards the goal of detecting circular 

dichroism at THz frequencies . While this goal was not achieved, many of the 

efforts made towards this goal have proved to be very fruitful. The alignment 

method described in Chapter 3 improved the extinction ratio of a THz-TDS 

setup using ZnTe by 2 orders of magnitude over any previous result. The 

birefringence and dichroism measurements of Chapter 4 set the stage for the 

development of the achromatic waveplate of Chapter 4. While a higher order 

achromatic waveplate has previously been developed out of quartz , this is 

the first known THz achromatic zero-order waveplate and it is made out of a 

commercially viable material. The gas phase spectroscopy measurements of 

Chapter 6 also provided interesting observations when a suspected collective 

vibrational mode of the water tetramer was noticed. 

This work opens many new doors for experiments within the PRL, and 

with tenacity and a bit of serendipity, may provide the foundation for future 

observations of the sought after THz circular dichroism. 
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Appendix A 

THz System Equipment Listing 

A.I Non-Linear Crystals 

Table A.1: Thickness and orientation of ZnTe crystals determined using THz
TDS echo measurements . 

Crystal I Size I Orientation I Thickness [mm] 

Generator 1cm x 1cm (110) 1.0mm 
Detector 1cm x 1cm (110) 1.3mm 
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Appendix B 

Fabry-Perot Effect and Echoes 

in THz-TDS 

One of the interesting aspects one comes across when conducting data analysis 

for THz-TDS is the interesting role that echoes off various interfaces play in the 

mea.sured THz tipectrum. While the total effect of thetie echoeti can be succintly 

described mathematically by the Fabry-Perot effect, a simple derivation can 

also show why these echoes are so problematic for data anlaysis . The following 

derivation follows the notation of section 2.4 very closely and the key digram 

from that chapter describing the situation is reproduced below in figure B.1. 

For the purposes of this example, it is assumed that ii is purely real , al

though a similar derivation be performed without this assumption. The mea

sured output THz field , assuming a long enough time window is measured for 

a single echo, is Eout. = Esl + Es2, where the individual pulses arc related to 

the input electric field , Ei , by: 

tastsa exp (iwdn/ c) Ei , 

tas r sar astsa exp (i3wdn/ c )Ei ' 

exp (iwdn/ c) Ei . 

Substituting Esl and Es2 into Eout , and simplifiying a bit results in : 
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~ 
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Figure B.1: Diagram of THz pulse propagation through a homogeneous sample 
of thickness d. The pulses are offset vertically each time they reflect from or 
transmit through an interface. 

E out = tastsa (exp (iwdn/c) + TsaTas exp (i3wdn/c)) E i . (B.4) 

Factoring out the common exponential term, then leaves: 

Eout = tastsa exp (i2wdn/c) (exp (-iwdn/c) + TsaTas exp (iwdn/c)) E i . (B.5) 

The term within the brackets then resembles a cosine term, rearranging 

and dividing by the measured THz signal without the echo gives the desired 

result : 

EEout = (1 - TsaT as) + 2TsaT as cos (wdn/ c) exp (iwdn/ c) . (B .6) 
Jsl 

While further simplification could be performed, the critical result is the 

term: TsaTasCOs(wdn/ c) , in E tot . This term represents a sinusoidal variation 

with frequency in the amplitude of spectrum that is proportional to the magni

tude of the spectrum. THz measurements which include an echo often confuse 
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a scientist who has only recently started with THz-TDS. The sinusoidal vari

ation is only very significant in amplitude and plays a singificant role when 

attempting to obtain good parameter estimates, as was seen in Chapter 4. 
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