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Abstract

This thesis details the development of a multi-functional THz system capable
of operating in three different geometrical configurations: transmission, reflection
and attenuated total reflection (ATR). This apparatus can be used to collect THz
time-domain spectroscopic data or it can be used to study the carrier dynamics of a
system following optical excitation. These two functions categorize the two types of
experiments presented in this thesis.

THz time-domain spectroscopy (TDS) was performed with the transmission and
reflection configurations to determine the feasibility of using THz radiation to study
thin polymer films. This technique was also performed in an ATR configuration
with the use of a high purity Si prism. The THz ATR method was developed to
extend the capabilities of the system to accommodate liquid samples. Water was the
primary sample of interest, however methanol, ethanol and sucrose solutions were
also examined. Although the results obtained regarding water are inconsistent with
the literature, it has led to valuable insight as to how the current experimental setup
may be improved.

The optical-pump, THz-probe technique was also incorporated with each of the
configurations of the system. In transmission mode, the carrier dynamics of ZnSe
nanowires were studied. In reflection mode, the optical-pump, THz-probe capabilities
were tested using a Si wafer sample. In the ATR configuration, the carrier dynamics
of the Si prism itself were examined. It is necessary to characterize the response of
the prism to optical excitation if this technique is to be applied to samples placed
on the surface of the prism. Efforts were made to control the free carrier lifetime of
the near surface region of the Si prism, by irradiating the surface of the prism with
a high energy proton beam to create defects in the Si. The results from this initial

experiment, along with suggestions for future follow-up experiments, are presented.
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Chapter 1
Introduction

THz radiation is typically defined as the frequency range from 300 GHz to 30 THz,
although most experimental work is performed in the 0.5 - 3 THz regime. THz ra-
diation is submillimeter (10 gm to 1 mm) in wavelength and it has a photon energy
range from ~1.24 to 124 meV. As its location in the electromagnetic spectrum lies be-
tween microwave and infrared radiation (see Fig. 1.1), THz radiation bridges the gap
between optical and electronic frequencies, thus posing difficulties in its generation
and detection. While there are currently multiple techniques available to produce
THz radiation [1], it is still a relatively unexplored region of the spectrum and the

applications of THz radiation are still being realized.

THz radiation is beginning to carve out a niche for itself in a few areas such as
imaging and spectroscopy. The fact that THz radiation is non-ionizing has made it
particularly attractive in the medical imaging field. Its applications are somewhat
limited by the fact that THz radiation is strongly absorbed by water, but it does still
show potential in certain areas. For instance, this sensitivity to water gives rise to the
possibility of differentiating between healthy and cancerous tissues. Tumorous tissues
tend to have higher water content than healthy tissue, thus making them stronger
absorbers of THz radiation and visible in a THz absorption image [2]. Dental imaging
is also proving to be a promising candidate for the use of THz radiation. The enamel
in teeth exhibit changes in refractive index as a result of mineral loss, and differences
in the refractive indices of the enamel, dentine and pulp are detectable with THz

radiation [3]. THz radiation is also proving to be useful for security imaging as most
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Figure 1.1: Schematic of the electromagnetic spectrum. THz radiation falls between
microwave and infrared radiation, bridging the gap between the electrical and optical
regimes of the spectrum.

plastics and clothing are invisible to THz radiation, while metal is highly reflective,

making metallic weapons easily identifiable.

THz time domain spectroscopy has a wide range of applications [4]. Many molec-
ular and crystal vibrational modes fall within the easily accessible THz regime, there-
fore, there is the potential to characterize the composition of a substance by its THz
spectral fingerprint [5]. The generation and detection of ultrafast THz pulses have
opened up the possibility of performing time resolved far-IR experiments. Unlike
traditional spectroscopy, which simply measures intensity of the light that has inter-
acted with a sample, THz spectroscopy measures the transient electric field. From
the electric field, the amplitude and phase of the spectral components of the pulse
can be extracted. This information can directly lead to the calculation of the com-
plex refractive index, absorption coefficient and, subsequently, the complex dielectric

function without the use of Kramers-Kronig analysis [6].

Another important application of THz radiation stems from the fact that photons
in the THz regime have energies on the order of meV. This is a common energy scale
for many electronic processes, making THz radiation an ideal probe. THz radiation
has been used to examine changes in the optical conductivity of materials as they
transition from the normal to the superconducting state [7, 8]. It can also be used
to study carrier dynamics in semiconductors by optically exciting the sample while
the THz pulse acts a probe to monitor the relaxation of the free carriers [9]. These
two techniques have been combined to examine the destruction of a superconducting
state via optical excitation as the THz pulse monitors the recovery of this state in

superconducting thin films [10, 11].
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1.1 Thesis Overview

This thesis presents work regarding the construction of an ultrafast THz radiation
setup, as well as preliminary data obtained from this system. A versatile THz radia-
tion generation and detection setup has been developed to accommodate a number of
different experimental techniques. It is capable of functioning in a standard transmis-
sion mode as well as reflection and attenuated total reflection geometries with only
minor modifications. These experimental geometries can also be coupled with optical-
pump, THz-probe techniques. Because this project encompasses the development of
a new apparatus, many of the experiments presented in this thesis are exploratory
in nature. This was primarily an effort to test the capabilities of the system and to

determine what techniques show promise for future experimental work.

Chapter 2 provides an introduction to the theoretical background relating to the
generation and detection of THz pulses, attenuated total reflection (ATR), as well as
the analysis of time domain spectroscopic data. Chapter 3 presents the experimental
setup. A brief summary of the femtosecond laser system, which is required for the
generation of THz radiation, is discussed. An overview of the newly constructed THz
system is provided, including the subtle modifications required to change the geom-
etry of the system to any of the following operating modes: transmission, reflection,
or ATR. Diagnostics and preliminary results from the transmission and reflection
experimental setups are presented and discussed in Chapter 4. These experiments
explore the possibilities of examining polymer films using THz radiation. Chapter 5
is dedicated to the results obtained from the ATR geometry, focusing primarily on
liquids and solutions. Water was analyzed in detail, however the results obtained for
the dielectric function and complex refractive index were not in agreement with the
literature. Various concentrations of sucrose solution were also examined using THz
radiation in the ATR configuration. These results are presented, demonstrating the
sensitivity of the system to changes in concentration. Optical-pump, THz-probe ef-
forts are discussed in Chapter 6 and data from each of the experimental geometries is
presented: ZnSe nanowires observed in transmission mode, Si in reflection, and a high
purity Si prism in ATR. In order to effectively couple the optical-pump, THz-probe
technique to the ATR geometry, the high resistivity float zone Si prism, required to

satisfy the total internal reflection condition, had to be characterized under optical
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excitation conditions. Efforts were made to control the free carrier lifetime of the
near surface region of the Si prism. This was done by irradiating the surface of the
prism with a high energy proton beam to create defects in the Si. The early stages of
this experiment are also documented in this chapter. Much of the work described in
Chapters 3 through 6 was presented at the Canadian Association of Physicists 2009
Congress and will be summarized in a brief article to appear in the fall edition of
Physics in Canada. Finally, possible future work is presented in Chapter 7, as well

as conclusive remarks.



Chapter 2

Theoretical Background

2.1 Generation of THz Radiation

While there now exists several different methods of generating THz radiation [12],
many of these rely on an ultrafast change in polarization induced by a femtosec-
ond laser pulse. The two most prevalent methods of generating THz radiation rely
on ultrashort near-visible pulse irradiation of photoconductive antennae or optical

rectification in nonlinear media.

The oldest method of generating THz radiation is through irradiation of photo-
conductive antennae [13, 14]. In this technique a voltage biased semiconductor is
irradiated with an ultrashort laser pulse with an energy above the bad gap. This ir-
radiation excites carriers into the conduction band, which are then accelerated in the
applied electric field. The acceleration of the free charge produces an ultra-short cur-

rent pulse and the changing polarization generates an electromagnetic pulse [15, 16].

THz generation via optical rectification in non linear media is the primary method
of generation for the experimental work presented in this thesis; and thus, a more

in-depth discussion of this process is presented in the following section.

(@5



M.Sc. Thesis - C.L. Armstrong McMaster University - Physics and Astronomy

2.1.1 Optical Rectification

In conventional optics the dipole moment density, or polarization, is linearly propor-

tional to the electric field strength and the linear susceptibility.
P(t) = xVE(t) (2.1)
However, this expression can be generalized as a power series in the electric field,
P@#t)=xYE®) +xPE®)? + xOE®)® + ... . (2.2)

The generation of THz radiation in a nonlinear medium is a second order nonlinear op-
tical process known as optical rectification. Optical rectification (OR), or difference-
frequency generation, is the result of wave mixing when light is incident on a nonlinear
material. For example, considering the mixing of two distinct frequencies (w; and wy),

the electric field can be written,
E(f) — Elewlt e Ei?ei;ult +E2€iw2t I E;ei;uzt; (23)

where £} and E, are the respective field amplitudes, and E; and EJ are their respec-

tive complex conjugates. Looking at the second order polarization,
PA(t) = xDE(t)?, (2.4)
the squared electric field expands out to yield the following terms,

E(t)? = Eje™ + Ef?e 1! (2.5)
+ Eé?ei‘zwzt + E;Qe—iszt (2 6)
+ 2By Bpe'1ten)t 4 9 By By~ iltntualt (2.7)
+ 2B, Ejelwi—w2)t | 9B By e ilwi—walt (2.8)
+2|E1[* + 2| By, (2.9)

The first four terms, Eq. 2.5 and Eq. 2.6, correspond to second harmonic generation

(SHG), while Eq. 2.7 is related to the sum-frequency generation. Eq. 2.8 is the
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THz
pulse

Figure 2.1: The broad bandwidth 800 nm pulse propagates through the ZnTe crystal
where difference-frequency generation occurs creating THz radiation.

difference-frequency generation and the term of primary interest as it is responsible
for the generation of THz radiation. Eq. 2.9 gives the DC rectification [17]. In this
thesis, the nonlinear media used for THz radiation generation is a (1 1 0) oriented
Zinc Telluride (ZnTe) crystal and it was irradiated with a broad bandwidth, 800 nm,
femtosecond pulse. The mixing of the high frequencies with the low frequencies of the
pulse yield difference-frequency generated radiation in the THz regime (see Fig. 2.1).
It should be noted that while SHG and sum-frequency generation do occur, they
generate frequencies that are above the band gap of ZnTe (2.25 eV or 552 nm) and
are, thus, absorbed by the crystal upon generation.

Due to material dispersion, electromagnetic waves with different frequencies will
experience different refractive indices. As a result of the birefringence of the material,
an index ellipsoid can be used to describe the dependence of the relative magnitudes
of the refractive indices, n*! and n“?, on the crystal orientation for each frequency
component. Fig. 2.2 demonstrates that there exists a direction where the index
ellipsoids of two different frequencies intersect. This leads to both frequencies of
light experiencing the same refractive index and, therefore, having the same velocity
when propagating through the crystal.

The orientation of the ZnTe generator crystal must be such that the incident
800 nm light and the generated THz radiation are phase matched to ensure efficient
generation. When the 800 nm pulse and the generated THz pulse are phase mis-
matched, the destructive interference between the two pulses will drastically reduce
the efficiency of the THz generation. The refractive index difference of the 800 nm
pulse and the THz pulse can be minimized by rotating the crystal to maximize the

coherence length of the conversion.
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Direction
of Phase
Matching

Figure 2.2: Birefringence is caused by crystallographic asymmetry resulting in a re-
fractive index ellipsoid. The axes of the ellipsoid define the ordinary and extraordi-
nary axes of crystal. These are sometimes referred to as the fast and slow optical
axes, as the light propagating through the crystal will experience a different index
of refraction, and subsequently travel at a different speed, depending on its initial
polarization. The above figure demonstrates that there exists a direction where the
n' and n¥? ellipsoids intersect, leading to both rays experiencing the same refractive

o

index and, thus, having the same velocity when propagating through the crystal [18].



M.Sc. Thesis - C.L. Armstrong MecMaster University - Physics and Astronomy

2.1.2 Air Plasma THz Radiation Generation

As an alternative to OR, THz radiation may also be generated from laser plasma [19].
A plasma can be created by focusing a high intensity laser pulse causing the ionization
of air. Electrons are expelled from the region of high intensity electromagnetic field
caused by the focused laser pulse via the ponderomotive force [20]. The acceleration of
the ionized electrons result in an electromagnetic transient, thus producing radiation
in the THz regime [21, 22]. With the current capabilities available in this lab, this
method is not quite as effective as the more conventional methods of THz generation.,
as shown in Section 4.1, however it does have some promising advantages. Since the
emitter target is the surrounding gas that is being ionized, it most likely exists in
abundance. In addition to this, there is no worry of exceeding the damage threshold
of the emitter target, as there is with the generator crystal in OR. This method of
generation can be improved by applying a bias voltage across the air gap [23], or by
implementing a nonlinear four wave rectification (FWR) technique, using both the
fundamental and second harmonic frequencies to generate the plasma [24, 25, 26, 27].
More recently, the use of laser induced plasma has been extended to the detection of
THz radiation [28]. With the use of shorter, more intense laser pulses, this method
of generation can yield THz radiation with both high energy pulses and broadband
width, comparable to other methods of generation using amplified table-top pulsed

laser systems [29)].

2.2 THz Radiation Detection -
Electro-optic Sampling

The most common method of detecting THz radiation is through electro-optic sam-
pling. This process is based on the Pockels effect, in which an electric field applied
to a material induces birefringence. An 800 nm optical probe pulse passes though
the detector crystal at the same time as some point in the THz pulse. The probe
experiences a change in polarization due to the effect of the THz electric field on the
detector crystal. This change in polarization of the probe pulse is linearly propor-

tional to the amplitude of the THz electric field. As a result, by scanning the entire

9
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Material | d(pm/V) | n, | nrwy. | arg. (em™)
GaP 24.8 3.18 | 3.34 1.9
Zn'Te 68.5 2.87 | 3.17 1.3
LiTaO;3 161 2.145 | 6.42 46
LiNbO3 168 2.159 | 5.16 16

Table 2.1: Electro-optic crystal properties. d is the non linear optical coefficient for
optical rectification, n, is the refractive index at 800 nm, npg, is the refractive index
at 1 THz, and arp. is the absorption coefficient at 1 THz [33]. From this data it is
evident that ZnTe is a desirable candidate for electro-optic detection of THz radiation.

THz pulse through the optical probe, the THz temporal waveform can be mapped
out [30].

Zinc-blende crystals, such as ZnTe and GaP, as well as LiNbO3 and LiTaO3 can be
used for electro-optic detection (see Table 2.1). ZnTe is an effective detector crystal
for this purpose [31] because it has a relatively high nonlinear optical coefficient for
optical rectification, a refractive index in the far-infrared that is similar to its refractive
index in the near-infrared, and a low absorption coefficient in the THz regime. These
qualities minimize phase matching problems and yield a relatively efficient method of

detecting THz radiation [32].

2.3 Attenuated Total Reflection

According to Snell’s Law:
nysind; = nysinb;; (2.10)

where n; and ns are the refractive indices of the first and second medium, 6; is the
angle of incidence and 6, is the angle of the beam transmitted in the second medium.
Total internal reflection (TIR), as shown in Fig. 2.3, occurs when light strikes a
boundary at an angle greater than the critical angle and the index of refraction of

the second medium is less than the first (n9 = ny/ny < 1),

sinf. = ny;. (2.11)

10
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refracted

evanescent
wave

total
reflection

reflected

Figure 2.3: Schematic diagram of light striking a boundary between two media, where
the index of refraction of the first, n;, is greater than that of the second, ny. The
red ray shows the result of light incident on the boundary at an angle less than the
critical angle, 6.. In this scenario, some of the incident light is reflected, while the
rest is refracted into the second medium. The blue ray demonstrates light incident
on the boundary beyond the critical angle, resulting in total internal reflection. In
this case, all of the light is reflected back into the first medium, however there is some
penetration into the second medium by the resulting evanescent wave [34].

Because electromagnetic waves cannot be discontinuous at a boundary, an evanescent
wave is produced, traveling along the boundary of the media when the TIR condition

is achieved.

Consider light traveling in the xz-plane and incident on an interface in the xy-

plane. The transmitted electric field,
E, = E,eilker—wt), (2.12)
can now be written as follows,
E, = E,¢itku(esin0u+zcos0)—wt). (2.13)

where k; is the wave vector of the transmitted electric field. By applying Snell’s Law

(Eq. 2.10), cos 6, and sin 6, can be rewritten as

) .
0; 0;
cosb =1 sz - -1 and sin 0, = = ; (2.14)
g N1

11
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where it should be noted that cos#; is purely imaginary when the angle of incidence
is beyond the critical angle [35], satisfying the TIR condition (Eq. 2.11). Substituting
Eq. 2.14 back into Eq. 2.13 yields an expression for the transmitted electric field when

TIR occurs:

o 1 sin? 6
E, = Eoewtemh311101'/71216—2/(11); where — =k, n % —1. (215)
d 2

From Eq. 2.15, it can be seen that the evanescent wave is a standing wave that decays
exponentially in the 2-direction. Even though the beam is totally reflected, there is
some penetration into the second medium, although no net energy is transmitted
through the boundary. The amplitude of the transmitted electric field decreases by
a factor of 1/e when z=d,, thus d, is referred to as the penetration depth. The
penetration depth is directly dependent on the wavelength of the incident light and

diverges at the critical angle [36].

A

gy =
p :
2m+/n? sin® 0; — n?

Although the penetration depth does not depend on the polarization of the incident

(2.16)

light, the strength of the interaction between the evanescent wave and the medium
it penetrates into does depend on the polarization. It is, therefore, important to
consider the effective thickness, which is the equivalent path length that would yield

the same amount of absorption in a transmission experiment (see Fig 2.4).

oA
doy = R (2.17)
mn1(1 — n3g, )4/sin“ 0 — n3,
Ny cos B(2sin® 6 — n3; )\ (2.18)

d.| =
! mni(1 —nd))[(1 — n3,)sin®0 — n2,]\/sin? § — n3,

The evanescent waves from parallel and perpendicularly polarized incident electric
fields of equivalent amplitude do not have the same amplitude in the penetrating
medium [37]. The effective thickness of the parallel polarization is always greater
and, therefore, should be used in experimental situations to maximize the interaction

of the evanescent wave with the sample.
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Figure 2.4: a) Penetration depth (Eq. 2.16) as a function of frequency for a refractive
index ratio of ny;=0.702. This refractive index ratio is the same as a sample of
index ny=2.4 place on a Si ATR prism (n;=3.42). Penetration depth increases as
the critical angle (0.=44.6°) is approached. @' is the incidence angle used with the Si
prism in THz ATR experiments (see Chapter 5). b) Effective thickness as a function
of frequency, displaying the difference between perpendicular (Eq. 2.17) and parallel
(Eq. 2.18) polarizations of incident light at 6.
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2.4 Analysis

2.4.1 Time Domain Spectroscopy

Rather than probing a sample with one frequency at a time, time domain spec-
troscopy (TDS) interrogates the sample with a broad bandwidth THz pulse, which
can be Fourier transformed to obtain the frequency spectrum. The spectral resolution
obtained by the Fourier transform is dictated by the time length of the acquisition
of the temporal waveform (i.e., short scans have a lower spectral resolution, therefore
each bin in the Fourier transform will correspond to a larger range of frequencies).
When taking the discrete Fourier transform of the temporal waveform the data must
be windowed in some way. Applying a window to the data reduces discontinuity at
the boundaries by ensuring that the endpoints of the data go smoothly to zero. The
Fourier transform of a simple rectangular window results in a central peak with high
side lobes that do not fall off very quickly, as shown in Fig. 2.5. Convolving the wave-
form with a rectangular window can cause spectral leakage as a result of these side
lobes in the Fourier transformed window. To minimize the effects of spectral leak-
age, different windows can be chosen with less pronounced side lobes in their Fourier
transform [38]. The analysis presented in this thesis convolves a Tukey window with
the temporal data [39].

The size of the FFT window must be chosen carefully as to not truncate the
THz waveform. Truncation can lead to spectral artifacts, such as a finite electric field
amplitude at zero THz, implying that there is a DC offset. Fig. 2.6 displays the effects
of a properly and improperly windowed temporal signal. In Fig. 2.6 b), the FFT of a
properly windowed temporal waveform, has a zero frequency offset that is two orders
of magnitude smaller than the spectral peak and within one order of magnitude of the
noise floor. The FTT of the improperly windowed waveform, Fig. 2.6 d), shows an
offset that is only one order of magnitude below the spectral peak and well above the
noise floor, misleadingly implying that the signal at the near zero frequencies should
be taken into consideration.

Although the THz spectral data appears to show a signal down to zero frequency,
this is merely an effect of the FFT process and is not physical. The useful spectral

data was considered to be the electric field amplitude that was at least Hx greater
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Figure 2.5: a) Rectangle and Tukey (tapered cosine) windows. b) Fourier transforms
of these windows displaying the larger side lobes from the rectanglular window.

than the high frequency noise floor. For data collected under Ny purge conditions, this
typically resulted in a THz spectrum that ranged from ~0.2 - 2.8 THz (see Fig. 2.7).
Almost all THz analysis is performed relative to a reference scan, which is why the
pulse amplitudes are generally plotted in arbitrary units. By scanning in the absence
of a sample, a convenient reference scan is created. This reference scan can then be
compared to the sample scan allowing the extraction of information solely regarding
the sample. This method, however, has both pros and cons. Taking data in this
way minimizes the effects of systematic occurrences, which would generally present
themselves in both the reference and the sample, and therefore would be divided out.
Unfortunately, this is a time consuming process, as a reference scan may no longer
be accurate if taken too far in advance of the sample. Problems such as laser drift
and subtle changes in the environment, such as temperature and humidity, can create
problematic differences between the reference and sample scans. To avoid this issue,
one should try to take reference scans immediately preceding sample scans whenever

possible.

Fig. 2.7 shows the effects of water vapour in both the temporal waveform and
the frequency spectrum. In the temporal waveform the presence of water results in

an attenuation in the amplitude of the main THz pulse. There is also substantial
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Figure 2.6: Transmission reference scan demonstrating the effect of truncating the
temporal waveform when applying a Tukey window before performing the fast Fourier
transform (FFT). a) Properly windowed temporal waveform. b) Fourier transform of
properly windowed temporal waveform. ¢) Improperly windowed temporal waveform,
truncating the beginning of the pulse. d) Fourier transform of improperly windowed
temporal waveform, displaying an artificially created DC offset.
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Figure 2.7: Transmission reference scans demonstrating the effects of water vapour
in nitrogen (Nj) purged and unpurged conditions. A Tukey window is applied to the
temporal waveform before performing the FFT. a) Plot of the temporal waveform of
a THz pulse without Ny purge. b) Plot of the temporal waveform of a THz pulse
with Ny purge. ¢) Fourier transform displaying broadband spectral information and
the water absorption lines caused by water vapour.
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ringing after the pulse due to the dispersion and absorption of the THz radiation by
water vapour. In the frequency spectrum, the presence of water vapour exhibits itself
as strong absorption lines [40]. When water vapour is purged from the THz beam
line, the ringing, following the temporal waveform, is greatly reduced, yielding a much
shorter THz pulse. In Fig. 2.7 b) a second THz pulse is observed approximately ~10 ps

after the main pulse. This echo pulse is caused by a reflection in the generator crystal.
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Chapter 3

Experimental Setup

3.1 Ultrafast Laser System

A commercial Spectra Physics titanium:sapphire chirped-pulse amplifier (CPA) sys-
tem is used to produce the ultrashort laser pulses required for the OR generation of
THz radiation. This system has four primary elements: a Ti:sapphire oscillator and
its pump laser, and a regenerative amplifier and its pump laser.

The Spectra-Physics Millennia V system [41] is a CW frequency doubled neodymium
yttrium vanadate laser with an output wavelength of 532 nm. The Millennia produces
4.35 W of green light used to pump the Spectra-Physics Tsunami [42], a Ti:sapphire
oscillator. The oscillator outputs pulses with a central wavelength of 800 nm at a
repetition rate of 80 MHz. The duration of these pulses are optimally <50 fs, with
a pulse energy of ~5.5 nJ and a bandwidth of roughly 50 nm. The pulses gener-
ated by the oscillator are then amplified using a Spectra-Physics Spitfire Ti:sapphire
chirped-pulse amplifier [43], which is pumped by a Q-switched, frequency doubled,
diode-pumped Nd:YLF Laser (Spectra-Physics Evolution [44]) operating at 527 nm
with a power of approximately 5.25 W.

Attempting to amplify an ultrashort pulse directly would lead to a pulse with
a peak intensity above the damage threshold of the optical components, as well as
nonlinear effects during the amplification process. To avoid this problem of high
instantaneous energy, the pulse is temporally stretched before amplification. The

pulses are stretched with the use of a multi-pass, single grating configuration. In this
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Figure 3.1: Simplified representation of the chirped-pulse amplification process [46].

configuration the spectral components of the incoming pulse are spatially separated,
such that the different frequencies have different path lengths. When the components
are recombined, the path length differences result in a temporal broadening of the
pulse. Once the peak intensity of the pulse has been reduced to below the damage
threshold of the optical components, the pulse is amplified in a multi-pass amplifier
cavity. Following amplification, the pulse is compressed using a similar technique to
the stretching process (see Fig. 3.1) [45]. Optimally, this would yield a pulse with a
duration of ~50 fs and an energy of ~800 pJ at a repetition rate of 1 kHz.

3.2 THz Experimental Setup

In this setup THz radiation is generated via optical rectification in a ZnTe crystal
and it is detected through electro-optic sampling (see Figs. 3.2-3.4).

The incoming 800 nm radiation is split into three beams: the majority is used
for the generation of the THz radiation, ~1% acts as the probe for detecting the
THz pulse, and ~20% is used as an optical pump for optical-pump, THz-probe ex-
periments. The generation beam passes through a 300 pm thick, (1 1 0) oriented
ZnTe crystal, generating THz radiation via OR. The THz beam is focused through
a series of 90° off-axis parabolic mirrors onto a sample, and then refocused onto a
second ZnTe crystal for detection. The linearly polarized probe is guided such that
it collinearly propagates through the detector crystal with the THz radiation.
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Figure 3.2: Photograph of the THz setup. THz generation and detection occurs
within the plexiglass enclosure (see Fig. 3.3).

The detection line uses the ZnTe crystal and a A/4 plate, which act as a variable
wave plate [47]. In the absence of a THz beam, a linearly polarized probe pulse passes
through this variable waveplate, yielding circularly polarized light. A Wollaston prism
spatially splits the linear components of the circularly polarized probe beam into two
equal intensity beams, which are then detected by balanced photodiode detectors.
When the THz pulse is present it induces a weak birefringence in the ZnTe detector
crystal which changes the polarization of the incoming probe pulse from linear to
elliptical. The degree of ellipticity induced in the probe beam is proportional to the
amplitude of the THz electric field that is incident on the detector crystal. This
is detected as the difference in the photodiode signals. A delay stage in the THz
generation beam line allows for the full THz wave form to be scanned through the
probe pulse [48, 49]. The THz beam is chopped at half the repetition rate of the laser
(i.e., if the laser is running at 1 kHz, the THz beam is chopped at 500 Hz). By using
a lock-in amplifier to lock in to the reference signal from the chopper, the THz signal

can be separated out from the probe pulse and noise.

Black polyethylene filters are placed in the collimated THz beam paths. Polyethy-

lene is invisible to THz frequencies, however it effectively blocks any residual 800 nm
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Figure 3.3: Photograph of THz beam line and detection line within the plexiglass
enclosure.

light that passes through the ZnTe crystal. This filter serves two purposes: the
chopped 800 nm light from the generation beam path could obscure the balance of
the photodiode detectors, and, if the 800 nm light from the generation line were to

propagate through the THz beam path, it would be focused down onto the detector
crystal, potentially damaging it.

To aid with the alignment of the system when switching between transmission,
reflection, and ATR geometries, the first small parabolic mirror is on xyz translation
stages (see Fig. 3.3 and 3.4). When the aluminum reflector piece, used to switch the
system to a reflection configuration, and the ATR prism are placed in the setup, the
THz beam path is changed slightly and alters where the focus of the THz radiation
is relative to the sample. Translating this parabolic mirror shifts the location of the
THz focus on the sample and moves the THz image on the detector crystal. Adjusting
the position of the THz focus is necessary when incorporating the reflector piece or
ATR prism into the setup to ensure that the THz beam is as focused as possible when

interacting with the sample.
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3.2.1 Plasma generation

To generate THz radiation with air plasma, minor modifications were made to the
existing setup. By removing the ZnTe crystal, the 800 nm light is focused by the
first parabolic mirror to create air plasma. To generate THz radiation with a plasma
formed from both fundamental and second harmonic wavelengths, a J-barium borate
(4-BBO) crystal was placed at the former location of the ZnTe crystal to convert
some of the 800 nm light to 400 nm through SHG. In both generation schemes the

detection method remained the same.

3.2.2 Transmission

In the transmission experimental setup, a sample is placed at the focus of the third
parabolic mirror, as seen in Fig. 3.4, and THz radiation is transmitted through it.
A reference scan is obtained by collecting data in the absence of a sample. By
comparing the sample scans to the reference, the effect of the sample itself can be
seen in the THz data. This information can be used to determine absorption peaks
within the frequency spectrum of the generated and detected THz radiation, the
refractive index, and the absorption coefficient of the sample. It should be noted that
determining quantities such as the refractive index and absorption coefficient require
precise knowledge of the sample thickness that the THz radiation propagates through
in order to accurately determine the phase information required for this calculation.

While a transmission THz radiation experiment is commonly employed, not all
samples are suitable for this method of examination. For this reason, the experimental
setup is constructed in such a way to adopt other geometries which can accommodate

samples that cannot be easily probed by the transmission of THz radiation.

3.2.3 Reflection

THz reflection spectroscopy is a more accommodating approach to examining liquid
samples. Unlike transmission, this configuration does not require a thin fluid cell to
examine strongly absorbing liquid samples. In order to create a reflection geometry
for the THz setup, an aluminum reflector piece was manufactured to be placed near

the THz focal point, where the sample would go in a transmission experiment (see
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Figure 3.5: a) Schematic of the THz reflection geometry. b) Photograph of the
reflector piece mounted on a rotation mount for ease of alignment. The reflector
piece is machined from a solid aluminum rod, with an apex angle of 120°.

Fig. 3.5). The purpose of the aluminum reflector piece is to reflect the THz radiation
down onto the sample and, once it has reflected off the sample, reflect the THz
radiation back to the original THz beam path. While the surface of this prototype
reflector piece is not polished to optical quality, it is presumed that this will not have
a large effect on the reflected THz radiation as the wavelengths in the pulse are much
greater than the surface roughness of the reflector piece.

The sample stage is a metallic mirror, which has xyz translation capabilities. To
obtain a reference scan in the reflection configuration, the THz radiation is reflected
off a bare metallic mirror. When scanning a sample, the sample is placed on the
metallic mirror and the height of the sample stage must be adjusted to correct for

the thickness of the sample, to maintain proper alignment of the THz beam.

3.2.4 Attenuated Total Reflection

Certain samples such as polar liquids, strongly absorbing samples, and powders, may
be challenging to investigate using transmission. While it is possible to investigate
liquids via reflection THz experiments, it can be difficult to extract information about
the solute molecules in solutions because of the short interaction length [37]. Pow-
ders pose the additional complication that reflection off the sample results in a diffuse
reflection, which weakens the signal. All of these factors make attenuated total re-

flection (ATR) a viable alternative.

[\)
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To test the ATR geometry, without incurring any major expenses, a test prism was
first machined out of teflon. Due to the low index of refraction of teflon (n ~1.44) [50],
no trial samples were immediately available that could meet the total internal reflec-
tion requirements. However, by placing a sample on the prism with a higher than the
maximum allowable refractive index dictated by the requirements for TIR, the de-
struction of the TIR condition could be observed. This greatly reduces the measured
THz signal, as part of the THz radiation would be transmitted through the sample.
The prism was machined from a 1" rod of teflon with an apex angle of 130°. The
size and geometry of the prism was chosen to minimize the path length of the THz
beam through the prism, while still having a reasonable sized surface on the prism

for sample placement.

A number of different materials were considered for the ATR prism. Potential ma-
terials included TPX, Tsurupica, Si, Ge and MgO. Although materials like TPX and
Tsurupica have high transmission in the THz frequencies, they, like other polymers,
have relatively low refractive indices (n ~1.4). A low refractive index severely restricts
the possible samples that can be examined, as the sample must have a sufficiently

lower refractive index than the prism to satisfy the TIR condition.

For the purpose of investigating liquids, in particular water, which has a re-
fractive index of ~2.6 - 1.8 in the range of 0.5 - 4 THz, Si (n ~3.42) [51] and
MgO (n ~3.10) [50] were the most viable candidates. To minimize absorption in
semiconductor-based prisms, the material needs to be of high purity and have suf-
ficiently low defect density. For these reasons, high resistivity float zone (HRFZ)
silicon was chosen for the prism material since it meets the above requirements and

high purity custom Si optics were available through the company Tydex (see Fig. 3.6).

Four HRFZ Si prisms were purchased to allow for multiple types of THz ATR
experiments. The Si prisms have an apex angle of 103° and a top surface that is
10 mm x 13 mm. This apex angle was chosen so that a horizontally propagating
THz beam incident on the prism would satisfy the TIR condition when reflecting off
the top surface if a sample with a refractive index of < 2.67 was placed on the prism
(see Fig. 3.7). The apex angle for this configuration can be determined using the

refractive index of the prism material and the refractive index of the desired sample.
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Figure 3.6: Si Transmission data, from 16 - 1000 pm, provided by Tydex [52].
This plot displays the difference in transmission of 5 mm thick samples of Opti-
cal Czochralski (OCz) Si and Float Zone (FZ) Si compared to High Resistivity Float
Zone (HRFZ) Si in the far infrared spectrum.

Using Eq. 2.10 and Eq. 2.11, the relation to determine the apex angle is given by

n2 — n2
tan O = (—p—l—)s (31)
Ng —

At the time, it seemed favourable to choose a geometry that would result in an angle
of incidence close to the critical angle for TIR, while still being greater than it, in order
to maximize the penetration depth of the evanescent wave. In hindsight, however,
it may have been advantageous to choose an slightly larger angle. While this would
have reduced the penetration depth, effectively reducing the signal, it would have also
given a little more leeway with the incident angle, ensuring that the TIR conditions

were not violated.

The overall size of the prism was decided such that the prism would be large
enough to accommodate a fluid cell, while still being small enough to avoid large
changes in the optical path length. Because of the high refractive index of Si in the
THz regime, the prism lengthened the optical path length by ~20 mm. While this

would shift the focus of the THz beam, large effects were not anticipated because of
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Figure 3.7: Geometric relations considered when choosing the apex angle of the prism.

the long focal length of the 7 parabolic mirrors coupled with the alignment adjusting

capabilities of the 2" parabolic mirror.

One of the Si prisms was modified to accommodate liquid samples. A 15 mm
tall glass tube with a diameter of 10 mm was fixed to the surface of the prism using
crystal bond (see Fig. 3.8). When performing experiments with this fluid cell a rubber
stopper was placed over the opening of the glass tube to prevent evaporation of the
sample and, for the case of water, to minimize the water vapour in the Ny purged

plexiglass enclosure.

As the effective thickness of the evanescent wave electric field propagating into
the material is greater for p-polarized light than s-polarized light (refer to Eq. 2.17
and Eq. 2.18), it was favourable to generate vertically polarized THz radiation to
maximize the interaction of the THz radiation with the sample. This was achieved
by generating THz pulses with vertically polarized 800 nm pulses and adjusting the
orientation of the ZnTe generator crystal to maximize THz beam power. Since the
laser generates horizontally polarized 800 nm pulses, a half wave plate and polarizing
beam cube were placed in the THz generation beam line before the ZnTe generator
crystal. Incorporating these optical components into the setup facillitated the switch

between horizontal and vertical polarizations.
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Figure 3.8: a) Schematic representation of the THz attenuated total reflection (ATR)
geometry. b) Photograph of the ATR prism with fluid cell mounted on a rotation
mount for ease of alignment. The prism is composed of high resistivity float zone
silicon and has a refractive index of n=3.42 at THz frequencies.

3.2.5 Optical-Pump, THz-Probe

A pump beam is split off from the incoming 800 nm beam using a 20% beam splitter,
as shown in Fig. 3.4. This is used to optically excite the sample in the various
experimental setup geometries. The pump beam path has to be precisely the same
length as the THz generation beam path so the optical excitation pulse and the THz
pulse reach the sample at the same time. The relative delay between the pump beam
and the THz pulse is controlled by a delay stage which scans both the THz generation
line and the optical probe through the optical excitation pulse. Holding the optical
probe fixed in time while the THz pulse is scanned enables the examination of a
specific point in time following the optical excitation, as shown in Fig. 3.9. The
chopper is moved to the pump beam path such that the lock-in amplifier detects the
change in the THz signal as a result of the sample being pumped. Unfortunately, the
length of the delay stage used for these experiments was limited to 666 ps, making it

difficult to accurately examine samples with a long carrier lifetime.

3.2.6 Experimental Obstacles

This section addresses some common experimental issues that require attention when
performing THz TDS.
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Figure 3.9: This plot displays the pump-probe scanning processes. At various times
after the optical pump excitation (indicated by the blue arrows), the optical probe
pulse is held fixed while the THz pulse is scanned through it. By monitoring the
changes in the THz wave form at different pump times, free carrier relaxation can be
observed.

The generated THz pulses contain a broad range of frequencies, leading to prob-
lems when focusing the THz beam onto the detector crystal. High frequencies focus
more tightly than low frequencies (see Fig. 3.10). Therefore, when the THz beam is
focused it results in a relatively large spot size, however only the central region of the
spot contains both high and low THz frequencies. When dealing with the alignment
of the THz beam and the 800 nm probe pulse on the detector crystal it is crucial that
the probe pulse spot completely overlap the THz spot on the ZnTe detector crystal
in order to retain broad bandwidth information. If the probe and THz spots are not

centered on each other, high frequency THz radiation information can be lost.

Another experimental obstacle when working with THz radiation is the effect
of humidity. Water vapour is a strong absorber of THz radiation [40] leading to
complications when performing THz experiments in ambient air. Depending on the
humidity level throughout the course of an experiment, absorption of water vapour
can cause issues of phase shift between scans, due to the change in effective path

length as a result of refractive index fluctuations of the air. The spectroscopic data

30



M.Sc. Thesis - C.L. Armstrong McMaster University - Physics and Astronomy

107 ——1.25mm
—1.93 mm
—2.75mm
—6.28 mm

1 0_2 —— no aperture

10

Electric Field Amplitude [a.u.]
)

Il 1 1 1

1 2 3 4 5
Frequency [THz]

Figure 3.10: THz frequency spectrum obtained under unpurged conditions for varied
aperture sizes at the THz focus. As the aperture is closed, low frequency information
is reduced while the high frequencies remain relatively unaffected. Data courtesy of
Derek Sahota and Zach Watling.
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Figure 3.11: a) THz temporal waveform displaying change in the amplitude and pulse
duration as humidity is altered. b) Water absorption peaks in the THz spectrum.
Data and analysis courtesy of Derek Sahota.

collected in humid conditions can be problematic because of the strong water vapour
absorption lines, as can be seen in Fig 3.11. To remedy this issue, a plexiglass box
was constructed to enclose the entire THz beam path, which can be purged with
dry nitrogen (Fig. 3.2). A psychrometer is placed in the purge box to monitor the
humidity level throughout the course of an experiment.

Noise was another reoccurring experimental concern. A periodic noise signal was
often observed that was thought to be caused by the vibration of the pellicle beam
splitter. It is speculated that the resonance frequency of the pellicle is close to
~500 Hz. When the laser is operating at a 1 kHz repetition rate, the THz radi-
ation is also being sampled at 500 Hz, making the resonance of the pellicle highly
noticeable. There are two options available to deal with this particular situation.
The pellicle beam splitter could be replaced with one of a different size, which would
subsequently have a different resonance frequency, or the repetition rate of the laser
could be changed such that the sampling rate of the THz pulse is a little further
away from the pellicle resonance frequency. The latter was chosen and the laser was

operated at 1.1 kHz, to give a THz sampling rate of 550 Hz.
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Chapter 4

Early Exploratory Experiments

4.1 Plasma THz Generation

The generation of THz radiation from air plasma was a technique that was briefly
explored. In the preliminary experiment this method of generation resulted in a much
weaker THz pulse, approximately 230x weaker than the OR generated pulse. The
generation efficiency was improved by using both fundamental and second harmonic
spectral components to create the plasma. A 3-BBO crystal was required for second
harmonic generation. Using both 800 nm and 400 nm light to generate the plasma
yielded a THz pulse that was only 35x weaker than the OR generated pulse (see
Fig. 4.1).

The result presented in this section was the first attempt of generating THz radi-
ation with an air plasma. If this technique were properly optimized, it could provide
an alternative to THz generation via optical rectification. However, for this to be a
competitive alternative, it would most likely require an upgraded amplification sys-
tem to increase the intensity of the laser pulse used to generate the plasma. Before
resorting to a system upgrade, there are other approaches that may be considered to
improve the efficiency of generation. Obviously the minimization of water vapour in
the THz beam line requires the systems environment to be purged with some sort of
dry gas. Nitrogen was used as the purge gas for this experiment, however different
gases may yield more favourable results [53]. Improving the efficiency of the 2"¢ har-

monic generated 400 nm light, as well as applying an external DC field to the region
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Figure 4.1: THz generation via OR and N, plasma THz generation are compared.
(Ny purge not optimized.) a) Temporal waveforms of THz pulses generated by OR
in a ZnTe crystal, Ny plasma THz generation via FWR (x35), and N, plasma THz
generation with no crystal present (x230). The data is offset for clarity. b) Fourier
transforms displaying frequency bandwidth and noise level of each method

of the plasma, are also methods of increasing THz pulse amplitude [19].

4.2 Transmission and Reflection THz Measurements

of Polymer Films

This section presents preliminary data on transmission and reflection THz spec-
troscopy of polymer films. The study of polymer systems is a rapidly growing and
important area of physics. An effort was made to explore how THz based studies
might be used in this area, thus contributing to a field that is already very actively
pursued in the departments of physics and chemistry at McMaster University. The
samples, various thicknesses of polystyrene films spin-coated onto silicon substrates,
were prepared by Josh McGraw from the Experimental Polymer Physics Group. Prior
to examining the polystyrene films, plastic film (saran wrap) was first examined in
transmission and reflection mode as a crude method to test the possibility of using

THz radiation to detect polymer films.
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Figure 4.2: Transmission THz spectroscopic results for saran wrap. (No Ny purge.)
a) Temporal waveform of the reference scan and scan with saran wrap present in the
beam line. b) Fourier transform of the temporal waveforms.

In the transmission experiment, the film was mounted on a 2" lens mount such
that the film was taut but not distorted or deformed from the tension. It was placed
in the sample position at the focus of the THz beam path (see Fig. 3.4). A reference
scan was obtained by performing a scan with no sample present. Fig. 4.2 presents
the results.

In the reflection experiment, we obtain a reference scan by placing a metallic
mirror on the sample stage. The saran wrap was first measured by placing it over top
of this metallic mirror, and secondly as a free standing film with no metallic mirror
below (Fig. 4.3).

Three thicknesses (~35 nm, ~105 nm, and ~165 nm) of polystyrene film on
~1 em?, ~500 pm thick silicon substrates were examined in transmission mode. The
samples were placed at the focus of the THz beam in the sample position such that
the THz pulse would be incident on the polystyrene film. Two different reference
scans were obtained to compare to the sample: a standard reference with nothing
present in the THz beam line, and a substrate reference with a blank Si substrate
placed at the focus of the THz beam. With regards to the substrate reference, the
Si wafer was placed in the beam line such that the THz pulse was incident on the

polished side of the wafer. There is a temporal shift between the reference scan and
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Figure 4.3: Reflection THz spectroscopic results for saran wrap. (No Ny purge.)
a) Temporal waveform of the reference scan, scan with saran wrap present on the
metallic mirror, and scan of the saran wrap with no metallic mirror. b) Fourier
transform of the temporal waveforms.

the “reference” of the blank substrate. The finite thickness of the silicon wafer creates
a difference in the optical path length of the THz pulse between the two references.
The THz signal from the substrate with polystyrene film was greatly reduced to the
point of not being discernible from the noise level. It is speculated that this may be
a result of the difference in the Si wafer substrates. The substrates that the samples
were spin-coated on to were not cleaved from the same wafer as the blank substrate
that was examined. This could be problematic because, while silicon does not absorb
THz radiation, any impurities or defects in the silicon can strongly absorb. Since
these samples were prepared with the intent of creating a high quality thin-film, the
only concern was the surface quality of the silicon wafer, not the quality of the bulk
silicon itself for THz applications (see Fig. 4.4).

The polystyrene films were also examined in reflection mode (see Fig. 4.5). The
samples, including the blanks substrate, were placed on the metallic mirror. The
sample stage was translated in the z-direction to offset the thickness of the substrate.
From the results presented, it is unclear as to how effective THz radiation is as a
probe for examining thin films. Although a difference between the spin-coated and

the blank substrate can be detected, the thicknesses of the films were not evident
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Figure 4.4: Transmission THz spectroscopy of polystyrene film on Si wafer. (No Ny
purge.) a) Temporal waveform of the reference scan, blank silicon substrate, and the
polystyrene films on silicon substrate. b) Temporal waveform of just the blank silicon
substrate and the polystyrene films on silicon substrate. ¢) Fourier transform of the
temporal waveforms.
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Figure 4.5: Reflection THz spectroscopy of polystyrene film on Si wafer. (No N,
purge.) a) Temporal waveform of the reference scan, blank silicon substrate, and the
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substrate and the polystyrene films on silicon substrate. c¢) Fourier transform of the
temporal waveforms.
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from examining the data. THz radiation may not have the required spatial sensitiv-
ity to accommodate thin films, with thicknesses that are substantially less than the
wavelength of the THz radiation. For instance, the films examined in this experiment
ranged from ~30 - 170 nm, while the wavelength at 1 THz is 300 gm. However, if one
were to try and examine thin films spin-coated onto silicon substrates using trans-
mission or reflection methods, the substrate itself would have to be well characterized
first, and would optimally be high quality and high purity to minimize absorption
from the substrate. Another technique that may yield the sensitivity required for
this experiment would be to examine the thin film using attenuated total reflection

techniques.
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Chapter 5

THz Attenuated Total Reflection

While transmission and reflection based THz experiments allow for the investigation
of a variety of materials, there are certain samples, such as powders and polar liquids,
which yield less than favourable results. In transmission, powders pose the challenge
of fabricating a thin free-standing sample, and strongly absorbing fluids, such as polar
liquids, prove to be difficult to examine as they require the construction of a very thin
fluid cell. Both of these samples have the additional complication that, because they
are required to be so thin, they will inevitably produce weak THz signals as the
THz radiation is interacting with very little material. Powders are also not suitable
for examination in a reflection geometry as they cause diffuse reflection, resulting
in a weak THz signal. These problems can be remedied by adopting an attenuated
total reflection (ATR) configuration. Similar quality spectra to transmission can be
obtained without the sample constraints. An additional advantage is that a reference
scan can be obtained without altering the optical pathway of the THz radiation.
since the sample is simply placed on the surface of the prism. This can allow for
the evaluation of the complex dielectric constant, refractive index, and absorption

coefficient of the sample.
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5.1 Diagnostics and Results

5.1.1 Measurements using a Teflon Prism

A teflon prism was machined to test the geometry of the ATR experimental setup.
While no samples were immediately available that would satisfy the TIR condition,
a higher index material could be placed on the prism to destroy TIR, thus greatly
reducing the THz signal. For convenience, the sample chosen was a commercially
purchased, polymer based adhesive (sticky tac). Because the refractive index for
teflon is approximately 1.44, the geometry of this particular prism allows for samples
with refractive indices of < 1.3. As sticky tac is a polymer based substance, it is
assumed to have a similar refractive index as other polymers (i.e. ~1.4); therefore it

is unlikely to satisfy the TIR condition.

A reference was obtained by collecting data with no sample present on the prism
surface. Following the reference scan, sticky tac was placed on the surface of the prism.
Fig. 5.1 demonstrates the importance of maximal contact between the sample and the
prism surface. Once mild pressure was applied to the sample to ensure proper contact
was established, the THz signal greatly decreased because of the partial transmission

that would occur as the refractive index of the sample does not meet the conditions

for TIR.

5.1.2 THz ATR of Solvents: Water, Methanol, and Ethanol

Biological samples require the understanding of how THz radiation interacts with
liquid water in order to extract information about vibrational modes of molecules
in solution in subsequent analysis. Water, ethanol and methanol were chosen as
benchmarks liquids, as they have been previously examined via THz ATR [50, 51, 54].
Achieving expected results with these samples was necessary to ensure that the newly

constructed setup was working properly.

Preliminary results show that water, methanol and ethanol can be differentiated
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Figure 5.1: ATR using a teflon prism. a) Temporal waveform of the reference scan
and sample scans under conditions of good and poor contact with the surface of the
prism. b) Fourier transform of the temporal waveforms.

based on the ATR signal and relative phase (A¢) obtained.

E(w)sam le .
ATR = ‘—p—— 5.1
E(w)reference ( )
E(w)sam le
Ad = Ag {—} 5.2
E(W)reference ( )

E(w)sample and E(w)reference refer to the resultant electric field from the respective

sample and reference scans. The comparison of these solvents is displayed in Fig. 5.2.

5.1.3 THz ATR of Water

Following the preliminary efforts with solvents, focus was shifted to the analysis of
water. The signal-to-noise ratio was improved by averaging multiple THz scans of the
sample. Reference scans were taken periodically between sample scans to ensure that
the long term instability of the laser system was not prevalent, as a single scan takes

up to 20 minutes. Fig. 5.3 shows that there is no overwhelming laser drift over time
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Figure 5.2: Experimental ATR data for water, methanol, and ethanol. a) T