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“Anything that happens, happens. Anything that, in happening, causes something
else to happen, causes something else to happen. Anything that, in happening, causes
itself to happen again, happens again. It doesn’t necessarily do it in chronological
order, though.”

“Nothing travels faster than light with the possible exception of bad news, which
obeys its own special laws.”

Douglas Noel Adams, 1952 – 2001
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ABSTRACT
Terahertz (THz) pulses are electromagnetic pulses whose spectrum contains
frequencies from zero to several terahertz. They contain only a few cycles (or less) of
the electromagnetic field and both the amplitude and phase of their electric-field can be
measured. They can be generated and detected by several methods and their versatility
has led to their application in a variety fields. The research presented in this thesis
makes use of terahertz pulses in both a passive and active manner.
The generation and detection processes, along with their faults and failings, are
discussed. Theory for simulating the terahertz pulse from generation to detection is
presented.
Terahertz pulses generated and detected using standard techniques were used to
study the well publicised superluminal phenomena in optical tunnelling. The unique
detection method of terahertz pulses allowed the phenomenon to be studied wholly in
the time-domain. The majority of previous studies were limited to the frequency
domain thereby obscuring some bizarre time-domain phenomena. It is found that
superluminal advances greater than a pulse width can be achieved, but that the effect is
unlikely to go beyond the laboratory as a superluminal communication device.
Terahertz pulses were also used actively to study the motion of charge in
intramolecular electron transfer. The transport of an electron from one part of the
molecule to the other requires the acceleration of charge and therefore results in the
emission of a terahertz pulse. Therefore the charge transfer is measured directly
without the need of pump-probe spectroscopy. It was discovered that a terahertz pulse
could be measured from crystallised, and therefore static, MBANP molecules
undergoing electron transfer. This technique paves the way for a novel way to study
the details of charge transport.

v

Chapter 1 - Introduction.................................................................................................. 2

1

Chapter 1 - INTRODUCTION
Terahertz (THz) pulses are electromagnetic pulses whose spectrum contains
frequencies from zero to several terahertz. In the time-domain they can contain very
few cycles of the electromagnetic field and can contain as little as half a cycle in the
near-field. An optical pulse is said to be in the near-field if it has only propagated a
small distance from its source. This distance is dependent on the size of the source and
wavelengths contained within the pulse. THz pulses are often detected in the near-field
due to the long wavelengths contained with in them.
THz pulses can be generated by several methods but each of the methods can be
viewed as being fundamentally due to the acceleration of charge. When a charge is at
rest or moves at a constant velocity in free-space, there are electric field lines pointing
toward or away from the charge (depending on whether it is positive or negative).
When the charge accelerates, a kink is created in these field lines i.e. the charge emits
an electromagnetic field. The generation method usually relies on the use of the
intensity envelope of a femtosecond pulse. Often, the electric charge accelerates in
accordance with the intensity envelope of a femtosecond pulse and the frequencies in
the emitted pulse fall in the zero to terahertz region. Hence the name “terahertz” pulse.
The pulses can be detected in several ways but electro-optic sampling is the most
effective. In this method the THz pulse is passed through an electro-optic crystal at the
same time as a visible pulse. The electric field of the THz pulse will change the
refractive index of the crystal on one axis. The crystal is now birefringent and the
polarisation of the visible pulse is altered. The change in polarisation is measured by a
waveplate and photodiodes that together give the amplitude and phase of the electric
field of the THz pulse. This coherent detection is one of the most attractive qualities of
THz pulses, since it is usually only the intensity envelope of ultrashort pulses that is
measured.
Since the terahertz pulses can be generated and detected by several methods their
versatility has led to their application in a variety of fields. Terahertz pulses are used in
a growing number of applications ranging from the medical to military fields. The
research presented in this thesis will make use of terahertz pulses in both a passive and
active manner. Passively the terahertz pulses are generated and then used for the

2

experiment, before being detected. Actively it is the generation of the terahertz pulse
itself that is studied.
The terahertz pulses are used in chapter 5 to study faster-than-light (or
“superluminal”) phenomena. Increasing the velocity of pulses of light to that beyond
the speed of light in a vacuum has been an area of controversy in recent times. The
claims of superluminal signal transmissions that violate causality have upset many in
the physics community. THz pulses will be used to study this controversial effect in
frustrated total internal reflection (optical tunnelling). The aim is to use the unique way
in which THz pulses are detected to study the effect wholly in the time-domain. All
previous studies have been limited to the frequency domain and therefore obscured
fascinating time-domain effects. The results of the experiment, and their subsequent
analysis are intended to provoke and advance the discussion of why there is an
apparent violation of causality in these experiments.
While in the FTIR experiments the focus is on studying what happens to the
terahertz pulses between generation and detection, in the final study presented in
chapter 6, it is the generation of the terahertz pulse itself that will be studied.
Specifically, chosen molecules that undergo electron transfer will be excited on
resonance by a visible femtosecond laser pulse. This excitation causes an
intramolecular electron transfer to occur. That is, an electron will be transported from
one point in the molecule to another. This constitutes an acceleration of charge and
consequently there follows the emission of a THz pulse. The molecules may be
dissolved in a liquid and aligned by a high voltage before excitation or crystallised in a
static form of alignment. It is intended to show that it could be possible in future to use
this process to study the physics of electron transfer in much greater detail and, in the
case of static molecules, characterise the charge transport in 3-dimensions.
Before either of these experiments is performed however the basics of terahertz
pulses will be described. The femtosecond laser systems, high voltage supplies and
data acquisition methods specific to this thesis will be described in chapter 2. The
technology behind THz pulse generation, propagation and detection (including the
femtosecond laser systems used) will then be reviewed and discussed in chapter 3. In
addition, some of the unusual (and currently unsolved) effects discovered in the THz
pulse generation will be presented.
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Following on from this basic description of terahertz pulses, a new theory
describing the generation of terahertz pulses will then be presented in chapter 4. This
versatile theory encompasses all common generation methods once the appropriate
response function has been calculated. Previously published equations describing the
propagation and detection of THz pulses are then used in conjunction with the new
theory to aid in the understanding of the physics involved in THz generation. By
applying the theory to the results collected from the electron transfer experiments the
potential of this theory will be explored.
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Chapter 2 - LASERS, DAQ AND HIGH VOLTAGES
2.1 Introduction
The experiments presented in the following chapters could not have been
performed without femtosecond lasers. The word femtosecond in this case applies to
the duration of the pulse emitted from the laser, which in our systems, is of order 40200 fs.
Three separate laser systems were used for the experiments described here, but
before the specific properties of each of these lasers are discussed the underlying
operation will be explained. The fundamental theory of operation for each of the lasers
is the same, as all the lasers use regenerative amplification to provide high power,
femtosecond pulses. Following this the data acquisition system designed to achieve
superior signal-to-noise ratios is described. This was used to take all of the results in
chapter 6. Finally we describe a pulsed voltage supply used in some of the
experiments, designed and built in-house by Dr. David Jones.
There are 3 main stages in regenerative amplifier laser systems. Oscillators
provide the short femtosecond pulses required and these will be described first.
Secondly, to achieve high power regenerative amplifiers must be used. The
amplification must be regenerative (several passes through the gain crystal) because
the gain is low resulting in low amplification on each pass. Lastly, the pulse must be
lengthened during amplification to reduce peak powers and protect optics. Stretchers
and compressors are used to lengthen the pulse before amplification and shorten it
after.

2.2 The KLM Femtosecond Oscillator
Mode locking is where several cavity modes circulate a laser cavity in phase,
interfering so that the laser light is emitted in pulses rather than a continuous wave
(CW). While there are many possible avenues to achieving mode-locked operation,
Kerr-Lens Mode-locking (KLM), the method used in all of the oscillators here, is a
popular choice in modern lasers due its simple and reliable operation. KLM was
discovered in 1990 when it was described as self-mode-locking [1]. Previous
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techniques had required an active or passive device (e.g. modulator or saturable
absorber) to be placed within the laser cavity to mode-lock. In KLM the laser crystal
itself locks the modes by acting as a lens for high intensity pulses. The most popular
gain medium in such laser oscillators is titanium-doped sapphire (Ti:sapphire [2]). This
solid state medium has a gain bandwidth from 700 to 1100 nm, excellent thermal
conductivity and a high gain cross-section. KLM in Ti:Sapphire has the ability to
generate short and broadly tuneable laser pulses easily and since the early 1990s this
has lead to the widespread commercialisation of ultrashort laser pulses. The advent of
diode pumped solid-state lasers, has made the ability to have a femtosecond laser
literally on your kitchen table top a reality. The Kerr lens self mode-locking technique
can be explained very simply. It works on the basis of the non-linear Kerr effect. This
is where the refractive index of a non-linear medium changes with intensity, I, as
n ( I ) = n0 + n2 I .

(2.1)

n2 is typically a very small value (e.g. n2 = 3 10−16 cm 2W −1 in fused silica) and

large intensities are required before the second term becomes non-negligible.
Therefore, this effect will occur when the intracavity laser light is especially intense. A
basic KLM cavity is shown in Figure 2.1. The simplest method to initiate mode
locking is to tap the output coupler mirror with your finger. The graph in Figure 2.1
illustrates the principle behind the method. The laser is initially in CW operation (red).
There is background noise in the cavity caused by crystal heating, airflow, dust and so
on. Tapping the mirror will amplify this noise (amber). The peaks in the noise are
overall more intense and since the laser beam is more intense in the middle (assuming
single mode operation) the refractive index of the Ti:sapphire crystal will decrease
radially outward from the centre of the beam. Light bends toward regions of higher
refractive index and since the Kerr-effect is virtually instantaneous the beam will see
the gain crystal as a lens. This is known as an instantaneous Kerr lens. The cavity is
designed to work best when the gain crystal acts as a slight lens and the peaks
experiencing this Kerr lensing will therefore experience higher gain. With a little luck
one of these noise spikes will, through several roundtrips, experience superior gain and
draw more and more energy from the laser rod. This reduces the amount available for
CW operation until essentially none exists and we have pulsed operation (green). An
essential part of the cavity for short pulse operation is the prism-pair within the cavity.
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These are intended to cancel the spectral dispersion (GVD) caused by the laser rod that
would otherwise limit the generation of ultrashort, and hence broad-bandwidth (see
below) laser pulses.

Figure 2.1 A basic Kerr Lens Mode-locked laser. The 5mm long Ti:Sapphire laser rod is
polished to the Brewster angle and the mirrors are transparent to the pump wavelength. The
prisms counteract the dispersion in the laser crystal allowing for the generation of shorter
pulses. The graph on the right shows the three stages of switch on. First the laser operates in
CW mode (red). Tapping the mirror amplifies the noise (amber). Mode locked operation
(green) where L is the cavity length (Typical example: pump:5W 12fs 5nJ 800nm 80MHz).

Group Velocity Dispersion (GVD)
GVD is an effect experienced by all laser pulses when passing through dispersive
media but is especially relevant to shorter laser pulses due to their large bandwidth. A
pulse, by definition, cannot be monochromatic. A laser pulse contains a range of
frequencies defined by the Fourier transform of its time-domain profile (see Chapter
4, [3]). From this it can be calculated that a 100fs (fwhm) bandwidth-limited1 Gaussian
pulse centred at 800nm will contain a bandwidth of 10nm while a similar 10fs pulse
will contain a bandwidth of 96nm. A rough calculation of the bandwidth of a pulse (of
known duration and unchirped) can be performed by assuming that its envelope in the
time-domain follows a standard profile. The time bandwidth product for a Gaussian
pulse for example is ∆ν∆τ p =0.4413 . This implies that, generally speaking, a shorter
pulse will mean larger bandwidth.
Dispersion arises when a propagating pulse is broadened in time as its different
spectral components are delayed by different amounts (see Figure 2.2). This may be
caused by the refractive index of a medium changing with wavelength for example. In
1

Bandwidth-limited pulses have all their frequencies in phase. If the frequencies are slightly out of
phase e.g. the blue frequencies lag the red, we have what is called a “chirped” pulse (see below).
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an oscillator this effect is a problem, as short-pulsed operation could not be maintained
where the dispersion in the laser crystal is left unchecked. When the wavelengths in a
laser pulse are not in phase we say the pulse is “chirped” and therefore not bandwidthlimited (see Figure 2.2). In normally dispersive media such as the laser crystal the
wavelengths towards the blue end of the spectrum are delayed more than the red
causing the pulse to be “positively-chirped”. The pair of prisms [4] (see Figure 2.3)
delay the red wavelengths more than the blue causing a “negative-chirp” on the pulse.
Clearly, if we set the distance between the prisms correctly we should then be able to
cancel the chirp caused by the crystal and retain a bandwidth-limited pulse. While we
will not explore dispersion in detail (see reference [5] for a more comprehensive
description) it is important to note that the prism pair can only cancel the effects
caused by GVD. For example, an unusual chirp caused by a multi-layer stack
broadband dielectric mirror may permanently limit the pulse length (and temporal
shape). We can better understand the chirp by expressing the phase, ϕ , as a function
of frequency and expanding it as a power series about the central frequency ω 0 [5],

ϕ (ω ) = ϕ (ω 0 ) + (ω − ω 0 ) ϕ ′ (ω 0 ) + 12 (ω − ω 0 ) ϕ ′′ (ω 0 )
2

+ 16 (ω − ω 0 ) ϕ ′′′ (ω 0 ) − 241 (ω − ω 0 ) ϕ ′′′′ (ω 0 ) ...
3

4

(2.2)

Where,

ϕ ′ (ω 0 ) =

∂ϕ
∂ω

,
ω =ω0

ϕ ′′ (ω 0 ) =

∂ 2ϕ
∂ω 2

etc...

(2.3)

ω =ω0

ϕ ′ is the group delay (a delay experienced by all frequencies without causing
temporal broadening), ϕ ′′ is the group velocity dispersion (GVD) [also known as
group delay dispersion (GDD)] and ϕ ′′′ and ϕ ′′′′ the third-order dispersion (TOD) and
fourth-order dispersion (FOD). We can then use this equation to plot the temporal
broadening of a pulse by a common material such as 10mm of BK7. Figure 2.2,
showing the temporal broadening of a Gaussian pulse by GVD reveals how significant
dispersion becomes for pulses 50fs and below. In this case a 10fs pulse is broadened
more than tenfold! When using pulses as short as this in the lab an external prism pair
added after the laser output to apply a negative chirp will compensate for experimental
optics. An alternative to the prism pair is diffraction gratings [6]. These can create
similar amounts of chirp as prism pairs in a much more compact design. However they
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suffer from almost 50% losses and are therefore usually restricted to high power
systems.
More recently advances have been made in the use of mirrors that negatively chirp
the pulse and these have led to the construction of KLM lasers without prisms or
gratings [7]. These mirrors have allowed for the construction of extremely small KLM
cavities that can routinely produce pulses less than 20fs in duration (e.g. see the TOPS
Alpha system in section 2.4). Used in conjunction with prisms, dispersive mirrors have
been used to produce pulse lengths as short as 5-fs [8].

Figure 2.2 The graph shows how the length of a bandwidth-limited Gaussian pulse is
broadened by 10mm of BK7-Glass (red). Note that only the effects of group velocity
dispersion (GVD) are included [5]. The schematic on the right is an artistic impression of a
Gaussian pulse unchirped (top) and positively chirped by a dispersive medium (bottom). Note
that the higher (or blue) frequencies lag the low (or red).

Figure 2.3 Both prism pairs and holographic gratings can be used in double pass
configuration to negatively chirp a pulse without spatial dispersion. The double pass
arrangement removes the spatial dispersion seen on the end mirrors. The gratings are typically
1200 to 1800 lines per mm.

For continuous wave (CW) operation the bandwidth is essentially one wavelength
and a measurement of the laser bandwidth can be used to indicate pulsed operation.
Since the bandwidth of a pulse is much broader (see time-bandwidth-product above),
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sending the laser output onto a piece of paper via a grating will reveal a line if the
cavity is mode-locked and a spot if it is not. However the pulse can still be chirped and
therefore an auto-correlator is still the best choice for monitoring the pulse length.
However, the reflected light from a grating can be used as an indicator for electronics
that pulsed operation has ceased. Often a small percentage of the laser light is diverted
from the main output towards a grating. The reflected and now spatially dispersed light
is sent toward two photodiodes that are positioned so that when the laser is pulsed the
spectrum is wide enough to illuminate both photodiodes but not wide enough when the
laser is in CW mode. This method is often employed as a safety interlock e.g. in
regenerative amplifiers.

2.3 Regenerative Amplification
We have seen that oscillators can produce very short pulses at high repetition rates
(Figure 2.1). For high power applications we can take one of these pulses and by
passing it through another Ti:sapphire crystal, amplify it by orders of magnitude. The
process can be explained very simply in conjunction with Figure 2.4. An oscillator is
used to provide a 20-150fs pulse that is injected into the cavity of the amplifier. The
amplifier is a laser cavity with a gain crystal of Ti:sapphire which is pumped so that it
has an excess amount of excited ions. Ti:sapphire has an excited-state lifetime of
around 3 µs making it ideal for amplification. In a typical example 250ns pulses at
532nm from a Nd:YLF Q-switched laser are used to pump the crystal. CW lasers in
conjunction with a Q-switched amplifying cavity can also be used. The injected pulse
travels around the cavity for several roundtrips. On each roundtrip it draws energy
from the reservoir by stimulated emission so that, when it is finally ejected, it has been
amplified by several orders of magnitude. The gain crystal can only amplify to a finite
amount of energy and Ti:sapphire has a saturation fluence of 1 J cm-2. A pulse
typically makes around 10 round-trips before it saturates the Ti:sapphire crystal. The
injection and ejection into and out of the laser cavity is often controlled by a Pockel’s
cell. This is an electro-optic birefringent crystal that introduces a change in the
polarisation of the laser beam. Applying a high voltage will change the birefringence
of the crystal and hence the polarisation change it causes. Used in conjuction with
polarisation sensitive beam-splitters (coated glass under Brewster’s angle for example)
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it is used to inject a single seed pulse and allow it to experience several round trips
before a change in voltage and the birefringence ejects it again. In the case of Figure
2.4 Pockels cell 2 initially does nothing as the s-polarised seed pulse enters the cavity
via the broadband polarising mirror, p1. Pockels cell 1 is initially applied with a
quarter-wave voltage. Thus after reflection from the cavity mirror and passing through
Pockels cell 1 a second time the light is p-polarised and passes through p1. Following
this, application of a half-wave voltage traps the pulse in the cavity and stepping up to
a 3 4 -wave voltage ejects it. Pockels cell 2 is stepped to a half-wave voltage at
ejection to make the pulse p-polarised and therefore transmitted by p2.

Figure 2.4 An extremely simplified schematic of a regenerative amplifier (see text for
explanation). A fuller description of the TOPS “Alpha” regenerative amplifier can be found in
appendix 4.

The input laser pulse is extremely short and amplifying it to such high energies
would result in very high peak powers. These peak powers can be high enough to
produce unwanted Kerr lens effects or even damage the laser optics. To remove these
problems the pulse from the oscillator is temporally (and temporarily) broadened. This
dramatically reduces the peak power and the reverse of the broadening effect can be
applied to reduce the pulse back to its femtosecond status after amplification. The
pulse requires a large bandwidth to be compressed after amplification (see GVD
section above) and this is why we must expand a short pulse as opposed to simply
starting with a longer pulse. The pulse from the oscillator is broadened in time
beforehand by a “stretcher” configuration. This usually comprises a grating pair in an
arrangement slightly different to that shown in Figure 2.3. The gratings are placed in
an antiparallel configuration and the addition of a unity-magnification telescope allows
the blue to be more delayed than the red (positively-chirped as with normal GVD) [5].
After amplification a grating or grating and prism-pair combination will compress the
pulse as normal. In high repetition rate (1kHz and above) amplifiers the energy of the
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pulses, which cannot be reduced by stretching, may be sufficient to cause thermal
lensing. In lower repetition rate lasers (e.g. 10Hz systems) the crystal usually has time
to recover between pulses. The effect is either removed by chilling the crystal to very
low temperatures (e.g. 140K in Amplitude Technologies Cryostar 200) or the amplifier
stage is designed to include thermal lensing. This is the case with the second
amplification stage in the TOPS Alpha laser described below.

2.4 Laser Systems Used
Pump Lasers

Coherent Mira/RegA

TOPS BNFL

TOPS Alpha

CW 25W Argon Ion

CW 5W Verdi

CW 5W Verdi

10W to Oscillator

Q-Switched YLF 12W

Q-Switched Nd:YLF 12W

15W to RegA

Q-Switched YLF 20W

Oscillator

100fs

85fs

20fs

Amplifier

250kHz 150fs 3.2µJ

1kHz 100fs 800µJ

1kHz 40fs 450µJ

800mW 800nm

800mW 785nm

450mW 800nm,

N/A

N/A

810nm 3mJ 3W

nd

2 Stage Amplifier

To achieve the results presented in this thesis, three laser systems were used. The
first was a commercially available system from Coherent. This has the highest
repetition rate of the three (250kHz) though the pulses are longer and of lower energy.
A beam-splitter directs 10W to the oscillator and leaves 15W for the amplifier. The
lower energy of the system means that there is no stretcher required though the
broadening of the pulse by dispersion in the amplifier cavity still means that a
compressor is required before the final output. The injected pulse will typically travel
25-35 roundtrips before ejection and compression by a single grating configuration.
The grating, in conjunction with a lens and multiple mirrors, is used in a compact
quadruple pass configuration.
The second system is a 1kHz tabletop laser originally built for BNFL by BMI. It
uses a Coherent Mira oscillator identical to the FRC system except that it is pumped by
5W from a diode pumped Nd:YVO4 laser called “Verdi”. The Verdi has better beam
quality but less power. The power difference does not matter however, as the oscillator
pulse is amplified to the same levels in the regenerative stage. It is also far more stable
allowing for greater signal to noise over long periods of time. The amplifier is a table
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top system pumped by a Q-Switched 12W YLF and was eventually replaced by the
third system, the TOPS Alpha.
The TOPS Alpha system is the most complicated system of the three. The
“Femtosource” oscillator uses chirped mirrors to allow a compact oscillator design and
achieve 20fs pulses. Being pumped by a 5W diode pumped solid state Verdi allows the
oscillator (and hence amplifier) to remain stable for more than 12 hours. The 20fs
pulses are used to seed both a 10Hz and a 1kHz system (see Appendix 4). The 1kHz
system is the only one used here however. After the oscillator pulses are stretched to
200ps, each seed pulse is picked by a Pockels cell before a second in the cavity traps
and ejects the regeneratively amplified pulse. This ejected pulse experiences a doublepass through a second Ti:sapphire crystal to amplify it from 0.5mJ to 3mJ. Two large
area (10x15cm) gratings are then used to compress the pulse to its final 40fs. It is
important to note that this laser was used for experiments immediately after its
installation, and teething problems led to the second amplification stage being
bypassed. This resulted in the output being limited to 0.5mJ for a large proportion of
the time.

2.5 The Pepé Data Acquisition (DAQ) System
This data acquisition system was designed for use with the 1kHz laser systems. In
traditional chopper-based data acquisition systems the signal is connected to a lock-in
amplifier and each data point on a curve will comprise of an average of several
thousand laser shots. The lock-in amplifier will look at the average of all the “on”signals and subtract the average of all the “off”-signals over a time dependent on signal
to noise requirements (typically around 300ms to 3s for a 1kHz laser). For high
repetition rate lasers (>10kHz) the chopper can usually only operate at a much lower
rate and each on-signal comprises of several laser pulses. Due to the low repetition rate
of 1kHz lasers it is possible to purchase choppers that will operate synchronised with
the laser and allow one pulse to pass through each on-cycle. In our case a laser beam is
split into two, with one comprising the probe beam and the other the pump. The
chopper is placed in the pump beam and set to half the repetition rate of the laser. This
means the probe beam will provide an on-off-on-off… signal to the lock-in amplifier.
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Figure 2.5 A summary of the timing of the various components within the data acquisition.
The bottom schematic shows how the timings are synchronised in the typical configuration of
a pulsed laser incident on a photodiode.

To improve signal-to-noise when taking data with laser systems of repetition rate
1kHz, a boxcar gated integrator was used to sample each laser point separately. A
chopper wheel synchronised to the repetition rate of the ~1kHz laser beam (the exact
rate may vary ±10Hz) provides a signal-on signal-off for each laser pulse pair. Our
system has the ability to record thousands of such pulse pairs and calculate the
difference for each pair separately before calculating the average. This results in fast
and efficient data acquisition.

Gated integrator
The gated integrator we use is a Stanford SR250. The gated integrator is explained
in conjunction with Figure 2.5. Each pulse emitted from the laser coincides with
trigger signals given to the Pockels cell. The Pockels cell receives two signals. The
first traps the pulse in the amplifier cavity and occurs approximately 7.5-µs in the
TOPS Alpha 1kHz system before the second trigger signal ejects the pulse from the
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cavity. Due to the speeds involved the second trigger signal coincides with the laser
pulse reaching the experimental set up and there is no time for any electrical device to
respond. Therefore the first trigger signal is used to trigger the gated integrator where
electronic delay can be adjusted to match the relative timings. The signal from the
photodiode is a sharp rise followed by an exponential decay (typically a few hundred
nanoseconds). The time position and the width of the gate of the gated integrator are
set to match the output of the photodiode as shown. This is easily done by viewing
both on an oscilloscope. The integrator will, for the duration of the gate width,
integrate the signal from the photodiode. Once the end of the gate width is reached the
gated integrator will hold its value until the next trigger signal arrives. At this point the
integrator resets to zero and starts the integration process again. The optical chopper is
synchronised with the laser and its phase adjusted to ensure clean passage of the laser
pulses through the wheel grid. The chopper is set to the first sub-harmonic frequency,
that is 500Hz for the 1kHz laser, and placed in the pump beam. The laser beam is split
into two, one a pump beam and the other the gate (or probe) beam. When the pump
beam excites a sample causing a change in the gate beam the photodiode signal will
produce an on-off-on-off-… type signal. This is illustrated in Figure 2.5.
To acquire the data, the output from the gated integrator is connected to an ADC
(analogue to digital converter) card (National Instruments Model PCI-1200) inside a
computer. This card samples in a “round robin” cyclic manner. This means that a list
of up to 8 channels is given and upon triggering the card will sample each channel in
turn at a specified rate. In practice the delay between sampling is about 8-µs. In Figure
2.5 the sampling points are shown as green dots. An array is created in the computer
where the status of the chopper (1 or 0) and the gated integrator output is stored. The
difference of each pair of integrator signals is then calculated and an average taken.
Since the laser trigger signal is the same for on and off signals the data acquisition for
each point may start on either a chopper-on or chopper-off. Therefore the initial values
of the chopper status are used to set the phase of the average of the signal. By storing
the chopper values the continuity of the on-off-on-off-… status of the chopper can be
verified. The RF noise from the high voltage supplies used (see below) was discovered
to occasionally disrupt the chopper synchronisation. If the computer detected any
inconsistencies in the chopper status then the array for that data point was retaken.
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The delay of the pump beam was scanned and controlled by a Melles Griot
Nanomover Micropositiong System. This was a large translation stage (10x10cm)
driven by a motor that could step the stage to an accuracy of 50nm. The stage was
controlled by standard IEEE commands and easily interfaced with the computer. The
movement of the delay stage, ADC sampling, analysis and file storage were controlled
by an in house C++ program called “Pepé” (see Figure 2.6 and Appendix 1 for code).
The program allowed the adjustment of several parameters, the most important being
the number of pulse pairs to be sampled at each point and the distance to step the
Nanomover between each data point. The speed of the acquisition was limited by the
number of pulse-pairs sampled at each point (2ms for each pair) and the speed of the
Nanomover (2.5mm/s).

Figure 2.6 The Pepé data acquisition computer program in action.

2.6 Pulsed High Voltage Supply
In chapters 6 a voltage supply producing pulses as short as 100ns (FWHM) will be
demonstrated and here we briefly discuss its theory of operation. Application of high
DC voltages across electrodes can introduce problems with corona discharge, surface
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tracking and arcing when we approach the 30kV/cm limit of air. Even at lower
voltages sample heating can ruin results or even damage the samples themselves.
Pulsed voltage supplies can reduce these problems. These supplies can be
synchronised with the laser such that the voltage is only applied during the moment the
laser pulse strikes. Previously [9, 10] 50µs pulses running at 1kHz have been used in
the field of THz pulse generation to reduce the stated problems. Figure 2.7 shows a
simplified circuit diagram of the supply that was designed in house by Dr. David Jones
and used in the experiments. A trigger pulse (5 V CMOS, approximately 10 ms) is
taken from the same signal that toggles the Pockels cell inside the laser cavity to start
laser amplification. The trigger pulse passes through an electronic delay circuit (see
Appendix 2) whose timing can be manually calibrated by a variable resistor.
Synchronisation of the voltage pulse with the laser pulse is covered in Chapter 6. The
trigger pulse switches the first field-effect transistor (FET) causing the capacitor C0 to
discharge rapidly and, through the first transformer, switches the second FET allowing
C1 and C2 to discharge rapidly to ground. The value of the input voltage at V2 thus
determines the final output voltage. The maximum input voltage with our specific
supply is 1kV (greater than this would damage several components). This results in
25kV on the output of each core. Reversing the bias on one yields a maximum output
voltage of 50kV. The final pulsed output from the supply, measured by a high voltage
probe across the positive core, can be seen in Figure 2.8. Ringing through the final
transformers is reduced by carefully selecting the capacitance values C1 and C2 so that
the cores are just fully saturated at the maximum charging output voltage and hence
reset the losses. If required, further damping can be achieved by the use of “snubbers”
(RC circuits parallel to the primary coil).
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Figure 2.7 A simplified circuit diagram of the voltage pulser. The large 1:50 transformers are
ferrite ring cores with 4cm/6cm inner/outer diameter. The value of C0 is 30 nF while C1 and
C2 are both 47 nF.

Figure 2.8 The voltage produced at the positive core of the pulsed high voltage supply
(Figure 2.7) with a 1kV input. The voltage was measured with nothing connected to the
outputs i.e. they were applied across 10cm of air. In experiments the laser pulse (about a
billionth of 1 percent the width of the graph) is synchronised with the top of the main peak.
Zooming in on the main peak (inset) shows the width to be ~100ns.
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3 BASIC THZ
3.1 Introduction
This chapter explores the basics of the generation and detection of Terahertz
(THz) pulses. A few of the ever-growing number of THz generation/detection
configurations, and their numerous applications, will also be discussed. Only basic
theory is considered here and in Chapter 4 the theory pertaining to THz pulses will be
covered in much greater detail.
The terahertz region of the spectrum contained very poor sources until the
discovery of optical rectification [1-3] and photoconducting antennas [4, 5]. These
methods both provided a stronger source covering a broader region of the THz
spectrum by using a visible (or near-visible) femtosecond laser pulse to generate subpicosecond “terahertz” pulses. The basic premise behind most methods of THz
generation is the same. A femtosecond laser pulse is used as an excitation pulse that,
upon passing through the generation medium and changing the polarisation, creates an
electromagnetic pulse whose electric field is related to the intensity envelope of the
exciting pulse. The THz pulse generated normally contains just a few cycles of the
electric field, though they can contain as little as half a cycle [6] in the near field. THz
pulses are detected coherently meaning that both the amplitude and phase of the
electric field is measured. THz time-domain spectroscopy (THz-TDS) of a sample (e.g.
measuring how the pulse changes when transmitted through a piece of dielectric
material) therefore provides both the real and imaginary parts of the dielectric function
without the use of the Kramers-Kronig relations, a feat beyond that of previous
spectroscopic techniques.
In 1984, Auston et al. published the first generation and measurement of what is
now immediately recognisable as a “THz pulse”. Auston published two papers. One
used photoconducting antennas [4] and the other optical rectification [7]. Of the two
published papers the latter produced the signal whose shape most closely represents
that of a common “THz pulse” (Figure 3.1). This paper also introduced what is now a
standard method of detection: Electro-Optic Sampling (EOS; see section 3.3.2). In this
early method the THz pulses were generated and detected in the same piece of LiTaO3.
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The real research possibilities of THz pulses came to fruition with the advances made
in the propagation of THz pulses through free space before detection [3]. This lead to
the pulses being applied in the areas of spectroscopy (THz-TDS), imaging [8] and
tomography [9]. The list of applications stretches from medical [10] to military [11].

Figure 3.1
Schematic (left) and result of an early experiment by Auston [7]. The THz
pulse (shown right) was generated by optical rectification and detected by EOS. Although it
was not the first experiment to use either optical rectification or EOS, this experiment was the
first to use both together and produce what is now easily recognisable as a “THz pulse”.

In recent years research in THz pulses has resulted in the discovery of novel
generation methods [12-17] such as generating via electrically biased air [13], poled
polymers [14], non-linear processes in fibres [15] and as we shall see in Chapter 6,
charge transfer in excited molecules [16, 17]. Here we will concentrate on the two
most widely used methods of THz generation: Photoconducting antennas and optical
rectification. In general, while photoconducting antennas with a typical conversion
efficiency of around 0.1%, produce the most powerful pulses, optical rectification will
produce THz pulses with the broadest bandwidth. While both methods have their
limitations we shall see that both operate better with shorter laser pulses. It follows
then, that as ultrashort femtosecond lasers become commonplace so the possibilities
for THz pulses should continue to grow.
Detection of THz pulses has also been an area of continous research [18-20] with
photoconductive antennas and electro-optic crystals remaining the most popular
detectors.
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3.2 Terahertz Generation Methods
3.2.1 Generation by Photoconductive Antennas
The name “terahertz” pulse is perhaps a little misleading when applied to
photoconductive antenna generation since most of the emission occurs in the GHz
region. To generate THz pulses in this way, a short pulse of visible laser light (usually
of order 100fs or less) is incident on a piece of biased semiconductor. Figure 3.2 shows
the usual configuration of a typical photoconductive antenna. The distance between the
electrodes can range from a few 100 µm to several mm or even cm [6]. The first
antennas used gaps of order 100-µm separations and focussed laser spots of order
10 µm. The advent of amplified lasers however led to the use of large aperture
antennas [5]. These first experiments by Auston et al. used high voltages (5 kV/cm)
but still rather weak laser pulses (600 fs 10 mW). The applied bias is of order 110 kV/cm and when the laser light is absorbed it creates electron-hole pairs that are
then accelerated in the field. The once insulating semiconductor has become a
conductor and in conjunction with the applied bias this causes the current through the
semiconductor to rise on a time scale with the incident pulse length and fall on a
slower timescale as the carriers are trapped (see Figure 3.2). This description of PCantenna THz generation is therefore often referred to as the “current surge” model. An
accelerating charge will generate an electromagnetic field in accordance with
Maxwell’s equations. At distances much greater than the THz wavelengths (i.e. in the
far-field) we can relate the electric field to the transient photocurrent, J (t ) , by [21]

E (t ) ∝

∂J (t )
.
∂t

(3.1)

Figure 3.4 shows a typical THz pulse and its amplitude Fourier spectrum. In this
case, the antenna consists of two strips of copper that are joined to a 10x5mm piece of
<100> low-temperature-grown GaAs with silver paint. A 2kV bias voltage was applied
across the antenna and a 200fs 800nm pulse incident on the 3x5mm exposed area. The
photo-carriers, upon creation, are accelerated in the surface field created by the 2kV
bias. As described above, the current through the antenna therefore rises rapidly after
injection of the photo-carriers by the 800nm pulse and then decays with a constant
related to the carrier lifetime (~1ps) of the LT-GaAs. The transient photocurrent
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radiates into free space according to equation (3.1), which means the time-varying
current results in the emission of electromagnetic waves with the electromagnetic field
being proportional to the time-derivative. This implies that the main peak of the THz
pulse will be of similar length to the pump pulse length. However, in Figure 3.4 the
THz pulse main peak is ~800fs which is far greater than the pump pulse length. This is
because dynamic processes [22, 23] (scattering etc.) and dispersion in the GaAs
contribute to the overall pulse shape. It is important to note the distinction between the
momentum relaxation, trapping and recombination times of the semiconductor. The
carriers will recombine on a nanosecond timescale in GaAs but become trapped and no
longer contribute to the current an order of magnitude, or more, faster (this is often
referred to as the carrier lifetime). In the generation process however, it is the
momentum relaxation time (another order of magnitude, or more, faster) that is the
most important. The collisions in this scattering process cause the carriers to lose their
coherence and the current through the semiconductor will plateau after this time.
Without these collisions the carriers would continue to accelerate and the current
continue to rise. Since the THz field is generated when there is a change in the current,
the strongest components of THz pulse will be generated in this time. As shown in
Figure 3.4, the end result for a typical GaAs antenna is the emission of an asymmetric,
zig-zag electric field pulse that has a corresponding Fourier spectrum peaking at a
frequency of 0.5 THz (λ~0.6 mm).
THz pulses can also be generated without the application of an external bias.
Using the surface field of the semiconductor also generates a THz pulse [24]. However
in this case the strength of the emitted pulse is far weaker and this method is not often
used. The strength of the signal emitted from a photoconductive antenna can also be
enhanced by the use of magnetic fields [25]. However, this is not discussed here.

3.2.2 Generation by Optical Rectification
While the “terahertz” tag given to pulses generated by photoconductive antennas
is perhaps often a little misleading, with optical rectification [1, 2, 26] the opposite
applies (Figure 3.5). This generation method is capable of not only producing a THz
pulse whose spectrum peaks in the THz region but contain useful power to 70THz and
beyond. The current record for THz detection is 70THz [27]. That is the spectrum
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evolved from zero frequency and, after several absorption lines, decayed until
disappearing into noise at 70THz. The pulse was generated through optical
rectification in a crystal of <110> ZnTe, currently the most popular broad-bandwidth
THz generator. ZnTe, while the best at the moment, is far from the perfect THz
generator. In principle the bandwidth should be limited only by the pump pulse width
but, as we shall see (Section 3.4), absorption and mismatch between the phase and
group velocities of the THz and gating pulses can limit the usability of the non-linear
crystals considerably. In the record-breaking experiment [27], the amplitude spectrum
is not continuous up to 70THz but has a broad hole around the 5.3THz phonon band
and several other dips to zero caused by the group velocity mismatch.

Figure 3.2
The exciting (red) and generated (blue) beams in a large-area photoconductive
antenna (left). A high voltage bias is applied across the semiconductor and a THz beam is
emitted co-linear with the reflected excitation beam as well as through the semiconductor. The
depth into the semiconductor that electron-hole pairs are created (depicted middle) depends on
wavelength and the semiconductor properties. For 800 nm wavelength the depth is
(coincidentally) 800 nm in GaAs.

Figure 3.3
A graphic representation of the current response J(t) from a photoconductive
antenna excited by a short laser pulse (shown in red). The emitted signal is mostly generated
from the upslope and therefore the carrier lifetime, τ c , has only a small effect on pulse shape.
Shorter lifetimes do allow for higher applied voltages and faster detector response however.
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Figure 3.4
The THz pulse generated in a 0.5-mm <100> LT-GaAs antenna and detected
by 0.5mm <110> ZnTe. The incident pulse length and method limit the bandwidth
considerably in this case. The Fourier spectrum on the right shows a clear dip corresponding to
a major absorption band of water vapour. Information for the spectrum was only taken from
data between the reflections.

Optical rectification is a χ (2) effect. If an excitation pulse with an electric field,
E(t), propagates through a non-linear generation crystal (e.g. ZnTe), the polarisation in

the crystal is given by,
P (2) (t ) ∝ χ (2) E (t ) 2 .

(3.2)

It can be concluded from this equation that the profile of the polarisation is
identical to the intensity profile of the excitation pulse. However equation (3.2) would
only be true if the generation crystal were infinitely thin. For finite crystal lengths
distorting effects such as dispersion, absorption and group velocity mismatch (GVM:
see section 3.4) cause the pulse finally emitted to contain several oscillations. A more
complete theory, like that in chapter 4 that includes these distorting effects, is therefore
required to simulate the emitted pulse. Equation (3.2) does reveal the interesting fact
that the signal strength is not only linearly dependent on the incident intensity
(assuming light levels remain below damage thresholds) but also on the electro-optic
coefficient of the crystal. Organic crystals, which can have very large electro-optic
coefficients, therefore present good possibilities for future generators (see chapter 6).
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Figure 3.5
A THz pulse generated and detected in <110> ZnTe. The generation crystal
was 0.5mm long while the detection crystal was a 0.2mm crystal optically bonded to a 0.5mm
piece of <100> ZnTe (see section 3.3.2).

3.3 Terahertz Detection Methods
3.3.1 Detection by Photo-Conductive Antenna
Auston generated and detected the first recognisable THz pulses by photoconductive (PC) antennas in 1984 [4]. Where the generation antenna was biased with
45 V the detecting antenna was connected straight to a current amplifier. In PC
antenna detection the antenna is gated with a femtosecond pulse split off from the
beam exciting the generation antenna. The gating pulse creates carriers and the THz
pulse provides the bias field to create a detectable current in the detection antenna.
Note that the output polarity is therefore sensitive to the direction of the field. The
output of the current amplifier is typically connected to a computer via a lock-in
amplifier or gated integrator (see Chapter 2) so that when the delay of the gate pulse is
scanned over a several picosecond region the electric field of the THz pulse is mapped
out on the screen. For several years it was thought that the length of the gate pulse and
the decay rate of the semiconductor was crucial to the detector responsitivity and timeresolution. It was therefore assumed that no advantage could be gained from using
shorter gating pulses, as the carrier lifetime of the carriers would always determine the
response time of the detector. This in turn would therefore limit the detection
capability of a typical GaAs photoconductive antenna to low frequencies. It has been
shown by Kono et al however that femtosecond transients as much as 25 times shorter

28

than that of the estimated carrier lifetime can be measured [18] by gating the detector
with 15fs pulses. In this experiment it was shown that the photoconductive antenna
could measure frequencies up to 40THz from a THz pulse generated in ZnTe. They
also showed that after taking GVM (see section 3.4) into account the detected
spectrum matched that detected by electro-optic sampling. The increase in detection
bandwidth was attributed to a sharper initial rise in the number of carriers by the 15fs
visible pulse. Their 30-µm gap antenna did not show any antenna-like resonant
behaviour and the conclusion therefore was that the temporal profile of the number of
injected carriers is the determining factor in the frequency response of a
photoconductive antenna.
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3.3.2 Detection by Electro-Optic Sampling

Figure 3.6
The detection of THz pulses by Electro-Optic Sampling (EOS). Top-right
shows a common configuration. (A) Shows how by varying the delay of the gate pulse (red)
we can sample different parts of the THz pulse (green). (B) Shows how the THz pulse reflects
off both crystal surfaces causing us to measure a weaker pulse at later time. Lastly, (C) shows
the gate pulse reflection from the surface also causes us to have a weak signal at an earlier time
(see also Figure 3.4).

Until 1995 either photoconductive antennas (small and large-area) or heliumcooled bolometers were usually used to detect THz pulses. Important phase
information is lost with the bolometers making them more limited in their application
and the superior photoconductive (PC) antennas were limited due to their carrier
lifetime and resonant behaviour. Ultrashort (<15fs) pulsed lasers would be discovered
to give broader detection bandwidth with PC antennas [18] but at the time the carrier
lifetime determined the time resolution (which could be as low as 100 fs in some
cases) and the resonant behaviour ensured the frequency response to be far from linear.
The first demonstration of free-space Electro-Optic Sampling (EOS) was performed in
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1995 by Wu and Zhang [3]. They had based their experiment upon the electro-optic
sampling used by engineers for local field characterization [28, 29]. In 1984, Auston
had already employed an electro-optic method, generating and detecting short bursts of
what he called Cherenkov radiation [7]. Although in this case the pulses were
generated and detected in the same piece of lithium tantalate. The advent of the freespace electro-optic sampling method heralded the birth of new possibilities as signal-

to-noise ratios and detection bandwidth of free-space THz pulses improved
considerably. It was to be quite some time before the bandwidth of photoconductive
antennas was to reach anything like that of an EOS crystal [18]. The premise behind
electro-optic sampling is that of the Pockels effect. In FS-EOS the THz pulse is
generated by some method (see section 3.2 above) and then left to propagate through
free space towards the electro-optic sampling crystal. A gate (or probe) pulse is made
co-linear with the THz pulse (see Figure 3.17) after being sent through a variable delay
line. This allows scanning of the gate beam to sample different parts of the THz field
(Figure 3.6). The electric field of the THz pulse will, through the Pockels effect change
the refractive index along one axis of the EOS crystal ( ne in Figure 3.6) i.e. the THz
field creates a birefringence in the crystal. The value of ne will change by an amount
dependent on both the strength and direction of the THz field. The angle between the
THz pulse polarisation and the ne axis depends on the crystal used [30] but in our
diagram we have assumed it to be 45 degrees (as it is in <110> ZnTe). The
birefringence modifies the polarisation of the gate beam, which should initially be
polarised 45 degrees to ne in order to experience the maximum effect. The response of
the crystal to the electric field is far faster than either pulse length and we therefore
consider it to be instantaneous. The size of the effect depends on the crystal EOcoefficient [30] (see equation (3.3)). A quarter-wave plate followed by a polarising
beam splitter and a pair of balanced diodes resolves the change in the polarisation of
the gate beam (Figure 3.6, Figure 3.7). The quarter-wave plate has its axis at 45
degrees to the initial gate polarisation so as to create circularly polarised light. The
beams from the two outputs of the proceeding polarising beam-splitter are then
incident on the balanced diodes. When the gate beam polarisation is unchanged, the
signal on each of the diodes will therefore be the same. The diodes are wired so as to
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produce zero output when the signal on each is the same and positive/negative when
the signal on one or the other is larger.

Figure 3.7
The overall diode output will be either zero or positive/negative when the light
reaching the polarising BS is circular or elliptical respectively. Elliptical light is produced
when the EOS crystal becomes birefringent and the final output will be positive or negative
depending on whether ne increases or decreases. (In practice one wire makes up the core of a
standard BNC and the other the outer shielding.)

The total phase change caused by a change in the refractive index ne can be
expressed as a function of the electric field. The equation for <110> ZnTe is [31],
Γ ZnTe =

2π

λ

ln03 r41 E

(3.3)

The total phase change is, by this equation, linearly dependent on the length, l,
refractive index of the gate beam, n0 , and electro-optic coefficient, r41 at the gate
wavelength, λ . These are static parameters during the experiment, however, and it is
only the THz field, E, (also a linear dependence) which varies. One can then see that
the electro-optic sampling method should have a flat frequency response. In practice
this flat response is interrupted by phonon-bands in the detection crystal. Phononbands are low frequency absorptions that can be extremely large and often occur in the
THz frequency range in EOS crystals. The first major phonon band of ZnTe is at
5.3THz with two less noticeable ones at 1.6 and 3.7THz [32]. This means that ZnTe
has very good response up to approximately 3THz after which the 5.3THz band has a
noticeable effect. Phonon-bands do not only cause the THz frequencies to become
absorbed, but also cause large variations in the refractive index and electro-optic
coefficient [27]. Variations in the THz refractive index cause the THz pulse to become
dispersed as the different frequencies travel different speeds and results in poor phasematching (see 3.4 below) with the gate beam.
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The balanced detection signal for an EOS crystal such as ZnTe can be calculated
using Jones’ matrices [30] in conjunction with equation (3.3). The Jones matrix for a
birefringent crystal with its extraordinary axis at ϕ to the horizontal axis is,

JM bire −crys

IΓ
 − I2Γ
2
2
+
e
cos
ϕ
e
[ ] 2 sin [ϕ ]

=

Γ
− I sin   sin [ 2ϕ ]

2





IΓ
IΓ

−
2
2
e 2 cos [ϕ ] + e 2 sin [ϕ ] 

Γ
− I sin   sin [ 2ϕ ]
2

(3.4)

The matrix can be used represent a quarter-wave plate or half-wave plate by
setting Γ , the phase change caused by the extraordinary axis of the crystal, to π 2 or

π respectively. Inserting (3.3) into this equation gives us the matrix for the ZnTe
crystal. The THz pulse is detected when a linearly polarised laser beam passes through
the ZnTe crystal followed by a quarter-wave plate whereupon the horizontal and
vertical polarisations are detected separately by passage through a polarising
beamsplitter. The intensities of the two polarisations are measured by two diodes and
the difference between them is the detected signal. Representing the incoming light as
1 
vi =  
0

(3.5)

and multiplying the Jones’ matrices (denoted by JM ) in right-to-left order,

JM λ 4 .JM .ZnTe.vi , gives us a final vector matrix in which each element represents the
proportion of laser intensity illuminating each of the two diodes. Plotting the
difference between these two elements therefore shows how the strength of the THz
signal will change (Figure 3.8).

33

Figure 3.8
Plotting the signal from the balanced diodes shows us how a quarter-wave
plate at 450 gives the best signal (EOS assumed at 450). The graph on the left shows that the
response is linear until we reach fields on order 106V/m. The graph on the right shows how the
balanced signal changes with rotation of the quarter-wave plate and the EOS crystal. The EOS
crystal was taken to be <110> ZnTe with an electro-optic coefficient of 4.04 and refractive
index 3.23. In the left graph the electro-optic axis was assumed 450 to the horizontally
polarised gate and THz beams.

The first thing to note from Figure 3.8 is the marked difference between using a
half-wave and quarter-wave plate for detection. Varying the electric field around zero
the half-wave plate yields a symmetrical curve. This means it will fail to differentiate
between positive and negative signals. Also, while the quarter-wave plate has largely a
linear response for fields less than 106 V/m, the half-wave plate remains in a non-linear
regime. If the half-wave plate were set to balance the diodes (i.e. zero signal at zero
field) then the signal from the balanced diodes would become independent of the field
and remain at zero.
Another consideration is on the use of a wave plate that is close to but neither a
quarter-wave nor half-wave plate. This situation may arise if one uses a wave plate
designed for a different wavelength. It can be seen that while the signal is non-zero at
zero-field it remains in the linear regime around zero. Therefore, disregarding any
dispersive effects, while the wavelength remains close to the specified value the
detected signal shape would remain unaffected.
This theory can also be used to calculate the field strength of a THz pulse detected
in the EOS crystal. In the experiment, a Babinet-Soleil variable compensator is placed
in the gate beam either before it is combined with the THz beam or after the EOS
crystal. The THz pulse should not pass through the variable compensator before
detection. The compensator is rotated with its axis to 45 degrees and initially set to
zero birefringence. The signal on the detector is noted at the peak of the THz pulse and
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the generator subsequently removed. The variable compensator is first adjusted for
maximum signal from the detector as this corresponds to a phase change of PI. The
compensator is then adjusted to match the signal strength detected at the peak of the
THz pulse. The ratio of these two positions allows the phase change caused by the
EOS crystal to be easily determined and inserted into equation (3.3) giving a value for
the field in the EOS crystal. Previous publications using large-area photoconductive
antennas have shown peak fields up to 350 kV/cm [33]. In our experiments, we have
achieved peak fields of 100 kV/cm with photoconductive antennas fully illuminated by
circa 100-fs 800-nm laser pulses at 1kHz. The 4-cm spaced electrodes were biased
with 20 kV. It was assumed that the generated THz pulse was quasi-collimated due to
the large area of the antenna and therefore it was focussed by a single off-axis
parabolic mirror (f=3.8 cm) and detected in a 0.5-mm thick <110> ZnTe crystal (see
Figure 3.17).
Also shown in Figure 3.8 is the change in signal when the EOS crystal (<110>
ZnTe again) and detection wave-plate are rotated through 3600. These effects can
easily be emulated experimentally. Important points to note are the effect of using a
wave-plate that retards by an unknown amount that is close to a quarter or half wave.
This would be the effect of using a known wave plate at the wrong wavelength. The
rotation of the EOS crystal was simulated by the addition of a cosine term into
equation (3.3). The cosine term is simply the projection of the terahertz pulse
polarisation onto the electro-optic (or detection) axis of the EOS crystal i.e. at 900 to
the electro-optic axis the terahertz polarisation would create no electro-optic effect and
therefore not be detected.
Γ ZnTe =

2π

λ

ln03 r41 E cos [ϕ − π 2]

(3.6)

This allows for the electro-optic axis of the crystal experiencing a projection of the
THz field as the crystal is rotated. The π 2 term allows for the fact that maximum
signal is under the situation where the EO-axis is 450.
An important point not yet discussed is that of the reflections involved in detecting
the THz pulse. When using thinner crystals (<0.2 mm) to detect higher THz
frequencies the reflection of the THz pulse from both faces of the detection crystal can
interfere with the main pulse. It is therefore useful to optically bond a thicker crystal
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that is of the same refractive index but displays no electro-optic properties. For
example in Figure 3.4 the reflection from a 200um <110> ZnTe crystal has been
extended from 13.25 ps to 13.25 ps by optically bonding a 0.5mm <100> ZnTe crystal
to the exit face.

3.4 Further Considerations for THz Generation and Detection
3.4.1 Visible/THz Pulse Phase-Matching (Group Velocity Mismatch)
In either generation or detection of THz pulses, it is the intensity envelope of an
excitation/gate pulse that interacts with the electric field of the THz pulse. Therefore it
is the group velocity of the gate pulse that must match the phase velocity of the THz
pulse. Using <110> ZnTe as an example where there is a strong phonon-band at
5.3THz, the low-frequency refractive index is plotted in Figure 3.9. The group index
(the refractive index which defines the group velocity of the gate pulse) increases
marginally from 3.1496 at 0 THz to 3.2509 at 2 THz but then dramatically to 6.917 at
5.2 THz [20]. The increasing absorption and refractive index after 3THz limit
detection beyond this unless the crystal is extremely thin. As equation (3.3) shows
however the length of the crystal is important to detecting a strong signal. Reaching a
compromise between detection bandwidth and signal strength means that, in practice,
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Figure 3.9
The plotting of an analytical function for the refractive index (left) and
absorption of ZnTe at THz frequencies [20]. The model assumes one phonon band at 5.3THz.

We can plot the efficiency of an EOS detector in a simple way by analysing a
monochromatic THz wave being detected by an infinitely short (or delta-function) gate
pulse. The differences in the optical group index and the THz phase index introduce a
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group-velocity mismatch (GVM), and the time difference accumulated by propagating
through a crystal of length l is [34],

δ (ωTHz ) =

ngate − n(ωTHz )
c

l

(3.7)

If the GVM at one frequency is such that gate pulse shifts over one wavelength the
average measured signal will be zero at that frequency. So assuming the signal strength
detected by the EOS crystal depends on its length and the average of the electric field
that it samples, we write [34],
G (ωTHz ) =

t (ωTHz ) δ (ωTHz ) iω t
e dt
δ (ωTHz ) ∫0

(3.8)

t (ωTHz ) eiωδ (ωTHz ) − 1
=
iω
δ (ωTHz )

Where t (ωTHz ) = 2 / ( n(ωTHz ) + 1) has been included to take reflections at the front
surface into account. Multiple reflections (only an issue for thinner crystals) are not
included. Using the data from Figure 3.9 then, we can plot G (ωTHz ) for <110> ZnTe
(Figure 3.10).
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Figure 3.10
The worst phase matching possible (left). The group index of the gate pulse is
usually different from the phase index of the THz pulse in EOS crystals (GVM). If the
difference is large enough and the crystal long enough the two pulses “walk-off” from one
another and the gate samples an average of a large portion of the THz pulse. The detected
signal is therefore a much weaker and very distorted version of the “real” pulse. Plotting the
absolute of equation (3.8) (right) shows how GVM limits the usable length of the EOS crystal.
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3.4.2 Practical Limitations of Large-Area Photoconductive Antennas
Here some of the important details of large-area (greater than 1mm electrode
separation) photoconductive (PC) antennas are considered. Only large-area PC
antennas are covered, as these were the only type used in the experiments described
here.

Avalanching
It was discovered earlier that THz pulses are created in photoconductive antennas
when circa 100fs laser pulses are incident upon the semiconductor. Furthermore it was
explained that shorter pulses create a faster current surge and a therefore more
broadband THz pulse but what of the semiconductor properties. Considered first is the
recombination time. This is the time it takes for electron-hole pairs to recombine after
injection by the excitation pulse. If the situation is reached where, when an excitation
pulse is incident, carriers still remain from the previous pulse the current will continue
to grow over time till the semiconductor breaks down. The signal generated from a
photoconductive antenna would be expected to increases linearly (approximately) with
voltage but the antenna efficiency is limited by the break down of air, which, for DC
voltage, is approximately 11 kV/cm. Even before these voltage levels can be reached
however, the incident light in conjunction with the bias causes the current to reach
high enough levels for the semiconductor to avalanche [36]. This effect occurs when
the electrons and/or holes gain enough energy from the applied field to generate
electron-hole pairs (carriers) by colliding with atomic electrons. These newly
generated carriers can generate new electron-hole pairs by the same method
themselves leading to an avalanche of the current. This effect (often accompanied by a
bright white light) permanently damages the antenna. The problem may have several
solutions but here high-defect semiconductors (LT-GaAs; see below), pulsed voltage
supplies [37] and connecting resistors in series with the antenna have all been
experimented with. They all work on the principle that they can reduce the current to
as low a value as possible in between laser pulses. In theory, by removing the bias after
each THz pulse is generated the carriers are no longer accelerated in the field and
should therefore not start the avalanche process. Avalanching can also be reduced by
the specific properties of the semiconductor. The chance of the avalanche effect
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occurring is closely related to the trapping time of the semiconductor. This is a much
faster process than the recombination time and describes the length of time a carrier
exists before being trapped by traps. The carrier will still exist until recombination but
the trap severely limits its movement.
In high defect semiconductors the generated carriers are trapped more easily and
therefore the chance of them still having enough energy to cause avalanching is much
lower. The practical implication is that higher voltages can be applied that in turn
generates stronger terahertz pulses. Low-temperature grown GaAs (LT-GaAs) for
example has a large number of defects and a trapping time of order 1ps. Comparing
with the 1ns trapping time of normal GaAs [38] reveals why LT-GaAs is the preferred
choice for THz antenna fabrication. The first step in making LT-GaAs is to grow GaAs
by molecular beam epitaxy (MBE) at temperatures lower than 3000C. In this state the
material is a mixture of As clusters embedded in a GaAs semiconductor matrix and is
conductive even without photo-excitation. Annealing at a temperature of 400-8000C
for a time of 1-30mins allows the excess arsenic to precipitate into metallic clusters
surrounded by depleted regions of As/GaAs barriers that allow high resistivity to be
restored. The high resistivity means that terahertz generation can again take place by
photo-excitation while the excess arsenic now traps the carriers much faster, reducing
the lifetime and therefore the chance of avalanching occurring.
Placing resistors in series with the antenna reduces the chance of avalanching by
drawing the voltage from the semiconductor when it is illuminated (and therefore
conductive). This method allows higher voltages to be applied but, since the voltage is
spread across both the resistors and the antenna, a higher bias overall is required.

Saturation in High-Power Applications
If the excitation pulse energy incident on the PC antenna is increased (by the use
of ND filters for example), it is noticed that the signal emitted from the antenna will
saturate at some finite value. An example of such a scenario is shown in Figure 3.11.
In this case, the GaAs PC-antenna has 4cm electrode separation and is excited by a
laser capable of producing 0.8mJ 100fs pulses at 800nm (see chapter 2: TOPS BNFL
laser system). The pulse energy is increased in stages to a maximum just below
16 ± J/cm2. Increasing the pulse energy over this value yields no improvement in the
generated signal and to continue increasing the energy far beyond this point will see a
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reduction in the amplitude of the field generated from the antenna. The cause of the
saturation effect is still a topic of debate. This thesis uses the previously presented
hypothesis that the saturation is caused by absorption of the generated THz field by the
carriers created in the semiconductor material. The Drude model can be used to show
that by generating a large number of carriers in the semiconductor the dielectric
properties are changed where the carriers exist. In effect, the semiconductor has
become a conducting material that absorbs and reflects THz pulses. The magnitude of
the change in the absorption and refractive index is related to the number of excited
carriers i.e. the incident light power. If it is assumed that all the photons are absorbed
within the absorption depth (800nm for 800nm wavelength in GaAs) and that each
photon therefore creates an electron-hole pair it can be written that the number density
of carriers, N , created by a laser pulse is,
N = N Photons =

1 Pulse Energy
.
V
hν

(3.9)

Where V is the volume in which the laser pulse is absorbed.
The Drude model can be used to describe the dielectric function of a conducting
medium as,

ε (ω ) = ε ∞ −

ω 2p
.
ω (ω − iΓ)

(3.10)

Γ is the momentum relaxation time of the material and the plasma frequency, ω p ,
is defined as,
Ne 2
ωp =
ε 0 m*

(3.11)

*
With m* being the effective mass ( mGaAs
= 0.067me ). Note that contributions

made by the holes are negligible due to their much larger effective mass.
The square root of the dielectric function gives the complex refractive index,
n (ω ) , of which the real part corresponds to the real refractive index (describing
refraction, dispersion and so forth) while the imaginary part corresponds to absorption.
If the power absorption is defined as α , then the complex refractive index can be
written as,

iα 

n (ω ) = ε (ω ) =  n + 
2k 


(3.12)
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Simulating the reflections occurring inside the antenna can be used to verify the
validity of using the Drude model in this case. This can be performed in conjunction
with Figure 3.12. This graph shows the two most extreme cases of Figure 3.11 on a
normalised scale. The curve produced by exciting with 0.57 µJ/cm2 pulses shows a
positive reflection. That is, the reflection is in the same direction as the main pulse.
Exciting with the higher energy, 14.9 µJ/cm2 pulses on the other hand, causes the
reflection to become negative. The reflection coefficient of a normally incident THz
wave on a GaAs/Air interface is negative since the refractive index of GaAs at these
frequencies is ~3.5. The two negative reflections result in the transmitted positive
reflection at ~12.5ps. The change in the material in the excited region (the 800-nm
visible light has an absorption depth of 800 nm in GaAs) must therefore change the
reflection coefficient to positive at that point for most of the frequencies in the THz
pulse. To calculate the change in the dielectric function of the excited region, the
plasma frequency and recombination rate included in equation (3.10) are required. The
antenna used in the experiments presented in Figure 3.11 was made with SI-GaAs. The
carrier recombination rate of this material, Γ , is approximately 1ns. Equation (3.9) can
be used in conjunction with equation (3.11) to give the plasma frequencies at the high
and low pulse energies. The plasma frequency,

ωP
, is 10.05 THz at 14.9 µJ/cm2 and
2π

1.31 THz at 0.57 µJ/cm2.
The reflection coefficient for a 3-layer system (i.e. GaAs, plasma (drude) layer,
air) is given by,
r (ω ) =

r12 + r23e 2 Ikn2l2
.
1 + r12 r23e 2 Ikn2l2

(3.13)

This equation is derived in chapter 5. n2 is the refractive index of the middle layer
and is therefore given by equation (3.12). l2 is the length of the plasma layer and
k = ω c . The coefficients denoted by rnm are standard Fresnel reflection coefficients

and are written as,
rnm =

nn − nm
.
nn + nm

(3.14)
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Field Enhancement
It was discovered early on that small photoconductive antennas experienced field
enhancement at the anode and therefore this was the best point to focus the pump beam
[35]. In 1996 Budiarto et al showed that with larger area PC-antennas (3cm electrode
spacing) there as a much less significant two-fold enhancement of the field at both
electrodes [33]. Here it was discovered that the most important factor in high power
terahertz pulse generation is full illumination of the antenna between the electrodes.
By blocking a small portion of the pump light with a wooden rod 2-mm in diameter,
the signal can be greatly attenuated. Figure 3.14 shows the signals measured when the
pump beam is left unblocked, blocked vertically and blocked horizontally. When left
unblocked or blocked horizontally there is a unobstructed path from one electrode to
the other. When blocked vertically however there is a 2-mm wide piece of
semiconductor that it left unconductive. This obstruction causes the signal amplitude to
be reduced by more than 3 times. The fact that GaAs reflection is negative for even the
attenuated pulse and the little change caused by blocking horizontally both prove that
the amplitude reduction is not simply caused by a reduced number of exciting photons.
The theory behind the effect remains unsolved at this time.

Figure 3.11
Saturation of a large-area antenna. Several scans with different laser energies
(controlled by ND filters in the beam) reveal the saturation profile of the antenna. The
reflection of the THz pulse in the GaAs reveals a non-linear change with power. It has been
hypothesised that this is caused by the change in the plasma in the first region (Figure 3.12).
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Figure 3.12
Comparison of the two most extreme curves from Figure 3.11. The reflection
in ZnTe remains to scale as expected while the GaAs reflection changes dramatically. This is
thought to be due to a larger plasma region being generated in the high energy case and
reflecting the THz pulse (schematic shown inset).

Figure 3.13
Using the equations (3.9) through (3.14) this graph is a simulation of a similar
scenerio to that presented in Figure 3.12. The simulation pulse has a Gaussian profile with an
e-1 width of 800fs and a spectrum that tails off to zero before 2 THz. The pulse is assumed to
have already reflected from the first GaAs/Air interface. The two carrier densities shown
reflect the energy densities in Figure 3.12 and show the opposite sign of the two reflections.
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Figure 3.14
Enhanced signal strength is achieved by fully illuminating the antenna to the
edges of the electrodes. Blocking Vertically (V) stops full illumination while horizontally (H)
blocking the antenna simply creates two virtual antennas and the signal is barely affected. Note
the direction of the reflection in GaAs (see Figure 3.4)

3.4.3 Natural Birefringence in THz Generation and Detection Crystals
Detection and generation crystals used with THz applications are usually preferred
to be non-birefringent. If light is generated in a crystal at an angle to the extraordinary
axis then in conjunction with dispersion, light will be generated with unusual
polarisation properties. If the detector is birefringent then the polarisation of the gate
beam is already altered without a THz field. Crystals such as ZnTe have no natural
birefringence in theory but in practice imperfections in the growth and subsequent
polishing can leave the crystal with some strain birefringence. The effect is small in
this case however and does not usually present a problem. In the quest for achieving
the best possible signal to noise ratios, however, it has been shown by Zhang et al. that
when using the crystal for detection a variable compensator inserted in the gate beam
(to counteract the phase change caused by the strain birefringence) can improve the
signal to noise considerably [40]. In this case a signal to noise ratio of 50,000:1 was
measured. Organic crystal generators such as DAST are known to be birefringent and
introduce delays that cannot be cancelled by a normal variable compensator. However
adjustment to the detection configuration can counteract this problem [39].
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3.4.4 Single Shot Detection
A common application for THz pulses is imaging. Here a sample is scanned
through the THz beam and the delay caused by different parts of the sample noted.
Materials containing a lot of water such as animal and plant life are good candidates
due to the high absorption at THz frequencies. To build up a 2-dimensional image THz
pulses must be measured at many points as the sample is systematically scanned
through the beam. When using a conventional laser system this can mean waiting for a
stepper motor to vary the delay of the gate beam over a thousand points at each single
image point, of which there may be hundreds or thousands. In short, full image scans
can take a very long time. Fast scanning delay lines that scan at speeds of 6Hz or more
can reduce the problem as they can be used to display an almost real-time signal on an
oscilloscope [41]. These are limited for use with high repetition rate lasers however
and can be rather costly. A true single-shot solution using a chirped probe beam was
provided by Jiang and Zhang in 1998 [42]. In this case the laser pulse is split into two
as normal with the large majority making up the excitation pulse. The gate pulse is sent
through a grating pair (see Chapter 2) to create a negative chirp and therefore broaden
the pulse in time. Once this longer pulse is synchronised with the THz pulse its delay
is kept fixed throughout. The spectrally dispersed and temporally broadened gating
pulse is long enough (30ps in this case) to sample the whole of the THz pulse (Figure
3.15). Another single grating then projects the spatial spectrum onto a CCD array.

3.4.5 Water Absorption in Free-Space Applications
In free-space applications where the THz pulse has to travel over distances more
than a few centimetres, absorption of the THz pulse by water vapour becomes
extremely noticeable. Pulses detected in the time domain that experience such water
absorption have extra oscillations beyond the main peak. These oscillations can
continue to occur many picoseconds after the main peak and obscure important data.
The obvious route to avoid absorption by water vapour is to build a roughly sealed box
around the area that the THz beam propagates. The water vapour inside the box can be
removed by drying out the air inside. This is often achieved by pumping dry air (or
nitrogen) into the box. This commonly used method has been used to measure the
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absorption of THz pulses by water vapour [43] revealing several absorption lines with
the strongest occurring at a frequency of ~1.6THz.

Figure 3.15
et al [42].

A schematic of the single-shot measurement experiment performed by Zhang

3.5 Some Typical THz Configurations
In order to better understand the wide variety of applications that THz pulses are
currently involved in, a few possible configurations are presented. The number of
applications for THz pulses is ever growing and there are obviously a tremendous
number of possible configurations that one can apply when building a THz application
experiment. The differences between experiments that we consider here are in the
propagation of the THz pulses from the generator to the detector and some possible
ways of combining the gate pulse with the THz pulse in the detector.
The FTIR tunnelling experiment described in chapter 5 uses a pair of off-axis
parabolic mirrors. The first is used to provide a collimated region of the THz beam
before a second focuses the THz beam in the ZnTe detection crystal. An off-axis
parabolic mirror focuses in a manner almost identical to an on-axis mirror. An on-axis
parabolic mirror is a symmetrical shape about the equation of a parabola (Figure 3.16).
Such a mirror would reflect all incoming parallel rays to a single focus point. The
focus would, however, be in the path of the incoming light. An off-axis parabolic
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mirror is a portion of the 3D parabolic surface such that incoming parallel rays focus at
some angle. This means the mirror is not symmetrical and it is important to ensure that
the off-axis mirror is therefore pointed in the correct direction. In our case the shape of
the mirror cause the rays to reflect to a focal point 90 degrees to the incoming beam
direction. To achieve co-linearity between the THz and gate beams a small hole 1-2
millimetres in diameter is drilled in the second parabolic. The hole is specifically
drilled to coincide with the focus (H in Figure 3.16). In such a configuration the gate
beam is usually focussed into the detection crystal by a lens placed before the
parabolic. In the specific case of the Chapter 5 experiments, the variable delay has
been placed in the gate beam. This is not recommended however as any slight
misalignments or imperfections in the delay line’s path are easily picked up by the
balanced detection. Rather it is better to place the delay in the pump beam where small
misalignments have little effect on the large THz wavelength position in the detection
crystal.
For very high power experiments, it is possible to use antennas with several cm
electrode spacing. These are then large enough to produce quasi-collimated THz
beams without the need for primary THz focussing elements (Figure 3.17). Here the
pump beam is expanded to a collimated beam matching the size of the antenna before
being incident on the wafer.

Figure 3.16
In this configuration (Chapter 5) off-axis parabolas are used. A 2D parabolic
curve (right) shows the premise behind an off-axis mirror (blue) and an ordinary on-axis (red).
A photograph taken through the pump lens of this set up reveals a typical generation antenna
(middle).
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For detection it is necessary to combine the gate pulse with the THz pulse in the
detection crystal and it was shown above that one way is to drill a small hole in the last
parabolic. It is also possible to use a pellicle beam-splitter placed in the THz beam to
eliminate the need for the hole in the focussing mirror [44]. Two other common
detection configurations are shown in Figure 3.17. The first is simply using a small
mirror instead of a beam splitter. This is far from ideal as it must be placed closer to
the focus and therefore blocks a substantial amount of the THz beam.
The reflection geometry configuration removes the need for any optics in the THz
beam though a focussing parabola is commonly used to increase signal strength. The
gate beam is sent into the EOS crystal from the rear and it is the pulse reflected from
the front face of the EOS crystal that detects the THz pulse. The pulse can be sent in
via an ordinary beam splitter or a polarising one. A polarising beam splitter would then
only transmit light reflected from the crystal if a phase change had taken place.

Figure 3.17
Some other possible generation detection methods. Using very large-area
antennas with cm separation (left) allows one to use a collimated pump beam. Two other
common methods of detection are to use a small mirror (middle) or reflection geometry (right).

The particulars of THz focussing, propagation and other methods of generation are
considered in Chapter 4.
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Chapter 4 - SIMULATION
4.1 Introduction
This chapter covers the simulation of terahertz (THz) pulse generation,
propagation and detection. First of all we start with one of the simplest ways of
simulating beams of light: using ABCD (also known as “Ray Tracing”) matrices [1, 2].
This method assumes Gaussian beams and each frequency must be analysed
separately. This method fails to reproduce near-field effects (especially when using
broadband THz pulses) but gives a rough idea whether or not the experimental optics
are justified in their positions. This method has the obvious advantage of being so
simple as to require virtually no computation time (it can even be realistically
performed by hand) and is therefore extremely convenient. To simulate the
propagation more thoroughly we will use theory based on the superposition of
spherical wavelets as first proposed by Huygen [1]. This leads to a well known
diffraction integral often referred to as the “Huygen-Fresnel diffraction integral” (HF
integral). This is scalar diffraction theory and is not without its failings but it presents a
more complete picture than ABCD matrices as it can be used to study the focussing of
pulses of light in the time domain and the full bandwidth contained within. The main
downside is the computation time, especially when simulating large aperture
generators.
The HF diffraction integral requires a source term and therefore we must also
consider the generation of THz pulses in the various media used. All the methods of
THz pulse generation considered in this thesis span from the creation of a polarisation
in the generation medium. Firstly, a general equation describing the generation of THz
pulses by a changing polarisation is derived. The equation is applied to each of the
generation methods by multiplying it with the appropriate response function. The
response functions for optical rectification, charge transfer in excited molecules (see
Chapter 6) and photoconductive antennas are derived.
In addition to the methods used here, there are several other novel and fascinating
techniques that have been used to generate THz pulses. These range from using poled
polymers [3] to using plain old breathable air [4] (see Chapter 3). These techniques are
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out of the scope of this text however and are left for the readers to discover by
themselves.
Finally, a simple method for simulating the detection of THz pulses via electrooptic sampling (EOS) is presented. The method derives from that published by Bakker
et al [5] and is applicable to all the experiments within this thesis.

4.2 Definitions
4.2.1 Fourier Transforms
A function in the time-domain can be converted to the frequency-domain by
Fourier transformation. Due to the numerous definitions of Fourier definitions for
clarity we define that a real function E ( t ) and its Fourier transform (FT), E (ω ) , be
related by [6],
1
FT {E ( t )} = E (ω ) =
2π

∞

∫ E (t )e

iω t

dt

(4.1)

−∞

and,
∞

E (t ) =

∫ E (ω )e

− iω t

dω .

(4.2)

−∞

Following on from these definitions we write the Fourier transforms of the first
and second derivatives as

FT { E ′ ( t )} = −iω FT { E ( t )} = −iω E (ω )

(4.3)

and,
FT { E ′′ ( t )} = −ω 2 FT { E ( t )} = −ω 2 E (ω ) .

(4.4)

4.2.2 Laplace Transform
The Laplace transform of a function f(t) defined for all t>=0 is
∞

F ( s ) = L( f ) = ∫ e − st f (t ) dt ,

(4.5)

0

With,
f (t ) = L−1 ( F ) .

(4.6)
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The Laplace transforms of the first and second derivatives are, respectively,

L( f ′) = sL( f ) − f (0)

(4.7)

L( f ′′) = s 2 L( f ) − sf (0) − f ′(0) .

(4.8)

and,

4.2.3 Convolution

The convolution of two functions is given by,
∞

(a ∗ b)(t ) =

∫ a(τ )b(t − τ ) dτ

−∞
∞

=

(4.9)

∫ a(t − τ )b(τ ) dτ .

−∞

Convolution is related to the multiplication of Laplace and Fourier transforms by,
L(a ∗ b) = L(a ) L(b)
FT (a ∗ b) = FT (a) FT (b)

(4.10)

4.3 ABCD Ray Tracing Matrices
4.3.1 Gaussian Beam Equations
If a collimated monochromatic laser beam of finite diameter is observed as it
propagates in a homogenous medium (e.g. in vacuum), it will be observed to expand
and its wave front will become curved (see Figure 4.1). Two simple equations can
describe the properties of this beam. The equations assume the intensity cross-section
of the beam follows a Gaussian profile. The first equation describes the waist, w( z ) ,
which is defined as the distance from the center of the beam (the peak of Gaussian
profile) to the point where the intensity falls off to e −1 . The waist at a distance, z, from
the focus (where the wave front is flat) is given by,
1

  λ z 2  2

w( z ) = w0 1 + 
  nπ w0 2  



(4.11)

Where ω 0 is the waist at the focus ( z=0 ). In an experimental situation without
proper beam analysing equipment, the value of w( z ) at any point along a laser beam
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path is usually measured as the half the diameter of its spot visible on a piece of white
paper.
The wave front (or phase front) of the beam is a conical section of a sphere with
radius, R( z ) . The radius at a distance, z, from the focus is given by,
  nπ w 2  2 
0
R( z ) = z 1 + 
 .
  λz  



(4.12)

The wave front of the beam is flat at the focus and therefore R ( z = focus = 0) = ∞ .
These equations are suitable for simulating a beam that propagates freely in a
single medium but when it travels through a number of media e.g. lenses and mirrors a
different approach is required.

Figure 4.1 A Gaussian beam propagating after its focus. In the far-field w( z )  z and the
phase front is spherical with radius R ( z ) = z .

4.3.2 ABCD Matrices
ABCD matrix theory [1, 2] is a simple yet powerful method that is capable of
describing the propagation of Gaussian beams (see above) through several optical
elements, by a single ABCD matrix of the form:
A B
C D 



(4.13)

Two different matrices are used here: One defining the beam travelling through air
and one defining focussing by a lens. A plane mirror is ignored while a curved mirror
merely acts as a lens.
The matrices for a portion of air of length d and for a lens of focal length f are,
respectively,
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1 d 
0 0 



(4.14)

 1 0
 1
.
−
1
 f


(4.15)

and,

Each element of the optic system is multiplied in a right-to-left series. For
example, a simple air-lens-air-lens system would be described by multiplying the
matrices like so: [ lens2][ air2][ lens1][ air1] . This then results in single ABCD matrix
that describes the whole system.

4.3.3 The complex beam parameter
The complex beam parameter, q ( z ) , describes both the waist (defined as half the
e −1 width) and radius of curvature of a beam [2], and is defined by:
1
1
λz
=
−i
.
q( z ) R ( z ) nπ W ( z ) 2

(4.16)

When used in conjunction with the matrix method above one can apply the
following, complex beam parameter at input output related by.
When an optical system is described by an ABCD matrix of the form shown in
equation (4.13), the complex beam parameter of the input beam output beams are
related by,
q2 =

q1 A + B
,
q1C + D

(4.17)

Where q1 and q2 are the complex beam parameters on the input and output,
respectively, of the optic system described by the ABCD matrix.
Therefore, if one knows the complex beam parameter before a system of lenses,
then the waist and curvature properties of the beam emerging from the system can be
easily calculated. Splitting equation (4.17) into real and complex parts will give R ( z )
and w( z ) respectively.
From (4.16) we can then say,
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  1 
R2 =  Re   
  q2  

w2 = −

−1

λ
1
nπ Im  
 q2 

(4.18)

(4.19)

An example of these equations in use can be seen in Chapter 5.

4.4 THz Pulse Propagation Simulations in the Time Domain
Simulating the focussing of a THz pulse is not as simple as that of a visible laser.
The THz pulse is extremely broadband and the longer wavelengths are of the same
order in size as the optical elements. It is possible to calculate the ABCD matrices for
each frequency in the THz pulse separately and then combine the result from each
frequency to recreate a pulse in the time domain. Due to its failure to include near-field
effects however, the ABCD method does not accurately portray the focussing of light.
It fails to reproduce either focussing or propagation in the near-field region and where
a beam of light is focussed to an extremely small spot size. The obvious solution to
this problem is to use a method that does include near-field effects. The method
presented below, Huygen-Fresnel diffraction, not only includes near-field effects but is
also calculated in the time-domain making the process of simulating the THz pulses an
easier task. While the method does not include all experimentally recorded near-field
effects, it will match experimental data in the near-field region just beyond the source
and where the pulses are focussed. The clearest disadvantage when compared with
ABCD matrices is the increased computing time.

4.4.1 Huygens-Fresnel Scalar Diffraction Integral
The Huygen-Fresnel scalar diffraction integral is an equation describing
diffraction from an aperture. It is built upon Huygens’ principle of the superposition of
spherical wavelets. The basic premise is described by the following example. A
monochromatic wave front is propagating through space and it is known exactly what
it looks like at some time, t . The wavefront can be reconstructed at a later time t + dt
by assuming that each point on the initial wave front is a point source emitting a
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spherical wavelet. If all of these spherical wavelets are plotted for time t + dt the new
wave front will be constructed due to the way they interfere.

Figure 4.2 The geometry of the Huygens-Fresnel Diffraction Integral.

If a monochromatic wave is emitted from a planar surface A (see Figure 4.2), the
field beyond the surface is written as,
1
G
G exp ( ikr ')
G
U ( x ,ν ) = ∫ U ( x ')
cos ( nˆ , r ) ds ' ,
(4.20)
iλ A
r'
G
G
1 G
where x is the observation point , x′ is the point on the surface, r is the vector
G
G
pointing from x ' to x , n̂ is the normal to the surface, and ds represents the step size
of the surface in the computer calculations.
exp ( ikr ')
G
term is the equation of each spherical wavelet. U ( x ') is the
r'
G
amplitude of the spherical wavelet. The cos ( nˆ , r ) term is known as the obliquity
The

factor. Its appearance in the equation gives directionality to the emitted beam by
giving each wavelet a nonisotropic “directivity pattern” [7]. The maximum signal is
normal to the aperture and there is no signal 90 degrees to it (along the surface). This
matches experimental results and can be understood to be simply due to the way the
wavelets interfere. In the case of a photoconductive antenna (see Chapter 3) each
wavelet would be created by a generated dipole (an electron-hole pair). It should also
1

These first two variables are vectors because they represent a position away from zero on a 2D surface.
i.e the emitter. In Cartesian coordinates they would be represented by x,y and x’,y’ where z would be the
propagation direction.
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be noted that while we are interested in the scenario where the field is generated on the
aperture itself, the diffraction pattern observed beyond the aperture would be the same
if it were an infinitely extended plane wave incident on a thin aperture.
We apply the following inverse Fourier transform to express the field as a function
of position and time,
G
u x, t =

∞

G

( ) ∫ U ( x,ν ) exp (i2πν t ) dv

(4.21)

−∞

Inserting equation (4.20) into (4.21) and performing a little manipulation [7] gives
the field at some point in space and time due to a source field on a finite aperture,
G
cos ( nˆ , r ') d   G
r 
G
u ( x, t ) = ∫
u  x ', t −   ds '
2π r ' c dt  
c 
A

(4.22)

Henceforth equation (4.22) shall be referred to as the HF-Integral (HuygenFresnel). To simulate propagation of a THz pulse in a computer program the new field
is calculated by a numerical version of the HF-Integral,
G
Enew ( x , t ) =
cos (θ ) 

(4.23)
r '
r'
 G′
G
  ∆s .
 x , t −  − Esource  x ', t − − ∆t  
c
c


  ∆t
G G
Where r’ is dependent on x , x′ and z . θ is the angle between the normal and r ' .

∑ 2π r ' c  E
A

source

We calculate the field on the generator twice. The time-step ∆t is chosen at the users
discretion and usually around 10fs. To large a step size would modify the pulse shape
while too little could fail to detect the slow rising changes due to computer precision.
The summation (a for loop in the program) moves in steps of ∆s and this is multiplied
by the equation accordingly. The step size must be much less than the centre
wavelength for best results. Since smaller values result in increased computer time the
value chosen when simulating the results presented here was 100 µ m .
It should also be noted that in an experimental situation the generation aperture is
not illuminated evenly but by a beam with a intensity cross-section that follows a
Gaussian profile. This is included by setting Esource ( x, t ) in equation (4.23) to,
G
G
Esource ( x′, t ) = Egen (t ) I ( x′),

G2
G
I ( x′) = e − x′ wA

(4.24)
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Where wA is the radius of the Gaussian beam (see section 4.3.1) and Egen (t ) is the

field generated by the excitation pulse.

4.4.2 Assumptions
The derivation performed to reach the HF-Integral (equation (4.22)) treats the field
(either electric or magnetic) as a scalar phenomenon. Therefore, in Cartesian
coordinates, the electric field in each direction is analysed separately and each assumed
to have no effect on another. However, the various components of the field are
coupled to each other through Maxwell’s equations. Comparing with experiment
results can test the validity of the HF-integral. Previous studies have shown that the
effects of neglecting to include this coupling can be ignored as long as the aperture
width and distances involved are large compared with the studied wavelengths [7, 8].

4.4.3 Focussing Methods
The superposition principle behind the HF-integral (equation (4.22)) allows
focussing to be introduced into the computer simulation (a C++ program) in a
relatively straightforward manner. Firstly, the fundamentals of how a lens manages to
focus a beam of light are explored. A glass convex lens in air focuses because it delays
the inner regions of the beam by being thicker at the centre (Figure 4.3). The focus can
be defined by assuming a beam with a plane wave front (parallel rays) is incident on
the lens. The distance from the light rays at all positions along the plane wave front
before the lens to the focus will be the same. Therefore, if each of the initially parallel
rays were in phase and monochromatic beams they would all constructively interfere at
this point. This effect can be introduced by ensuring that the secondary wavelets in the
HF-integral also interfere in this way i.e. by creating a situation where the time of
flight to the focal point is the same for all the rays.
Several methods were implemented to introduce focussing into the HF computer
simulation and we will now discuss the advantages and disadvantages of each.
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Reflecting parabola

Figure 4.3 (Left) Initially a set of parallel rays all have the same travel time to infinity. By
inserting a lens all the rays have the same travel time to a point a finite distance from the lens:
the focus. The reflecting parabola (right) has the advantage of requiring no simulation of
propagation through dielectric media.

A parabolic mirror has no delay as such, but introduces focussing through its
physical shape. Since it reflects the light, the focus is defined as where the propagation
distance is the same from all positions of an incident planar wave front. For a parabolic
surface of the form, y = ax 2 + bx , the focus is where y′ = 1 i.e. where the surface is 450
to the propagation axis and an incoming parallel ray will be reflected 900 to the focal
point. Therefore,
y focus =

1− b
a

(4.25)

For this method the program calculates the field at the observation point, P2, by
making the parabolic surface a source of the field (see Figure 4.3). Whenever the
numerical HF integral (equation (4.23)) is used to calculate the field at point P2 , it will
check the field at all points on the parabolic surface. For each of these points ( P1 ) it
performs another numerical HF integral from the original source (e.g. a
photoconductive antenna) with the point on the parabolic surface as the observation
point. While an on-axis parabola is used when an off-axis parabola is almost always
used in real world THz experiments, this rigorous approach is still extremely close.
The downside unfortunately is that the HF integral is re-calculated for every point on
the parabolic surface. This leads to an enormous number of for loops being called in
the program and computation time is therefore extremely slow. In the interest of
reasonable computing time, a new method of simulating a focussing element was
developed.
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Phase Shift (a Parabolic Mirror Replacement)

Figure 4.4 A real life lens is simulated as an infinitely thin variable phase retarder. Since we
are using the theoretical lens to replace a parabolic mirror there is no dispersion included.

A lens can theoretically replace a parabolic mirror when there is no absorption by
the lens and the index across the full THz bandwidth is identical. This method was
implemented to decrease computing time as the HF integral is called just once. Initially
the r’-value is calculated as normal for each point on the surface. It is then modified as
follows (see Figure 4.4). Simple trigonometry calculates where the ray would be at the
z-position where we would like the lens. In accordance with this off-axis position r is
increased by the amount it would be delayed if there were a lens at this position i.e. by
the amount of material it would encounter. Thus, if r crosses the z-axis exactly at the
lens position (x=0) it will be increased most while one at the edge would be increased
least. This method is not entirely ideal but allows a “quick and dirty” analysis of
focussing for a focussing element.

Pre-Focussing (focussing through generator)
This method is applicable to the optical rectification and charge transfer
experiments described in chapter 6. Here there is no divergence of the generated beam
before the focussing element because the beam is generated already focussing. The
excitation beam passes through a lens and reaches the generator with a curved
wavefront (Figure 4.5). The dimensions of all the elements are far larger than the pump
wavelength (which is less than 1µm here) and therefore the radius of curvature of the
incident light at the generator is the distance to the focus. The assumption is made that
the generator is thin enough for all the generated frequencies to have the same radius
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of curvature at the exit face and that it is identical to that of the pump wavelength.
After the generated THz field propagates a distance more than the wavelength of the
THz field from the generator though, this can no longer be assumed as the larger
wavelengths diverge more than the smaller ones. The curvature of the generated beam
is introduced into the equation by changing the generation time across the surface.
That is, the outer edges of the exit face emit a THz wave before the inner regions. This
is acceptable because the curvatures of all the frequencies in the pump pulse are the
same. The equation for the time delay is now derived in conjunction with Figure 4.5.

Figure 4.5 A schematic of THz generation by focussing through the generator. The pump
beam is incident with the curved wave front (shown in red). This means that generation takes
place in the outer regions before the inner and the secondary wavelets interfere into a focussing
pattern. rf′ is the distance that will be used to calculate time offset

The curvature of the pump beam at a distance R from the focus is assumed to be R
since the wavelength of the pump light is orders of magnitude smaller than the focus.
The moment where the outer edges of the excitation beam reaches the generator
surface is captured in Figure 4.5. The distance rf′ is used to calculate the amount by
which generation on the inner parts of the aperture is delayed. It is given by,
rf′ = R − rf .

(4.26)

The curvature of the excitiation beam, R, at the moment in time captured in Figure
4.5 and the distance rf (equivalent to r ′ in equation(4.23)) are,
R = wa2 + f 2
r f = x′ 2 + f 2

(4.27)
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The time modifier to add to Esource in equation (4.23) should be calculated as
rf′ − rf′ 0
c

. Where rf′ 0 is when x ' =0. The time modifier is at its largest and negative

when calculating for the outer edges of the generation aperture ( x′ at max.).
Note that by adding the rf′ 0 term it is not assumed that all THz frequencies have
the same curvature at any point after the wafer. The time delay is only performed on
the field generated on the aperture surface itself. Note also that the aperture size must
not exceed the radius of curvature of the exciting beam.

Focussing is the derivative
The pulse shape of the electric field emitted from the terahertz generator is
different at the surface than that measured far away or at the focus of a lens. In the farfield ( rf = z → ∞ ) the Huygen-Fresnel diffraction integral (equation (4.22)) becomes,
1 d  G
z 
G
u ( x, t ) ≅ ∫
u  x ', t −   ds '.
2π zc dt  
c 
A

(4.28)

If the field on the terahertz generator is the same everywhere then this further
reduces to the approximation,
G
u ( x, t ) ≅

A d  z
u t −  .
2π zc dt  c 

(4.29)

This equation shows that the electric field far from the generator is directly
proportional to the derivative of the field of the surface. This also agrees with equation
(3.1), which stated that the generated terahertz field far away from a photoconductive
antenna is the derivative of the current on the antenna surface.
To calculate analytically how the field looks at the focus first examine Figure 4.5.
The HF-integral at the focal point can be rewritten as,
rf rf′  
cos θ d   G
G
u ( x, t ) ≅ ∫
u  x ', t − −   ds ' .
c c  
2π rf c dt  
A

(4.30)

The time-offset is introduced by the curved wave front (i.e the surface of the
generator is illuminated at different times). Assuming again that the field over the
entire surface of generator is the same then equation (4.26) can be used to then write,
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cos θ d   R  
u  t −   ds ' .
2π rf c dt   c  
A

u (t ) ≅ ∫

(4.31)

The derivative is no longer dependent on the variable of integration and can be
G
removed outside. The rf can be written in terms of the generator surface ( x′ = x′, y′ )
and the distance from the surface to the focus plane, d: rf = d cos θ = x′2 + y′2 + d 2 .
This further reduces the equation to,
u (t ) ≅

d d   R 
1
dx′dy′ .
u  t −   ∫ 2
2π c dt   c   A x′ + y′2 + d 2

(4.32)

Introducing p 2 = x′2 + y′2 allows the surface integral to be rewritten in polar
coordinates,
u (t ) ≅

d d   R 
r
drdϑ
u  t −   ∫ 2
2π c dt   c   A* r + d 2

=

d d   R 
r
dr
u  t −   ∫ 2
c dt   c   A* r + d 2

=

2

pmax
d d   R  1 
−
+
u
t
ln
1
 


2 
c dt   c   2 
d 

.

(4.33)

Equation (4.33) shows that the field measured at the focus is proportional to the
derivative of the field on the generator surface. When this is compared with equation
(4.29) it can be seen that this is a result of some significance as it shows that the field
shape measured at the focus will match that measured in the far-field.
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4.4.4 Generation of THz pulses via a change in polarisation

Figure 4.6 As the pump pulse propagates through the generation medium it generates a THz
pulse. An analytical description must include effects such as absorption of both pulses and
walk-off between the THz-phase and pump-group velocities.

The physical picture described in Figure 4.6 above can help us understand how
different properties of the crystals e.g. the refractive index, can affect the shape of the
pulse generated. Disregarding walk-off between the generated and pump pulses the
generated pulse can be described by,
l

E ( z = l , ω ) = ∫ E generated (ω )eiω ( l − z ) nTHz c dz

(4.34)

o

E generated (ω ) is the field generated by the pump pulse at each infinitely thin slice of

the generator shown in Figure 4.6. From here it is fairly straightforward to add in the
effects of walk-off caused by the differences in the pump group index and THz phase
index and dispersion/absorption of the THz pulse. Its failing though is in its inability to
provide a source term. Here a more rigorous approach derived by Wynne is presented.
Starting with the one dimensional Maxwell wave equation:
 ∂2
1 ∂2 
∂2
∂
(4.35)
E
z
,
t
µ
P ( z, t ) − µ0
j ( z, t )
−
+
=
−
(
)
0

2
2
2
2
c ∂t 
∂t
∂t
 ∂z
K
This assumes ∇.E = 0 i.e. the field is a plane wave and therefore experiences no

focussing. The field is separated using the ansatz,
E ( z, t ) = A ( z ) E ( t )

(4.36)
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Where A ( z ) is the slow decay (or gain) experienced by the pulse in the generation
medium. This allows equation (4.35) to be rewritten as,

∂ 2 A( z) 1
∂ 2 E (t ) 
A
z
= − E ( t )
+
(
)

∂ z2
∂ t2 
c2


 ∂2
1 ∂2 
−
+

 A ( z ) E (t )
2
c2 ∂ t 2 
 ∂z

= − µ0

∂
P ( z, t )
∂ t2
2

(4.37)

Next, Fourier transform t to ω .
 ∂ 2 A ( z ) −ω 2

+ 2 A ( z )  E (ω ) = ω 2 µ 0 P ( z , ω )
−
2
c
∂z



(4.38)

If the polarization is split into its linear response to the incoming field and source
term components it can be written that [2],
P ( z , ω ) = A ( z ) E (ω ) ε 0ε (ω ) + ε 0 p ( z, ω )

(4.39)

Inserting this into (4.38) and dividing by E (ω ) gives,

∂ 2 A( z) 2
+ k A ( z ) 1 + ε (ω )  = − k 2 p ( z , ω ) E (ω )
2
∂z

(4.40)

To solve this equation we Laplace transform from z to s (an excellent explanation
of solving differential equations by Laplace transforms can be found in reference [6]),
Aˆ ( s ) =

sA ( 0 ) + A ' ( 0 ) − k 2  pˆ ( s, ω ) / E (ω ) 

(s

2

+ λ2 )

,λ = k

(1 + ε (ω ) ) ≡ kn (ω )

(4.41)

And then transforming back,
A ( z ) = λ1 A ' ( 0 ) sin ( λ z ) + A ( 0 ) cos ( λ z ) −

z

k2
dζ p (ζ , ω ) sin ( λ ( z − ζ ) )
λ E (ω ) ∫0

(4.42)

Note that the integer “1” has been absorbed into the dielectric function as
corresponding to the value at infinite frequency. Now, if we ignore the generation part
(the integral) for a moment we are left with an equation describing the amplitude of the
field. Converting the sine and cosine to exponential form [9] gives equation (4.43),
 A '(0)
A(0)  ikn (ω ) z  A '(0)
A(0)  − ikn (ω ) z
A( z ) = 
e
e
+
+ −
+

2 
2 
 2ikn (ω )
 2ikn (ω )

(4.43)
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We only wish to keep the forward propagating part and therefore set
A '(0) = A(0)ikn (ω ) to cancel the second term.
For the generation we must consider how the polarisation evolves with the
excitation pulse. Assuming the response of the polarisation to the (visible) excitation
pulse to be the same throughout the causal generator leads to the hypothesis:

∫ dτ G ( t − z c ) r (t − τ )
t

p( z, t ) =

(4.44)

−∞

Where G (t ) is the excitation pulse and r (t ) the response, which is zero for
negative argument.
Fourier transforming to the frequency domain and combining the response and
excitation pulse into f (ω ) gives,
p ( z , ω ) = f (ω )eikz .

(4.45)

Inserting this into equation (4.42) and multiplying by the spectrum, E (ω ) , gives,
kf (ω ) z
E ( z , ω ) = E ( 0, ω ) eiλ z −
dζ eikn800ζ sin ( λ ( z − ζ ) )
n (ω ) ∫0

(4.46)

The integral is solved by first splitting the sine part into two exponentials. The
result can then be expressed as the sum of positive and negative exponentials,
ikz n − n
− ikz n + n
f  e ( 800 ) − 1 1 − e ( 800 )  ikn800 z
+
E ( z , ω ) = E ( 0, ω ) eiknz − 
e
2n  n800 − n
n800 + n 

(4.47)

The first and second terms in the square brackets can be simulated separately in
mathematics package such as Mathematica. The first term yields a pulse that becomes
increasingly distorted and dispersed as z increases. This corresponds the pulse
generated in the forward direction. The second term on the other hand expands to
enormous values that quite easily dwarf that of the first term. This is because the
second term experiences more amplification rather than absorption. Since this part
corresponds to propagation backwards and does not apply to the case of generation it is
ignored. E ( 0, ω ) corresponds to an input wave that does not exist in our case and so
dropping this part leaves us an equation for the field generated on the exit face of the
generator,
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ikL n (ω ) − n800 )
f (ω ) e 1 (
− 1 ikn800 L1
E ( L1 , ω ) = −
e
2 n ( n800 − n (ω ) )

(4.48)

Where L1 is the length of the generator. We can include propagation of the
generated pulse through air ( nair (ω ) = 1.0 ) and into the far-field by multiplying by
−iω since this corresponds to the derivative in the time-domain (see equation (4.3)).
The same factor is applied when simulating a pulse generated by focussing through the
generator (see above). Reflections at the surfaces of generation media or other surfaces
e.g. in a glass cuvette can also be included by multiplying with the appropriate Fresnel
equation. If all of the waves are incident normal to surfaces, the transmission for a
wave crossing an interface is,
2ni
ni + nt

(4.49)

Where i and t represent the incident and transmitting media. In the case of THz
generation (the results presented here) the incident medium is generally the generation
medium and air the transmission medium. One obvious exception is presented in
chapter 6 where the generation media is encased within a glass cuvette. Applying these
factors leaves us with the general THz generation equation,
ikL n (ω ) − n800 )
iω f (ω ) e 1 (
− 1 ikn800 L1 2ni
E ( L1 , ω ) =
e
2
n ( n800 − n (ω ) )
ni + nt

(4.50)

Now we are left with the task of deriving the appropriate response function,
f (ω ) , for each generation method.

4.4.5 Generation by Optical Rectification
In optical rectification the equation relating the low-frequency non-linear
polarisation to the input field can be written as [2],
p(0) = χ (0 = ω = −ω ) EE *

(4.51)

The non-linear polarisation is therefore directly related to the intensity envelope of
the excitation pulse. If it is assumed that χ (ω ) experiences negligible change over the
frequency range used (which is not necessarily the case near phonon bands) then the
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response function is simply a linear response. The general generation equation (4.50)
can then be rewritten for optical rectification as,
ikL n (ω ) − n800 )
iω G (ω ) e 1 (
− 1 ikn800 L1 2ni
E ( L1 , ω ) ∝
e
2
n ( n800 − n (ω ) )
ni + nt


(4.52)

This equation is adequate for simulation of THz pulses generated by optical
rectification. Since the signal scales linearly with the electro-optic (EO) coefficient,
placing their relative EO-coefficients in front of the equation can compare the signal
generation of different crystals. If one requires exact values then χ (ω ) must be
represented in proper units in terms of the EO-coefficient.

4.4.6 Generation by Charge Transfer
The response function for this method of THz generation is derived fully in
Chapter 6 and therefore only the final result is included here for convenience. Briefly,
for the case of direct charge transfer, it is assumed that the dipole change caused by the
exciting pulse, G (t ) , can be expressed as,
∆µ (t ) = G (t ) ⊗ θ (t )∆µ e −γ t 

(4.53)

From this assumption, the final response function in the frequency domain is
found to be,
−1
f (ω ) = N ∆µ (ω ) = G (ω ) 1 ε 0 N ∆µ 3ε (ω ) ,
R
2π γ − iω 2ε (ω ) + 1

(4.54)

Where N is the number density of radiating dipoles and γ is a relaxation rate. The
last part of the expression is the contribution due to the solvent.

4.4.7 Generation by Photoconductive Antenna
A brief explanation of the semiconductor photoconductive antenna has already
been covered in chapter 3. There it was established that the THz field is generated by
the creation of electron-hole pairs that are then accelerated in an applied bias field. The
current through the antenna rises in a time comparable with the length of the exciting
pulse and decays at a rate dependant on the semiconductor properties. It is the rising
slope of this current, or current-surge, that largely determines the emitted temporal
(and spectral) profile.
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Here the simple one-dimensional Drude-Lorentz model is used to describe the
motion of the generated carriers [10]. The current density is given by
j = −en f v

(4.55)

where n f is the number of free carriers and v the velocity averaged over the
carrier distribution. The contribution by the holes is neglected for simplicity since their
contribution is very minor due to their much larger effective mass. The change in the
carrier density over time can be described by,
dn f
dt

= −γ c n f + G (t )

(4.56)

Here γ c is the trapping rate and G (t ) the contribution by the exciting pulse. The
velocity of these generated carriers can be described as,
dv(t )
e
= −γ s v(t ) + * E
dt
m

(4.57)

*
where m* is the effective mass of the carriers ( mGaAs
= 0.067 ), E is the bias field

at the position of the carriers and γ s the momentum relaxation time. If E is constant, it
follows,
v(t ) = v(0)e −γ st +

eE
1 − e −γ s t 
* 
γ sm

(4.58)

When an electron (charge −e ) separates from a hole (charge + e ), a dipole is
formed with magnitude µ = −ez . The negative sign indicates its direction is pointing
toward the hole and its position (z) is found by integrating equation (4.58). The
polarisation density is therefore given by,
P (t ) = −en f z =

−e 2 En f

γ sm

*

t

∫ dτ 1 − e
0

−γ sτ

 .

(4.59)

Since the general THz generation equation (4.52) works in the frequency domain,
we must Fourier transform equation (4.59). The Fourier transform of the expression
inside the integral will contain a delta function due to the value 1. This is clearly not
physically representative of the polarisation and therefore the step function is removed
by introducing the carrier recombination rate, Γ . Thus equation (4.59) becomes,
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P (t ) = −en f z =

−e 2 En f

γ sm

*

∫ dt e

−Γt

− e −γ s t  .

(4.60)

The inclusion of the recombination rate in this way is acceptable if it is much
smaller than the momentum relaxation time. This is usually the case as typical values
of Γ and γ s are >100ps and <100fs respectively. To model the change in the
polarisation over time when excited by a pump pulse (as in the experiment) we make a
similar assumption to that made for the dipole change in charge-transfer above (see
also Chapter 6) and convolute with the pump pulse G (t ) . The effect of the surrounding
solvent is also introduced in the same way. For this the dipole change is multiplied by
the solvent (or in this case semiconductor lattice) response factor given by the Onsager
cavity model [11] (see Chapter 6). The final response function is,
2
1 −e En f 1  1
1 
f (ω ) = G (ω ) 3ε (ω )
−

.
*
2ε (ω ) + 1 2πε 0 γ s m −iω  Γ − iω γ s − iω 

(4.61)

The introduction of ε 0 corrects the units and the external (−iω ) −1 factor is the
integration (in the frequency domain) of the integral seen in equation (4.60).

4.4.8 THz Detection
Assuming we know the electric field incident on the detection crystal (by equation
(4.50) for example) we can use the technique published by Bakker et al. [5]. A THz
pulse propagated from 0 → z through the detection crystal can be described in the
time-domain by,
i ( z = 0, ω ) exp[ik (ω ) z − iω t ]
E ( z , t ) = ∫ dω E

(4.62)

Which, apart from the last exp[ik (ω ) z ] term can be compared with the Fourier
transform definitions in section 4.2.1 above.
Now to calculate what the signal measured in the experiment should look like, we
have to take into account the fact that it is the intensity envelope of a 40fs (or so)
visible (usually 800nm) gate pulse that is changed by the electric field of the THz
pulse. This means we must include the walk off between the group component of the
gate pulse and the phase component of the THz pulse. The change in the electrooptic
signal (namely the signal measured by the balanced diodes described in Chapter 3) is
then given by,
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l

∞

0

−∞

∆I EO ∝ r41 ∫ dz ∫ dtI gate E ( z , t )

(4.63)

τ is the change in delay between the THz beam and gate beam (by a scanning
delay stage in the experiment). I gate is the intensity profile of the gate pulse. Inserting
equation (4.62) into (4.63) gives,
l

∞

∞

0

−∞

−∞

∆I EO ∝ r41 ∫ dz ∫ dtI gate

∫ dω Ei ( z = 0, ω ) exp[ik (ω ) z − iω t ] .

(4.64)

Including the variable delay (introduced by a delay stage in the experiments) and
crystal position gives, for the intensity profile of the gate beam,


z
I gate → I gate  t −
−τ  .
 c

GateGroup



(4.65)

Now looking at equation (4.64) we write,
∞

∫

dtI gate e

iω t

∞

=

−∞


 − iω (t − z cGateGroup −τ ) +iω ( − z cGateGroup −τ )
z
−
−
dtI
t
τ
gate

e
∫
cGateGroup


−∞

= Igate (ω )e

− iω ( z

cGateGroup

(4.66)

+τ )

Where Igate (ω ) is the Fourier transform of the intensity profile of the gate.
Now putting this into equation (4.64) we now have, with minimal rearranging.
∞

l

i ( z = 0, ω ) dz e ik (ω ) z e
∆I EO ∝ r41 ∫ dω Igate (ω ) E
∫
−∞



− iω  z
+τ 
 cGateGroup 

(4.67)

0

Solving the integral in z analytically gives the final equation.
 ik (ω ) z −iω  z cGateGroup +τ 
∞


r
i ( z = 0, ω ) e
∆I EO (τ ) ∝ 41 ∫ dω Igate (ω ) E

iω
2π −∞
 ik (ω ) − cGateGroup


l





0

(4.68)

 eiω l ( nTHz − nGate ) c − 1 
− iωτ
i

= r41 ∫ dω I gate (ω ) E ( z = 0, ω ) e


−∞
 iω ( nTHz − nGate ) c
∞

In summary, to calculate the signal measured in the experiment we multiply the
Fourier spectra of the THz field incident on the crystal with the Fourier spectra of the
gate pulse and then the part in the square brackets. We then Fourier transform this to
the time domain and simply multiply by the outside scaling factors if required.
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4.5 Dielectric Functions
It has been shown that in order to simulate generation in a specific media the
appropriate response function for the generation method is required. In addition to this,
the appropriate dielectric function of the generation media is also required. That is, the
refractive index and absorption at THz frequencies must be known. For all of the
results presented here, the dielectric functions are either taken from appropriate
publications (e.g. reference [12] for ZnTe) or measured in the lab. In the case of the
latter the data was fit to a harmonic model giving an appropriate analytical equation for
the dielectric function. An in-house C++ computer program called “Simplex” created
by K. Wynne was used to fit the data.
The form of the harmonic model used was,
A1k12
A2 k2 2
ε (ω ) = ε 0 + 2
+
+ ...
k1 − ω 2 − 2 Ig1ω k2 2 − ω 2 − 2 Ig 2ω

(4.69)

The model was fit to several of the dielectrics used here and the results are shown
in the table below.
Material

ε0

A

k
2π THz

g
2π THz

n800-nm

MBANP

5.43

0.057

1.301

0.057

2.62

0.120

2.218

0.305

0.437

0.600

0.737

0.044

1.570

0.927

Chloroform

2.17

1.453

Dichlorobenzene

2.37

0.200

1.356

1.743

1.564

GaAs

9.10

1.996

8.060

0.036

5.363

1.870

458.0

0.0

2.765

5.320

0.022

0.088

3.700

0.470

0.030

1.600

0.290

ZnTe [12]

7.00

3.23

Table 4.1 The parameters of equation (4.69) for several dielectrics. With the exception of the
group index, the coefficients for ZnTe were fit to data taken from a previous publication [12].
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4.6 Results
Here some examples of the theory described above are presented. This section
contains no experimental data and all of the results were simulated in Borland C++.

Figure 4.7 Simulating the propagation of a half-cycle Gaussian pulse (840-fs FWHM) using
the Huygen-Fresnel diffraction integral (equation (4.23)). At the focus and at large distances
the pulses match the derivative of the source as expected. The generation aperture was a 3x3cm square and the generation profile on the surface (i.e. the excitation beam profile) followed a
Gaussian distribution with an e-1 width of 4 cm. All curves have been normalised.
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Figure 4.8 Some examples of pulses simulated by the theory described earlier. The absolute
Fourier spectra of the time-domain data have been superimposed in blue and correspond to the
top axis in all cases. All of the data have been normalised after simulating their detection in
0.2-mm ZnTe. The Gaussian excitation pulse had a FWHM of 125 fs.
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Figure 4.9 Here the theory described above has been used to observe how changing
parameters affect the pulse shape. In this example the pulses have been generated by optical
rectification in ZnTe.
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Analysis
Figure 4.7 uses the Huygen-Fresnel integral (equation (4.23)) to show that the
pulse shape in the far-field and at the focus both follow the derivative of that at the
source. This result matches equation (4.33), which was derived earlier. A Gaussian
pulse width 840-fs was used for the source as this closely represents that generated
from a photoconductive antenna.
Using the response functions derived for the general generation equation, Figure
4.8 shows the pulse shapes generated by optical rectification and electron transfer. The
results show the dependence of the pulse shape on both the dielectric function of the
material and the generation method used.
Figure 4.9 shows the effects of changing various parameters in the generation and
detection of THz pulses. For convenience only optical rectification in ZnTe is
presented though the effects are applicable to other media and methods. Increasing the
pulse length (for both generation and detection simultaneously) removes oscillations in
the time-domain and shifts the spectrum toward lower frequencies. The reduced
bandwidth of the longer pulse shifts the spectrum in the generation process and the loss
of time resolution will mask the higher frequencies in detection. Increasing the length
of the generation crystal incurs larger oscillations after the main peak due to the
increased group velocity mismatch (GVM). The spectrum also shifts to lower
frequencies in a manner similar to that observed when the pulse length is increased.
The length of the generation and detection crystals can have a large effect on the signal
strength. As shown in Figure 4.9 increasing the generation crystal length does not
increase signal strength indefinitely. The benefit is limited by GVM and in the case of
ZnTe the crystal length is limited to approximately 2 mm. The effects and values are
similar when the length of the detection crystal is increased.

79

4.7 References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

E. Hecht, Optics (Addison Wesley, 1998).
A. Yariv, Optical Electronics in Modern Communications (Oxford University
Press, 1997).
A. Nahata, et al., Generation of Terahertz Radiation from a Poled Polymer
Applied Physics Letters 67, 1358-1360 (1995).
T. Loffler, F. Jacob, and H. G. Roskos, Generation of terahertz pulses by
photoionization of electrically biased air Applied Physics Letters 77, 453-455
(2000).
H. J. Bakker, et al., Distortion of terahertz pulses in electro-optic sampling
Journal of the Optical Society of America B-Optical Physics 15, 1795-1801
(1998).
E. Kreyszig, Advanced Engineering Mathematics (John Wiley & Sons, Inc.,
Ohio, 1999).
J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill Publishing
Company, 1996).
M. Born and E. Wolf, Principles of Optics (Pergamon Press, 1980).
G. Woan, The cambridge handbook of physics formulas (Cambridge University
Press, Cambridge, 2000).
P. Jepsen, R. H. Jacobsen, and S. R. Keiding, Generation and detection of
terahertz pulses from biased semiconductor antennas Journal of the Optical
Society of America B-Optical Physics 13, 2424-2436 (1996).
C. J. F. Böttcher, Theory of Electric Polarization (Elsevier, 1973).
G. Gallot, et al., Measurements of the THz absorption and dispersion of ZnTe
and their relevance to the electro-optic detection of THz radiation Applied
Physics Letters 74, 3450-3452 (1999).

80

“Things that go at nearly c,
Have a large ener-gy,
Faster than this,
Would be pish,
Cos then it’d be infinity.”
Chapter 5 - Tunnelling .................................................................................................. 82
5.1 A Brief History and Introduction............................................................................ 82
5.1.1 Frustrated Total Internal Reflection (FTIR) .................................................... 84
5.1.2 Evanescent Waves and Tunnelling .................................................................. 86
5.2 Theory ..................................................................................................................... 87
5.2.1 Simulating FTIR .............................................................................................. 87
5.2.2 Calculation of time-domain response function ................................................ 92
5.2.3 Calculating the Uncertainty in the Incident Angle .......................................... 96
5.2.4 Gap Travel Time .............................................................................................. 97
5.3 Experimental ......................................................................................................... 101
5.3.1 The laser......................................................................................................... 101
5.3.2 Terahertz Pulse Generation............................................................................ 101
5.3.3 Beam Propagation.......................................................................................... 102
5.3.4 FTIR............................................................................................................... 103
5.3.5 Results and Analysis ...................................................................................... 105
5.4 Discussion ............................................................................................................. 111
5.4.1 The “Point of Usefulness” ............................................................................. 111
5.5 References............................................................................................................. 114

81

Chapter 5 - TUNNELLING
5.1 A Brief History and Introduction
Causality is a principle that is taken for granted in every day life. It tells us that the
effect must never precede the cause, that information can never be received before it
has been sent.

For a causal communication system of length z, a general relation between the
input function, ψ in (the cause), and the output function, ψ out (the effect), can be
written as [1]
∞




z

ψ out ( t ) = ∫ dτ ψ in (τ ) r  t − τ −  .
−∞
c


(5.1)

The response of the system, r ( t ) , is zero for negative argument.

The scientific community therefore settled into the belief that light could never
exceed the limit placed upon it by relativity ( c =2.9979 × 108 ms −1 ) as doing so would

violate causality. It is not surprising then, that “controversial”, “exciting”, “intriguing”
and even “[nonsensical]” are just a few of the statements that have been made in recent
times regarding Faster Than Light experiments. These experiments yield results where
it appears that the velocity of light itself has exceeded c. The experiments can be
loosely arranged into two categories. Firstly where the phase velocity of the light
exceeds c (e.g. Bessel beams [2], Elves [3]) and secondly where the group velocity
exceeds c (e.g. anomalous dispersion [4], tunnelling [5]). The phase velocity does not
transmit information and hence can exceed c without faulting causality. Another
common example of a causal superluminal effect is the analogy of an ocean wave
striking a beach at an angle i.e. at an angle less than 900. The point at which the wave
is in contact with the beach will move along the beach at a speed greater than that of
the wave. Specifically, at v/sinθ. It can be seen then, that if the angle is small enough
and/or the speed great enough, this point can be made to propagate faster than c e.g. if
the example were transformed to that of a light wave striking an interface. This
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superluminal point cannot hold information however, and therefore the speed of the
wave from emitter to detector is still limited to the vacuum speed of light. This effect
is often referred to as a shadow effect and is completely causal.
Light pulses whose group velocity exceeds c require some more thought. The group
velocity of a pulse is often assumed to be the velocity at which information1 is
transmitted. It has often been stated that this is not the case (see reference [6] and
references therein). While most physicists agree to the group velocity exceeding c,
virtually all disagree that it still represents signal velocity above c. Strangely many
imply that the group velocity stops representing signals only once it exceeds c.
Reference [6] presented a more sensible view that if one decides the group velocity
does not represent the signal velocity then this hypothesis must be applied to all cases
and not just that where the group velocity has exceed c. It refers to a widely accepted
view that points of non-analyticity are representative of the signal velocity. Points of
non-analyticity are discontinuities that cannot be extrapolated from other points on the
curve, unlike a point on a Gaussian laser pulse for example, which could theoretically
be extrapolated far in advance. This theory is then applied to all pulses and not just
superluminal ones [6]. Previous publications had reached a similar conclusion on the
subluminal velocity of all signals. However some of these publications [7] also made a
contradictory mistake of choosing the group velocity as the signal velocity in
subluminal cases.
It has been calculated that points of non-analyticity can never exceed c [6] and this
result is then used to prove why “genuine signals” can never propgate faster than c.
However, the question over whether a point of non-analyticity can be used as a
description of a real world signal is still the subject of debate as such theoretical points
can never be realised in real world experiments [8]. The authors of reference [6] agree
that the application of the theory to practical circumstances is unlikely due to
idealisations, such as perfect signal-to-noise, being made.
One of the most recent and famous faster-than-light experiments was observed in
Princeton in the year 2000 [4]. Using an advanced technique of anomalous
dispersion [9] that had been theorised by Steinberg 6 years before [10], the group
1

When discussing superluminal effects there is often conflict between the definitions of the various
velocities and which correspond to information. Here the “signal” velocity is defined as the velocity of
information.
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observed a negative group velocity across a caesium cell. This allowed the peak of the
emerging pulse to appear 60 ns before the original even entered. Such negative group
velocities had already been shown to obey causality by Brillouin [11] several decades
before. However the large advance in conjunction with the pulse remaining largely
undistorted resulted in the Princeton experiment receiving much publicity. Previous
experiments in anomalous dispersive media that had also shown superluminal effects
had never shown such advances or such undistored pulses. However, the one thing that
all these experiments have in common is that the superluminal advance always remains
less than a pulse width. In the well-publicised Princeton experiment [4] the advance of
60 ns was a fraction of the full 4-µs pulsewidth. This alone convinces many that while
the effect is obviously more complicated, it is no less causal than a frequency filter or
some other pulse reshaper. If one imagines a pulse being amplified by a gain medium
where there is only enough stored energy to amplify the first quarter of the pulse, such
an effect would produce a peak advance but could not advance more than a pulse
width. This is perfectly causal. While all superluminal effects should not be
pigeonholed in this manner, methods unable to advance more than a pulse width can be
more readily explained as causal.
The experiments performed here use a known method of apparent superluminal
propagation, frustrated total internal reflection (see section 5.1.1 below), a method of
optical tunnelling. Optical tunnelling has been the cause of great controversy when it
was claimed that it had been used (by using a waveguide; see section 5.1.2) to transmit
classical music at speeds greater than c [12]. Here the advantage over previous
experiments is in the ability to perform all data acquisition and analysis in the timedomain. The experiments also reveal superluminal advances of more than a pulse
width. This controversial result is of great importance because causal processes (e.g.
the amplification process explained above) cannot be readily used to explain it.

5.1.1 Frustrated Total Internal Reflection (FTIR)
Light incident at an interface between two media will be transmitted and reflected
according the Fresnel coefficients [13]. In the situation where the second medium has
the greater index and the incident angle is greater than the critical angle, θ c ,

θ c = sin −1 ( n2 n1 ) ,

(5.2)
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the light is totally internally reflected.

x
z

1

2
air gap

3

Figure 5.1 A simple representation of FTIR. Plane waves propagating in medium 1 are
incident on an air gap (medium 2) and are totally internally reflected. This is the reason for the
interference peaks in medium 1. The gap is very small and the evanescent wave created in the
gap has enough energy to still allow plane waves to continue in medium 3. Albeit with a much
reduced amplitude. See also Figure 5.3.

When light undergoes total internal reflection at an interface an evanescent wave is
created in the second medium (see Figure 5.1). Assuming monochromatic, plane
electromagnetic waves, the electric field of the evanescent wave can be divided into
two components. Parallel to the interface (the x direction in Figure 5.1), it
unspectacularly oscillates as a function of space and time and can be written as as
Exp[i (kx − ω t )] , where k is real. However, perpendicular to the interface (the z
direction in Figure 5.1) it oscillates only as a function of time. In space its amplitude
decays exponentially and becomes negligible within a few wavelengths. If a third
medium is brought close enough to the first so that the second medium becomes a gap
on the order of a few wavelengths between the other two then the electric field still has
enough energy to drive electrons in the third medium. When the light reaches the third
medium it propagates as in the first albeit with a reduced amplitude. This optical
tunnelling of light is known as Frustrated Total Internal Reflection (FTIR).
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5.1.2 Evanescent Waves and Tunnelling
Evanescent-wave phenomena are not just produced in FTIR but occur in a number of
circumstances. One further example is the attempted coupling of light into a
waveguide smaller than the wavelength of the light. When light is incident upon
structures less then a wavelength and propagation is classically forbidden, the light is
reflected. However some light is coupled into the waveguide in the form of an
exponentially decaying (i.e. evanescent) wave. The wave does not oscillate into the
medium but does oscillate in time with the initial amplitude of the decaying curve
representative of the incident electric field. If the structure is short enough then
transmission to the other side will occur in a similar way to FTIR. Situations where an
evanescent optical field is transmitted into a third medium is often referred to as
“optical tunnelling” due to similarities to the tunnelling of an electron through a
potential barrier in quantum mechanics. In electron tunnelling, the wave function is
evanescent through the barrier and analogies between electron and optical tunnelling
have been explored in detail [6].
The experimental side of tunnelling in FTIR had been explored before the results
presented here were taken [14], but all these investigations were performed in the
frequency-domain. This therefore obscured some fascinating time-domain results.
Terahertz pulses have two distinct advantages over previous methods. Firstly, since the
terahertz pulses contain long wavelengths they are suited to optical elements of
manageable dimensions. Secondly and more importantly, the ability to measure a subpicoscond quasi-single-cycle electric field allows the study of optical tunnelling via
FTIR to be performed wholly in the time-domain.
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5.2 Theory
5.2.1 Simulating FTIR
The theory described in this section approaches the tunnelling of light in frustrated
total internal reflection (FTIR) by first considering an air gap (refractive index=1)
sandwiched between two identical prisms with refractive index n as shown in
Figure 5.2. Assuming infinitely extending plane waves and 45-degree prisms, after
refraction at the first interface, the plane waves propagate along the Z-axis and are
incident at the interface with angle θ . There are two possible situations the light
encounters upon reaching O. If the prisms are together (L=0) O overlaps B, the waves
experience no media change and the light propagates to the second prism exit in a
trivial manner. If L>0 then the waves have two options upon reaching the interface. If
the internal angle is less than the critical angle (Equation (5.2)) the waves will refract
as described by Snell’s law and cross from O to C. Otherwise the waves will be totally
internally reflected and tunnel across the gap as described in Section 5.1.1. It should be
noted that we will not be assuming a path for the evanescent light as depicted in
Figure 5.2. Rather Maxwell’s equations will be solved in the z direction for both the
evanescent and non-evanescent cases. It is known that a tunneling beam of light will
emerge approximately at position A from previous experiments [14] but the path from
O to A is not assumed2.
Consider a beam propagating towards the air gap with an angle of incidence θ. The
electric field defined in a coordinate system with axes parallel and perpendicular to the
propagation direction of the beam is E ( X , Z , ω ) . The origin is defined as lying on the
first prism-air interface.

2

We are using infinitely extended plane waves and therefore have not yet included the Goos-Hanchen
shift[15]. In real world experiments a beam of light incident at A would start its propagation in the
second prism at a position along the x-axis from A. The distance is of the same order as the wavelength
and is also applied to the reflected beam.
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Rotation of the coordinate frame {X, Z} around this origin to the new coordinate
frame {x, z} with axes parallel and perpendicular to the interface (Figure 5.2), is by the
rotation transformation,
 x = X cos θ + Z sin θ
.

 z = − X sin θ + Z cos θ

(5.3)

Figure 5.2 The light paths through prisms in Frustrated Total Internal Reflection (FTIR).
The Maxwell wave equations are solved for the component of the field travelling from O to A
(for both evanescent and non-evanescent cases). Therefore, in addition extra propagation of the
wave front from A to B has to be included. Path b is the column of air replaced by the prism as
it is translated away from the stationary prism.

In the original coordinate frame, in the first prism and ignoring reflections from the
gap, the electric field is
E ( X , Z , ω ) = E 0 (ω ) exp ( i [ kZ − ω t ])
= E 0 (ω ) exp ( −iω t + ik x x + ik z z )

,

(5.4)

Where k x = (ω n / c ) sin θ and k z = (ω n / c ) cos θ . Because of the boundary conditions
for the electric field at the prism-air interface, the x dependence of the field has to be
the same in glass and air.
Therefore, the electric field can be written in the {x, z} frame more generally as
 ( z , ω ) exp ( i [ k x − ω t ]) ,
E ( x, z , ω ) = Ψ
x

(5.5)
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This form of the field may be used as an ansatz to solve the Maxwell wave equation.
The result is a scalar wave equation for the electric-field component traveling
perpendicular to the prism-gap: [6]
 ( z, ω )
∂ 2Ψ
 ( z, ω ) ,
= − k zi2 Ψ
2
∂z

(5.6)

where,
(ω n / c ) cos θ
k zi = 
(ω / c ) is

, (i = 1) in glass
, (i = 2) in air gap

,

(5.7)

and
s ≡ n 2 sin 2 θ − 1 .

(5.8)

There are three regions, 1: inside the first prism, 2: inside the air gap and 3: inside the
second prism. The solutions to the wave equation can be written as:
 ( z , ω ) = eikz1z + R e − ik z1z
Ψ
 1
 ( z , ω ) = A eikz 2 z + B e − ikz 2 z
Ψ
2

 ikz1 ( z − d )
Ψ 3 ( z, ω ) = T e

(5.9)

Note that the fields in the above Equations are defined with the origin at the first
interface. The phase factor in the third term ( e − ikz1d ) makes sure that propagation in the
gap is included in the T term.
If it is assumed that the E-field is linearly-polarised and the magnetic permeability is
unity everywhere, both field and the spatial derivative of the field are related through
the following boundary conditions [6].

s-polarised*

p-polarised*

ψ
ψ


ψ
ψ

ψ
ψ


ψ
ψ

1

(0, ω ) = ψ 2 (0, ω )

1

'(0, ω ) = ψ 2 '(0, ω )

2

(d , ω ) = ψ 3 (d , ω )

2

'( d , ω ) = ψ 3 '( d , ω )

1

(0, ω ) cos θ 1 = ψ 2 (0, ω ) cos θ 2

1

'(0, ω ) cos θ 2 = ψ 2 '(0, ω ) cos θ 1

2

( d , ω ) cos θ 2 = ψ 3 ( d , ω ) cos θ 3

2

'( d , ω ) cos θ 3 = ψ 3 '( d , ω ) cos θ 2

*

s (TE) and p (TM) polarisations correspond to the polarisation being perpendicular and parallel to
plane of incidence respectively.
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These boundary conditions can be used in conjunction with equation (5.9) to solve
the coefficients in equation (5.9). Figure 5.3 was produced in the maths package
Mathematica by solving the coefficients for plane waves (l=1 mm) incident at 450 to a
1-mm air gap sandwiched between two Teflon (n=1.43) slabs.

Figure 5.3 A mathematical simulation of FTIR using the parameters similar to that used in
the experiment. Top left shows an isometric view of the boundary definitions. The other 3
pictures show the evolution of the electric field in the 3 media as time goes on. The “bumps” in
the first medium are due to interference from the reflection from the first interface. The gap
distance is one wavelength. Incident angle=450. n1=n2=1.43.
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In the experiment it is the transmission of the system that is measured. So solving
equation (5.9) for T, it is found:
4n cos θ1is

Ts (ω ) =

eidk z 2

( n cosθ1 + is )
2
n cos θ1 − is ) 2idk
(
1−
e
2
( n cosθ1 + is )
2

4n cos θ1is

Tp (ω ) =

(5.10)
z2

eidk z 2

( cosθ1 + nis )
2
cos θ1 − nis ) 2idk
(
1−
e
2
( cosθ1 + nis )
2

,

(5.11)

z2

Where the Ts and Tp represent the response for the perpendicular and parallel
polarizations respectively. This result is identical to that obtained using Fresnel
reflection coefficients [16].
If the following coefficients are defined,

α s = i 4ns cos (ϑ1 ) / ( n cos (ϑ1 ) + is )

2

,

(5.12)

β s = − ( n cos (ϑ1 ) − is ) / ( n cos (ϑ1 ) + is )
2

α p = i 4ns cos (ϑ1 ) / ( cos (ϑ1 ) + nis )

2

2

,

(5.13)

,

β p = − ( cos (ϑ1 ) − nis ) / ( cos (ϑ1 ) + nis )
2

(5.14)
2

,

(5.15)

then the following general transmission function,
T (ω ) = α / ( eω γ + β e −ω γ ) ,

(5.16)

can be written. Where,

γ ≡ s d /c.

(5.17)

The function T (ω ) is the frequency-domain response function for FTIR. In terms of
the fields, if the input field (defined with respect to an origin lying on the first
 (ω ) eikz1z , the transmitted field is T (ω ) Ψ
 (ω ) eik z1 ( z − d ) . In the time
boundary) is Ψ
0
0

domain, this can be written as

 (ω ) e − iω t e
Ψ ( z , ω ) = T (ω ) Ψ
0

ik z 1 ( z − d )

(for

a

monochromatic wave). If the input pulse is a Dirac delta function in the time domain,
the electric field in the second prism is given by:
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(

)

E ( x, z , t ) = T t − {n / c}{ x sin ϑ + ( z − d ) cos ϑ} ,

(5.18)

where T ( t ) is the time-domain response function (the Fourier transform of equation
(5.16)). Transforming back to coordinates parallel and perpendicular to the incoming
(and outgoing) beam using equation (5.3) , one obtains
E ( X , Z , t ) = T ( t − {n / c}{Z − d cos θ } ) .

(5.19)

The term d cos θ in the above equation is a simple geometrical factor resulting from
the Maxwell wave equation having been solved for the component of the field
travelling perpendicular to the gap, that is, from O to A in Figure 5.2. The function T(t)
represents the time response in point A (i.e., A corresponds with Z = d cos θ ) given a
Dirac delta function impulse arriving at O at t = 0. When the gap is zero the wave
leaving O at t = 0, traverses point B again at t = 0 (as O and B are the same point in
that case). Therefore, when comparing the result for a certain finite gap with that for
zero gap, the wave for d ≠ 0 is “behind” and still has to travel through the second prism
until its wave front goes through point B. The path length corresponding to this
translation from A to B is q (see Figure 5.2), which is given by
q = d sin θ .

(5.20)

Note that this translation should be applied for both the evanescent and the nonevanescent cases. Of course in practice, the detector is placed outside the prism rather
than in it. It is not necessary, however, to take into account refraction of the beam as it
enters or exits a prism as the total optical path length does not depend on the X
coordinate. In the experiments, when the second prism is translated to L ≠ 0, it replaces
air outside the prism. This path b (see Figure 5.2) is given by
b = L / cos ( 14 π − θ ) .

(5.21)

The “difference field” (L ≠ 0 vs. L = 0) measured at the detector is therefore:
detector
Edifference
( t; d ) = T ( t − ( nq − b ) / c )

(5.22)

5.2.2 Calculation of time-domain response function
In simulating the results of the FTIR experiment (presented further on) it was found
to more convenient to calculate the time-response function in the frequency domain i.e.
Fourier transforming the time-domain results to the frequency domain and applying
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the appropriate form of equation (5.16) before transforming back. However, by
calculating the time-domain response function analytically the time-domain properties
of FTIR can be explored from a purely theoretical viewpoint. The time-domain
response function is produced by Fourier transforming equation (5.16) to the timedomain. These calculations have to be performed separately for the two possible cases
of the incident angle θ : θ > θ c (evanescent in the gap) and θ < θ c (non-evanescent in
the gap). Firstly, the trivial case of “free-space” propagation is considered i.e. that
where no refraction or tunneling takes place. The frequency-domain response function
for free-space propagation perpendicular to the gap is:
T (ω ) = e + iω d / c .

(5.23)

The Fourier transform is given by:
T ( t ) = ( 2π )

−1

∫

∞

−∞

dω e + iω d / c −iω t = δ ( t − d / c ) .

(5.24)

Where δ ( t ) is a delta-function pulse. This equation is as expected and convolution
with an input pulse will produce an identical output pulse.

Evanescent case (Tunnelling waves)
In the case of evanescent-wave propagation in the gap, the Fourier transform of the
frequency-domain response function is given by equation (5.25):

α
T (t ) =
2γ

ω − it / ( 2γ ) −1/ 2 )
e (
∫−∞ dω 1 + β e−ω .
∞

(5.25)

Here the integral has been simplified by substituting ω with ω 2γ , which requires
the multiplication outside by 1 2γ . To solve the integral, the method of contour
integration with residue calculus is used [1, 17]. The form of the integral is very
similar to an example presented in a textbook by Arfken [1]. Using the solution from
the book as a guide, the contour shown in Figure 5.4 is chosen. The integrand has an
infinite series of simple poles lying on the imaginary frequency axis and in the contour
shown the two integrations over the vertical paths go to zero for R → ∞ . The contour
encloses a single simple pole at ω = iπ + ln β it follows that [1],
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∫

∞

−∞

dω

ω − it / ( 2γ ) −1/ 2 )
2π i ∑ residues
e (
=
−ω
2π i − it / ( 2γ ) −1/ 2 )
1+ β e
1− e (

(5.26)

The residue of a simple pole (at z = z0) of a function, f ( z ) = p ( z ) / q ( z ) , can be
calculated by [17],
Res f ( z ) = Res
z = z0

z = z0

p ( z ) p ( z0 )
=
q( z ) q′( z0 )

(5.27)

Therefore the final result for the time-domain response function at angles less than or
equal to the critical angle is,
)( ( )
)
π iα e(
T (t ) =
γ 1 − e 2π i( − it / ( 2γ )−1/ 2)
iπ + ln β − it / 2γ −1/ 2

.

(5.28)

ω’’
R+2πi
ω’

R

-R

Figure 5.4 Contour in the complex frequency plane used to calculate explicit expressions for
the time-response functions.

Non-Evanescent case (Propagating waves)
In order to calculate the time-domain response function when the waves in the gap are
non-evanescent the frequency-domain response function for p-polarised light is
rewritten as,
Tp (ω ) =

α e+ iω γ
1 + β e + i 2ω γ

,

(5.29)

with,

α = 4nS cos (ϑ1 ) / ( cos (ϑ1 ) + nS ) ,
2

β = − ( cos (ϑ1 ) − nS ) / ( cos (ϑ1 ) + nS ) ∧ θ1 < θ c ,
2

γ ≡ S d / c,

2

(5.30)

S ≡ 1 − n 2 sin 2 θ1 .
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S is real-valued for angles of incidence less than the critical angle. It can also be
shown that 0 > β > −1 for angles of incidence below the critical angle.
If Ts (ω ) is rewritten in the same way then the Fourier transform of the response
function is given by:
∞

Tp / s ( t ) = α ∫ dω
−∞

α
=
2γ

e − iω t +iω γ
1 + β e + i 2ω γ

.
+ iω − t / ( 2γ ) +1/ 2 )
e (
∫−∞ dω 1 − β e+iω

(5.31)

∞

Since 0 ≥ β > −1 , the integral has poles at ω = 2π A + i ln β , where l is an integer.
Note that the integrant in equation (5.31) goes to zero for ω '' → ∞ ∧ t < 0 or

ω '' → −∞ ∧ t > 0 . However, it does not go to zero for ω ' → ∞ . This suggests that the
integral is going to involve Dirac delta functions. The equation is now written as,
Tp / s ( t ) =

α
2γ

∫

∞

−∞

∞

A
+ iω − t / ( 2γ ) +1/ 2 )
dω e (
∑ ( β e+iω ) ,

(5.32)

A =0

Where the properties of the geometric series are used (this is only valid if

β e+ iω < 1 ). Thus, it follows:
∞

Tp / s ( t ) = α ∑ β δ ( t − 2 jγ − γ ) ,
j

(5.33)

j =0

(since γ is always positive). When it is realised that α corresponds to a single
transmission and β to a single set of reflections, this result makes perfect sense.
Figure 5.5 shows the result of plotting equations (5.28) and (5.33) with a Dirac delta
function as the incident pulse. The time-domain response function produces
superluminal results for both evanescent and non-evanescent waves but only the
evanescent waves produce energy at negative time. This effect is inconsistent with a
shadow effect and suggests a non-causal process. The response function at the critical
angle is that of a step function with a one-sided exponential decay. Both the evanescent
and non-evanescent response functions approach this curve as θ1 approaches θ c from
above and below the critical angle respectively. In the case of the non-evanescent
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response function the delta functions become closer and closer together as θ1
approaches θ c , until finally there is no separation between them.
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Figure 5.5 Plot of the temporal response function T(t) for frustrated total internal reflection.
The incident pulse is a Dirac delta function and the parameters are n = √2, L = 1 mm
(d/c = 2.4 ps) and θ = 44.5, 45, 45.5, 46, 46.5, 47, 47.5, 48 and 48.50. The critical angle is 450.
T(t) has been multiplied with 10-12.

5.2.3 Calculating the Uncertainty in the Incident Angle
Figure 5.6 below demonstrates that a beam of finite width is not incident on a surface
with a single angle [18]. Rather the beam is incident with a range of angles. The phase
front of a “real world” beam can be build up out of plane waves [15] and the maximum
deviation from the centre angle is calculated by observing the beam width in the farfield. If it is assumed that the beam has a Gaussian spatial profile then the width of the
beam as it propagates to the far field is described by (see chapter 4) [18],
1

  λz  2
W ( z ) = w0 1 + 
.
2 


w
π
o





(5.34)

Transforming to the far-field ( z → ∞ ) gives,
W ( z) =

λz
π nwo

,

(5.35)

Where the refractive index, n, has been introduced to include propagation in media
other than air. The angle eθ is then given by
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tan eθ =
⇒ eθ ≅

W ( z)
z

λ

(5.36)

π nwo

Figure 5.6 The propagation, and consequent diffraction, of a Gaussian beam. The width of
the beam at any position can be related to its size at z=0, where the curvature of the phasefront
is zero i.e. at its focus.

It is now possible to calculate the distribution of angles in an experimental situation
in order to determine how much of the light is incident above and below the critical
angle. This is very important, as the light incident below the critical angle is nonevanescent in the gap. Non-evanescent light propagates without much loss of
amplitude and therefore even a small amount “leaking” into the gap will overshadow
the exponentially decaying evanescent light after a few wavelengths.

5.2.4 Gap Travel Time
When submitting the FTIR experiments for publication in Physical Review Letters
[5] a request was made to calculate the gap traversal time. That is, take the
experimental centroid (average position of energy; see below) shift and then calculate
the corresponding gap traversal time depending on whether it was a tunnelling or
propagating wave and from this calculate the propagation speed of the pulse in the gap.
This requires that a path for the tunnelling light be assumed, which is a dangerous
procedure since the wave vector, k, across the gap is complex and, therefore not
physically defined. It was assumed that the tunnelling light travelled perpendicular
across the gap and, on that basis, the effective group velocities of the THz pulses
traversing the gap were calculated. The perpendicular crossing path was assumed since
infinitely extending plane waves have been used to describe the waves crossing the
gap. If finite beam widths are used the Goos-Hanchen shift [15] will appear. This
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sideways shift (positive X in Figure 5.2) in the beam position of the light transmitted
and reflected in FTIR means that the transmitted light does not appear at A but at a
position along the surface towards B. The shift is very small (at maximum it is of order
one wavelength) however and the tunnelled light will never be transmitted above B.

The Centroid
The centroid of a pulse is used to represent the average position of the energy and
therefore used to define the position and speed of the pulse. Since it is the electric field
of the THz pulse that is measured here, the centroid of a pulse in the experiment can be
calculated via the following equation:
∞

∫ E (t ) t.dt ∑ E (t ) t.∆t
=
.
E (t ) .∆t
∑
∫ E (t ) .dt
2

2

tCentroid =

−∞
∞

2

(5.37)

2

−∞

Centroid traversal time for propagating, refracting waves
In the case where the incident angle is less than the critical angle, the waves simply
propagate at c n changing direction through refraction, described by Snell’s Law.
The time difference measured experimentally will not be indicative of the gap
traversal time since the path travelled through the gap is greater than d (see Figure 5.2),
and the lateral shift causing the waves to travel through less prism material. By
calculating a time offset to add to the experimentally measured centroid delay, the gap
crossing time should be discovered to be consistent with a wave travelling at c.
Referring to Figure 5.2 and Figure 5.7 the centroid delay measured between L=0 and
L>0 gaps can be written as,

∆tCentroid = t gap −

nr − b
,
c

(5.38)

where tgap is the time measured to cross the gap experimentally.
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Figure 5.7 The geometrical picture used for calculating the actual gap traversal time for nonevanescent waves. See also Figure 5.2.

Referring to Figure 5.7 and using simple geometry allows θ ', θ '' and, r ' to be
calculated:

θ '=

π
2

− θ gap , θ '' = θ gap −

π
4

and, r ' = L

(
4) .
sin (π − θ )
2
sin θ gap − π

(5.39)

gap

Which in turn gives,
r = r 'sin (θ int ) , L ' =

( 4) L

sin 3π

(

sin π − θ gap
2

)

and , b = L

cos (θ ext )

.

(5.40)

θ int , θ gap and θ ext are calculated from the incident angle on the first prism face, via
Snell’s law.

Centroid traversal time for perpendicular travelling waves
This is applied to the tunnelling waves to give an indication of the time taken for the
tunnelling waves to cross the gap. Note that no path is assumed in the gap for the
response functions calculated earlier. Since the wave vector for tunnelling waves is
complex in the gap, this calculation gives an interesting insight.
Since we are only concerned with the perpendicular path the path length in the gap is
given by,

d=L

2

.

(5.41)

The centroid delay measured experimentally between the L=0 and L>0 gaps can be
written as,
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∆tCentroid = t gap +

nq − b
.
c

(5.42)

We can see from Figure 5.7 that q is fairly simply to calculate leaving us with the
equations,

q = d sin (θ int ) ,
b= L

cos (θ ext )

.

(5.43)
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5.3 Experimental
5.3.1 The laser
The experiments described here used the Femtosecond Research Centre laser as
described in Chapter 2. This system produces circa 150-250fs pulses at 250kHz with
an average of 3.2 µJ per pulse. Without an autocorrelator readily available a short
pulse length was assured by observing white light generation (via self phase
modulation) in sapphire. This was set up so that a pulse length of 250fs or below was
required to produce the white light effect.

5.3.2 Terahertz Pulse Generation
The configuration for the generation and detection of THz pulses in this experiment is
shown in Figure 5.8. The THz pulse is generated via a photoconductive antenna (see
Chapter 3) and detected via electro-optic sampling in a 0.5mm <110> ZnTe crystal.
The generator consisted of two copper strips that were glued to the ends of a
7x4x0.5mm <100> GaAs wafer by silver paint. The silver paint leaves an exposed area
of GaAs 3mm wide. A 10cm lens focused the pump beam and the antenna was placed
after the focus such that the electrodes were visibly illuminated. The antenna was
typically used with a DC-voltage of 2 kV giving an electric field bias of around
6.67kV/cm. The delay line in the gate beam was scanned at 6 Hz over a region as long
as 40ps. The high delay-scanning rate combined with the high repetition rate of the
laser meant the output from the diodes could be viewed on a regular oscilloscope to see
a virtual real time signal (the signal on the oscilloscope is in reality constructed from
thousands of terahertz pulses). This signal was then processed via an ADC card into
the computer where averaging for 2-3 minutes gave a signal to noise ratio greater than
100:1.
The THz beam was aligned by removal of the generation antenna allowing the pump
beam to propagate through to the EOS crystal. The gate beam passes through a hole in
the second parabolic mirror to the EOS crystal.
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Figure 5.8 The generation and detection of THz pulses as used in the FTIR experiments. A
10cm lens focuses the pump beam with the antenna placed after the focus so that the full 3mm
wafer section is illuminated. The gate is focussed by a 50cm lens and passes through a delay
line before going through a hole in the parabolic and detection section. The FTIR Teflon
prisms are placed in the beam on a rotation stage. The second prism is also translated as shown
in Figure 5.2.

5.3.3 Beam Propagation
It is important to model the propagation of the THz beam through the optics used to
ensure the beam is as collimated as possible in the region of the two prisms. To
characterise the diffraction of the THz beam, Gaussian optics were assumed and ray
tracing (ABCD-see Chapter 4) matrices used to plot the waist (the e −1 width) of the
THz beam from generation to detection. This then allowed the optics to be configured
in the correct manner. The pump beam waist and wavefront curvature was calculated
using equations (4.18) and (4.19) respectively. These values are then used for the
initial waist and wavefront curvature of the THz beam. For the calculation of the ray
tracing matrices we assume the THz pulse propagates through 3 regions: antenna to
mirror; mirror to mirror, and mirror to ZnTe. We have the following ABCD matrix for
the terahertz system described.
 d2
1 −
f1
A B 
C D  = 
1


−
 f1

 d 
d 2 + d1 1 − 2  
f1  


d
1− 1

f1


(5.44)
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We can now calculate the waist in these 3 regions using the complex beam parameter
as shown in Figure 5.9.
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Waist (mm)
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0.3
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0.4

Figure 5.9 An example of the ABCD matrix method (see chapter 4). This simulates
Gaussian beams at the THz frequencies shown. The simulation is based on the configuration
shown in Figure 5.8 and the two dotted lines show the position of the two 12-cm parabolic
mirrors.

5.3.4 FTIR
In order to create the air gap required for frustrated total internal reflection (FTIR),
two right-angled Teflon prisms with side length 40mm were placed between the
parabolic mirrors (see Figure 5.2 and Figure 5.8). The first prism was fixed such that
the THz light was internally reflected from the hypotenuse. The second prism was
attached to a high resolution (10nm) translation stage (a Melles-Griot NanomoverTM)
and initially positioned to form, in conjunction with the first prism, a cube. The second
prism was then translated as shown in Figure 5.8 creating an air gap between the prism
pair and removing a block of air outside.
The Teflon prisms along with the translation stage were also mounted upon a homebuilt rotation stage. The centre of rotation was on the front face of the first prism
allowing the incident angle at the gap interface to be varied. If the light beam incident
was perfectly collimated it would allow the user to select between the light tunnelling
and propagating across the gap. In reality it allows the majority of the light to be
selected as either evanescent or non-evanescent in the gap.
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When the prisms were in place, a small mirror was placed on the front face of the first
prism. Retro reflection of the pump beam was then used to ensure the external incident
angle of the prism was 00. From this position the rotation stage was then rotated
through small angles to enhance either evanescent or non-evanescent light in the gap.
If the speed of light in air was independent of the presence of the prisms then the two
experimental positions (L=0, L>0) would yield the same result. A positive delay (a
shift to the right in Figure 5.10) in the THz pulse would mean the time taken to cross
the air gap is longer than the time taken to cross the block of air the translating prism
replaces. A negative delay would therefore imply the opposite.

Figure 5.10 A typical THz pulse from the FTIR experiment. The pulse is generated in a 3mm photoconductive dipole antenna and detected by electro-optic sampling in a 0.5-mm
<110> ZnTe crystal. (Inset) Spectrum of this pulse (1 THz ≈ 33 cm-1).

Several series of experiments were performed in which L was varied between 0 and
20 mm, the incidence angle was varied between 350 and 550, and with p- and spolarization of the THz beam. The larger gaps and angle deviations produced similar
results to the smaller gaps and angle deviations. However, since the signal-to-noise is
very poor in both these cases the results presented are limited to outside angle
deviations of 50 and gaps of length 9-mm or less.
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5.3.5 Results and Analysis
Teflon at Terahertz Frequencies
The properties of Teflon at the frequency range used were measured using a 7-mm
thick slab. This was cut from the same piece of Teflon that was used to fabricate the
prism pair. The measurement was taken by placing the slab in the THz beam and
comparing the measured THz pulse with that taken without the slab. The data was then
fitted using an in-house analysis program called Simplex. The refractive index and
absorption data is shown in Figure 5.11. The largest contribution to the error was
assumed to be the systematic error in the measurement of the slab thickness. The data
shows a refractive index of 1.430 ± 0.006 and revealed negligible absorption in the
frequency range studied. The critical angle for total internal reflection is therefore
44.40 ± 0.20.
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Figure 5.11 The properties of Teflon at THz frequencies. Taken with by comparing a freespace THz pulse with one propagated through 7mm of Teflon. The FFT spectrum of the freespace THz pulse (blue) shows the range of meaningful data.

Experimentally the difference between the two polarization directions is slight except
that the transmission is higher for p-polarized light. Figure 5.17 shows two sets of data
for angles of incidence where the waves in the gap are either evanescent or nonevanescent. The data were initially analysed by Fourier transformation and calculation
of transmission, phase, phase delay and group delay.
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All the results were performed for both p-polarised and s-polarised light but the
results were very similar with the exception that p-polarised light has higher
transmission. For this reason only the p-polarised results are presented further.
In order to increase the probability of the waves in the gap being either evanescent or
non-evanescent, the prism was rotated by 50 in both directions in the plane of
incidence. This external angle corresponds to an internal change of ~3.490
(nteflon@THz=1.43). The results observed by rotating to encourage evanescent waves
(tunnelling) in the gap are shown in Figure 5.16 while those observed rotating to
prevent evanescent tunnelling are shown in Figure 5.17.
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Figure 5.12 The results of p-polarised terahertz pulses transmitted by the prisms for various
gaps. The experimental angle was 450 and the solid line data is shown with the dashed theory.
The theory was fitted to the 2-mm curve and produced an angle of 44.80. The graph on the
right shows the larger gaps relative to each other. The change in centroid delay (shown as dots)
at L = 5 mm is ∆τcentroid = –3.35 ps and the change in average group delay is ∆τgroup = –3.82 ±
0.06 ps. The triangles show the calculated gap crossing time.
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Figure 5.13 S-Polarised Light incident on the front face at an experimental angle of 450 for
gaps 0 to 5mm. The transmission in this case is lower than for p-polarisation and is therefore
less suited for study. The graph on the right shows the gaps 2-5mm at higher magnification.
The theory was fit to the 2mm gap with the theoretical fit producing an angle of 45.10. The
centroid (dot) and gap crossing time (triangle) of each gap is also shown.
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Figure 5.14 The Fourier Spectra of THz pulses for 0-mm and 5-mm gaps show the
transmission to be biased towards long wavelengths as expected. Note also the larger
transmission for p-polarised light. The oscillations are due to reflections in the generation and
detection crystals.
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Figure 5.15 (Left) Calculating the phase difference between the zero and finite gap lengths.
The negative gradient of the lines indicate the negative group delay. (Right) Plotting the
transmission of several gap lengths shows the preferred transmission of lower frequencies as
expected. The noise in graph on the left is due to the lack of enough information at high
frequencies and is consistent with the transmission graph on the right. Note that 1 THz equates
to approximately 33 cm-1.
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Figure 5.16 Rotating the prisms to give an external angle of 50 such that tunnelling should be
promoted. The theoretical fit to 2mm gave an incident angle of 48.360. The centroid
calculation (dot) clearly suffers from noise interference at larger gaps. The gap crossing time
(triangle) is also shown.
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Figure 5.17 With the prisms rotated to prevent evanescent tunnelling we get almost 100%
transmission. The graphs show the transmitted pulses from 0 to 9mm. The theoretical fit gives
a first prism internal angle of 41.10. The change in centroid delay (shown as dots) at L = 8 mm
is ∆τcentroid = –2.51 ps and the change in average group delay is ∆τgroup = –2.44 ± 0.06 ps. The
centroid delay (+-1%) crossing just the gap is, in this case, consistent with a pulse travelling at
the vacuum speed of light.
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Figure 5.14 and Figure 5.15 show that when the waves are evanescent in the gap the
transmission varies from unity at low frequencies to zero at high frequencies
(~0.8 THz for 5 mm gap length) and that the transmission spectrum narrows with
increasing gap size. In both the evanescent and non-evanescent cases the superluminal
advance is measured either by the group or the centroid delay (equation (5.42)) and is
on the order of a few picoseconds and larger than the pulse width.
The data can be analysed in the time domain by convoluting the measured THz pulse
at L = 0 with the appropriate time-response function. However, in practice it was much
faster to Fourier transform the data to the frequency domain and multiply with
equation (5.16) before transforming back to the time domain. This was verified to
produce identical results. The terahertz beam was assumed to have a Gaussian spatial
profile and therefore the calculations were weighted for a distribution of incident
angles in accordance with equation (5.36).
Nonlinear least-squares fitting of the data at a gap of 2 mm or more is then used to
find the exact angle of incidence. Figure 5.12 shows examples of data acquired under
conditions where the transmitted radiation is evanescent (θ = 44.80) and nonevanescent (θ = 41.10) between the prisms. In the non-evanescent case, the
transmission is nearly unity and data could be obtained for gaps that are orders of
magnitude larger than the average wavelength in the pulse. The time taken to cross the
gap was found by using equations (5.38) and (5.42).
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5.4 Discussion
The data presented here show superluminal advances of single-cycle pulses larger
than a pulse width for both evanescent and non-evanescent waves. In the evanescent
case, the temporal advance across the gap is in fact much larger than apparent because
the waves have to travel through more and more prism material as the gap spacing is
increased (see Figure 5.2). The opposite is true for non-evanescent waves. The theory
used to describe these data appears to show that the principle of causality (equation
(5.1)) does not apply in FTIR. In the case of non-evanescent wave propagation, this
violation of the principle of causality is due to a trivial shadow effect. However, in the
case of evanescent-wave propagation, the time-response function has a value at
negative time (extending to negative infinity) inconsistent with a shadow effect. Of
course, to obtain this superluminal effect, the pulses have to travel through prism
material in which the pulses are delayed with respect to free space.

5.4.1 The “Point of Usefulness”
The “point of usefulness” is the point at which the superluminal signal advance
actually outweighs the prism material delay. While we focus on the superluminal
effects in crossing the gap there is always the question as to whether or not we can
actually use the effect for useful superluminal communication. By placing a large
prism in the way of the THz beam we introduce a large delay. The superluminal
advance must be large enough to more than compensate for this delay. If the tunnelling
light crosses perpendicularly across the gap then we also have the extra prism material
as discussed previously. In analytical form we can say,

n
L
 l prism +  + ∆t Pulse < 0
c
2

(5.45)

Where lprism is the side length of the prism, L the separation (as shown in Figure 5.2).

∆t Pulse may be the centroid or group velocity. In this chapter the THz pulses
experienced approximately a 3-ps advance for 5-mm gap spacing. The 4-cm prisms in
conjunction with the extra delay introduced by the 5-mm gap produces an overall delay
of about 200 ps. It is clear then that we require a far greater gap width to overcome the
delay.
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In principle, the gap spacing could be made arbitrarily large producing a superluminal
advance that would compensate far beyond the delay introduced by the prism material.
The transmission of evanescent waves is poor but using a very powerful input pulse
could compensate for this. So do the results presented here imply that superluminal
communication is possible and causality is violated in a non-trivial way?

Figure 5.18 A finite beam is never truly collimated and therefore non-evanescent (and
essentially non-decaying) light will always therefore exist within the same transmitted beam as
the evanescent (and amplitude decayed) light.

According to Figure 5.5,if the angle of incidence is chosen close to but larger than the
critical angle, the signal will travel superluminally with transmission close to unity.
However, to have a single angle of incidence, the signal beam has to be perfectly
collimated necessitating an infinitely extended beam. This requires infinitely large
prisms and hence an infinitely large delay compared to free space. In practice
therefore, the beam must have a finite size resulting in a distribution of incidence
angles. It was shown earlier (see equation (5.36)) that by using Gaussian beam theory,
there is an uncertainty relation between the e-1-widths of the spatial and angular
distribution in the beam, namely eθ ex = λ / (π n ) , where λ is the wavelength and n the
refractive index. As seen earlier (in the experimental and theoretical results), nonevanescent waves have a transmission close to unity for any gap spacing whereas the
evanescent waves decay exponentially. Therefore, for any average angle of incidence

θ > θc, the beam still has components with θ < θc, which will end up dominating the
signal for sufficiently large gap spacing. Therefore, superluminal communication with
FTIR may strictly speaking be possible. However, when the gap spacing becomes
large enough to make this superluminal communication scheme useful, the signal will
be dominated by non-evanescent waves. The time-response functions derived above
are not physical, as they do not include the unavoidable distribution of incidence
angles. It is possible that if the (non-causal) time-response functions are integrated
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over the distribution of incidence angles, the resulting response function will be causal.
Unfortunately, we have been unable to prove this either way.
In response to publication of the work described in this chapter, and in addition to
several citiations, two comments of note [19, 20] were published. In their comment in
Physical Review Letters, Mochan et al [19] agreed with the experimental results but
disagreed with the interpretation presented here. Their use of the superposition of
spherical wavelets was intended to show that the propagation in the gap caused the
measured pulse at point A to be from a wavelet originating on the first prism surface at
a point below O. In summary, they agreed with the experimental work presented here
but disagreed with the interpretation. Their solution is not concise however and falls
short from achieving a satisfactory explanation.
Reiten et al [20] performed an experiment similar experiment to the one presented
here with the most obvious exception being the use of cylindrical wedges rather than
prisms. Rather than limit their analysis to propagation in the gap they apply their
theory to the system of the two wedges and the gap as a whole. Matching their theory
to the experiment they then attempt to verify causality by numerically performing the
Kramers-Kronig integral. Their justification is that in any causal system the real and
imaginary parts of the frequency response function are related (as they are in their
experiment) through the Kramers-Kronig relations. Such analysis of the system as a
whole is a logical step in the theoretical discussion of FTIR.
In both comments to the PRL publication the impetus was to show that causality has
not been violated in FTIR. It is the author’s view that causality is unlikely to have been
violated in FTIR, but also that neither of these comments have managed to concretely
prove it either way. The work performed here has however managed to fulfil its
expectation to advance the discussion and in that respect can be hailed a success.
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Chapter 6 - ELECTRON TRANSFER
6.1 Introduction
6.1.1 The basics of electron transfer
Electron transfer (also referred to as charge transfer) is a key part of
photosynthesis, photo-imaging, organic reaction mechanisms and optoelectronic
devices. In the lab light is often used to activate the electron transfer in a process called
photoinduced electron transfer. Natural processes such as protein folding can be
initiated by photoinduced electron transfer and therefore be studied with lasers [1].
Photoinduced electron transfer is a process whereby an electron is transferred from
an electron donating species (D) to an electron accepting species (A) upon photoexcitation. This will result in a change of the donor and acceptor polarity. It can be
represented by,
hv
DA 
→ D* A
excitation

D* A 
→ D + A−
electron

(6.1)

transfer

In this case the DA-complex is first excited by the photon and subsequently
undergoes electron transfer. The electron may transfer to another molecule e.g. TCNEpyrene [2] (intermolecular ET) or can simply transfer to another position within the
molecule itself. This is known as “intramolecular electron transfer” and is the process
studied in all of the experiments performed here. An example of a molecule that
undergoes intramolecular electron transfer is Betaine-30 (Figure 6.1). Here the electron
transfer occurs upon excitation by a photon and then relaxes back to its original state in
what is known as back electron transfer. We describe the time taken for these
processes by the forward and backward rate respectively. Betaine-30 specifically
undergoes what is called “direct” intramolecular electron transfer [3]. That is to say
that the charge transfer state is populated directly upon excitation. The charge-transfer
caused by the laser pulse is essentially instantaneous when compared with the exciting
pulse and therefore the forward ET rate cannot be directly measured. The absorption
spectrum shifts dramatically when Betaine-30 is dissolved in different solvents but
there are a number of solutions that have large absorption at 800 nm and can therefore

116

be studied well with our laser system. Another molecule undergoing direct
intermolecular charge transfer is MBA-NP [4-9]. This is shown in Figure 6.2 and
while the electric dipoles are unknown at present the part of the molecule that
undergoes ET is very similar to PNA where the ground and excited dipoles are 6D and
13D respectively.
A common method for observing photoinduced electron transfer and measuring
the rate is to start the process by exciting a molecule in solution with a high power
pump pulse. A weaker probe pulse is delayed and sent through the excited region of
the solution. The electron transfer process changes the absorptive properties of the
molecules. Scanning the delay of the probe pulse will thus reveal a change in
absorption at the time that the high power pulse is incident. This was the method used
by Barbara et al to study electron transfer rates in Betaine-30 [10]. The results show
the change in absorption upon excitation to follow the response of the system i.e. the
forward electron transfer rate is too fast to be measured as described above. The return
of the absorption to its initial state follows an exponential decay and the rate of this
process is used to calculate the back-ET rate. The rate is dependent on which solvent
betaine-30 is dissolved due to solvent response. Solvent response can be explained by
imagining an unexcited betaine-30 (b-30) molecule surrounded by several solvent
molecules. The b-30 molecule is in its ground state but has a large dipole moment
(15D) and the solvent molecules align themselves in the field generated by the b-30
dipole accordingly. When the b-30 molecule is excited the direction and size of the
dipole moment changes instantaneously and dramatically. The solvent molecules take
time to respond to this change and realign themselves with the new field. The time
taken for the reorientation is known as the solvent response. Since the forces generated
by the solvent molecules will have an effect on the b-30 molecules the rate of the
electron transfer as well as the overall polarisation of the liquid is affected.
Here the charge transfer process is measured by observing the field emitted by the
charge motion itself. The first observation of such an emission from betaine-30
dissolved in solution was by Beard et al [11]. This method does not have to rely on
spectroscopy but can directly measure the amount of charge transferred. Calibration of
the apparatus should allow for the direction and magnitude of the charge transfer. We
have improved both the experimental and theoretical approach.
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Figure 6.1
(2,6-diphenyl-4-(2,4,6-triphenyl-pyridinio)phenolate)
or
Betaine-30
(Reichardt’s dye) has a ground state dipole of 15D while the excited is –9D. Undergoing
optical electron transfer this molecule therefore experiences a large and immediate dipole
change upon excitation i.e. it experiences a large and fast polarisation change. This results in
an easily measurable electromagnetic field emission.

Figure 6.2
(-)-2-(α-methylbenzylamino)-5-nitropyridine or MBA-NP (C13H13N3O2)
crystallises in the monoclinic space group P21. The unit cell has dimensions of a=5.392A,
b=6.354A, c=17.924A and β =94.600. The molecule is butterfly shaped containing two
aromatic rings at 84.60. Charge transfer occurs between the NH (donor) and NO2 (acceptor)
groups. The angle between the charge transfer directions and the <010> axis is 33.450 in both
cases.
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6.1.2 THz generation by electron transfer
In Chapter 3 we saw that a change in the polarisation could lead to the emission of
a THz pulse. It was realised that a sufficient change in polarisation could also be
caused by electron-transfer in an appropriately chosen molecule [11]. In molecules
such as Betaine-30 and MBA-NP, when we excite the molecule we get an
instantaneous charge-transfer and change in the polarisation. Dissolving the molecule
in an appropriate solvent and placing the solution in a glass cuvette allows us to easily
excite it with a laser at 800nm and cause a change in polarisation that will result in
electromagnetic field emission. There is one vital piece of information that we have
not included yet is the orientation of the molecules. The molecules in a liquid are
randomly orientated and while they will emit an electromagnetic field upon excitation
the electric field vectors will destructively interfere cancelling out the entire signal.
There are several ways to align the molecules. In the first experiments we apply a DC
voltage across the cuvette using the pulsed voltage supply described in Chapter 2. The
voltage increases the probability of the molecules lying along the direction of the lightpolarisation increasing the number excited. More importantly the dipoles lying close to
or along the light polarisation axis are encouraged to point in the same direction
reducing destructive interference. The long 100ns voltage pulse is essentially DC when
compared with the excitation pulse. A DC supply would also align the molecules but
in addition to a lower breakdown voltage a current flowing through the solution would
have unwanted effects. The voltage and excitation pulses are synchronised with a
simple electronic delay circuit (see Appendix). In order to calculate the fraction of
molecules aligned by the applied voltage we consider a molecule with ground state
dipole moment, µ g , in solution. The Boltzmann distribution for the molecule in an
applied field E is,
βµ E cosθ

e− βU e g
βµ E cosθ
=
, Z = ∑e g
,β= 1
(6.2)
k BT
Z
Z
θ
Assuming the electron transfer axis lies along the dipole moment the emitted
f (θ ) =

electromagnetic field will also lie across the dipole moment. If we then excite the
molecules and detect the emitted field along the same axis that we apply the voltage
(for simplicity it is henceforth labelled as the x-axis), we can easily calculate how the
signal strength depends on the applied voltage. Firstly the probability of a dipole at
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some angle to the x-axis being excited is represented by a squared cosine [12].
Secondly, if a dipole is excited then the emitted electromagnetic field caused by the
transferring molecule must be projected onto the x-axis for detection. This is
introduced by multiplying by a cosine. Therefore multiplying f (θ ) by cos3 (θ ) gives
the contribution that dipoles lying at any angle to the x-axis make to the overall
detected signal. Therefore the relative signal strength along the x-axis can be given by
π

A=

∫π f (θ ) cos (θ ) dθ
3

(6.3)

−

Where A = 1 for perfect alignment (e.g. Langmuir Blodgett film, see below). If we
apply zero voltage field ( E = 0 ) then the absolute contribution made by all angles is
the same but the orientation introduced by the cos (θ ) term results in A = 0. From this
equation it can be shown that with a typical applied voltage of 10 kV across a 1cm
cuvette A = 4.523 10-3.
Since it becomes impractical to use higher voltages due to arcing in air or the
liquid itself (which could have disastrous consequences) we look to other avenues to
improve molecule/dipole alignment. A solution would be to have a material whose
molecules not only experience charge transfer upon excitation but also are uniformly
aligned. This can be achieved by creating a Langmuir-Blodgett (LB) film with photoinduced charge-transferring molecules. This method can produce monolayers of
molecules sitting on a surface (of a glass slide perhaps) each of them lying away from
the surface (though not necessarily perpendicular). While several layers of molecules
can be built up, they tend to alternate in opposite directions and would therefore
destructively interfere producing no signal.
Note that for the case of a monolayer emission is generated in both directions. It
would require many layers of molecules to reach a thickness comparable to the several
orders of generation wavelength required for phase matching. In that case we would
only consider forward propagation. This would seem to be the case if we have a
charge-transferring molecule in crystal form with all the molecules aligned in a
specific direction. We should then be able to create a much stronger signal than that
attainable with solutions or LB films. It should be noted however that if the absorption
depth within the crystal is an order of THz wavelength (as it is in a photoconductive
antennas) then strong emission would occur in both directions.
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Figure 6.3
Excitation of a Langmuir-Blodgett deposited monolayer. The excitation light
(red) is partially reflected. Not that due to positioning of the dipoles the surface must be
excited at an angle. A charge-transfer generated electric field (blue) is emitted along the
transmitted and reflected excitation path.

As the excitation pulse propagates through an ET sample it is absorbed, exciting
the molecules and causing charge-transfer. Clearly then, higher absorption implies
more molecules are excited and emitting an electric field. There is a caveat however.
The solvent the dye has been dissolved in may absorb and/or have dispersive
properties in the THz region of the spectrum. The solution in such a case would be to
ensure the absorption depth is similar to the cuvette length or make it so small that
group velocity-mismatch (GVM; see chapter 3) can be neglected and detect the
emission from the back face.

Figure 6.4
A physical description of the polarisation change induced by direct electron
transfer in the molecule alone (Left) and the molecule dissolved in a solvent (Right).
Excitation at A leads to an instantaneous change in polarisation before a more gradual
realaxation The solvent response introduces an extra step from B to C in the second case.
(Inset): The interaction between a dipole and the polarised light exiting it is dependent on the
angle between them, θ dip . The probability of the light being absorbed follows a cosine-squared
distribution.
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Since the charge transfer in Betaine-30 is virtually instantaneous the polarisation
change is closely related to the intensity envelope of the excitation pulse and the
electric field emission is in the form of a THz pulse. A physical picture of the change
in the polarisation is hypothesised in Figure 6.4. Ignoring GVM and dispersion, such
an evolution of the polarisation would cause the signal to consist of a half cycle pulse
with the trailing edge determined by the solvent response.

6.2 Theory
6.2.1 The Calculation of THz Generation and Detection from a Liquid
In Chapter 4 we saw that we could analytically model THz pulses that were
generated by a change in the polarisation of some generation media by an excitation
pulse. With a general generation equation derived (equation (4.52)), we were then left
with the task of calculating the appropriate response function for the particular method
used. In order to calculate the response function for charge transfer in solution we first
consider the theory presented by Böttcher [13] which shows the effect of the
surrounding solvent on the field generated by the dipole.
Starting with the Onsager model [13] it is assumed the molecules in the liquid can
be represented as a spherical cavity inside a dielectric. The dipole moment of the
molecule as aligned along the z-axis and the cavity has a radius a. The radius of the
cavity is generally taken to be the “molecular radius” but as shall be discovered, in our
case the cavity radius does not make an appearance in the final result.
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Figure 6.5
The Onsager cavity model [13]. A spherical cavity surrounded by a
homogenous dielectric.

The potential due to an ideal dipole along the z-axis is,

φ=

1

µ

cos θ .
(6.4)
4πε 0ε r 2
Standard boundary conditions allow us to produce solutions for the potential
outside and inside the cavity,

φ1 =

3 µ
cosθ
4πε 0 2ε + 1 r 2
1

.
(6.5)
1 µ
2(ε − 1) µ

φ2 =
cosθ −
r cosθ 
4πε 0  r 2
2ε + 1 a 3

Combining equation (6.4) and φ1 from equation (6.5) it can be concluded that far
beyond the cavity radius the overall assembly of the cavity, dipole and dielectric
appear as virtual dipole given by the equation,

3ε
µ.
(6.6)
2ε + 1
Now we can use this to describe the static polarisation due to the dipole but for

µR =

THz generation we must now look beyond the Böttcher theory for an analytical
description of the dipole moment after excitation. We first consider the case of direct
electron transfer. We recall that this is when charge transfer, and the change in dipole
moment occurs instantaneously with the exciting pulse. There then follows an
exponential decay to the ground state at a rate, γ , dependant on both the molecule and
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the solvent in which it is dissolved. We therefore make the logical assumption for the
dipole moment in the time domain,

∆µ (t ) = G (t ) ⊗ θ (t ) ( µ e − µ g ) e −γ t .

(6.7)

Note that only the change in the dipole is considered. The generated THz pulse in
the far-field (where it will be detected) is dependent only on the derivative of the field
at the source (see chapter 4). The inclusion of Heaviside function, θ (t ) , prevents
dipole change before excitation. Fourier transforming (see Chapter 4) equation (6.7) to
the frequency domain give,
1
1
∆µ (ω ) = G (ω )∆µ
.
(6.8)
2π γ − iω
We then combine (6.6) and (6.8) which, after conversion to a polarisation, gives

the final response function.
1 N ∆µ 3ε (ω )
f (ω ) = N ∆µ R (ω ) = G (ω )
.
(6.9)
2πε 0 γ − iω 2ε (ω ) + 1
Where N is the number density of excited solute molecules. Note the addition of

ε 0 to the equation to correct the units. This equation can also be adapted for indirect
charge transfer, a process whereby the electron occupies an excited state before
undergoing the transfer. In that case equation (6.7) becomes,
∆µ (t ) = G (t ) ⊗ θ (t )∆µ ( e−γ t − e−Γt ) .

(6.10)

Where Γ is the (normally faster) forward charge transfer rate.

6.2.2 Angle Dependence in Crystals
The ultimate aim is to measure a THz pulse generated by the electron transfer in
the molecules within the crystal. Once we have a signal however, how do we ensure
that it is not just an optically rectified (see Chapter 3) signal? If the electro-optic
coefficient in the blue region of the spectrum is the same as the red then exciting with
pulses at either wavelengths should generate an identical OR signal. However there is
a caveat. The MBANP crystals absorb all light below 450 nm and the absorption will
change as the crystal is rotated meaning the angle dependence will differ from the
800 nm optically rectified signal. The angle dependence of the electron transfer signal
will also undoubtedly differ from the optically rectified signal. Therefore it is possible
that by measuring the angle dependence experimentally and comparing it with the
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theoretical model we can label the detected signal as either optically rectified or
electron transfer generated.
Since the molecules in crystals are essentially static compared with liquids they
are not rotated with voltage and we are left with the question of how the signal will
change with different orientations of the crystal.
For a signal generated by electron transfer, the angular dependence in a regular
isotropic crystal is the simplest of all cases since the electric fields emitted will all
cancel each other out and the total field will be zero. At the opposite end of the
spectrum there is the situation where all the molecules in the crystal are aligned in the
same direction and in the plane of incidence. In this case the generated signal simply
depends on the absorption and therefore follows a simple cos2 distribution [12].
In between these two cases we have the situation where we know the unit cell and
the directions of the charge-transfer axis within. In this case we can calculate the
angular dependence of the generated signal using vectors to describe the chargetransfer direction and rotation matrices to rotate in any direction. For the case
presented here the pump light was polarised along the b-axis and propagated along the
c-axis. The crystal was then rotated around the c-axis. The unit cell of MBA-NP was
obtained in computer file format. The positions of the two donor and acceptor pairs in
the unit cell (see Figure 6.2) could then be obtained as (x,y,z) coordinates and the
charge-transfer vectors defined. The vectors were then placed into Mathematica where
the application of the rotation matrix,
 cos θ

 − sin θ
 0


sin θ

0

(6.11)
cosθ 0  ,

0
1
was used to rotate the vectors around the z-axis. Since MBA-NP has two molecules in

the unit cell we have two ET vectors and the dependence of the electron transfer signal
follows
cos3 θ ET 1 + cos3 θ ET 2
(6.12)
With the angle between the vectors and the light polarisation ( θ ET 1 and θ ET 2 )
being calculated separately via the dot product. The cos3 θ term comes from the
probability of absorption ( cos 2 θ ) and the projection onto the detection ( cos θ ) axis
that, in this case, lies along the pump polarisation.
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Note that in a birefringent crystal this rotation theory is not correct. It is only
applicable where the absorption depth is small enough to reduce the phase shift
between the axes. If the signal is generated such that there is a significant proportion
along the a-axis, then the light will be emitted with an increasingly elliptical
polarisation as the crystal length is increased. In either case, the generated field will
still have to propagate along a finite length of crystal and will therefore have its own
polarisation changed further.

6.2.3 Dielectric functions
In order to simulate the terahertz pulses generated by either charge transfer or
optical rectification, an analytical dielectric function is required. Absorption and
refractive index spectra for each of the generation samples used was taken (see the
experimental section further on) and an analytical fit produced according to the
procedure explained in Chapter 4.

126

6.3 Experimental
The experiments described in this chapter used the TOPS Alpha 1kHz system
(Chapter 2). This produced circa 40-70fs 0.4mJ pulses at a repetition rate of 1kHz. The
system was newly installed prior to experiments being performed and the unavoidable
“teething” problems of such advanced equipment resulted in the beam parameters
varying quite a bit throughout. The two important variations were the diameter and
power of the beam. The beam diameter varied between 1-2 cm and the power between
400 and 850 mW. The only impact of these variations was to reduce signal to noise.

6.3.1 Experimental Layout
In Chapter 4 we saw that whether close to or far away from a THz generator the
observer will see a signal that consists of all the electromagnetic fields emitted from all
the excited molecules. If the observer distance from the cuvette is short (e.g. about the
same as the excited width) however, then the path length from the excited molecules
on the edge will be much different when compared with the ones in the centre. This
means that the emitted fields are not in phase with one another. Interference will give
rise to a field that does not represent that which was emitted from a single molecule.
At infinity all the path lengths are the same and constructive interference causes the
observer to see an electric field comparable to that emitted by a single molecule. The
question then arises: when can we assume the path lengths to be the same? i.e. when
do we evolve from the near-field to the far-field. The answer is an awkward one and
several authors use the same definition that Hecht [14] uses. That is that the far-field is
2
reached at a distances greater than d = A

λ , with A as the aperture width.

Of course there is another situation other than infinity that all the path lengths are
the same: focussing. Placing a lens before the generator means the optical pump has a
curved wavefront in the generator. The THz beam is then generated with the same
curved wavefront and it too will focus (see Chapter 4). The configuration of the setup
is shown in Figure 6.6. The THz generator is placed 2-4 cm after a 10-cm focal length
lens. So if the pump beam is 2cm wide and the generator is placed 2cm after the lens a
1.6-cm wide THz beam is generated that should focus to a point 8cm away. A highenergy 95/5 beam-splitter from CVI transmitted a gate (probe) beam that was
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focussed, by a 20-cm focal length lens, to a point 1mm before the detection crystal.
This gave the gate beam a larger diameter in the crystal. The high peak power of the
femtosecond pulses meant that ND (value 2.5) filters were still required to reduce the
power of the gate beam. ITO coated glass was used as a dichroic mirror to combine the
THz beam with gate beam. The ITO beam splitter was cut from a sheet of glass upon
which a thin layer of Indium Tin Oxide had been deposited. The layer is thin enough
so as to be invisible to the naked eye but, as it is a conductive surface, reflects most of
the THz field. Reflecting the THz beam while transmitting the gate beam allowed them
to be collinear through the detection crystal. The THz beam is diffraction limited at its
focus in the detection crystal but due to its longer wavelengths, is still much larger than
a focussed 800nm beam. The bigger gate beam used here therefore detected more of
the THz field giving much better signal to noise.
In order to generate a signal from charge transfer in MBANP the molecules should
be excited on resonance. The MBANP crystals absorb all light below 450 nm and
therefore a 200-µm thick BBO crystal was placed in the pump beam to create a 400nm 2nd harmonic signal. The BBO, and subsequent glass filter (a Newport BG 40) to
absorb the fundamental, were placed before the pump lens. The set up was built for a
3-W 1-kHz laser and therefore lacked focussing elements for the BBO. Running below
specification, the laser output was only 400 mW and this resulted in the generation of
only 1 mW of 400-nm light.

Figure 6.6
The configuration for the generation and detection of THz pulses generated in
this chapter. A High energy 95/5 Beam Splitter from CVI was used to split the beam from the
laser into two parts. The pump beam passes through a chopper at 500Hz and a delay line to
allow scanning of the THz beam.
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The cuvettes
THz pulses are significantly absorbed by water and therefore due to their high
water content normal glass cuvettes cannot be used. The cuvettes used in the
experiments were Starna Cells from Optiglass Ltd. and the material is their own
Infrasil Quartz. This material has excellent transmitting properties at THz frequencies
(see Figure 6.8).

Figure 6.7
A typical configuration of an Infrasil quartz cuvette used in the experiments
(left). The pathlengths used were 0.1, 0.2 and 1mm. The “looped wire” electrode configuration
is shown left. Cut strips of brass shim were used for cuvettes less than 1mm and in both cases
Blue-Tack sealed the cuvettes from the air. The magnified region is an artistic impression of
dipole alignment with a high voltage bias applied. In practice an alignment as successful as
this could not be achieved without arcing between the electrodes.

The cuvettes (Figure 6.7) had internal path lengths of 0.1-1 mm and a width of 12 cm. Several of the thinner (<1 mm) cuvettes came as a two-piece set. That is, the
front face was removable to allow for easier cleaning. The electrodes were either thin
copper wire of diameter 0.2 mm or brass shim of thickness 0.05 mm and above. The
copper wire had an insulating varnish that was removed from the area just below
surface of the liquid. The copper wire was looped round and the few remaining
centimetres outside the cuvette twisted around itself. Both ends of the wire were
soldered onto a metal foot leaving no sharp edges exposed and therefore increasing the
voltage required for emission of corona. Emission of corona or arcing across the
electrodes introduces unwanted effects into the experiment not to mention the obvious
dangers. The maximum applicable voltage was approximately 16 kV/cm.
Due to the lack of thin enough wire, brass shim was used for the electrodes in the
thinner (<1mm) cuvettes. The shim was cut into thin strips and inserted into the
cuvettes to produce the same exposed area of liquid as with the wire electrodes. The
top of each shim was taped to opposite faces of the cuvette with conductive tape and
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connection to the voltage supply was provided via crocodile clips. The sharp edges of
the shim inside the cuvette limited the maximum voltage to about 10 kV across the 6mm gap.
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Figure 6.8
Comparing the Fourier spectra of THz pulses transmitted through Infrasil
cuvettes (~2 mm of material) with those propagating through air reveal the excellent
transmission properties of the material. The pulses were generated in MBANP and detected in
ZnTe.

Alignment
Firstly the two beams from the beam splitter were aligned so that it passed through
the pump and gate lenses in the proper manner. Most importantly it was verified that
the position of the pump beam did not change as the delay line was scanned over its
full range. The delay line is placed in the pump beam as this removes the squinting
effect seen in the FTIR experiments (Chapter 5). In that case the delay line was in the
gate beam where, due to the small signal levels, even small misalignment of the delay
line caused a background “squint” to appear. This is ultimately due to the laser spots
on the balanced diodes spatially shifting and causes the detected pulses so follow an
upward (or downward) slope as the delay position (time axis) increases.
Once proper alignment through the lenses was verified the <110> ZnTe detection
crystal was put in place. There was no THz generator in place yet and therefore ND
filters were placed in the pump to avoid burning the ZnTe crystal. The strength of the
ND filters in the gate beam were chosen so that the gate power was just below that
required for 2-photon absorption in the ZnTe crystal.
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The ITO beam splitter was then placed in the beam. Using the visible laser beams
the algnment of this was verified by ensuring the gate and pump beams overlapped in
the near and far-field regions. The ZnTe crystal was translated to ensure its position
was at the focus of the pump. The pump beam was then blocked with a piece of
standard printer paper.
The lens before the quarter-wave plate was then placed to collimate the gate beam.
The co-linearity of the pump and gate is checked and the quarter wave plate placed in
the beam. Observing the signal from the diodes on an oscilloscope, the quarter wave
plate was adjusted to give an even signal on both diodes.
The THz generator, be it antenna, liquid or crystal, was placed 2-4cm from the
pump lens. A piece of standard printer paper placed between the THz generator and the
ITO beam-splitter blocked the pump beam (λpump= 800 nm) while transmitting the THz
pulse with no observable effect. The voltage supply sat on a 15cm high shelf above the
delay stage so as to be as close as possible to the samples. In this experiment the
photoconductive antenna was used solely for the synchronisation of the voltage supply
and alignment of zero delay (sychronisation of the time of arrival of the THz and gate
pulses in the detection crystal). Synchronising the voltage pulse with the laser pulse
was achieved by triggering the supply from the first delay of the Medox Pockels Cell
in the laser. Since this occurs before the laser pulse reaches the set up a home-built
variable electronic delay line (see appendix 2) further delays the trigger. The
photoconductive antenna will be excited every second laser shot as the pump beam is
chopped at half the laser repetition rate (0.5kHz versus 1kHz). The antenna is rendered
conductive when excited and the voltage supply cannot provide the power output
needed to sustain the high voltage across the short circuit. Thus at the point of
excitation the voltage pulse, when measured by a voltage probe, will be seen to “crack
down” on the oscilloscope display (Figure 6.9).
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Figure 6.9
The high voltage pulse “crack down” when biasing a photoconductive
antenna. Due to the antenna being excited only every other voltage pulse, two voltage pulses
are superimposed on the oscilloscope screen. The “crack down” is a failure of the supply to
provide enough power. The main peak during normal operation is 100ns long (see chapter 2).

Taking Data
The Melles-Griot Nanomover was controlled by Pepé (Chapter 2) and a National
Instruments ADC card used to sample the signal from the gated integrator.
The signal cable from the diodes was hooked up to the boxcar gated-integrator.
The signal cable was heavily shielded to block out noise from the pulsed high voltage
supply and the high voltage supplies in the laser system. A single scan was generally
built up with each point sampling 1000 laser pulse pairs. The data was then averaged
several times with each point therefore comprising of several thousand laser pulsepairs.

Sample Preparation
Acetonitrile, (1,3)-dichlorobenzene and betaine-30 were purchased from SigmaAldrich and used as received. The chloroform and glycerol-triacetate (GTA) were
taken from local lab stock.
The samples were generally prepared directly before the experiment was
performed. With the exception of GTA, in which the dye found it more difficult to
dissolve in, the data presented here is from such preparation. In GTA the samples were
left for over 48hrs after 20 minutes in an ultrasonic heat bath, to give the dye time.
While the data presented here for the other solvents was from rapid preparation, it
was discovered to have no discernable effect to use samples several days old.
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6.4 Results
6.4.1 THz generation from Electron-Transfer in Liquids
The THz pulse emission from electron transfer was observed from Betaine-30 in
several solvents. As a general rule, while Betaine-30 is dissolved more easily in polar
solvents, THz frequencies are more absorbed by them. Therefore it is better to use
thinner cuvettes where possible. In some polar solvents (e.g. acetonitrile) the
absorption at 800nm is not high enough to produce the required signal to noise and
only data for the longer 1mm cuvettes is presented.
In Figure 6.10 we see a typical single-cycle pulse generated by electron transfer.
The solvent used here was (1,3)-dichlorobenzene. The absorbance at 800nm was 2.0
(99% absorption) for this 1mm path length sample resulting in a strong signal.
The next solvent, chloroform, is another good candidate due its small effect on
THz frequencies and its high solubility in Betaine-30 Figure 6.10. The absorption at
800nm is extremely high in chloroform. So high in fact that for even 0.1mm path
length cuvettes it was off the scale of the lab spectrometer (a Perkin Elmer UV/VIS
Lambda 2), which saturated at an absorbance level of 3.7. Therefore the percentage
absorption of the sample was more than 99.98%.
The time domain results from several electron transfer results were numerically
Fourier transformed to give the frequency spectra shown in Figure 6.12.
The high absorption of the pump beam in the Chloroform and DCB reveals itself
in the good signal to noise ratio. Solvents such as GTA and acetonitrile where the
pump absorption was typically about 50% give much poorer signal-to-noise ratios.
The notable differences are signal to noise and the shape after the two main peaks.
DCB and Chloroform have clear oscillations after the main single-cycle pulse,
which are probably from the generation process [15].
Acetonitrile is extremely polar and consequently highly absorbing at THz
frequencies. This high absorption of the THz pulse probably leads to the detected
signal consisting largely from fields generated in the last regions of the cuvette sample.
This would then explain why the field generated in the acetonitrile has no oscillations:
It does not propagate long enough to experience walk-off between the exciting and
generated pulse. It was also discovered that acetonitrile samples must be used with
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well-sealed single-piece cuvettes. The low viscosity of acetonitrile meant that twopiece cuvettes could not be used, as the acetonitrile would evaporate before the signal
could be properly averaged.
The presence of the oscillations after the main single-cycle pulse in the 200-µm
choloroform sample (Figure 6.10) further enforces the oscillations being due to walkoff and not dispersion of the THz pulse itself due to the similarity of the pulses: The
absorption depth (and consequently generation depth) is the same in both cases, being
before the end of the cuvette.

Figure 6.10
The electron transfer signal from Betaine-30 (Reichardt’s dye) in (1,3)dichlorobenzene (DCB) and chloroform.The signal to noise ratio is significantly better from
the 1mm cuvette in chloroform. The absorption of the 800-nm excitation light was 99% for
DCB and >99.98% for the chloroform samples.
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Figure 6.11
The signal response to voltage in DCB. The red scatter graph shows the peak
signal with voltage. The red line is a fit to the scatter plotted through zero. It was discovered
that the signal dependence was linear for voltage and intensity changes.
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B-30 in (1,3)-Dichlorobenzene (1mm)
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Figure 6.12

The absolute Fourier spectra of several ET-THz time-domain data.

The THz absorption of each of the solvents used was measured using the same
optical set up. The Infrasil quartz cells used in the THz generation part of the
experiment were placed after the THz generator and measured with and without
solvent. The THz generator used here was (001) MBA-NP with the THz pulses being
generated via optical rectification at 800nm (see Section 6.4.2).

6.4.2 THz Generation in the Organic Crystals MBA-NP via Optical
Rectification and Electron Transfer
The organic crystal (-)-2-(α-methylbenzylamino)-5-nitropyridine (MBA-NP) is
2P2 monoclinic and the samples used were cleaved in the (001) plane and illuminated
along the <001> axis. The samples were kindly donated by R. T. Bailey from the
Department of Chemistry in Strathclyde University and were either 0.2 mm or 3.4 mm
thick. The crystal has a high non-linearity and generates a stronger optically rectified
signal than the current best: ZnTe (Figure 6.13). The exact value of the electro-optic
coefficient along the b-axis (r22) is unknown and has only been stated as being greater
than 18.2 pm V-1 at 632.8nm [5]. The stronger generated signal in conjunction with the
easy growth1 [9] makes MBANP a viable contender to ZnTe as the commonplace

1

Crystals as large as 10 x 7 x7 cm are known to have been grown. It has been stated that MBANP is not
difficult to grow because of its L-shaped structure and strong H-bonding in certain directions as well as
a suitable habit.
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generator. The crystal may be limited in detection applications due to its natural
birefringence, though it has been shown that can be possible to overcome this [16].
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Figure 6.13
Optical rectification in MBA-NP and ZnTe (Left). The crystals were 0.2mm
and 0.5mm in length respectively and both were detected in a 0.2mm ZnTe crystal. The pulse
generated from ZnTe has been magnified 2.5X. Their corresponding Fourier spectra are shown
right.

A 200-µm BBO crystal and a filter absorbing the 800nm pump light (details) was
placed in the 800nm pump beam before the pump lens. The 2nd harmonic light
generated in the BBO was then absorbed in the MBA-NP crystal and generated the
signal shown in Figure 6.14 via electron transfer. The ground and excited state dipoles
in MBA-NP are 6D and 13D respectively. The emitted electromagnetic field should
thus be opposite polarity to Betaine-30 where the change is from 15D to –6D. We can
use the known direction of the dipole change to physically see the direction the
molecules currently lie in the crystal lattice. If the MBA-NP molecules were to be
dissolved in a liquid, we could confirm the opposite direction of the dipole change.
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Figure 6.14
The signal generated by electron transfer (ET) in 0.2mm MBA-NP when
excited on resonance (at 400 nm) compared with that generated by optical rectification (OR; at
800 nm). The Fourier spectra of both pulses are shown right. The data has been normalised and
the signal generated by ET is approximately 500 times weaker than that generated by OR.
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6.4.3 Rotating the MBANP Crystal
The MBA-NP was illuminated along the z-axis and it was around this same axis
that the crystal was rotated to check the angle dependence. The crystal was placed in a
Thor Labs rotation mount that gave an angular position accuracy of ±10 . The optical
delay in the pump beam was initially positioned at the point of maximum signal and
kept stationary throughout. The results are shown in Figure 6.15 for excitation with
both 800-nm and 400-nm pulses. The data for optical rectification is shown to
approximately fit a cosine cubed function while that from the electron-transfer has too
low signal-to-noise to accurately fit.

Figure 6.15
Measuring the peak of the detected signal while rotating the generator crystal.
The normalised data for optical rectification (OR) and electron-transfer (ET) are both shown.

6.4.4 Measuring the group index of MBANP and ZnTe at 800nm
The same set up used so far was used to measure the group index of MBANP at
800 nm. The 0.5-mm ZnTe crystal was used to generate a THz pulse. The MBANP
crystal was then placed in the gate beam and the change in the delay of the detected
THz pulse noted. With the b-axis parallel with the table (the position of maximum
signal emission) the shift in the THz peak was 1082 fs. The crystal is 200 µm in length
and therefore from the simple equation
d ∆n
(6.13)
c
Where ∆t is the shift in the peak, d the crystal length and c the speed of the light,

∆t =

we see that the change in the index ( ∆n ) gives rise to an 800-nm group index of 2.623.
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The MBANP crystal at 900 to the b-axis the measured time difference was 862 fs.
This gives a group index of 2.293 confirming that the crystal is birefringent. Rotating
the crystal through 1800 confirmed that no other (detectable) axes of refractive existed
in the incident (100) plane.
The group index of ZnTe was measured in the same manner with a MBANP
crystal used as the generator. The group index of the <110> ZnTe crystal used was
measured to be 3.23 at 800 nm.

6.4.5 Measuring the THz absorption of MBANP and ZnTe
To measure the absorption and refractive index of a sample at terahertz
frequencies, the sample to be analysed was placed in the THz beam before the ITO
mirror. The two signals with the sample in and out of the beam were compared and the
absorption and refractive index calculated by the in-house program Simplex. The
results analysed for 200 µm of MBANP and 500 µm of ZnTe are shown in Figure
6.16. The measured spectrum of ZnTe is consistent with previous publications [17]
while MBANP spectrum reveals a sharp phonon band at ~1.3 THz and a broader one
at ~2.25 THz.

Figure 6.16
The optical properties of MBA-NP and ZnTe at THz frequencies. The probing
THz light was polarised along the <010> axis for MBA-NP. The thicker lines correspond to
absorption while the thinner to refractive index.
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Birefringence in MBA-NP at THz Frequencies
The angle dependence of MBANP (Figure 6.16) indicates that the THz pulse
generation via optical rectification occurring along the <010> or b-axis is far stronger
than that on any other. When the excitation light is linearly polarised at an angle to the
b-axis the beam is split into two parts as it enters the crystal. The excitation light has
two axis of polarisation travelling down both of the birefringent axis. In the experiment
no THz pulse could be detected when the a-axis of MBANP was excited. Therefore,
for any angle at which we excite MBANP for optical rectification we can assume that,
as long as the polarisation remains perpendicular to the <001> axis, the generated THz
pulse is always linearly polarised along the b-axis.
When the terahertz signal emitted from MBANP is from charge transfer in the
MBANP molecules, the signal polarisation is dependent on the probability of exciting
either molecule in the unit cell. If the MBANP crystals are excited under an angle to
either the <100> or <010> axis then the light will be split into two linear polarisations
aligned with the <100> and <100> axes. Both of these polarisations will excite the
molecules and generate a signal. The two polarisations will become out of phase
however due to the birefringence and this will cause the emitted pulse to have a
complicated polarisation dependent on crystal length (that will also be different for
differing frequencies due to the non-uniform refractive index). The difference in the
refractive indices of each axis is enough to cause a shift of around half a pulse width
over a 200-µm crystal.
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6.5 Further Analysis and Summary
The signals generated by electron transfer signals were simulated using the theory
presented in chapter 4. Before the signals could be simulated however, the dielectric
properties at THz frequencies were needed. The absorption and refractive index of the
solvent/crystal was measured as described in section 6.4.5. Using the in-house
program, Simplex, the data was then fit as described in chapter 4. The refractive index
and absorption spectrum of MBANP was fit to a Sellmeir model giving phonon bands
at 1.30 THz and 2.22 THz. This is consistent with the experimental results above. For
simulation of ZnTe an analytical model for the dielectric function was taken from a
previous publication [17]. The equation is a simple harmonic oscillator model similar
to that used for MBANP. It includes two weaker phonon bands at 1.6 THz and
3.7 THz, as well as the well-known one at 5.3 THz. The 4 solvents used in the electron
transfer experiments, namely chloroform, (1,3)-dichlorobenzene, glycerol triacetate
and acetonitrile, were also fit to the harmonic oscillator function. Unless otherwise
stated, all of the simulated pulses include detection in 0.2-mm <110> ZnTe.
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Figure 6.17
The terahertz pulses emitted from charge transfer in betaine-30 dissolved in
several solvents. The pathlength of the cuvette used in each of these results was 1 mm.
Comparison of the terahertz pulses with the backward electron transfer rates show the little
dependence that the signal has on the rate. Each of the graphs have been normalised and offset
on the y-axis for clarity. The transfer rate for chloroform were taken from reference [18] while
the other 3 were taken from reference [10].
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Figure 6.18
Simulating the difference in the signal shape and strength with changing
electron transfer rates.
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MBANP 0.2-mm Simulation
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Figure 6.19
Simulating the generation of a THz pulse in MBANP by optical rectification
(OR) and electron transfer (ET). The top and bottom graphs are approximately the same
parameters as the experiments. This figure confirms the signal measured from MBANP when
excited on resonance to be from electron transfer rather than optical rectification. The
excitation pulse was a 200-fs FWHM Gaussian.
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Figure 6.20
Simulating the generation of optically rectified light with longer excitation
pulses improves the fit, especially in the frequency domain. The top curve uses 125-fs FWHM
Gaussian pulses while the bottom uses 250-fs FWHM. The experimental was taken using
pulses with 80-fs FWHM.
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Figure 6.21
In the electron transfer experiments the better fit was again produced by
increasing the length of the excitation pulse to 200fs and above. The simulation of the
chloroform data is very poor and is possibly due to a bad fit of the dielectric function. In both
cases the width of the main peak can only simulated by using longer pulses.
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Examining the results of the experiment using betaine-30 (dissolved in several
solvents) to generate a terahertz (THz) pulse by electron transfer reveals a clear
dependence on the solvent (see Figure 6.10). There was an increase in signal strength
but no discernable change in the pulse shape when either the concentration (from 6099.9% transmission) or applied voltage was increased (see Figure 6.11). Unfortunately
however the technique does not appear to allow for the measurement of electron
transfer rates as easily as first thought. Figure 6.17 shows the results for the different
solvents offset against each other. The pulses do not have an obvious relation to their
transfer rates. Examining our earlier hypothesis on the evolution of the polarisation in
direct electron transfer (Figure 6.4) we see that we the forward electron transfer (ET)
rate is virtually instantaneous and as such has a very large gradient. The THz signal
strength is highly dependent on the derivative (see Chapters 3 and 4) and hence the
gradient of this curve, the forward transfer generates a large part of the signal. The
back-ET is a slower process but has a large gradient at earlier time and therefore has an
impact on the signal. The lack of any discernable signal after a few picoseconds is due
to the gradient being so small at that time. Figure 6.18 shows there are only slight
changes in direct-ET as the back transfer rate is changed dramatically. In indirect
electron transfer the change in the signal strength is more dramatic but the shape
remains similar. This means that the rate is most likely to be measurable in an indirect
electron transfer process, and then only where the equipment has been properly
calibrated.
The measurement of electron transfer in MBANP (see Figure 6.14) shows that it is
possible to measure terahertz pulses from static molecules. Proving that electron
transfer generated the signal and not optical rectification at 400 nm could not be
proved using angle dependence as first hoped, due to the poor signal-to-noise ratio.
However Figure 6.14 reveals that the signal at 400 nm has a different signal shape
from the optically rectified signal. Confirming that such a shape cannot be generated
by optical rectification in the blue is shown in Figure 6.19.
When simulating the pulses measured in this chapter, the largest conflict between
the theory and experiment was the apparent length of the excitation pulse. In the
laboratory, the FWHM of the laser used for the electron transfer experiments, was
measured to be 40-fs at best and circa 100-fs at worst. However, as Figure 6.20 and
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Figure 6.21 both show, the theory does not match the experimental results
satisfactorily until a pulse length in the region of 125 to 250-fs is chosen. The data
from GTA and acetonitrile could not be reproduced at all, though this may have been
due to a poor fit of the dielectric function.
Summarising then, the results in this chapter show that, on the experimental side,
more work is required to improve signal-to-noise ratios. This is needed so that more
experiments can be performed on molecules that undergo indirect electron transfer,
which will emit much weaker fields. On the theoretical side, improvements to the
theory are needed to solve the problem over excitation pulse lengths. Possible ways to
achieve both these goals are suggested in chapter 7.
A very encouraging result was the detection of a THz pulse from electron-transfer
in static molecules. By varying the crystal orientation, the polarization of the exciting
light, and the detected polarization of the emitted THz field, it should be possible to
determine absolute orientation in space of the current associated with the electrontransfer process. Therefore, this technique presents a novel way to study the details of
charge transport.
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Chapter 7 - CONCLUSION AND FUTURE WORK
7.1 Summary of results
The main purpose of work presented in this thesis was to study near-field effects
of terahertz pulses. The main focus of the work is presented in chapters 4, 5 and 6 and
describe the simulation of terahertz pulses, the application of terahertz pulses to
studying faster-than-light phenomena in FTIR and the study of terahertz pulses
generated by electron transfer. The success of each of these projects is summarised in
turn.

7.1.1 Simulation of Terahertz Pulses
The first area of work to be presented was the theory of terahertz generation,
propagation and detection in chapter 4. This theory is vital in understanding the
meaning of the experimental results. The theory developed in chapter 4 is successfully
used to verify several experimental results e.g. confirming the field at the focal point to
equal that in the far-field or studying the viability of using terahertz pulses as a probe
for electron transfer.
The generation theory has a possible application to all generation processes and
this, in conjunction with its simplicity, makes it extremely versatile. The theory was
not without its problems however, and failed to match the experimental data unless the
length of the visible simulation pulses (the excitation and probe pulses) were increased
until they were two or three times that used experimentally.

7.1.2 FTIR: Faster-Than-Light Optical Tunnelling
The experiment results taken for chapter 5 had a clear progression to a welldefined goal – to use terahertz (THz) pulses to advance the discussion of faster-thanlight phenomena in FTIR. The conclusion from the results presented in chapter 5 was
that, while it was possible to advance more than a pulse width, the effect could never
be used for useful communication. This was mainly due to the contamination by
subluminal waves. There was however still a superluminal advance and apparent
violation of causality. Using THz pulses to study the effect wholly in the time-domain
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allowed these new results to be published and open the discussion for others to explain
the apparent violation.
The optical tunnelling section of this thesis encompasses a lot of work but is far
from complete. The history, theory and to a certain extent experimental side of the
subject leaves a lot of open questions and points for much further discussion. It may
then be asked why the work was not carried further forward at the time. The answer is
simply one of efficiency. The area of tunnelling is one that requires a lot of thought
and novel experiments to confirm the associated velocities and cover the issue of
causality. One can quite easily spend his or her lifetime studying the phenomena,
literally, till death. Rather than attempt to completely solve the issue of causality
violation, our approach was to take advantage of equipment we had available to
present new results to the community along with a suggested theory to advance along
the path toward an explanation. It was hoped the results would invoke a discussion that
would ultimately be a step forward to explaining the apparent violation of causality
and superluminal group velocities.
After publication in Physical Review Letters in February 2000, the paper received
several personal comments, published comments and several citations from other
authors with alternate interpretations on the results we had measured. The publication
can therefore be hailed as a success since it has performed its function to the full. The
experiment was not expected to solve the controversial issue over causality and
superluminal speeds. Nor was it our intention to publish the results and claim causality
had been violated, it was merely a question as to why causality appeared to have been
violated.

7.1.3 THz Pulse Generation by Electron Transfer
In chapter 6 the generation of terahertz pulses by electron transfer was explored.
The results compiled from studying the molecule betaine-30 in solution revealed
limitations with the method when studying direct electron transfer. While the method
has the ability to measure the electron transfer process directly (i.e. without a
secondary probe beam) the signal is largely made up from the initial instantaneous
transfer. Therefore, the rate of the back electron transfer cannot be measured easily
since the contribution it makes to the overall pulse shape is nearly lost in the noise.
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Measuring the signal from molecules in solution requires them to be aligned by a high
voltage and the advantages of the process are therefore most likely applicable to
molecules that undergo indirect electron transfer. Though this has yet to be verified
experimentally.
The aim of this chapter was to show that the THz pulse emitted from electron
transfer could be modelled accurately and therefore used as a tool to further understand
the process. The main advantage over spectroscopic techniques being the ability to not
only measure the process directly but also measure, after calibration the direction and
magnitude of the charge transfer.
The inability of the theoretical model to match the experimental data of the THz
pulses generated in GTA and acetonitrile remained unsolved. One hypothesis is that
the results are simply due to contamination of the solvent. If the dye molecule being
studied is easier dissolved in the solvent that has contaminated the main solvent then
small “islands” made up of the dye molecule surrounded by the contaminating solvent
may float in the main solvent. Adding more dye may not do anything, as it does not
easily dissolve into the main solvent.
The effect is best illustrated by example. Take the scenario where we have
chloroform as the first solvent and GTA as the second. This basically means we
measure the electron-transfer signal from the dye molecule in chloroform but with the
dispersion/absorption of GTA. In something like GTA we may not measure the solvent
response of GTA because of water contamination. If the exact ratios of such mixtures
are known, however, the effect may be exploited. In short we could perhaps measure
the emitted signal and corresponding solvent response time from a solvent that would
otherwise absorb THz frequencies. Acetonitrile is such a candidate. (Of course
development of such a tool would require more work beyond that of this thesis.)
The measurement of a terahertz pulse generated by electron transfer is a very
promising result. In all cases, calibration of the equipment should allow the magnitude
of the charge transfer to be measured. The use of static molecules that can be rotated in
the pump beam will allow the direction of the charge transfer to be studied in 3dimensions. This characterisation of the charge transfer process could be an exciting
new prospect in the future.
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7.2 Future work
7.2.1 Simulation of Terahertz Pulses
The simulation of terhertz pulses in generation and detection failed to match that
observed experimentally. The simulated pulses could only be made to match if the
simulated excitation and probe pulses were two or three times that used
experimentally. Experimentally, advances must be made in the signal-to-noise of
absorption data to give better analytical dielectric functions. The theory should be
compared with experimental results taken from other laser systems. If the issue is
theoretical then the issue over the length of the pump and probe pulses must be solved.
The problem may lie with the analytical dielectric functions or the plane wave
approximation of the waves inside the generation media. In the latter case, either the
experimental configuration should be altered to generate light with collimated beams
or the theory expanded to include the curved wavefront in the media. Another
possibility that could be investigated is the inclusion of the electrooptic coefficient as a
frequency dependent function, rather than a constant value.

7.2.2 FTIR: Faster-Than-Light Optical Tunnelling
As stated above it is our view that the experiments have been taken to a point
where it is more efficient to allow the discussion to propagate for a while before
undertaking more experimental work. However, further work that could be carried out
immediately would be to expand the simple theory to finite beams and integration over
all angles. It is possible that this may solve the apparent simplicity in which it is
possible to violate causality. Experimentally, advances in signal to noise could be used
to better analyse longer gap lengths and larger beams could be used to reduce the effect
of contamination by non-evanescent light in the gap.

7.2.3 THz Pulse Generation by Electron Transfer
In the experiments measuring the terahertz pulses generated by electron transfer
the most important advance that must be made is in the signal-to–noise ratios.
Improvements in the laser noise could improve the situation considerably but due to
the costs possibly involved, four recommended improvements are:

153

1.

As discussed in chapter 3, the introduction of a variable compensator plate
to the electro optic detection can remove any strain birefringence in the
detection crystal.

2.

The introduction of single shot laser noise measurements has also been
used by other research teams to reduce noise. This would require the use of
another gated integrator to record the laser light level and adjust the signal
measured for that laser shot depending on the laser power deviation from
its “average” power.

3.

Adjustments to computer code can also reduce the noise. Each point in the
acquired terahertz pulse may be made up of thousands of laser pulses.
Several of these laser pulses may have extremely low powers causing a
large shift in the average. A simple statistical analysis and removal of these
points could increase signal to noise if large noise spikes from the laser
exist.

4.

Larger apertures can be used to create larger signals. The high voltage
pulse supply can be increased to voltages as high as 250 kV to produce
larger signals for studying electron transfer in aligned molecules in
solution.

With these improvements in place it should then be possible to advance the study
to molecules which undergo indirect electron transfer and characterise the charge
transfer process of static molecules like MBANP in 3-dimensions. The creation and
study of monolayers or other configurations whereby the charge transferring molecules
are held statically is also recommended.
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Appendix 1 – PROGRAM SOURCE CODE
Each of the programs written for acquiring or analysing data was programmed in
Borland C++. Due to the length of the programs as a whole only the non-standard code
considered relevant is presented here.

1.1 The Pepé Acquisition System
The program for the Pepé data acquisition system described in Chapter 2 was used
to acquire the results presented in chapters 3,4 and 6. The routines for moving the
Melles-Griot Nanomover delay stage, file input and output and other such trivial lines
code are not included.

1.1.1 Round Robin Data Acquisition Routine
Chapter 2 described how the data acquisition system operated in a “round-robin”
configuration. Selecting the number of channels, n (from 1 to 8), caused the ADC card
to sample the channels from n-1 through 0.
GetReadingADC Code Start:
double _fastcall GetReadingADC(unsigned long DataCount,
short Gain)
//Function will compare Datacount laser pulse pairs.
//Looks at the chopper output to check for errors and get phase
//right.
{
if (DataCount>3999) DataCount=3999;
int ChopperStatus;
short
Status = 0,Device = 1,
StartTrig = 0,
//start aquisition after button pressed as opposed
//to waiting for trigger.
ExtScan = 2,
//Selects external trigger for controlling scan interval.
BitBuffer[16000],
//Stores reading as integer bits. Converted to voltage later.
DAQstopped=0,
NoChans=2,
chopStat=-1,
sampTimebase=2;
unsigned short sampInterval=2, scanInterval=100;
unsigned long
SampleCount=4*DataCount,
LastRetrieved = 0;
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bool
DataStop=false;
short
scanorder[2]={0};
double
BitData=0;
Status = DAQ_Config(Device, StartTrig, ExtScan);
//Now that parameters are set, initiate data acquisition
Status =Lab_ISCAN_Start(Device,NoChans,Gain,BitBuffer,
SampleCount,sampTimebase,sampInterval,scanInterval);
while ((DAQstopped !=1) && (Status == 0) && (DataStop==false))
{
Status = Lab_ISCAN_Check(Device, &DAQstopped,
&LastRetrieved,scanorder);
}
DataStop=true;
//Now that the data is acquired the array must be sorted and the
//data averaged.
//Array should be of the form:
//chopper,boxcar,chopper,boxcar,chopper,....
if (BitBuffer[0]<BitBuffer[2]) chopStat=1;
for(unsigned i=1,db=0;i<SampleCount;db++,i+=4)
{
BitData+=chopStat*(BitBuffer[i]-BitBuffer[i+2]);
}
BitData=4*BitData/SampleCount;
Status = DAQ_Config(Device, 0, 0);
Status = DAQ_Clear(Device); //Reset ADC Card
ChopperStatus=CheckChopper(BitBuffer,SampleCount);
if(ChopperStatus>0) return 0.180278;
//if this number is returned the delay stage does NOT move
//and this routine is called again
else return (BitData/2048)*(5.0/double(Gain));
}
Code End:

It is important to note that the variable chopStat is initially –1 and changed to 1 if
the first chopper position is low. This keeps the data taken at each delay stage position
in phase with one another. Also note the call of the function CheckChopper at the end
of the routine. This function checks the consistency of the 0,1,0,1,0,… nature of the
chopper and returns the number of elements not in line with the first point. If any
inconsistencies do exist then the above code returns the value 0.180278. The main
routine will then abort advancing the delay stage and take the point again by recalling
GetReadingADC().
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1.2 The Huygen-Fresnel Diffraction Integral Code
This code was used to simulate the propagation and focussing of a pulse from an
aperture. The main routine is that of the Huygen-Fresnel diffraction integral.

1.2.1 The HF-Integral
HuyFres Code Start:
double _fastcall HuyFres(double xpos, double zpos, double t)
{
double xi,r,theta,result=0;
//calculating the integral
for(xi=-0.02;xi<=0.02;xi=xi+stepsizex)
{
double one,two;
r=sqrt(((xpos-xi)*(xpos-xi))+(zpos*zpos));
theta=atan((xpos-xi)/zpos);
one=ETHz(xi,t-(r/c));
two=ETHz(xi,t-(r/c)-(1e-15));
result=result+((cos(theta)/(2*PI*C*r))*(onetwo)*stepsizex*1e15);
}
return result;
}
Code End:

Note that ETHz() function that is an analytical form of the source term on the
generation aperture. The derivative is calculated by calculating it at two steps, 1
femtosecond apart. The program also allowed for files saved in other programs to be
used as source terms.

1.2.2 Pre-Focussing
This method was originally nicknamed as self-focussing and hence the name of
the routine. It was later renamed as pre-focussing due to the obvious conflict with nonlinear optics. The code presented here, however, is left in its original form.
HuyFresSelfFocus2D Code Start:
double _fastcall HuyFresSelfFocus2D(double xpos, double zpos,
double t,double focus)
{
//In this one the beam hitting the antenna has less than infinity
phase front.
//this means the optical beam is already focussing.
//
double rf,rf0,rfp; //used in last one
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double xi,yi,r,R,zoffset,theta,result=0,xmax,xmin,ymax,ymin;
xmax=HuyFresForm->XMaxEdit->Text.ToDouble();
xmin=HuyFresForm->XMinEdit->Text.ToDouble();
ymax=HuyFresForm->YMaxEdit->Text.ToDouble();
ymin=HuyFresForm->YMinEdit->Text.ToDouble();
//calculating the integral
//
R=0.0381;
//
R=focus; //use for all methods except last
R=sqrt((focus*focus) + (sqrt((ymax*ymax)+(xmax*xmax))));
//used in last
rf0=R-focus;
for(yi=ymin;yi<=ymax;yi=yi+stepsizex) {
for(xi=xmin;xi<=xmax;xi=xi+stepsizex) {
//This method modifies just the time used when the ETHz function
is called
//It assumes a curvature of the visible beam and that all points
along that beam
//propagate to the focus in the same time. See Word document for
more explanation
//The important note is the time difference for each x position
doesnt change when
//the observer moves.
//This produces logically shaped wavefronts and beam-widths in
focussing.
double one,two,xp;
xp=(xi*xi)+(yi*yi);
rf=sqrt((xp) + (focus*focus));
rfp=R-rf;
r=sqrt(((xpos-xi)*(xpos-xi))+(zpos*zpos)+(yi*yi));
theta=atan((xpos-xi)/zpos);
one=ETHz2D(xi,yi,t-((r+rfp-rf0)/c));
two=ETHz2D(xi,yi,t-((r+rfp-rf0)/c)-(1e-15));
result=result+((cos(theta)/(2*3.14159265358979*2.99792458e8*r))*(onetwo)*stepsizex*1e15);

}

}

return result;
}
Code End:

1.3 The Hombre THz Simulation Code
Chapter 4 describes the theory derived, and used, to simulate the generation,
propagation and detection of THz pulses. The two following sections of code were that
used for the generation of a pulse via optical rectification and the detection by electrooptic sampling.
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1.3.1 Generation by optical rectification
Here the main bulk of the routine calculating the terahertz pulse generated by
optical rectification is presented. The temp1 and temp2 variables are pointers to arrays
where the data is stored and after the Fourier transform routine will contain the time
and frequency-domain profiles of the excitation pulse. nOpt is the real group refractive
index of the generation medium. nOptC is the complex version which includes
absorption of the exciting light. The function nGen() will return the complex refractive
index at terahertz frequencies depending on the medium chosen (e.g. ZnTe, MBANP
etc.). Also note that the ComplexFFT() function (the fast Fourier transform routine) is
based on Fortran code and therefore the arrays are modified to start at 1 instead of 0 by
the subtraction of 1 to the pointers.
OpticalRectification: Code Start:
ComplexFFT(temp1-1,temp2-1,dt,1,NoPoints);
TextBox1->Lines->Add("Performed Forward FFT");
f0=-(NoPoints/2-1)/(NoPoints*dt);
df=1/(NoPoints*dt);
//temp1 now contains E(z=0,t) and temp2 contains E(z=0,w)
TextBox1->Lines->Add("Calculating Field at Generator output...");
//Here the variables are setup for the multiplication by the
frequence-domain response function
complex<double> outsideBit, expBit1, expBit2;
double omega;
bool reflect=SettingsForm->ReflectToggle->Checked;
//here the general equation with its response function is applied
for(i=0,f=f0;i<NoPoints;i++,f+=df) {
omega=-2*PI*f;
nOptC.__re=nOpt;
if(omega!=0.0 && pumpAbs!=1.0) nOptC.__im=log(1pumpAbs)*C/(omega*length);
else nOptC.__im=0;
expBit1=exp(I*(omega/C)*length*(nGen(omega)-nOptC))-1.0;
expBit2=exp(I*(omega/C)*length*nOptC);
//the -I*2*PI*f transforms it to the far-field.
//multiplying by i*omega is just the same as taking the derivative
//in the time-domain and since the far-field is the derivative of
the source...
outsideBit=-I*omega/(nGen(omega)*(nOptC-nGen(omega)));
temp3[i]=temp2[i]*expBit1*outsideBit;
if(reflect) temp3[i]=temp3[i]*(2.0*nGen(omega)/(1.0+nGen(omega)));
}
//this can be used to stop the pulse propagating beyond set time
limits.
//
for(i=0,f=f0;i<NoPoints;i++,f+=df) {
//
temp3[i]=temp3[i]*exp(I*2.0*PI*f*length/C);
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//

}

Say("..Finished. Phew.");
//return to the time domain
ComplexFFT(temp3-1,temp1-1,df,-1,NoPoints);
Say("Performed Backward FFT.");
Say("We are now in The Time Domain.");
Code End:

1.3.2 Detection by EOS
Here the main bulk of the code used to simulate the detection of terahertz pulses is
presented. There are two time domain traces that must be initially transformed to the
frequency-domain in this case: The probe pulse (typically a Gaussian envelope) and
the terahertz pulse. The detectExpr() function is the detection equation given in chapter
4.
EOSDetection: Code Start:
ComplexFFT(temp1-1,temp2-1,dt,1,NoPoints);
ComplexFFT(temp1b-1,temp2b-1,dt,1,NoPoints);
TextBox1->Lines->Add("Performed Forward FFT");
f0=-(NoPoints/2-1)/(NoPoints*dt);
df=1/(NoPoints*dt);
//temp1 now contains E(z=0,t) and temp2 contains E(z=0,w)
TextBox1->Lines->Add("Calculating Field at Detector output...");
for(i=0,f=f0;i<NoPoints;i++,f+=df) {
//convolution of the probe and terahertz pulse
temp3[i]=temp2b[i]*temp2[i];
//multiplication of the detection response function
temp3[i]=temp3[i]*detectExpr(2*PI*f,length);
}
TextBox1->Lines->Add("..Finished. Phew.");
ComplexFFT(temp3-1,temp1-1,df,-1,NoPoints);
TextBox1->Lines->Add("Performed Backward FFT);
}
Code End:
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Appendix 2 - TIMING DELAY CIRCUIT DIAGRAM
Displayed here is the diagram of the circuit used to delay the trigger pulse from
the laser. This circuit was used to synchronise the high voltage supply, which was
necessary for the experiments in chapter 6.
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Appendix 3 - TOPS “ALPHA” LASER SYSTEM
The TOPS “Alpha” laser system was the most modern regenerative amplifier used
for the experiments presented in this thesis. The main parts of its layout are presented
individually. Where relevant, the optics are labelled to allow the reader to follow the
beam path.

TOPS
“Alpha” Laser System

40fs
3W
1kHz

Compressor

20W YLF
1kHz 100ns 532nm
12W YLF
1kHz 250ns 532nm

Pump Beam
fs pulses

5W Verdi
Femtosource
790nm 20fs

Stretcher/
Pulse Picker
200ps

Double-Pass
Amp.

Pulse
Picker

Pulse Cleaner
Reg. Amp.

Figure A4.1 A diagram layout of the TOPS “Alpha” 1 kHz laser system. The stretcher also
supplies pulses to a 10 Hz system (not shown).
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legend
High Reflective
Mirror

Pulse
Picker
P2

Broadband Dielectric
Polariser
Pockels Cell

PC1

Half-Wave Plate
Photodiode

P1
Figure A4.2
every 1 ms.

This pulse picker allows a femtosecond pulse from the oscillator through

Regenerative
Amplifier

PC3

P4

Figure A4.3 The regenerative amplifier uses the pockels cell (PC3) to trap the pulse in the
cavity for. Note that the pulses from the pulse picker pass through the pulse cleaner before
reaching this first amplifier stage but the pockels cell (PC2) is not switched on at that time.
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M1

Pulse Cleaner
PC2

P2

P3
Figure A4.4 The pulse cleaner is an extra stage to remove any extra pulses that may have
been amplified and improve the polarisation of the beam.

Double-Pass
Amplifier

M1

Figure A4.5 The double-pass amplifier amplifies the beam by more than six-fold. The
output passes to the double-grating compressor.
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