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Supervisors’ Foreword

Particle accelerators have become indispensable tools in the search for new sub-
atomic particles, in medical therapy, and in materials inspection. While physicists
have been refining particle accelerators for over 80 years, their basic principle of
operation has remained the same as the first radio frequency (RF) linear accelerator
demonstrated by Rolf Wideröe in 1927. The use of RF acceleration techniques, and
in particular the use of RF accelerating cavities, limits the maximum acceleration
gradient. With accelerators on the multi-km scale, and a push for compact industrial
and medical accelerators, there is a desire for a reduction in the size and cost which
requires a new approach.

The acceleration of charged particles with ultrafast terahertz electromagnetic
radiation could improve many aspects of accelerator operation and lead to new
applications. In addition to overcoming the acceleration gradient limit, it could also
enhance our ability to synchronise an accelerator to an external laser and provide
shorter electron bunches for ultrafast time-resolved pump-probe spectroscopy.

In his thesis work, Matthew Cliffe developed terahertz radiation sources with
attractive properties for accelerator-based applications. These include a radially
biased large-area photoconductive antenna (PCA) that provided the largest longi-
tudinally polarised terahertz electric field component ever measured from a PCA.
While a number of approaches have been taken in recent years to develop such
sources in the terahertz spectral region, the longitudinal field amplitudes have typ-
ically been less than 30 Vcm−1, far below the field strengths required for particle
acceleration. The detailed characterisation work carried out by Matthew showed that
by using a 76-mm-diameter GaAs photoconducting antenna, a longitudinal com-
ponent with a peak amplitude of 2.22 kV cm−1 could be obtained. Matthew sub-
sequently used this radially biased PCA in conjunction with an energy recovery
linear accelerator at the Daresbury Laboratory for electron acceleration experiments.

To enable even higher longitudinally polarised terahertz electric field strengths
to be obtained, together with the ability to temporally tune the terahertz radiation,
Matthew explored the potential of nonlinear optical crystals for terahertz genera-
tion. Magnesium-oxide-doped stoichiometric lithium niobate (MgO:SLN) has
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become a popular non-linear material for use in the generation of linearly polarised
terahertz radiation with a high peak electric field strength. Terahertz sources with
electric field amplitudes in excess of 1 MVcm−1 have previously been realised by
employing a pulse-front-tilt pumping scheme to enable the coherent transverse
addition of the Cherenkov terahertz emission. Such sources are, however, linearly
polarised and produce only weak longitudinally polarised components when
focused. In order to apply these sources to accelerator applications requires con-
version to a mode with a strong longitudinally polarised component, such as a
radially polarised mode. As it is impractical to employ a radially segmented
MgO:SLN generation scheme with a single pump beam, Matthew developed a
novel scheme employing a matched pair of polarity-inverted MgO:SLN crystals.
The interferometric recombination of the two polarity-inverted terahertz pulses
effectively formed a Hermite-Gaussian 01 (HG01) spatial mode and enabled the
generation of longitudinally polarised single-cycle terahertz radiation with an
electric field amplitude of 11.7 kV cm−1. Matthew found excellent agreement
between the measured spatial, temporal, and polarisation properties of this source
and the results of terahertz beam propagation calculations. Furthermore, Matthew
showed that by using commonly employed techniques this generation method could
in principle be scaled to produce longitudinally polarised terahertz electric fields
with field amplitudes in excess of 1 MV cm−1.

Manchester Dr. Darren M. Graham
August 2016 Prof. Wendy R. Flavell

Dr. Steven P. Jamison
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Abstract

The acceleration of charged particles with ultrafast terahertz electromagnetic radi-
ation could enable new, and improve many of aspects of, accelerator applications.
These include providing shorter electron bunches for ultrafast time-resolved
pump-probe spectroscopy, enabling complex longitudinal profiles to be imparted
onto charged particle bunches, and significantly improving the ability to synchro-
nise an accelerator to an external laser.

In this thesis, I present investigations into terahertz radiation sources that enabled
the generation of terahertz radiation with attractive properties for accelerator-based
applications. Specific attention has been paid to temporally tunable sources that
generate strong longitudinally polarised electric field components as these enable a
free-space colinear interaction geometry to be implemented. A simulation
describing the propagation of radiation from such sources has been developed.
Terahertz sources have been designed, and the radiation generated is characterised
via electro optic detection. These include a radially biased photoconductive antenna
(PCA)-based source of which the longitudinally polarised terahertz electric field
component was found to have an amplitude of 2.22 kV cm−1 as well as a
near-single-cycle temporal profile. This radially biased PCA was used in con-
junction with the Accelerators and Lasers in Combined Experiments (ALICE)
energy recovery linear accelerator at the Daresbury Laboratory in an electron
acceleration experiment.

To enable higher longitudinally polarised terahertz electric field strengths to be
obtained, as well as the ability to temporally tune the terahertz radiation, generation
within nonlinear optical crystals was investigated. Magnesium-oxide-doped stoi-
chiometric lithium niobate (MgO:SLN) was investigated as a possible candidate
due to its high nonlinear susceptibility tensor and reported ability to impose tem-
poral tuning directly from the pump laser beam. A scheme consisting of two
MgO:SLN crystals, each generating a separate linear polarised terahertz pulse
which were then combined via a lens, was designed and built. Electro optic
detection techniques were used to characterise the radiation generated from this
source. Peak terahertz electric fields amplitudes of 11.6 and 47 kV cm−1 were
measured for both the longitudinally and transversely polarised field components,
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respectively. Temporal profiles measured from both the longitudinally and trans-
versely polarised electric field components showed electric field periods of
approximately 300 fs. This method of generating terahertz radiation employed a
pulse-front-tilt technique. Allowing for the same scaling as recently reported in the
literature for MgO:SLN generation techniques, which will in principle allow this
method to scale to longitudinally polarised terahertz electric field profiles in excess
of 1 MV cm−1.
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Chapter 1
Introduction

Ever since their conception in the late 1920s to early 1930s particle accelerators
have been extremely useful scientific instruments. Their applications range from
ultrafast pump-probe spectroscopy [1, 2], capable of unveiling the universe on the
smallest of time scales, to particle beam therapy [3], with the possibilities of
medical applications. All of these applications depend upon the properties of the
charged particles accelerated by the particle accelerator being accurately tuned. In
recent years there has been a drive to control the properties of these particles ever
more precisely and to push the limits of what can be achieved. Current particle
accelerators are capable of producing electron bunches with temporal durations on
picosecond timescales [4, 5]. These accelerators rely on radio frequency
(RF) electromagnetic radiation to provide an electromagnetic potential through
which the particles travel either gaining or losing energy depending upon their
relative phase.

As radio frequency (RF) electromagnetic radiation has a temporal period on the
order of 10s of nanoseconds it is very difficult to impose fine scale, i.e.
sub-nanosecond, temporal structure to accelerated particle bunches. It would be
attractive to use radiation with a shorter temporal period to impose a longitudinal
energy modulation or even direct acceleration, thus giving the produced bunches a
more tunable temporal structure. Lasers could be one possible solution to this
problem, commonly providing radiation with short temporal periods, down to
10s fs, and very high peak electric field strengths, in excess of 1 G Vcm−1 [6]. The
use of lasers for particle acceleration has been explored in recent years and prob-
lems that prevent it from being used within mainstream accelerators identified
[7–9]. The main problem with using radiation with such a short temporal period is
the phase slippage between the accelerating radiation and the charged particle
bunch. Due to the difference in the velocity of the accelerating radiation and the
charged particle bunch their relative phase will change as propagation occurs. If this
phase slippage becomes more than half a cycle of the accelerating radiation then the
section of the particle bunch that was previously experiencing a positive electric
field starts to experience an equal but opposite electric field thus undoing any effect

© Springer International Publishing AG 2017
M.J. Cliffe, Longitudinally Polarised Terahertz Radiation for Relativistic
Particle Acceleration, Springer Theses, DOI 10.1007/978-3-319-48643-7_1
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that was imposed upon it. This condition greatly reduces the feasibility and use-
fulness of the energy modulation of charged particles with optical laser radiation in
free space. Even with ultra-relativistic electron bunches with energies in the
25 MeV regime a longitudinal interaction region of only 3 lm is possible before
the electron bunch slips half a cycle out of phase. It would be ideal to identify a
frequency regime in which the temporal period was short enough to provide fine
scale temporal energy modulation but whilst being long enough to enable both the
radiation and charged particle bunches to co-propagate in phase [7].

Terahertz radiation is radiation which exists within the 0:1� 1012 and 10�
1012 Hz region of the electromagnetic spectrum. Pulsed electromagnetic radiation
within this region typically has a temporal duration on the order of 300 fs to 1 ps
and can be produced with only a single electromagnetic oscillation. Radiation with
temporal durations on this order would be able to propagate with a 25 MeV electron
bunch up to around 1 m before they slip more than half a cycle out of phase. This
distance is a vast improvement on the previous 3 lm possible with optical radiation.
Whilst terahertz radiation does not possess the ultra-short temporal periods that
optical laser radiation does it still has a temporal period much shorter than that of
RF radiation, and is still able to impose fine longitudinal energy modulations that
would either be impossible or extremely difficult with RF radiation. Possible
applications of being able to co-propagate terahertz radiation with particle bunches
and impose a longitudinal energy modulation include micro-bunching and laser to
particle bunch synchronisation. Micro-bunching would be very useful for appli-
cations that use accelerator driven ultrafast light sources as it would be able to
provide ultrafast radiation pulses with variable time delay between the pulses [7].
Such a concept can be seen in Fig. 1.1, where a single particle bunch is propagating
in a co-linear fashion with a terahertz pulse. An energy modulation is imposed upon
the particle bunch which then enters a set of bending magnets. As the particle bunch
travels through the bending magnets, particles with different energies take different
trajectories. They therefore take a different path length through the magnetic
structure and are separated in time. At the exit of the magnets the electron bunch
contains a longitudinal density distribution as a direct result of the energy

Fig. 1.1. Micro-bunching of
an electron bunch (green) via
the co-linear propagation with
terahertz radiation (red)
concept (Online color figure)
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modulation imposed by the terahertz radiation. This density distribution will then be
imposed upon any radiation that is produced by the electron bunch.

Accelerators are also increasingly being used in combination with lasers, as
either a light source, such as in pump-probe spectroscopy, or in conjunction with
laser radiation to generated new radiation, such as in free-electron lasers (FEL).
Such applications whilst requiring specific electron bunch properties as mentioned
above also require accurate synchronisation between both the accelerator and laser.
With the recent progress in laser based single-cycle terahertz generation methods it
is possible to see how terahertz radiation could be used in a post acceleration device
to provide sub-10 fs temporal stability between a laser and a charged particle beam.
Most of this recent progress has been aimed at increasing the peak electric field
strength or improving the efficiency. Whilst these attributes are important for
terahertz-accelerator applications the schemes listed above require the electron
beam to interact with a longitudinally polarised electric field component.
A terahertz source that combines both the high electric field strengths and polari-
sation states that allow for a dominant longitudinally polarised electric field com-
ponent has not yet been created. Within this thesis the development of such a source
is described, which involved both simulations and experimental characterisation.

1.1 Optical Generation of Terahertz Radiation

Optical generation of ultrafast single-cycle terahertz radiation can be split into three
sections. The first being the optical rectification and difference frequency mixing of
optical lasers within non-linear crystals, the second being the generation of terahertz
radiation by the photoexcitation of a photoconductive antenna (PCA) and the third
being plasma generation within air. Optical rectification was first demonstrated by
Bass et al. in potassium dihydrogen phosphate (KDP) using a 100 ns ruby laser [8].
Since then this technique has been used for many different applications within many
different fields, one of which has been the generation of terahertz radiation. The first
demonstration of terahertz radiation generation within non-linear optical crystals
was presented by Shen et al. in 1971 [9, 10]. This method used lithium niobate, a
commonly used electro optic crystal within the field of optics, to generate
picosecond pulses from a mode-locked optical laser. One of the most common
crystal types for the optical generation of terahertz radiation is zinc blende cubic
electro optic crystals such as zinc telluride (ZnTe) or gallium phosphide (GaP) cut in
a (110) orientation [11, 12]. Terahertz generation within (110)-cut ZnTe typically
uses an ultrafast femtosecond laser with a central wavelength of 800 nm and pulse
durations on the 25–150 fs range. Typically radiation generated with such laser
pulses within ZnTe has a frequency range of 0.1–3 THz and has pulse energies on
the nJ scale [13]. Recently advances in pushing the pulse energy and electric field
strength to even higher levels have been presented [14, 15]. ZnTe has a low satu-
ration level due to the two-photon absorption that occurs at 800 nm. These advances
have therefore taken the guise of increasing the crystal size and pump area [14, 15].
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To date one of the highest terahertz pulse energies recorded from a ZnTe based
source is 1:5 lJ. This was reported by Blanchard et al. in 2007 [14]. In this paper
Blanchard et al. reported using a 75 mm diameter 0.5 mm thick (110)-cut ZnTe
crystal in combination with a 48 lJ, 800 nm, 45 fs optical laser pulses. It is reported
that terahertz radiation with a pulse energy of 1:5 lJ was generated leading to an
efficiency of 3:1� 10�5. This efficiency is more than one order of magnitude greater
than the efficiency, 1:5� 10�6, that was obtained from the excitation of small area
ZnTe crystals by Kitaeva [13]. Given the large excitation region and relatively low
excitation pulse energy this suggests that this method could still be scaled further.

In recent years different electro-optic crystals have been used with the aim of
further increasing the generated terahertz pulse energy and electric field strength.
A number of polymer materials such as 4-dimethylamino-N-methyl-4-stabazolium-
tosylate (DAST), 4-N,N-dimethylamino-4′-N′-methyl-stilbazolium2,4,6-trimethyl
benzenesulfonate (DSTMS) and 2-(3-(4-Hydroxystyryl)-5,5-dimethylcyclohex-
2-enylidene)malononitrile (OH1) [16] are able to generate terahertz pulses with
bandwidths up to, and in some cases beyond, 3 THz [17]. These new polymer
materials have vastly improved the obtainable terahertz pulse energies and electric
field strengths with pulse energies of 62, 150 and 270 lJ which correspond to
electric field strengths of 6.2, 18 and 9.9 MV cm−1 being reported from DAST,
DSTMS and OH1 respectively [18].

In addition to polymer based crystals different non-polymer based crystals have
also been used such as lithium tantalite (LiTaO3) and most notably lithium niobate
(LiNbO3). LiNbO3 has a very large non-linear susceptibility tensor and so has the
capabilities of generating terahertz radiation with high pulse energies and electric
field strengths. Its advantages over polymer based crystals are not solely due to its
large non-linear susceptibility tensor, as in comparison to some polymer crystals,
such as OH1, the non-linear susceptibility is smaller. It is however more affordable,
can be pumped with wavelengths more commonly available in scientific labora-
tories, and it is more resistant to optical damage and environmental contamination.
There is however one drawback, in that the phase velocity in the terahertz regime is
much smaller than the optical group velocity. This causes the generated terahertz
radiation to slip out of phase with the generating optical radiation and gives rise to a
maximum interaction length of 50 lm, negating the positives related to its large
non-linear susceptibility tensor [13]. It was noticed that this effect gave rise to a
Cherenkov cone of terahertz radiation that trailed the pump pulse, however due to
the lack of phase addition the electric field strengths were as low as 10 V cm−1 [19,
20]. A solution to the lack of co-linear phase matching was suggested by Hebling
et al. in 2002 [21]. This solution was to apply a pulse-front tilt to the optical pump
beam. This technique enabled the projection velocity of the optical pump beam to
be tuned, as described by

vpo ¼ vgo cos cð Þ; ð1:1Þ

where vpo is the projected velocity, vgo is the optical group velocity and c is the tilt of
the optical pump beam wavefront with respect to the propagation direction. This
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enables the velocity to be matched to the phase velocity of the generated terahertz
radiation. Phase addition could then occur in the direction perpendicular to the
optical wavefront allowing for the generation of terahertz radiation with large pulse
energies. This discovery lead to a number of papers being published with ever
increasing terahertz pulse energies. In 2005 Stepanov et al. [22] demonstrated the
ability to generate pulse energies of up to 240 nJ of terahertz radiation via the
implementation of this method; an improvement of over 75 times when compared
to a standard not employing the pulse-front tilt technique [22]. This number con-
tinued to grow rapidly over the next few years with Yeh et al. [23] reporting the
generation of terahertz radiation with pulse energies of 10 lJ by this method [23].
In more recent years this has again been improved upon with Fulop et al. [24]
reporting the generation of terahertz pulses with energies of up to 125 lJ generated
via the same method [24]. This work continues to this day with ever increasing
efficiencies and studies on the Hamster process reported [28–30].

Another commonly used optically based terahertz generation method involves
the use of photoconductive antennas (PCAs). This method uses a semiconductor
which is held under a large electrical bias field, the semiconductor surface is
photo-excited via an incident optical pump laser liberating charge carriers from the
valence band into the conduction band. These charge carriers then accelerate under
the applied electrical bias field generating electromagnetic radiation with electric
field oscillatory periods that are proportional to the time the charge carriers spend
within the conduction band. Semiconductor materials such as gallium arsenide
(GaAs) and indium phosphide (InP) are commonly used within such devices as
their carrier lifetime is on the order of 100s of femtoseconds. PCAs were first
suggested as a terahertz generation device as early as 1984 by Auston et al. [25].
These devices were originally only capable of producing low terahertz pulse
energies in the sub-nJ regime. It was found that increasing the optical pump fluence
did not increase terahertz pulse energies as the PCAs quickly saturated. It was
instead found that it was more efficient to increase the applied electrical bias field
and that the generated terahertz pulse energies scaled linearly with the applied
electric bias [26, 27]. This lead to an increase in the producible terahertz pulse
energies with You et al. [28] and Budiarto et al. [29] reporting terahertz pulse
energies of 0.8 and 0.4 lJ respectively in 1993 and 1996 [28, 29]. Both of these
publications report the use of large-area antennas with You et al. [28] reporting the
use of a 1 cm electrode spacing and Budiarto et al. [29] reporting the use of a 3 cm
electrode spacing. This increased pulse energy can be attributed not only to the
increased antenna area but also to the increased electric bias field applied to the
wafer and the increased optical pump pulse energy. Both You et al. [28] and
Budiarto et al. [29] report electrical bias fields with multi-kV field values and
optical laser pulse energies of 0.8 and 0.4 lJ respectively. As it can be difficult to
work with large voltage fields a method of providing a high electric bias field to the
wafer from a low voltage source was developed. This method involved splitting the
large area of the wafer up into many identical sections. The electrodes which
provide the electrical bias fields are then placed around these sections thus lowering
the distance between the electrodes and hence increasing the electric bias field
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whilst still enabling a large surface area to be used. This device is known as an
interdigitated PCA and is commonly used throughout terahertz spectroscopy as
both a terahertz source and detection device.

The spectral content of the terahertz radiation generated with these large area,
high pulse energy antennas generally had a bandwidth of 0.1–1 THz with a spectral
peak around the 0.3–0.5 THz region [26, 27]. As this device was typically used
within the terahertz spectroscopic community a push towards increasing the
bandwidth was made. To do this the trapping time of the semiconductor needed to
be reduced and a method of doing so was proposed in 1988 by Smith et al. [30].
This new method involved a new semiconductor growing technique known as the
low-temperature growth (LT) technique. By growing LT-GaAs wafers with the
implantation of oxygen, silicon and nitrogen it was possible to reduce the charge
carrier lifetime down to the sub-100 fs level and therefore extend the generated
terahertz spectrum out towards 5 THz [31].

1.1.1 Optical Generation of Longitudinally Polarised
Terahertz Radiation

Most of the progress achieved in the field of optical terahertz generation has been
achieved with the generation of linearly polarised terahertz radiation. Many
applications, such as spectroscopy, laser machining [32], laser tweezers [33],
microscopy [34] and terahertz driven charged particle acceleration [7, 35], either
require or would prefer a longitudinally polarised electric field component. All
propagating electric fields contain a longitudinally polarised component, apart from
azimuthally polarised radiation. However the longitudinally polarised component is
generally negligible when compared to the transverse field. To obtain a pulse with a
strong longitudinally polarised electric field component the pulse must have a
transverse electric polarisation state with large spatial gradients, such as a radially
polarised mode. Currently large-area PCAs appear to be the best candidates for
being able to generate such a terahertz mode efficiently. This is due to their unique
ability to tune the polarisation state simply by geometrically designing the
electrodes.

Large-area PCAs capable of producing radially polarised radiation have been
recently demonstrated, both with single gap [36, 37] and interdigitated [41–43]
electrode structures. Whilst this idea has been shown to work and the desired
polarisation state has been detected, via the polarisation sensitive detection method
known as electro-optic detection, these methods generally are not able to produce
large electric field strengths. To date all of these generation techniques have gen-
erated electric field amplitudes less than 30 V cm−1.

Another possible method of optically generating terahertz radiation with strong
longitudinally polarised electric field components include non-linear optical crystal
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based methods. Currently this has been demonstrated using two different techniques.
The first technique reported by Imai et al. [38] in 2012 involves cutting a crystal into
different segments and then reassembling it such that each segment generates a
linearly polarised component [38]. When all the linearly polarised components are
combined in the far field a radially polarised beam is formed. Using this method Imai
et al. [38] was able to generate a radially polarised terahertz beam. Both the trans-
verse and longitudinally polarised field components were directly detectable as both
a function of space and time. A peak longitudinally polarised electric field com-
ponent of 30 V cm−1 was detected using this method however it is mentioned that
replacing the GaP crystal with one that has a higher non-linear susceptibility could
allow for this method to scale and potentially produce longitudinally polarised
electric fields with higher amplitudes. A second technique was reported by Chang
et al. [39] in 2007 and used the velocity mismatch which occurs between the pump
laser and the terahertz radiation in a (001)-cut ZnTe crystal with a Yb-doped fibre
amplifier [39]. In this case a Cherenkov cone of terahertz radiation was formed that
trailed the optical pump radiation. Due to the symmetries involved in the crystal and
pump beam polarisation state the generated radiation is symmetrical around the
pump beam and thus generated a radially polarised beam. Again using this method
Chang et al. [39] was able to measure both the transverse and longitudinally
polarised electric field components as a function of both space and time, however
this time a bolometer and terahertz polariser was used [39].

The final method of generating terahertz radiation with large longitudinally
polarised electric field amplitude components to be discussed within this chapter is
plasma generation in air. This generation technique takes an ultrafast optical laser
with a high pulse energy and tightly focuses it in air. This ionises the air creating a
plasma that is then manipulated in a variety of ways to generate terahertz radiation.
These manipulation methods can be the pondermotive acceleration of electrons
within the plasma and four-wave mixing of the optical pump beam in conjunction
with its second harmonic to name a few [46–49]. By its very nature terahertz
radiation generated by the pondermotive acceleration of electrons within a plasma is
radially symmetrical and generates a radially polarised beam. However as of yet
most applications of this generation technique have only used a linear polarised
electric field component. Typically, these methods are able to generate transverse
terahertz electric fields in the 100s kV cm−1 regime [13] and require lasers with
very high pulse energies. Recently however there has been some interest in their
ability to generate strong longitudinally polarised electric field components. Work
carried out and published in 2013 by Minami et al. [40] reports the direct detection
of the longitudinally polarised terahertz electric component generated via
air-plasma generation. In this paper Minami et al. [40] reports that the peak lon-
gitudinally polarised terahertz electric field component was 1 kV cm−1 and that a
4.5 mJ 800 nm pump laser pulse was used [40].

As of yet the strongest optically generated longitudinally polarised terahertz
electric field is 1 kV cm−1 and was generated air-plasma generation. However, it is
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fair to assume that this could easily be scaled given a laser with higher pulse
energies [40]. More surprisingly however is the lack of literature in the non-linear
optical generation of terahertz radiation with strong longitudinally polarised electric
field components within non-linear crystals. With the advent of the highly efficient
optical rectification techniques within materials such as LiNbO3 there seems to be a
new avenue in the field of optical generation of terahertz radiation with strong
longitudinal electric field components which has, as of yet, not been investigated.

1.2 Terahertz Based Charged Particle Acceleration

Accelerators utilising terahertz frequency radiation have a number of advantages
over radio frequency based (RF) conventional accelerators. By using a higher
frequency drive wave it is possible to surpass the breakdown limit found in con-
ventional RF accelerators [41, 42]. It is also possible to have a much finer temporal
control over the longitudinal dynamics of the charged particle bunch due to the
shorter periods of the drive radiation [7]. As accelerators are increasingly being
used in combination with ultrafast laser systems it is also advantageous to use drive
radiation that is directly derived from a laser based source as this can provide much
more stable and accurate synchronisation between the lasers being used and the
charged particle bunches.

Recently the advances in ultrafast laser driven terahertz sources have enabled the
idea of terahertz based electron acceleration to be realised. In 2012 Jamison et al.
[7] reported the possibility of accelerating electron bunches using near single cycle
terahertz pulses in free space [7]. Whilst in 2013 Wong et al. [43] reported theo-
retical calculations which suggested that near single cycle terahertz pulses, with the
aid of a waveguide, would be able to accelerate electron bunches [43]. In 2014
Nanni et al. [42] showed experimental verification of Wong et al. [43] by accel-
erating electron bunches within a terahertz driven waveguide [42]. In this report
Nanni et al. [42] use a lithium niobate based terahertz source to generate a linearly
polarised near single cycle terahertz pulse. This pulse then propagated through a
segmented half waveplate which converted the linearly polarised mode into a
radially polarised mode. This radially polarised terahertz pulse was then coupled
into a waveguide where it co-propagated with an electron bunch. In this report
acceleration of 7 keV was reported with an accelerating gradient of 9.7 MVm−1.

Other terahertz based acceleration concepts involving lithium niobate based
waveguides which create propagating evanescent terahertz waves [44] and orthog-
onal metallic nano-tips [45] have also been demonstrated. In the lithium niobate
waveguide concept relativistic protons are driven into a channel between two lithium
niobate crystals as shown in Fig. 1.2a. Terahertz radiation is incident upon these
crystals and propagates through creating evanescent waves which propagate across
the surface at a velocity less than the speed of light. These evanescent waves create
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an accelerating gradient which then propagates along with the proton bunch enabling
energy modulations to be imposed upon the bunch. There are two issues with this
method, the high absorption and the large dispersion experienced by terahertz
radiation propagating through LiNbO3. The high absorption decreases the pulse
energy of the terahertz radiation thus requiring the generation of higher pulse
energies while the large dispersion distorts the electric field temporal profile. The
latter effect removes one of the key advantages of using terahertz radiation for the
acceleration of charged particle bunches, namely the near-single cycle electric field
temporal profile. In the report by Wimmer et al. [45] published in 2014 an optical
laser liberates electrons from a metallic nanotip. These electrons are then accelerated
by a single cycle terahertz electric field which propagates orthogonally to the tip as
shown in Fig. 1.2b. A time-of-flight spectrometer was then used to measure the
acceleration undergone by the electrons as a result of the terahertz radiation. Electron
energies on the order of 100 eV are measured by the time-of-flight spectrometer. As
of yet all practical demonstrations of terahertz based acceleration use low energy non
relativistic particle bunches. Scaling these techniques up to relativistic energies will
enable techniques to be used more widely throughout the accelerator community as
they will then be compatible with current conventional accelerator [7, 44].

1.3 Thesis Outline

Chapter 2 gives an overview of the theory used within this project. A derivation of
the non-linear wave equation is presented along with a discussion of how this is
utilised. Examples of how this theory extends to practical cases such as terahertz
generation in ZnTe and MgO:SLN are also given. The theory of how other terahertz

Fig. 1.2 Acceleration concepts proposed by a Palfalvi et al. [44] and b Wimmer et al. [45]
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generation techniques used such as the generation of terahertz radiation via the
photoexcitation of large area photoconductive antennas (PCAs) is also presented.
The fundamental concepts regarding charged particle acceleration are given
including the requirements of the electromagnetic radiation providing the acceler-
ation and the equations that govern the interaction. Devices used within this project
such as various electronic terahertz detectors and are also described.

Chapter 3 gives an overview of the apparatus and equipment used within this
project. The different laser systems used are listed along with their specifications
and capabilities. The Accelerators and Lasers In Combined Experiments (ALICE)
25 MeV energy recovery linear accelerator which is based at the Daresbury STFC
Laboratory is described along with some preliminary data obtained from experi-
ments carried out on ALICE.

Chapter 4 describes a simulation that was developed to aid the design and
understanding of the optical setups presented in Chaps. 5–7. The simulation used
diffraction theory to take an arbitrary two-dimensional electric field distribution and
propagate it through a number of optical elements to a two-dimensional output
plane at a given distance away. Information such as the spatial distribution and
temporal properties of the propagated electric field could be obtained. The effect of
optical elements such as lenses and diffraction gratings could be investigated and
their various properties optimised to produce the maximum desired output
parameters. A derivation of the physics involved in this simulation are provided
along with the reasoning behind the assumptions made and any limits these
assumptions impose upon the applicability of the simulation.

Chapter 5 describes an experiment which was performed at the STFC Daresbury
Laboratory using the ALICE accelerator. This experiment attempted to modulate
the energy of a 25 MeV electron bunch via the co-propagation of terahertz radiation
and a particle bunch. The terahertz frequency radiation used in this experiment was
produced by a radially biased PCA that was pumped with a regenerative amplifier
laser system. Alignment procedures and terahertz detection schemes are presented
along with the results obtained. The detection optics, cameras and software
developed are described along with the choices behind why the particular devices
used were chosen.

Chapter 6 describes the characterisation of the radiation generated by a
large-area PCA used within the experiment described in Chap. 6. Electro-optic
detection was employed to detect the terahertz radiation and provided information
regarding the temporal profile, polarisation state and spatial profile of the terahertz
radiation. Electric field amplitudes were calculated for both the directly detected
longitudinally polarised field and the transversely polarised field components.

Chapter 7 describes the design of a new terahertz longitudinally polarised tera-
hertz radiation source. This source is based on optical rectification within MgO:SLN;
a generation technique that has been shown in the literature to produce electric field
amplitudes in excess of 10 MV cm−1. As the technique presented only generated
transversely polarised radiation a new geometrical generation technique was
developed involving multiple crystals and the collection and combination of the
radiation from these multiple crystals. Results from a preliminary proof-of-principle
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experiment carried out using ZnTe crystals are presented along with the results
obtained from a single crystal MgO:SLN generation scheme and finally the new
multi-crystal generation scheme.
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Chapter 2
Theoretical Background

This chapter gives an overview of the theory used within this project. A derivation
of the non-linear wave equation is presented along with a discussion of how this is
utilised. Examples of how this theory extends to practical cases such as terahertz
generation in ZnTe and MgO:SLN are also given. The theory of how other terahertz
generation techniques used such as the generation of terahertz radiation via the
photoexcitation of large area photoconductive antennas (PCAs) is also presented.
The fundamental concepts regarding charged particle acceleration are given
including the requirements of the electromagnetic radiation providing the acceler-
ation and the equations that govern the interaction. Devices used within this project
such as various electronic terahertz detectors and are also described.

2.1 Non-linear Wave Equation

Maxwell’s equations explain how electromagnetic radiation changes as a function
of time and space and are given by [1],

rDðx; tÞ ¼ 4pq; ð2:1Þ

rBðx; tÞ ¼ 0; ð2:2Þ

r � Eðx; tÞ ¼ � 1
c
@

@t
Bðx; tÞ; ð2:3Þ

r � Hðx; tÞ ¼ 1
c
@

@t
Dðx; tÞþ 4p

c
Jðx; tÞ; ð2:4Þ
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where Dðx; tÞ is the electric displacement vector, q is the density of free charge,
Bðx; tÞ is the magnetic field vector, Eðx; tÞ is the electric field vector, c is the speed
of light in a vacuum, t is time and Jðx; tÞ is the current density. In free space there
are no free charges and therefore q ¼ 0 and J ¼ 0: The electric displacement
vector, D x; tð Þ, can be expressed in terms of Eðx; tÞ by

Dðx; tÞ ¼ Eðx; tÞþ 4pPðx; tÞ; ð2:5Þ

where Pðx; tÞ is the polarisation vector and can be thought of as a localised value of
Eðx; tÞ.

From these equations and assumptions, it is possible to derive the optical
non-linear wave equation. First the curl of Eq. (2.3) is taken giving,

r�r� E x; tð Þ ¼ �r� 1
c
@

@t
B x; tð Þ: ð2:6Þ

Interchanging the order of the spatial and temporal derivatives on the right hand
side enablesr� B to be replaced with 1

c
@
@t Dðx; tÞþ 4p

c Jðx; tÞ and also remembering
that Jðx; tÞ ¼ 0 gives the following expression,

r�r� E x; tð Þ ¼ � 1
c2

@2

@t2
D x; tð Þ: ð2:7Þ

It is now possible to replace Dðx; tÞ with Eðx; tÞ by using Eq. (2.5). This gives

r�r� Eðx; tÞ ¼ � 1
c2

@2

@t2
Eðx; tÞþ 4pPðx; tÞ� �

: ð2:8Þ

Expanding the right hand side bracket and collecting the Eðx; tÞ terms onto the
right hand side yields,

r�r� Eðx; tÞþ 1
c2

@2

@t2
Eðx; tÞ ¼ 4p

c2
Pðx; tÞ: ð2:9Þ

The vector identity r�r� A ¼ rðr � AÞ � r2A can now be applied to the
first term in Eq. (2.9) where the assumption that the first term, rðr � AÞ, is much
smaller than the second term, r2A, which is therefore neglected is applied. This
then leaves Eq. (2.9) as,

�r2Eðx; tÞþ 1
c2

@2

@t2
Eðx; tÞ ¼ 4p

c2
Pðx; tÞ: ð2:10Þ
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In order to study the non-linear optical effects P is usually split into its linear and

non-linear components, where P ¼ P
ð1Þ þP

NL
. D can also be split into its same

linear and non-linear components. Using these definitions Eq. (2.10) becomes,

�r2Eðx; tÞþ �

c2
@2

@t2
Eðx; tÞ ¼ 4p

c
P
NLðx; tÞ; ð2:11Þ

where � is the permittivity of the material through which the wave is propagating.
From Eq. (2.11) it is possible to see how the non-linear polarisation acts as a source
term for the generation of travelling waves. It is also possible to see how by setting
the non-linear polarisation term to zero the solution to Eq. (2.11) takes the form of a
propagating electromagnetic field with velocity cffiffiffi

�0
p which is consistent with

Maxwell’s equations.
Currently Eq. (2.11) gives the wave equation with the nonlinear source term in

the time domain. By applying the Fourier transform to Eðx; tÞ and P
NLðx; tÞ it is

possible to convert this into a wave equation with a nonlinear source term in the
frequency domain

�r2Eðx;xÞ � x2
n� xnð Þ
c2

Eðx;xÞ ¼ 4px2
n

c2
P
NLðx;xÞ: ð2:12Þ

2.2 Non-linear Polarisation

The polarisation vector, P, is a localised quantity that acts as a source term in the
non-linear wave equation [2]. It is a measure of the dielectric polarisation density,
with units of dipole moment per unit volume. The polarisation vector can be written
as a Taylor series expansion,

Pðx; tÞ ¼ �0 vð1ÞEðx; tÞþ vð2ÞEðx; tÞ2 þ vð3ÞEðx; tÞ3 þ . . .
� �

; ð2:13Þ

where E is the input electric field and v nð Þ are the nth order susceptibilities which are
properties of the material in which the interaction is taking place. For the process of
terahertz generation within non-linear optical materials the second order non-linear
susceptibility tends to dominate and so it is possible to write

Pðx; tÞ ¼ P
ð1Þðx; tÞþP

ð2Þðx; tÞ: ð2:14Þ

Given the expression

P
ð2Þ

x; tð Þ ¼ vð2ÞE2
x; tð Þ; ð2:15Þ
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it is possible to express the generated second order polarisation term in the frequency

domain by taking the Fourier transform of both P
ð2Þðx; tÞ and E

2ðx; tÞ such that

P
2ð Þ

x;xð Þ ¼ vð2Þ
Z1
�1

E x;Xð ÞE x;x� Xð ÞdX: ð2:16Þ

This now shows how the generated polarisation term in the frequency domain is
the convolution of the optical input field.

2.3 Terahertz Generation

The term terahertz radiation generally refers to electromagnetic radiation that exists
at frequencies within the range 0:1� 1012 to 10� 1012 Hz. The temporal properties
of pulsed radiation within this frequency range make it ideal for the application to
modulate the energy of relativistic particles. The generation of such radiation
therefore is a key part of this work. Different generation techniques enable the
possibility of tuning different physical properties of any generated terahertz radia-
tion, each generation technique having its own individual positive points and dif-
ficulties. Within this section the different generation techniques relevant to this
project is discussed. The theory behind how each method generates terahertz
radiation is explained along with the positive and negative points related to each
method with respect to the end goals of this project.

2.3.1 Optical Terahertz Generation

The generation of terahertz radiation within non-linear crystals is commonplace in
many applications that use terahertz radiation. The physical process behind this
generation technique is known as difference frequency mixing, or in certain special
cases optical rectification. Optical rectification involves the non-linear reaction of a
material to incident optical laser radiation. These generation techniques are second
order non-linear effects and therefore can be described by the second order polar-
isation term [3],

P
ð2Þ
3 x;xð Þ ¼ vð2ÞE1 x;xð Þ � E2 x;xð Þ ð2:17Þ

The generation of terahertz radiation relies on the process of difference fre-
quency mixing such that
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P3 x;xð Þ ¼ vð2ÞE1 x;xð ÞE�
2 x;xð Þ: ð2:18Þ

By defining E1 x;xð Þ and E
�
2 x;xð Þ as,

E1 z;xð Þ ¼ A1e
i k1zð Þ; ð2:19Þ

E
�
2 z;xð Þ ¼ A�

2e
�i k2zð Þ: ð2:20Þ

Now using these expressions for E1 and E2 and placing them into Eq. (2.18) it is
possible to obtain an expression of the form,

P3ðx3Þ ¼ 2vð2ÞA1A
�
2e

i k1�k2ð Þz: ð2:21Þ

If the wave generated by polarisation term P3 x3ð Þ is a travelling wave in the
+z direction then it should also be possible to express it as

E3 z;x3ð Þ ¼ A3e
i k3zð Þ: ð2:22Þ

Now by placing Eqs. (2.21) and (2.22) into the non-linear wave equation,
Eq. (2.12),

�r2A3 � 2ik3rA3 þ k23A3 � x2
3� x3ð Þ
c2

A3

� �
ei k3zð Þ ¼ 8px2

3

c2
v 2ð ÞA1A

�
2e

i k1�k2ð Þz½ �:

ð2:23Þ

Using the definition that ki ¼
ffiffiffiffiffiffiffiffi
� xið Þ

p
xi

c it is possible to see how the third and
fourth terms within the first brackets cancel each other out. Also by defining the
direction of propagation to only be allowed in the +z direction it is possible to say
r � @

@z. The temporal term within the exponentials can also be cancelled from both
sides and the exponential term can be dropped such that Eq. (2.23) now becomes,

� @2

@z2
A3 � 2ik3

@

@z
A3

� �
eik3z ¼ 8px2

3

c2
v 2ð ÞA1A

�
2e

i k1�k2ð Þz: ð2:24Þ

A further approximation can now be made to this expression which is commonly
known as the slowly varying envelope approximation (SVEA). The SVEA is valid for
cases where the envelope of the pulse varies on larger lengths scales than the wave-
length of the radiation.This approximationmakes the assumption that the secondorder
differential is much smaller than the first order differential i.e. in this case,

@2

@z2
A3

				
				� k3

@

@z
A3

				
				: ð2:25Þ
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If this approximation is made and applied to the current wave equation expression
then the first term in Eq. (2.24) can be neglected and Eq. (2.24) becomes,

@

@z
A3 ¼ i2ð Þ8px2

3

2ik3c2
v 2ð ÞA1A

�
2
ei k1�k2ð Þz

eik3z
; ð2:26Þ

which simplifies to

@

@z
A3 ¼ i4px3

c
v 2ð ÞA1A2eiDkz; ð2:27Þ

where Dk ¼ k1 � k2 � k3 and is commonly called the wave vector mismatch. In
order to obtain an expression such that A3 is isolated the integral over z is performed
on the right hand side such that Eq. (2.27) becomes

A3 ¼ i4px3

c
v 2ð ÞA1A

�
2

ZL
0

eiDkzdz; ð2:28Þ

where L represents the interaction length which is typically confined to the thick-
ness of the non-linear material in which the interaction is taking place. Performing
this integral leaves,

A3 ¼ i4px3

c
vð2ÞA1A

�
2

eiDkL � 1
iDk


 �
: ð2:29Þ

It is common practice to analyse the output of the newly generated propagating
wave in terms of its intensity which can be defined in terms of Ai as,

Ii ¼ nic
2p

Aij j2; ð2:30Þ

where the index i denotes the wave either 1, 2 or 3. Using this definition and
applying it to Eq. (2.29) it is possible to write,

I3 ¼ n3c
2p

16p2x2
3

c2
v 2ð Þ2 A1j j2 A�

2

		 		2 eiDkL � 1
Dk

				
				
2

: ð2:31Þ

The squared modulus can be re-expressed as a sinc function, described in
Appendix A.1, such that Eq. (2.31) now becomes,

I3 ¼ n38px2
3

c
v 2ð Þ2 I1I2 sin c2

DkL
2


 �
: ð2:32Þ

It can now be seen that the intensity of the newly generated wave is dependent
upon the square of the non-linear material property v 2ð Þ, and is linearly dependent
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upon the product of the two input intensities I1 and I2. Currently this expression
describes two monochromatic beams producing a third monochromatic beam with
the frequency given by the difference in the input beam frequencies. This however
can also be expanded such that only one input beam is present and both the input
frequencies are contained within this one input beam. In this case the input beam
must be have a large bandwidth such that the difference in frequencies contained
within the beam are large enough to propagate. When this is true I1 and I2 can be
thought of as different frequency components of the same beam. It can also be seen
in Eq. (2.32) that the phase mismatch, described by Dk, is completely confined to
the last sinc term. This phase mismatch can be thought of as an efficiency multiplier
which physically limits the interaction length of the process. As can be seen in
Fig. 2.1 which shows the phase mismatch term plotted as a function of efficiency,
sin c2 DkL

2

� 

, the most efficient generation occurs when DkL

2 ¼ 0. This can only be true
when either Dk or L is zero, and since the non-linear interaction material thickness
is required to be non-zero by definition Dk must therefore be zero to obtain a
perfectly phase matched condition. Remembering the definition of
Dk ¼ k1 � k2 � k3, it is often difficult to obtain perfect phase matching in any
physical process, because the refractive index of materials generally increases as a
function of frequency. For Dk ¼ 0 to be true the following must also,

k3 ¼ k1 � k2 ð2:33Þ

which can also be expressed as,

n3x3 ¼ n1x1 � n2x2; ð2:34Þ

Fig. 2.1 sin c2 DkL
2

� 

plotted

as a function of DkL
2 which

represents the phase matching
effects on the efficiency of
difference-frequency
generation
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where x3 � x2\x1 and therefore,

n3 � n2 ¼ n1 � n2ð Þx1

x3
: ð2:35Þ

Notice for materials that display normal dispersion n3 	 n2 and so the left hand
side must be negative, however n1 [ n2 and so the right hand side must be positive.
In the absence of negative angular frequencies Eq. (2.35) therefore implies that
perfect phase matching cannot occur in materials which have normal dispersion
around the frequency region of the interaction. It is however possible to obtain
phase matching using Eq. (2.35) in materials that display anomalous phase
matching, that is to say the refractive index decreases as a function of frequency.
Another common way to obtain phase matching is to make use of the birefringence
of a material, which enables electric fields polarised along different crystal axes to
experience different refractive indices [2].

This condition adds a new limit onto the type of material that can be used for the
generation of terahertz radiation within non-linear optical crystals; as well as having
a strong vð2Þ term the crystal must also be birefringent such that it is possible to
obtain phase matching between the pump laser and terahertz radiation.

2.3.1.1 Generation Within Zinc Telluride

Within this section an example of terahertz generation using a femtosecond laser
within a zinc telluride (ZnTe) crystal is presented [4]. For this case the second order
non-linear polarisation term can be re-written in the frequency domain as,

P 2ð Þ
i Xð Þ ¼

X
j;k

�0v
2ð Þ
ijk Ei xð ÞE�

k X� xð Þ; ð2:36Þ

where X is the frequency of the generated wave and x is the optical frequency. The
indices ijk represent axes that lie along a Cartesian axis grid in the frame of the
crystal. If Kleinman symmetry holds, which states that if the frequencies involved
are much smaller than the lowest resonance frequency of the material system then
the nonlinear susceptibility tensor is no longer dependent on frequency, then the
indices must also be permutable [2]. Such a symmetry condition is true for the
generation of terahertz radiation within ZnTe and so contracted notation can be
used to help simplify the form of Eq. (2.36). Contracted notation invokes a new
index l which combines the two last indices jk into a single index [2, 4]. The
relation between l and jk can be seen in Table 2.1.

This then enables v 2ð Þ
ijk to be redefined as dil where,

dil ¼ 1
2
v 2ð Þ
ijk ; ð2:37Þ
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and enables dil to be expressed as a 3 � 6 matrix:

dil ¼
d11 d12 d13
d21 d22 d23
d31 d32 d33

d14 d15 d16
d24 d25 d26
d34 d35 d36

2
4

3
5: ð2:38Þ

The generation of the polarisation term can now be written as,

Px

Py

Pz

2
4

3
5 ¼ 2�0

d11 d12 d13
d21 d22 d23
d31 d32 d33

d14 d15 d16
d24 d25 d26
d34 d35 d36

2
4

3
5�

ExE�
x

EyE�
y

EzE�
z

2EyE�
z

2EzE�
x

2ExE�
y

2
6666664

3
7777775
: ð2:39Þ

ZnTe is a crystal which exists within the 43m point group. This defines the
symmetries which exist within the crystal structure and enables the dil tensor to be
simplified to,

dil ¼
0 0 0
0 0 0
0 0 0

d14 0 0
0 d25 0
0 0 d36

2
4

3
5; ð2:40Þ

where d14 ¼ d25 ¼ d36: The electric field of the pump laser can be defined as,

E ¼ E0

sin hð Þ cosð/Þ
sin hð Þ sinðhÞ

cosðhÞ

2
4

3
5; ð2:41Þ

where h is the polar angle and / is the azimuthal angle and using these definitions
and simplifications Eq. (2.36) now becomes,

Px

Py

Pz

2
4

3
5 ¼ 2�0d14E2

0

0 0 0
0 0 0
0 0 0

1 0 0
0 1 0
0 0 1

2
4

3
5�

sin2 hð Þ cos2ð/Þ
sin2 hð Þ sin2ð/Þ

cos2 hð Þ
2 sin hð Þ cos hð Þ sin /ð Þ
2 sin hð Þ cos hð Þ cos /ð Þ
2 sin2 hð Þ sin /ð Þ cos /ð Þ

2
6666664

3
7777775
; ð2:42Þ

Table 2.1 Conversion between standard and contracted notation [2]

jk 11 22 33 23,32 31,13 12,21

l 1 2 3 4 5 6
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which when simplified gives,

Px

Py

Pz

2
4

3
5 ¼ 4�0d14E2

0 sin hð Þ
cos hð Þ sin /ð Þ
cos hð Þ sin /ð Þ

sin hð Þ sin /ð Þ cos /ð Þ

2
4

3
5: ð2:43Þ

As in Sect. 2.3.1 it is now common to express this in terms of an intensity. Using
the same definition as given by Eq. (2.30) this now becomes,

I ¼ 2nc�20d
2
41E

4
0 sin

2 hð Þ
p

4 cos2 hð Þþ sin2 hð Þ sin2 2/ð Þ� �
: ð2:44Þ

Noticing that the only component of Eq. (2.44) that contains a / dependence is
the sin2ð2/Þ term it is clear that the intensity of the generated terahertz wave is
maximised when this term is maximised. This is true when / ¼ n p

4 where n is an
odd integer, as can be seen from . Setting / to p

4 enables Eq. (2.44) to be written
such that it only depends upon h,

I ¼ 2nc�20d
2
41E

4
0

p
sin2 hð Þ 4� 3 sin2 hð Þ� �

: ð2:45Þ

Given that h is the polar angle, that being the angle between the [110] crystal
axis and the laser polarisation, it can be seen from Eq. (2.45) and Fig. 2.3 the
generated intensity is maximised when h ¼ 54
. Therefore optimal terahertz gen-
eration will occur when the pump beam is polarised at 54° to the [110] crystal edge
when incident upon the ð110Þ crystal surface. This can be said to be true for any
crystal that has the same crystal symmetries as ZnTe, such as gallium phosphide
(GaP). However for crystals that exhibit different symmetry properties, such as
lithium niobate (LiNbO3) this expression can change drastically. These different
forms will be discussed in further chapters when relevant (Fig. 2.2).

Fig. 2.2 Plot showing the
generated terahertz
dependence on the angle /
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2.3.1.2 Generation Within Magnesium-Oxide-Doped Stoichiometric
Lithium Niobate

Generation of terahertz radiation within magnesium-oxide-doped stoichiometric
lithium niobate (MgO:SLN) differs from generation within ZnTe and GaP due to
the different crystal properties, specifically symmetries. To investigate the genera-
tion within MgO:SLN it is possible to start with,

Px

Py

Pz

2
4

3
5 ¼ 2�0

d11 d12 d13
d21 d22 d23
d31 d32 d33

d14 d15 d16
d24 d25 d26
d34 d35 d36

2
4

3
5�

ExE�
x

EyE�
y

EzE�
z

2EyE�
z

2EzE�
x

2ExE�
y

2
6666664

3
7777775
; ð2:46Þ

to which the relevant crystal symmetries are applied. MgO:SLN has a 3 m crystal
symmetry which means the dil matrix can be expressed as,

dil ¼
0 0 0
d21 �d21 0
d31 d31 d33

0 d31 d21
d31 0 0
0 0 0

2
4

3
5: ð2:47Þ

Experimental measurements of the non-zero values d21, d31 and d33 have shown
that d33 is much larger than d21 and d31 [2]. It is therefore possible to further
simplify Eq. (2.47) by setting both d21 � 0 and d31 � 0; leaving,

Fig. 2.3 Generated terahertz
intensity as a function of the
polar angle, h
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dil ¼
0 0 0
0 0 0
0 0 d33

0 0 0
0 0 0
0 0 0

2
4

3
5: ð2:48Þ

Then, by using Eq. (2.48) and placing it into Eq. (2.46) it is possible to arrive at

Px

Py

Pz

2
4

3
5 ¼ 2�0

0 0 0
0 0 0
0 0 d33

0 0 0
0 0 0
0 0 0

2
4

3
5�

ExE�
x

EyE�
y

EzE�
z

2EyE�
z

2EzE�
x

2ExE�
y

2
6666664

3
7777775
; ð2:49Þ

which when simplified gives,

Px

Py

Pz

2
4

3
5 ¼ 2�0d33

0
0

EzE�
z

2
4

3
5: ð2:50Þ

This is an important result as it states that in order to generate terahertz radiation
the input beams must be linearly polarised along the z axis. It also states that any
generated terahertz radiation will also be polarised along the same z axis.

The above result, Eq. (2.50), provides information regarding the required
polarisation of the pump laser as well as the polarisation of the generated 2nd order
polarisation term, P. To investigate how this polarisation term forms a propagating
wave the refractive indices at both the optical pump wavelength and the generated
terahertz radiation wavelength must be obtained in order to perform a
phase-matching calculation. The refractive index of MgO:SLN at 800 nm is 2.25
and at 0.1 mm is 4.96. The large difference in refractive indices means that the
generated non-linear polarisation produces radiation which coherently adds to form
a Cherenkov cone which trails the optical pump [5]. The angle of this cone defined
as h in Fig. 2.4 can be expressed as a function of the generated terahertz radiation
refractive index and the optical pump refractive index through

Fig. 2.4 Cherenkov cone
formed inside MgO:SLN by
an 800 nm laser beam (black).
Green lines represent the
generated wave fronts of the
terahertz radiation at an angle
of h to the wave fronts of the
optical generation beam
(color figure online)
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tan hð Þ ¼ � nTHz
nopt

x
dH
dx

; ð2:51Þ

where nTHz is the terahertz refractive index of 4.96, nopt is the optical refractive
index of 2.25, h is the angle of tilt and dH

dx represents the angular dispersion. This
expression can be expressed solely as a function of the two refractive indices as,

h ¼ cos�1 nopt
nTHz


 �
: ð2:52Þ

When combined with the correct refractive index values a Cherenkov cone angle
of 63.02° is obtained [6]. In order to obtain efficient and scalable generation the
pulse front of the pump laser should be matched to this angle so that the generated
radiation coherently adds to form a propagating pulse. This feature is known as a
pulse front tilt (PFT) and is commonly produced via grating—imaging optical
systems. When radiation undergoes dispersion, such as when it is incident upon a
grating, different wavelengths travel different paths. This spectral dispersion means
that the radiation rapidly becomes larger as the different spectral components
become spatially separated. However in the near field of such a dispersive medium,
whilst all components of the radiation are spatially overlapped, the difference in
path length travelled by each spectral component gives rise to a propagating beam
with a wave front that is tilted at a non-orthogonal angle to the propagation
direction. An imaging system can then be used to image the plane at which the tilt
exists to another more distant plane, thus providing a far field pulse front tilt, as can
be seen in Fig. 2.5.

Equation (2.52) describes the tilt required inside the MgO:SLN for optimal
generation to occur; however the actual tilt is generated externally by a lens and
grating combination. Due to the effective length changes of the generation radiation
caused by the refractive index of the material and any magnification caused by the
imaging system the tilt generated externally will be different to the internal tilt. The
pulse front tilt generated by a grating can be expressed as,

Fig. 2.5 Schematic diagram
showing the collection and
transport of optical radiation
with a pulse-front-tilt from a
grating to the image plane
situated within a MgO:SLN
crystal (color figure online)
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hg ¼ tan�1 mk
d cos /ð Þ

 �

: ð2:53Þ

In Eq. (2.53) hg represents the tilt generated by the grating, m is the diffraction
order, k is the wavelength of the optical pump, d is the number of groves per mm on
the grating and / is the diffraction angle which describes the angle at which the
output radiation leaves the grating. Using geometry it is possible to convert the tilt
angle required inside the crystal to an external tilt angle, which is the angle that
would need to be generated by the grating. This conversion takes the form,

tan hg
� 
 ¼ noptb tan hð Þ; ð2:54Þ

where n is the refractive index of the material and b is the magnification of the
pump beam induced by the imaging system. Therefore by combing Eq. (2.53) and
Eq. (2.54) it is possible to express the required internal tilt as a function of optical
system parameters,

h ¼ tan�1 1
noptb

mk
d cos /ð Þ

 �� �

: ð2:55Þ

As the required internal tilt is fixed at approximately 63° it is now possible to
design an optical system that will provide the required tilt.

This tilt geometry dictates the physical shape of the crystal as the input surface is
required to be perpendicular to the optical input beam and the output surface is
required to be perpendicular to the generated terahertz radiation so as to reduce
reflections in both cases. The geometry of the crystal can be seen in Fig. 2.6; here
the red line denotes the optical input radiation and the green lines represent the
generated radiation output. Angles hg and h represent the external and internal
angles respectively. In Fig. 2.6 the z-axis of the crystal is orientated perpendicular
to the page and thus according to Eq. (2.50) the polarisation of both beams is
required to be orientated along the same axis.

The terahertz radiation that is generated along the output surface of the LiNbO3

is not produced with a uniform profile. This is due to three properties of the

Fig. 2.6 Required geometrical shape of the MgO:SLN crystal, the red line denotes the optical
pump beam, the green lines denote the generated terahertz radiation. The angle h represents the
internal tilt angle and angle hg represents the external tilt angle (color figure online)
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generation technique, firstly the spatial profile of the pump beam which typically
does not have a uniform intensity profile. The second property relates to the
geometry of the generation system. As can be seen from Fig. 2.6 different parts of
the pump beam travel through different lengths of the LiNbO3 crystal, therefore
experiencing a different effective crystal length. The third factor which affects the
terahertz profile on the output surface relates to the dispersion of the pump beam
within the LiNbO3 crystal. As LiNbO3 is a highly dispersive medium within the
800 nm wavelength range and due to the spatially varying effective crystal thick-
ness the pump beam has a transversely varying temporal profile. The effects of the
dispersion on the temporal profile of the pump laser can been seen in Figs. 2.7 and
2.8. The FWHM values of the temporal profile in Fig. 2.8 is found by first fitting a
Gaussian to the temporal profile and then using the FWHM value given from the
Gaussian equation. This can cause errors if the pump profile does not have a

Fig. 2.7 Simulation showing
the temporal dispersion
induced onto an 800 nm
optical pump laser passing
through various thicknesses of
MgO:SLN crystal

Fig. 2.8 Simulated FWHM
temporal duration of a 50 fs
input laser of wavelength
800 nm as a function of
propagation distance through
MgO:SLN
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Gaussian shape. These errors manifest within Fig. 2.8 at around 6 and 19 mm and
can be seen as the sharp negative peaks. Here a 50 fs 800 nm pulse is propagated
through varying thicknesses of MgO:SLN. As can be seen the pulse width is
broadened in time with the FWHM approaching 1 ps after 20 mm propagation.
This can have a big effect on the generation efficiency as one side of the pulse will
only propagate through less than 1 mm of MgO:SLN whereas the other side of the
pulse could travel through up to 5 mm of MgO:SLN.

2.4 Terahertz Detection

Terahertz detection is typically more difficult than the detection of optical radiation.
This is mainly due to the low photon energy of terahertz radiation. This low photon
energy makes standard semiconductor-based detectors impractical as they rely on
the photo-excitation of charge carriers from the valence band into the conduction
band. This requires the energy of the photon to be greater than the band gap of the
semiconductor and currently semiconductors used in detectors have band gaps
larger than the terahertz photon energy. Due to this other forms of detection are
required. These other forms typically fall into two categories, thermal and
electro-optic. Within this section both of these detection forms are explained and
investigated including their positive and negative attributes and typical uses.

2.4.1 Thermal Terahertz Detectors

Thermal detectors, as the name suggests, rely on the thermal properties of a material
to detect radiation. When radiation is absorbed by a material energy is transferred
from the radiation to the material, and as the material receives energy it heats
up. Whilst thermal detectors are able to detect radiation in the terahertz frequency
range they do have limitations. These limitations typically include high background
noise, as they are sensitive to thermal radiation and a change in the surrounding
temperature will cause a change in the background level. Also all forms of radiation
transfer thermal energy to the detector and therefore all radiation absorbed by the
detector contributes towards the outputted signal. The response times of thermal
detectors is also typically very slow, on the ls time scales. This makes them
impractical for applications that use ultrafast terahertz pulses, on the 100’s fs
timescale, to perform measurements that require good time resolution. These
applications include terahertz waveform analysis and pump-probe style spectro-
scopic experiments. Due to their workings these detectors tend to be large in spatial
size and thus are not suitable for experiments that require good spatial resolution;
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however this aspect has seen progress with the advent of micro-bolometer arrays.
These micro-bolometer arrays have been shown to produce terahertz images with
spatial resolutions down to 50 lm [7]. There are three common thermal terahertz
detectors which are the bolometer, Golay cell and pyro electric detectors.

2.4.1.1 Bolometer

A bolometer is a device which measures the power of incident radiation via the
thermal transfer of energy to a material which has a temperature dependent electric
resistance. Typically bolometers consist of an absorbing material, a transfer material
and a thermal reservoir. Radiation is incident upon the absorbing material causing it
to absorb energy from the radiation and heat up. This material is attached to the
thermal reservoir via the transfer material. The thermal reservoir is kept at a con-
stant low temperature. Therefore as the absorbing material heats up a temperature
difference between the absorbing material and thermal reservoir is formed and heat
energy therefore flows through the transfer material towards to thermal reservoir
forming a thermal equilibrium. The transfer material therefore experiences a time
dependent thermal change. The transfer material is typically chosen such that its
resistance is highly dependent upon temperature. Therefore this temporally
dependent thermal change is measured by monitoring the resistance of the transfer
material.

To make the bolometer sensitive the temperature of the thermal reservoir must
be kept cold and constant. Such bolometers are typically contained within a cooling
chamber which contains liquid helium or liquid nitrogen. This typically limits their
response time to the ls range as it is limited by the flow of thermal energy from the
absorber to the thermal reservoir. They can however be extremely sensitive with
commercially available units able to detect less than 1 nJ per of terahertz pulse
energy. This makes bolometers the most sensitive type of thermal detectors for
terahertz radiation [8, 9].

2.4.1.2 Golay Cell

A Golay cell is a thermal detector that uses the expansion and contraction of a
material due to its temperature change. Typically it consists of a gas-filled enclosure
with an absorbing material inside. As the absorbing material receives energy from
the incident radiation it heats up, and this thermal energy is then dissipated to the
surrounding gas. As the gas heats up it expands causing a membrane in the wall of
the enclosure to expand and contact. This expansion and contraction is then
detected either using an audio detector such as a microphone or a laser which
monitors the surface position. The response time of a Golay cell is typically on the
order of 10’s of ms and is one of the slowest thermal detectors. However it is still
sensitive and able to detect terahertz radiation with pulse energies down to the nJ
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level. The sensitivity of a Golay cell is also not strongly dependent upon frequency,
thus giving the Golay cell a very flat response over a broad range of frequencies.
This makes the Golay cell good when trying to accurately calculate the pulse energy
of an ultrafast broadband terahertz pulse [10].

2.4.1.3 Pyroelectric Detector

Pyroelectric detectors are the third type of commonly used thermal detector. They
generally consist of a crystalline lithium tantalate material (CLT), an absorbing
material and a set of electrodes. The radiation falls onto the absorbing material
which converts the radiation energy into thermal energy. This thermal energy is
then transferred onto the CLT. Crystalline lithium tantalate is a ferroelectric
material and thus exhibits spontaneous electrical polarisation when below the Curie
temperature. When the temperature of the CLT is altered the electrical polarisation
rotates. Therefore by using electrodes to read of the electrical polarisation only in
one axis the temperature change can be monitored. As the temperature change is as
a direct result of the incident radiation heating up the absorbing material the signal
produced by the electrodes is directly proportional to the incident radiation power.
Again as with the other thermal detectors pyroelectric detectors have slow response
times on the 100’s ls timescale. However they do have a flat response to frequency
which is only limited by the absorbing material. They are also able to be made into
very small devices, on the 100’s lm scale, providing the ability for good spatial
resolution [11].

2.4.2 Electro-Optic Detection

Electro-optic detection is a common form of terahertz radiation detection. It
involves mixing a near-infrared (NIR) laser with the terahertz radiation inside a
non-linear optical material. The same, but reverse, non-linear physical process as
used in the non-linear optical generation of terahertz radiation then causes infor-
mation contained within the terahertz radiation to be transferred into the NIR laser
pulse. This can then be detected using standard semiconductor style detectors.

The physics involved in transferring information from the terahertz electric field
into the optical detection laser is the same as is involved in the optical generation of
terahertz radiation as described in Sect. 2.3.1. Commonly-used detection crystals
are ZnTe and GaP both of which display the same crystal structure and symmetry
components [12]. For electro-optic detection however it is easier to think of the
terahertz radiation as changing the relative permittivity of the material, effectively
changing the refractive index of the material. The optical probe beam will therefore
experience this change in refractive index and propagate accordingly [13–16].
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The electric displacement vector can be linked to the electric field via
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3
5; ð2:56Þ

where �n represents the square root of the refractive index along the axis n. In the
case of a homogeneous material, where no birefringence is present, �x ¼ �y ¼ �z.
However for cases where birefringence is present �x 6¼ �y 6¼ �z can be true. To
define a surface of constant energy density, the energy density must first be defined
as u ¼ 1

2E D [17]. Using this definition and Eq. (2.56) it is then possible to define
such a surface as

�0u ¼ D2
x

�x
þ D2

y

�y
þ D2

z

�z
: ð2:57Þ

It is now clear that for a non-birefringent material the surface of constant energy
density would take the form of a sphere and for a birefringent material it would take
the form of an ellipse. Using the standard relationship between refractive index and
�n, nn ¼ ffiffiffiffi

�n
p

, and by defining a dimensionless vector along the direction of D,

s ¼ Dffiffiffiffiffiffiffi
2�0u

p it is possible to obtain the equation of the refractive index ellipsoid,

s2x
n2x

þ s2y
n2y

þ s2z
n2y

¼ 1: ð2:58Þ

Now by defining a new tensor which is known as the impermeability tensor, n,

n ¼ ��1; ð2:59Þ

the previous refractive index ellipsoid equation, Eq. (2.58), becomes,

sns ¼ 1: ð2:60Þ

Now these results can be taken and applied to a practical application such as
terahertz detection in ZnTe with a 50 fs 800 nm laser beam. ZnTe has a cubic
lattice structure and is isotropic. This means the impermeability tensor can be
replaced by by the scalar quantity ��1I, where I is the identity matrix. When
terahertz radiation is incident upon the ZnTe crystal the impermeability tensor
becomes,

n ETð Þ ¼ ��1Iþ vð2ÞEt: ð2:61Þ

This now converts the ellipsoid equation, Eq. (2.60), into an ellipsoid equation
which depends upon the applied terahertz electric field,
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sns ¼
X
i;j¼x;y

��1dij þ
X
k¼z

rijkET ;k

 !
sxsy ¼ 1: ð2:62Þ

It is now possible to express this in contracted notation as previously explained
in Sect. 2.3.1 and the same symmetries used for generation can be applied such that
only one independent value of rijk, ril ¼ r41 ¼ r52 ¼ r63, is present. This therefore
enables the refractive index ellipsoid equation to be rewritten as,

1
n20

s2x þ s2y þ s2z
� �

þ 2r41 ET ;xsysz þET ;ysxsz þET ;zsxsy
� 
 ¼ 1: ð2:63Þ

This equation can now be transformed into the crystal axis frame. Typically
ZnTe is cut in the (110) plane with both the terahertz radiation and optical probe
radiation propagating perpendicular to this plane with their electric field vectors in
the (110) plane. Defining a new co-ordinate system l;m; nð Þ with l lying along the
½110� direction and m lying along the [001] direction and allowing the terahertz
radiation electric field vector to rotate around the l axis at an angle of a it is possible
to express the terahertz electric field vector, ET as,

ET ¼ ET

� cos affiffi
2

p
� �

cos affiffi
2

p
� �

sin að Þ

2
664

3
775 ð2:64Þ

In this geometrical setup with the ZnTe limitations applied this now leaves the
refractive index ellipsoid equation as

sn ETð Þs ¼ 1; ð2:65Þ

and the impermeability tensor as

n ETð Þ ¼ 1
n20
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ð2:66Þ

The refractive index along each of the ðx; y; zÞ axes can now be calculated using
nn ¼ 1=

ffiffiffiffiffi
kn

p
, where kn is the eigenvector which lies along either x, y or z. To

calculate the eigenvectors first the eigenvalues must be calculated which are
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kx;y ¼ 1
n20

� r41ET

2
sin að Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3 cos2 að Þ

p� �
; ð2:67Þ

kz ¼ 1
n20

þ r41ET sin að Þ: ð2:68Þ

From these the normalised eigenvectors are

Sx;y ¼ 1
2
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Sz ¼ 1ffiffiffi
2

p
1
�1
0

2
4

3
5: ð2:70Þ

The refractive indices along each axis as a function of incident terahertz field
strength are therefore,

nx ¼ n0 þ n30r41ET

4
sin að Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3 cos2 að Þ

p� �
; ð2:71Þ

ny ¼ n0 þ n30r41ET

4
sin að Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3 cos2 að Þ

p� �
; ð2:72Þ

nz ¼ n0 � n30r41ET

2
sin að Þ: ð2:73Þ

These refractive indices can be seen plotted in both the principal frame and the
crystal frame in Fig. 2.9. Here both the terahertz and optical detection radiation
propagate into the picture perpendicularly to both the [001] and [–110] axes. This

direction has previously been denoted Sz ¼ � 1ffiffi
2

p ;� 1ffiffi
2

p ; 0
� �

. The electric field

Fig. 2.9 Refractive index
ellipsoid in both the crystal
frame and the principal frame.
nx (blue) and ny (red) are
shown as well as the
polarisation (green) of the
applied terahertz field
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vector of the optical detection radiation is fixed along the ½110� axis whilst the
electric field vector of the terahertz is allowed to rotate azimuthally around [110].
The angle the terahertz electric field vector makes with the [–110] axis is denoted a
in Fig. 2.9.

Taking all of the above described geometry into account the optical probe
electric field experiences a phase change due to the difference in the two refractive
indices, nx and ny of C, where,

C ¼ xoL
c

nx � ny
� 


; ð2:74Þ

where L is the crystal thickness and xo is the optical probe electric field angular
frequency. Combining Eq. (2.74) with the refractive index equations described in
Eqs. (2.71) and (2.72), it is possible to express the relative phase shift experienced
by the optical probe as a function of applied terahertz electric field strength [18] as

C ¼ pd
k0

n30r41ET

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3 cos2 að Þ

p
: ð2:75Þ

The dependence of the relative phase shift experienced by the optical probe on
the angle of the terahertz electric field orientation can be seen in Fig. 2.10. As can
be seen from this figure the relative phase shift is maximised when the terahertz
electric field is orientated with an a angle of 0°. This means that the maximum
detectable signal will be obtained when both the optical detection electric field and
the terahertz electric field are aligned with the ½110� axis.

Whilst the above describes how the optical probe is changed inside the detection
crystal the information that can be extracted depends upon how the change in the

Fig. 2.10 Measured phase
shift of an optical probe beam
within a ZnTe detection
crystal due to the presence of
terahertz radiation as a
function of the ½110� crystal
angle a
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optical electric field is detected. Typically there are two main types of probe
detection each enabling a different type of information regarding the terahertz field
to be obtained. These two methods are balanced detection, cross-polarised
detection.

2.4.2.1 Balanced Detection

Balanced detection uses a quarter wave plate, a polarising beam cube and a set of
two photodiodes to convert the phase change experienced by the optical probe
electric field into a difference in polarisation state. Each polarisation state is then
detected by a separate photodiode. This can be seen in Fig. 2.11, where the optical
probe is shown in red with the polarisation states shown in black at each part of the
optical setup.

To analyse how the phase change converts to a detectable signal, Jones matrices
are used to propagate the electric field through the optical components used [19].
By setting a to 0°, such that ZnTe crystal is orientated with its (110) surface aligned
to the polarisation of the terahertz radiation and the optical probe laser the Jones
matrix calculation for balanced detection becomes

Eout ¼ R �/ð ÞMwR /ð ÞR �hð ÞMCRðhÞEin; ð2:76Þ

where Eout is the vector,
Ex;out

Ey;out


 �
, representing the output of the system, R hð Þ is a

rotation matrix equal to
cos hð Þ � sin hð Þ
sin hð Þ cos hð Þ


 �
, Mw is the quarter wave plate matrix

equal to e
ip
4 0
0 e�

ip
4


 �
, MC is the matrix which represents the phase rotation induced

by the terahertz electric field and is equal to eiC 0
0 e�iC


 �
and Ein is the input

optical detection electric field vector. The measured signal, DI=I0, output by a

Fig. 2.11 Schematic diagram of the optical scheme for balanced detection, showing the linearly
polarised input beam being converted into a circularly polarised beam and then two orthogonal
linearly polarised beams
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lock-in amplifier is a measure of Ex;out

		 		2� Ey;out

		 		2. This now allows for the mea-
sured signal to be expressed as a function of the phase rotation induced by the
terahertz radiation such:

S ¼ DI
I0

¼ sin Cð Þ: ð2:77Þ

Applying the small angle approximation and using Eq. (2.75) the following
equation can be written

ETHz ¼ DI
I0

k
2pn3r41L

; ð2:78Þ

where k is the optical detection optical field wavelength, DI represents the change
in the photodiode signals as measured by the lock-in amplifier, I0 is 2 times the
photodiode level with no terahertz radiation present (again as measured by the
lock-in amplifier), n is the refractive index of the optical detection radiation inside
the detection crystal, r41 is the electro-optic co-efficient of the detection crystal and
L is the crystal thickness. Equation (2.78) represents the terahertz electric field
strength inside the detection crystal. Additional factors can be added to account for
losses in the terahertz radiation due to reflections and losses as well as calibration
factors to account for errors in devices used. Adding these factors in (2.78) gives,

ETHz ¼ DI
I0

k
2pn3r41L

TC; ð2:79Þ

where T represents the transmission coefficient of the detection material and
C represents correction factors applied to account for errors in any measuring
devices. This equation, Eq. (2.79), now describes the terahertz electric field strength
external to the detection crystal as measured by balanced detection [20].

2.4.2.2 Crossed-Polarised Detection

Crossed-polarised detection uses similar optics to the previously described balanced
detection, however the quarter wave plate is replaced with a half wave plate. The
half wave plate is set such that in the absence of terahertz radiation the probe beam
is linearly polarised such that it exits the polarising prism through one of its arms.
This can be described by the following Jones Matrix calculation,

Eout ¼ R �/ð ÞMwR /ð ÞR �hð ÞMCR hð ÞEin; ð2:80Þ

where all the elements are the same as for balanced detection apart from Mw which
now represents a half wave plate. A detector is then used to detect radiation that
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exits the polarising cube through the fully extinguished output arm. When terahertz
radiation is present the phase rotation induced within the ZnTe crystal causes some
radiation to exit the polariser through the, previously extinguished, arm of the
polarising cube. This radiation is then incident upon the detector. Using balanced

detection the measurable signal could be defined as S ¼ Eout;x

		 		2� Eout;y

		 		2 whereas
now the measurable signal is defined as simply S ¼ Eout;x;y

		 		2. Using Eq. (2.76) it is
possible to derive an expression for the terahertz field strength as a function of the
measured signal,

S ¼ 1
2
E0e

�i3
4p �2i sinCð Þ; ð2:81Þ

where E0 is the intensity of the probe laser on the ZnTe surface. When combined
with Eq. (2.75) this leaves

S ¼ 1
2
E0e

�i3
4p �2i sin
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k0

n30r41ET
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: ð2:82Þ

Whilst this detection system is not as sensitive as balanced detection it does
enable spatial mapping of the terahertz radiation to be performed. This spatial
mapping can be achieved by using a two dimensional CCD camera which images
the ZnTe crystal surface. The phase rotation imposed onto the optical probe beam
only occurs when in spatial areas where the probe beam overlaps with terahertz
radiation.

2.5 Photoconductive Antenna Generation

Photoconductive antennas (PCAs) are common sources of pulsed terahertz radia-
tion. A PCA consists of a semiconducting material with a set of electrodes attached
to the surface. This semiconducting material is held under a high electrical bias field
via a voltage which is applied to the electrodes. The antenna is photoexcited by an
ultrafast laser with photons that have a larger energy than the bandgap, thus lib-
erating charge carriers from the valence band into the conduction band. Whilst in
the conduction band the charge carriers are able to accelerate under the applied
electrical bias field. Maxwell’s equations state that an accelerating charge will emit
radiation. This is the principle underlying mechanism that allows terahertz radiation
to be generated from PCAs. The charge carriers continue to accelerate in the
conduction band until they drop back down into the valence band. The time that the
charge carriers remain in the conduction band is called the recombination lifetime
and is wholly governed by the semiconductor material properties.

The two processes that govern the length of time that the charge carriers can
accelerate for are interband scattering and screening. Interband scattering as the
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name suggests describes the process through which charge carriers collide and
scatter off other carriers and defects within the material. Having collisions within
the conduction band reduces the mean free path of the electrons. This in turn can
help to broaden the bandwidth of the generated terahertz pulse, as it effectively
shortens generated radiations temporal profile. For the scattering process to be
dominant or have a noticeable effect their must exist a very large electron density
within the conduction band or a large number of defects within the material.
Screening describes a process through which the electric field created by the
non-uniform spatial density of charge carriers effects their acceleration due to the
applied bias field. This can be seen in Fig. 2.12, where the red dots represent the
holes and the blue dots represent electrons. As can be seen the electrons and holes
are initally attracted towards the positivly and negativly charged electrodes
respectivley. This causes a build up of electrons and holes around these electrodes
in turn producing a large charge carrier density, and along with that a large electric
field. This electric field causes the charge carriers to attempt to spread out, effectivly
slowing or stopping their motion towards the electrode. This reduces the duration of
the charge carriers acceleration and therefore increases the bandwidth of the gen-
erated terahertz radiation.

Generally, these recombination lifetimes are much larger than 100 fs and con-
tribute towards the temporal structure of the generated terahertz pulse. Due to the
recombination lifetime generally being much longer than that of the temporal
duration of the excitation laser pulse, which is typically on the order of 30–100 fs,
and temporal tuning imposed by the excitation laser is smeared out. This makes
PCAs unsuitable for applications that require temporal tuning of the terahertz
radiation imposed by the excitation laser radiation.

Fig. 2.12 Schematic diagram showing the effects of screening. Here the blue circles represent
electrons whilst the red circles represent holes. As can be seen a build-up of negatively charged
electrons exists around the +ve electrode whilst a build-up of positively charged holes exist around
the −ve electrode
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The electric field of the generated radiation can be expressed as [21]

@2

@y2
E xð Þþ x

c2
�0E xð Þ ¼ �ixl0J xð Þ; ð2:83Þ

where E xð Þ is the terahertz electric field, x is the angular frequency and J xð Þ is the
current surge across the PCA. This expression is valid as long as the antenna has an
aperture much larger than the wavelength of the generated terahertz radiation and
the bias field across the antenna is uniform. A final condition that the terahertz field
strength is much smaller than that of the applied bias field is also required as this
description does not account for interactions between the liberated charges and
generated terahertz radiation [21].

The current surge across the wafer as a function of time, J(t), can be expressed
by the non-equilibrium distribution of the free carriers within the antenna. This
takes the form

J tð Þ ¼ �he
4p3

Z
kz

fe
me

� fh
mh

� �
dk; ð2:84Þ

where e is the charge of an electron, kz is the momentum vector of the charge carrier
resolved into the z direction, fe and fh are the distribution of the free electrons and
holes antenna respectively and me and mh are the effective masses of the electrons
and holes respectively. Making the assumption that me � mh enables the second
term within the bracket to be ignored leaving,

J tð Þ ¼ �he
4p3

Z
kzfe
me

dk: ð2:85Þ

In order to further calculate the form of J(t) the form of fe must be approximated.
This can be done by assuming a Boltzmann distribution of carriers, which takes the
form,

@

@t
fe þ �hk

me

@

@r
þ e

�h
@

@k


 �
fe ¼ �C fe � feoð ÞþUfe þGðtÞ p

2d k � k0ð Þ
k20

; ð2:86Þ

where C is the recombination rate, U is the inverse lifetime and G(t) is the gen-
eration rate. The generation rate describes the flux of photons that have an energy
larger than the semiconductor band gap and are incident upon the surface of the
antenna. By considering the quantities that describe the laser pulse such as the
intensity, I0; the group velocity, m0; and temporal duration, D; as well as the
quantities that govern semiconductor-laser interaction such as absorption, a, and
reflectivity, R, the generation rate can be expressed as [21],
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G tð Þ ¼ a 1� Rð ÞI0
�hx0

eaye�
t

2D2 : ð2:87Þ

Now by using Eq. (2.85) it is possible to express J(t) in the frequency,

JðxÞ ¼ e
me

E0 U k0 � ixð Þ½ ��1 C k0ð ÞþU k0ð Þ � ix½ ��1GðxÞ: ð2:88Þ

The Fourier transform of Eq. (2.87) can be taken yielding an expression which
describes the generation rate in the frequency domain:

G xð Þ ¼ a 1� Rð ÞI0
�hx0

e�aye
x2D2

2 e
ix
2D2 : ð2:89Þ

The above expression can now be used to form an expression for the terahertz
electric field generated by the PCA in the frequency domain,

E xð Þ ¼ �
ffiffiffiffiffi
l0
�0

r
A xð Þ 1� ix nþ n0ð Þ

ac

� ��1

�
2n 1� ix n0 þ neð Þ

ae

h i
nþ n2e

e
ixnd
c 1� r2e

i2pdx
c

h i�1
;

ð2:90Þ

where n0 ¼ c
m0
, n ¼ ffiffi

�
p

and ne ¼ ffiffiffiffi
�0

p
and represent the refractive indices inside and

outside the wafer respectively and r ¼ n� ne/nþ ne. The variable A xð Þ contains
the excitation radiation parameters and can be expressed as follows,

A xð Þ ¼
e2
me
E0 1� Rð ÞI0D

�hx0
sspe

�x2D2
2 1� ixsð Þ�1 1� ixsp

� 
�1
; ð2:91Þ

where s and sp represent the inverse lifetime, U and the inverse relaxation lifetime,
C, respectively [21].

2.6 Longitudinally Polarised Radiation

Typically the electric fields of a propagating electromagnetic field in free space,
light, are thought of as only having transversely polarised components. This means
that the electric field lines point orthogonally to the direction of the propagation of
the electromagnetic field. This, however, is not completely correct as all forms of
free space propagating electromagnetic radiation, apart from azimuthally polarised
radiation, have electric fields with longitudinally polarised components, i.e. electric
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field components that are orientated in the direction of the propagating electro-
magnetic field. This can be seen by analysing

r � E x; y; zð Þ ¼ qf ; ð2:92Þ

where E x; y; zð Þ is an electric field in Cartesian spatial co-ordinates x; y; zð Þ and qf is
the density of free charges in the space occupied by the field. As this is a field
propagating in free space, qf can be set to zero. Therefore Eq. (2.13) states that the
total spatial gradient of the electric field is zero, this means that the field lines
cannot begin or end leaving two possible options. The first is that the field carries
on to an infinite spatial extent and the second is that the field lines loop round and in
doing so create a component of the field that points in the direction of propagation.

To investigate the form of the longitudinally polarised electric field component
Eq. (2.92) can be rearranged by splitting E x; y; zð Þ and r into their orthogonally
polarised components i, j and k such that,

@

@x
îE x; y; zð Þþ @

@y
ĵE x; y; zð Þþ @

@z
k̂E x; y; zð Þ ¼ 0: ð2:93Þ

where i, j and k lie along the x; y and z axes respectively. Rearranging for the
longitudinal component, k, subsequently yields,

Ek x; y; zð Þ ¼ �
Z1
�1

r?E? x; y; zð ÞdzþC x; yð Þ; ð2:94Þ

where ? denotes the linear combination of i and j and Cðx; yÞ is an unknown
constant due to the integration. This constant however does not vary in z and so for
pulsed radiation it can be said to be zero. This is because for pulsed radiation
Ek x; y; zð Þ and E? x; y; zð Þ must be zero at some z and for this to be true C(x,y) must
also be zero at that z and because it does not vary in zmust therefore be zero for all z.

As can be seen from Eq. (2.94) the longitudinally polarised electric field com-
ponent depends strongly upon the spatial gradient of the transversely polarised
electric field component and in fact is maximised when the spatial gradient of the
transversely polarised electric field component is maximised. This attribute is in fact
apparent in electromagnetic modes with strong transverse gradients. Modes such as
the radially polarised Laguerre-Gaussian 01 (LG01*) mode contain strong spatial
gradients on axis and strong longitudinal fields have been observed on the axis of
such modes [20]. Effects such as the tight focusing of radiation can also increase the
amount of the electric field that can be resolved into the longitudinal direction.
Again this has been observed in both complex modes with strong transverse gra-
dients as well as simple standard Gaussian beams [22].
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2.7 Acceleration of Charged Particles

A charged particle is a particle that is able to interact with an electromagnetic field.
Within this section the acceleration of charged particles by external electromagnetic
fields is discussed. For simplicity only electrons are considered, and assumed to be
a point-like particle with no spatial dimension. To examine how an electron is
influenced by an external electromagnetic field two properties of the electron must
first be defined. Firstly its charge; the charge of the electron determines the strength
of the interaction between an electromagnetic field and the electron. Secondly the
electron mass is describes as resistance of the electron to a change in velocity.

In Newtonian physics the mass of a particle is constant and independent of
velocity or acceleration. This is commonly referred to as the rest mass of the
particle and for an electron denoted me. To describe the acceleration of an electron
first one must be able to define its position in space. This is done in Cartesian
co-ordinates and defined as a vector x. Following this the velocity of the particle can
be defined as v where

v ¼ @x
@t

: ð2:95Þ

Newton’s first law of motion states that the velocity of a particle will remain
constant unless an external force acts upon the particle. Momentum, P, is now
introduced as a quantity which describes how much force is needed to change the
velocity of a particle and can be expressed as [23]

P ¼ mev: ð2:96Þ

Newton’s second law of motion now defines the force, F, as [23]

F ¼ @P
@t

: ð2:97Þ

To understand how the force applied to a particle relates to a change in its
velocity two quantities are introduced, the first being kinetic energy, Ek, and the
second being work done which is the change in kinetic energy, DEk . The work done
to a particle by a force can be described as [23]

DEk ¼
Z

Fdx: ð2:98Þ

By assuming that the mass of a particle is not a function of its velocity, which for
now can be assumed, and by defining Ek ¼ 0 when v ¼ 0 the kinetic energy of a
particle can be written as

44 2 Theoretical Background



Ek ¼ 1
2
mev

2: ð2:99Þ

The act of placing a charged particle into a static electromagnetic field with
potential energy U enables the exchange of energy between the particle and field.
The sum of the kinetic energy and potential energy must always be constant and is

defined as the total energy, E. Noting that the field is static, i.e. @U@t ¼ 0, it is possible
to express the potential energy as a function of the work done,

rEk ¼ � @U
@x

: ð2:100Þ

Here it is now possible to decompose the vectors onto the three Cartesian
co-ordinate axes such that,

Ek;x ¼ @

@x
Ux; ð2:101Þ

Ek;y ¼ @

@y
Uy; ð2:102Þ

Ek;z ¼ @

@z
Uz: ð2:103Þ

Commonly it is attractive to accelerate a particle in one direction. It can be seen
from the above equations that in order to do so the potential of the field must
therefore be orientated in that direction. For instance taking z to be the desired
direction of electron beam propagation it can be seen that the accelerating potential
must also lie along the z axis.

2.7.1 Relativistic Motion

As described above charged particles can be described by three quantities, their
position and velocity at a fixed time ðx; v; tÞ. In Newtonian physics the amount of
energy needed to accelerate a particle from Ek;zðt ¼ 1Þ to Ek;zðt ¼ 2Þ is not
dependent upon the initial kinetic energy. This, whilst being a good approximation
at low energies, does not hold for high energies when the velocity of the particle
becomes a noticeable proportion of the speed of light. In such cases the mass of a
particle is no longer independent of the velocity, but in fact can be expressed as a
function of it,
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m ¼ cme; ð2:104Þ

where c is a dimensionless quantity which describes the velocity of a particle as a
fraction of the speed of light and can be expressed as

c ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� b2Þ

q ; ð2:105Þ

where

b ¼ v
c
: ð2:106Þ

The relationship between c and v can be seen in Fig. 2.13a. As can be seen in
Fig. 2.13b for low velocities, velocities less than approximately half the speed of
light, the mass of an electron remains constant and does not change appreciably as a
function of velocity. However when the velocity of the electron approaches c its
mass rapidly starts to increase tending towards infinity.

Whilst this does not change the relationship between force and momentum it
does change the definition of momentum such that now,

P ¼ cmev: ð2:107Þ

Noticing now that as the velocity of the electron approaches c its momentum
increases with respect to the velocity of the electron. Therefore the energy of the
particle must be defined as

Fig. 2.13 Simulations produced to show a c as a function of velocity and b the mass of an
electron as a function of velocity

46 2 Theoretical Background



E ¼ cmec
2: ð2:108Þ

The kinetic energy is now the total energy minus the rest energy, mec2, of the
electron,

Ek ¼ mec
2ðc� 1Þ: ð2:109Þ

2.7.2 Acceleration Within an Electromagnetic Field

To analyse how an electron is accelerated by an electromagnetic field the change in
momentum is calculated instead of the velocity. This is because in the relativistic
regime there is very little change in the velocity of an electron where as there is a
large change in the energy of an electron. The change in momentum over time is
expressed as

@P
@t

¼ �qeðEþ v� BÞ; ð2:110Þ

where

P ¼ cmcb: ð2:111Þ

The change in c which relates to the velocity of the particle is given as

@c
@t

¼ � qe
mec2

v � E; ð2:112Þ

As previously described an electron will be accelerated in the direction of the
electric field. Therefore for co-linear acceleration with a propagating field the
electric field radiation should have a strong on-axis component. Such components
are present in modes such as radially polarised modes and Hermite-Gaussian
TEM01 (HG01) modes. The electric field from a HG01 mode can be expressed in
terms of its transverse, r, and longitudinal, z, field components as

Er ¼ 4E0x0rffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2x2ðzÞp e

� r2

x2ðzÞ

� �
sinð/Þ; ð2:113Þ

Ez ¼ 4E0xoffiffiffi
2

p
kx2ðzÞ e

� r2

x2ðzÞ

� �
1� 2r2

x2ðzÞ

 �

cos/� 2zr2

ZRx2ðzÞ sin/
� �

: ð2:114Þ
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If we assume that the electrons being accelerated are on axis, i.e. are positioned
at r ¼ 0, then Er = 0 and the accelerating field becomes,

Ez ¼ 4E0xoffiffiffi
2

p
kx2ðzÞ cos/: ð2:115Þ

This can now be used in conjunction with Eq. (2.110) such that it becomes

@Pz

@t
¼ �qe

4E0xoffiffiffi
2

p
kx2ðzÞ cos/þ v� B

 !
; ð2:116Þ

and as we are now only considering on-axis acceleration in the z direction the
magnetic field becomes zero leaving,

@Pz

@t
¼ �qe

4E0xoffiffiffi
2

p
kx2ðzÞ cos/

 !
: ð2:117Þ

Equation (2.112) now also becomes

@cz
@t

¼ � qe
mec2

vz � 4E0xoffiffiffi
2

p
kx2ðzÞ ð2:118Þ

These two equations describe the on-axis longitudinal acceleration of a rela-
tivistic electron by a radially polarised electric field. The change in the momentum
of the electron as a function of time describes how much the particle is accelerated
over a given time period whilst the change in cz describes change in the energy and
velocity of the particle over a given time period. Whilst both these quantities are
linked and can provide the same information they are commonly used in different
ways to obtain different information about the acceleration of a particle.

2.7.3 Acceleration with Terahertz Radiation

Typically electron bunches have temporal profiles on the order of 0.5–10 ps and are
accelerated using radio frequency electromagnetic radiation. Radio frequency
electromagnetic radiation typically has temporal periods on the 10’s ns scale. This
mismatch in temporal periods makes it very difficult to perform fine temporal tuning
of the longitudinal profile of the electron bunch. It would therefore be attractive to
use radiation with a much shorter period to perform fine temporal tuning of the
longitudinal profile, providing the ability to produce ultrashort electron bunches and
electron bunches with unique longitudinal profiles. Such bunches would be very
useful in fields such as pump-probe spectroscopy, synchronisation and particle
therapy.
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Whilst radiation with extremely small temporal periods, such as optical radia-
tion, would be ideal for the fine temporal tuning of relativistic electron bunches the
fact that the period is much less than the longitudinal profile of the electron bunch
causes a new problem. This problem involves the phase slippage of the particle
bunch relative to the modulation radiation; as they co-propagate the electron bunch
travels slightly slower than the modulating radiation. This causes the electron bunch
to slip through many cycles of the modulating radiation meaning it experiences, on
average, as many positive field areas as it does negative field areas essentially
providing zero net modulation.

Electromagnetic radiation with periods similar to that of the electron bunch, 0.5–
10 ps, such as terahertz radiation does not present either of these problems. The
temporal profile of terahertz radiation is short enough that fine temporal adjustments
to the longitudinal profile of the electron bunch can be carried out. In fact
depending on the generation source these temporal manipulations can be directly
imposed by a pump optical laser and if a laser driven terahertz source is chosen this
inherently enables sub 10 fs electron beam—laser beam synchronisation. However
its temporal period is not so short as to enable electron bunches to co-propagate and
experience a number of positive and negative cycles. Electron bunches with typical
energies of approximately 25 MeV are able to co-propagate with a terahertz pulse
centred around 0.3 THz for approximately 1 m before they fall half a cycle out of
phase [24]. This length only increases as the electron bunch energy increases and
for the same energy is much higher than the 30 lm coherence length which would
be achievable with 800 nm optical radiation.

Whilst terahertz radiation appears to be an obvious answer to being able to
provide fine scale longitudinal energy modulation to relativistic electron bunches,
only in the last few years have terahertz sources capable of producing useable field
strengths being developed. Sources able to produce terahertz field electric strengths
in excess of 500 kVcm−1 are required for noticeable and useful energy modulation
of relativistic bunches. These sources must also have a unique and complex
polarisation state allowing them to have an on-axis strong longitudinally polarised
electric field component. As of now such a source has not been developed; however
the individual components required have. It would therefore be important to further
investigate the development of such a source which is the main aim of this work.
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Chapter 3
Experimental Apparatus

This chapter gives an overview of the apparatus and equipment used within this
project. The different laser systems used are listed along with their specifications
and capabilities. The Accelerators and Lasers In Combined Experiments (ALICE)
25 MeV energy recovery linear accelerator which is based at the Daresbury STFC
Laboratory is described along with some preliminary data obtained from experi-
ments carried out on ALICE.

3.1 Laser Systems

Laser systems were key instruments involved in all of the experiments carried out
within this project. One of the main laser systems used was a regenerative amplifier
based laser system. The laser system provided up to 2 mJ of pulse energy at a
repetition rate of up to 1 kHz. The radiation generated by this system was centred
on a wavelength of 800 nm and had a pulse width of 45 fs. The regenerative laser
system consist of three separate sections, the pump, oscillator and regenerative
cavity. The pump laser used within this system was a Q-switched intra-cavity
doubled diode-pumped solid state laser (DPSS). The DPSS laser used
neodymium-doped yttrium lithium fluoride (Nd:YLF) as its gain material to pro-
duce radiation centred on a wavelength of 1053 nm. This radiation was frequency
doubled to produce 20 mJ of pulsed radiation at a 1 kHz repetition rate with a
duration of 250 ns centred at a wavelength of 527 nm. The oscillator used within
this laser system was a titanium sapphire (Ti:Sapph) crystal mode-locked laser. It
was pumped by a separate frequency doubled DPSS laser which produced 4.7 W of
radiation with a wavelength of 532 nm. The oscillator produced a train of sub-15 fs
pulses with a repetition rate of 81.25 MHz, the average power generated by this
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laser was 400 mW. The regenerative amplifier combined both the oscillator and the
pump radiation inside a z-shaped cavity. Before entering the cavity the oscillator
beam first passed through a Faraday isolator. This isolator only allowed radiation to
propagate through in one direction, preventing any back reflections from being
transmitted back into the oscillator. The oscillator beam then passed through a set of
gratings which added a spectral chirp onto the pulses. This increased the oscillator
radiation pulse duration, lowering the peak power, which was required to avoid
material damage inside the regenerative amplifier cavity. The stretched pulses then
passed through a Pockels cell which only allowed 1 in every 81,250 pulses to pass
through, enabling the oscillator pulse train to be synchronised to the 1 kHz DPSS
pump laser. These pulses then enter the regenerative amplifier cavity. Within this
cavity the pulses make multiple passes through the Ti:Sapph gain material each
time being amplified further. A second Pockels cell was situated within the cavity
and after a pulse had made a certain number of cavity round-trips redirected the
pulse out of the cavity. Once out of the cavity the amplified pulses passed through a
third Pockels cell that enabled the output repetition rate to be varied. The pulses
were then expanded in size using a set of lenses which acted as a Galilean beam
expander. Once expanded the pulses entered into a compressor. This compressor
removed the spectral chirp that was previously imposed and compressed the pulse
duration down to 50 fs. A schematic diagram of the chirped-pulse regenerative
amplifier laser cavity can be seen in Fig. 3.1.

Fig. 3.1 Schematic diagram of a chirped-pulse regenerative amplifier laser cavity. F1 represents a
faraday isolator, A1,2,3,4 represent alignment apertures, SM1,2 are the seed mirrors and the VRR is
the vertical retro-reflector [1]
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3.2 Large Area Photoconductive Antenna

Experiments carried out within this project commonly required a high power, laser
driven, pulsed terahertz source. For many of these experiments a large area pho-
toconductive antenna was used. Within this section the workings of such antenna
will be detailed along with how it was used, built, designed and works. The theory
behind how a photoconductive antenna generates terahertz radiation can be found in
Sect. 2.5 of this thesis.

There were two types of large area photoconductive antenna used within this
project. One produced linearly polarised terahertz and the other produced radially
polarised terahertz radiation. They both consisted of 75 mm diameter
semi-insulating gallium arsenide (SI-GaAs) wafers to which electrodes were
attached. A high electrical voltage was applied to the electrodes and they were
subsequently photo-excited using a regenerative amplifier laser system. The
photo-excitation pulses typically consisted of 1.8 mJ of energy per pulse with a
temporal duration of 50 fs and a central wavelength of 800 nm. Due to the laser
used these pulses could be applied at a maximum repetition rate of up to 1 kHz.
However due to the power supply used to provide the voltage pulses to the elec-
trodes, terahertz radiation generation was limited to repetition rates of 250 Hz.

The wafer was housed in a polytetrafluoroethylene (PTFE) enclosure which had
two holes cut into it as seen in Fig. 3.2. One hole allowed for the pump beam to
photo-excite the wafer and the second allowed for the forward travelling generated
terahertz radiation to leave. The power supply used to generate the high voltage pulse
which was applied to the electrodes consisted of three main parts. The first was
a ± 5 V laboratory power supply, the second was the trigger receiver box and the

Fig. 3.2 Radially biased
large area photoconductive
antenna housed in its PTFE
enclosure
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third was the high voltage section. The high voltage section consisted of a coil pack
from a car and was able to transform the 5 V direct current (DC) laboratory supply
into a 180 kV pulse. This was triggered by a trigger supplied by the laser and entered
into the triggering electronics.When this trigger flipped the voltage pulse was applied
to the electrodes. Wired in parallel was a high resistance potential divider that divided
the voltage by a factor of 4000 enabling it to be monitored on an oscilloscope.

As previously stated the two types of wafer produced terahertz radiation with
two polarisation states, linear and radial. This was achieved by altering the electrode
geometry of the wafer. Due to the way the terahertz radiation is generated, accel-
erating a photo-excited charge under an electrical bias field, the polarisation of the
generated terahertz radiation will always be in the direction of the charges accel-
eration, or in the direction of the applied bias voltage. By exploiting this property of
the photoconductive antenna complex polarisation states could be easily generated.

In order to generate linearly polarised terahertz radiation electrodes which
consisted of horizontal aluminium foil strips were used and were applied with
adhesive to the surface of the antenna. The electrodes created an electric bias field
pattern that had electric field lines running horizontally across the surface of the
wafer, and remained approximately parallel to each other. This meant that the
photo-excited electrons situated within the conduction band would accelerate along
these field lines and generate terahertz radiation polarised in a vertical near uniform
state. This antenna was used for a number of experiments, including the testing of
electro-optical detection schemes due to the simplicity of the polarisation state of
the generated terahertz radiation. In typical experimental setups it was able to
produce peak terahertz electric field strengths on the order of 10 kVcm−1 when
focused to a 5 mm 1/e2 spot. The antenna in this configuration was able to gen-
erated terahertz radiation with a near single cycle, near unipolar temporal structure
with temporal durations on the order of 300 fs. A unique and interesting feature of
the radiation generated by this antenna was the near unipolar temporal structure.
This is mostly due to the large aperture of the antenna and is not found on most
other commercially available photoconductive antennas which are typically much
smaller in size.

The second antenna was able to generate radially polarised terahertz radiation by
exploiting the same physics as above. The electrode geometry on this antenna
consisted of an outer annular electrode and central hemispherical electrode and this
is described in further detail in Chap. 6.

3.3 Accelerators and Lasers in Combined Experiments
(ALICE)

The ALICE accelerator is a superconducting linear accelerator based at the STFC
laboratory Daresbury. ALICE is an energy recovery linear accelerator and its
construction was completed in 2010. ALICE was designed, built and is used to both
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produce radiation and interact electron bunches with externally generated
electro-magnetic radiation. Equipment such as a free electron laser undulator and
coherent transition radiation (CTR) foils situated around the accelerator beam pipe
allow for the generation of many types of radiation such as mid-infrared and
terahertz. A picture the ALICE injection line can be seen in Fig. 3.3 and a sche-
matic view can be seen in Fig. 3.4.

Fig. 3.4 Schematic diagram of the ALICE accelerator

Fig. 3.3 Photograph of the ALICE accelerator based at STFC Daresbury Laboratory
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3.3.1 Accelerator Beam Line

The electron beam in the ALICE accelerator is generated by a copper photocathode
that is photo-excited by a laser. The laser is an 81.25 MHz mode-locked oscillator
with a 1 lm output wavelength. The output is frequency doubled to form a beam
with a 532 nm wavelength radiation, this doubled radiation has a FWHM temporal
duration of 28 ps. This beam is then transported to the cathode where it liberates
electrons. The FWHM spot size of the laser on the cathode is 4.1 mm and can be
tuned. The cathode is made from copper and has a measured quantum efficiency of
approximately 4%. The electrons, once liberated, are accelerated by the electron
gun which consists of a DC voltage. The DC voltage of the gun is 230 kV but this
can be increased to 350 kV with the aid of high voltage ceramic inserts. The
electrons are then accelerated by the booster which accelerates the electrons to
relativistic energies of around 8.35 MeV. These electrons are then transported into
the main ring. The first element in this ring that the electrons encounter is the
superconducting energy recovery cavity, this cavity operates at 1.3 GHz and
accelerates the electron bunch up to a maximum energy of 35 MeV. The electrons
then travel around the accelerator past the radiation injection point, which is used to
inject modulating radiation such as terahertz or near-infrared radiation. The elec-
trons then enter a dispersive region, which consists of a chicane shaped beam line
through which the electrons pass. This dispersive region can be used to temporally
compress or stretch the electron bunch. This dispersive region can also be used as
an energy spectrometer if a screen is placed in the centre. After the dispersive
region the electron bunch passes through a free electron laser (FEL) cavity which
consists of a series of alternating magnets which make the electron beam oscillate in
the transverse dimension. After this element the electron beam passes through
radiation injection stage two and the coherent transition radiation generation point,
after which it returns to the superconducting cavity.

The electron bunch temporal structure consists of two parts, the micro structure
and the macro structure, both of these structures can be tuned by adjusting the
injection laser repetition rate. The maximum micro bunch repetition rate is
81.25 MHz with a maximum macro bunch repetition rate of 10 Hz. The electron
bunches have a maximum charge of 80 pC with a compressed bunch length less
than 1 ps.

When the beam re-enters the superconducting cavity the electron beam dynamics
are set up such that it is p out of phase with any newly injected bunch. This enables
the cavity to take energy from the old beam and give it to the new beam, this is
called energy recovery. The effects of energy recovery can be seen in Fig. 3.5, here
Fig. 3.5b shows the power draw of the main accelerating cavity with energy
recovery system disabled whilst Fig. 3.5a shows the power draw of the main
accelerating cavity with the energy recovery system enabled. As can be seen when
the system is enabled the amount of power drawn by the cavity is significantly
reduced [2]. The old beam then passes through cavity and is directed down an exit
beam line into a beam dump.
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Chapter 4
Radiation Propagation Simulation

This chapter describes a simulation that was developed to aid the design and
understanding of the optical setups presented in Chaps. 5–7. The simulation used
diffraction theory to take an arbitrary two-dimensional electric field distribution and
propagate it through a number of optical elements to a two-dimensional output
plane at a given distance away. Information such as the spatial distribution and
temporal properties of the propagated electric field could be obtained. The effect of
optical elements such as lenses and diffraction gratings could be investigated and
their various properties optimised to produce the maximum desired output
parameters. A derivation of the physics involved in this simulation are provided
along with the reasoning behind the assumptions made and any limits these
assumptions impose upon the applicability of the simulation.

4.1 Introduction

A simulation for propagating two-dimensional (2D) (x, y) electric field amplitude
grids over a distance z was created to help design optical setups for terahertz
generation. This simulation was designed and implemented within MATLAB.
Inputs to the simulation take the form of any arbitrary 2D electric field distribution
with any arbitrary bandwidth and spectral profile. The outputs produced by the
simulation include the three-dimensional (3D) electric field profile along with the
spectral and temporal profile. Using this simulation it is possible to propagate the
electric fields through a number of optical elements such as spherical and cylin-
drical lenses, diffraction gratings and other dispersive optical elements.
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4.2 Theory

The simulation has the following three main components: a linear propagation
routine which describes the main propagation code which propagates an electric
field, E(x, y, 0), from an initial source plane to an final output plane E(x, y, z); optical
elements which describe how optical components such as lens, waveplates and
gratings are added into the simulation and a longitudinal calculation which describes
how the longitudinal fields are calculated from the propagated transverse fields.

4.2.1 Linear Propagation

The linear propagation section of the simulation was based on the Fresnel
diffraction integral. The simulation takes an input electric field distribution grid,

f xi; yi; z ¼ 0;xð Þ ð4:1Þ

and propagates it to form an electric field distribution on a grid

f ðxs; ys; z;xÞ: ð4:2Þ

The Fresnel diffraction integral is defined as [1]

f xs; ys; z;xð Þ ¼ z
ik

ZZ
source

f xi; yi; 0;xð Þ e
ikr

r2
dxidyi; ð4:3Þ

where ðxs; ysÞ is the output grid, ðxi; yiÞ is the input grid, r ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xs � xið Þ2 þ ys � yið Þ2 þ z2

q
, z is the propagation distance, k is the wavelength of

the radiation being propagated, k is the wavenumber and x is the angular frequency.
A pictorial description of Eq. (4.3) can be seen in Fig. 4.1. In this figure an element
on the output plane can be seen as being dependent on every point from the input
plane as is described by Eq. (4.3). Equation (4.3) can be simplified for some
propagation systems such that the integral over the source plane is analogous to a
Fourier transform of this plane. The assumptions and limits of such a simplification
are discussed later in this section. This Fourier transform greatly increases the speed
of the computation and so it is desirable to use it whenever possible.

In order to simplify Eq. (4.5) it is useful to define a new quantity R2
s which

describes the projected distance from each input point to each output point and is
described as:

R2
s ¼ xs � xið Þ2 þ ys � yið Þ2: ð4:4Þ
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It is then possible to redefine the Taylor expansion of r, which takes the form

r ¼ z 1þ xs � xið Þ2 þ ys � yið Þ2
2z2

�
xs � xið Þþ ys � yið Þ2

� �2
8z4

þ � � �

2
64

3
75; ð4:5Þ

in terms of R2
s , such that it becomes

r ¼ z 1þ R2
s

2z2
� R4

s

8z4
þ � � �

� �
: ð4:6Þ

In certain cases it is possible to negate the third order, and therefore any higher
order, terms as long as they are much smaller than a complex exponential period
such that

kR4
s

8z4
� 2p; ð4:7Þ

If this condition is fulfilled then it is possible to remove the third, and any higher,
order terms such that r can now be written as

r ¼ zþ R2
s

2z
: ð4:8Þ

A second simplification can also be made if it can be assumed that the propa-
gation distance is much less than the wavelength of the radiation being propagated,
z � k. If this can be shown to be true then it is possible to say that r � z and
therefore Eq. (4.3) becomes

Fig. 4.1 Pictorial view of the Fresnel integral showing how a point on the output grid depends
upon all the points from the input grid
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E xs; ys; z;xð Þ ¼ eikz

ikz

ZZ
source

E xi; yi; 0;xð ÞeikR2s
2z dxidyi: ð4:9Þ

By expanding Rs in Eq. (4.9) an expression which takes the form

E xs; ys; z;xð Þ ¼ eikz

ikz

ZZ
source

E xi; yi0;xð Þeik
2z x2i þ y2ið Þ

e
ik
2z x2s þ y2sð Þe�ik

z xixs þ yiysð Þdxidyi;

ð4:10Þ

is obtained.
By examining this expression it is now possible to see that many of the terms

inside the integral no longer depend on xi or yi. It is therefore possible to remove
these terms from the integral, leaving

E xs; ys; z;xð Þ ¼ eikz

ikz
e
ik
2z x2s þ y2sð Þ

ZZ
source

E xi; yi; 0;xð Þ

e
ik
2z x2i þ y2ið Þe�ik

z xsxi þ ysyið Þdxidyi:

ð4:11Þ

This expression now allows us to take a two-dimensional electric field map,
Eðxi; yiÞ at a position z ¼ 0 and angular frequency x and propagate it to a plane a
distance z away. This produces an electric field map E xs; ysð Þ at position z ¼ z and
angular frequency x.

4.2.2 Focusing Beams

Focusing is an important part of this simulation and must therefore be modelled
within the propagation. Consider a collimated beam of radiation incident upon a
lens, as shown in Fig. 4.2, with focal length f . Sections of the beam which exist at

Fig. 4.2 Diagram showing a
collimated beam incident
upon a biconvex lens with
focal length f
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different transverse locations will travel through different thickness of the lens
material. This will cause the beam to come to a focus at a position z ¼ f . In order to
simulate the effect of focusing, a radially dependent phase delay is imposed upon
the source plane such that the new source plane becomes

Ein xi; yi;xð Þ ¼ E xi; yið ÞeiU xi;yi;xð Þ; ð4:12Þ

where Eðxi; yiÞ is the input electric field distribution and Uðxi; yi;xÞ is the phase
delay as a function of input grid position and angular frequency [1]. The electric
field distribution is not frequency-dependent as it is assumed that the input beam is
collimated and therefore all frequencies have the same spatial profile. It is however
contained within the phase delay as a relative path length travelled through the
material depends upon the refractive index, which in turn is a function of frequency.
This effectively adds a time delay onto the input grid as a function of input grid
position. To calculate the phase delay as a function of position it is first useful to
define it in terms of the extra thickness the beam will propagate through due to the
lens and the refractive index

U xi; yi;xð Þ ¼ dkD xi; yið Þ: ð4:13Þ

Here dk represents the difference in wavenumber inside and outside the lens due
to the refractive index difference and can be defined as dk ¼ nik � k where k is the
wavenumber and n is the refractive index inside the lens. Dðxi; yiÞ is the extra
thickness travelled through the material as a function of position. Using these
definitions and Eq. (4.13) it is possible to write

U xi; yi;xð Þ ¼ nk � kð ÞD xi; yið Þ: ð4:14Þ

As well as redefining dk it is also possible to redefine Dðxi; yiÞ and write it as a
function of the radius

D xi; yið Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
c � r2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
c � r20

q� �
; ð4:15Þ

where Rc is the radius of curvature, r is the position on the input grid as defined byffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and r0 is the radius of the lens. Assuming a thin lens approximation it is

possible to say that Rc � r0 such that Eq. (4.15) becomes

D xi; yið Þ ¼ r20r
2

RC
: ð4:16Þ

Using Eq. (4.16) and placing it into Eq. (4.14) it is possible to write

U xi; yi;xð Þ ¼ k n� 1ð Þ r20 � r2
	 

RC

: ð4:17Þ
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It is generally more useful to think in terms of focal length, f , as opposed to the
radius of curvature, therefore by using the relationship between f and RC

f ¼ Rc

2 n� 1ð Þ ; ð4:18Þ

it is possible to express Uðxi; yi;xÞ in terms of focal length as

U xi; yi;xð Þ ¼ k
2f

r20 � r2
	 


: ð4:19Þ

Notice that r0 is a constant with respect to its position on the input grid. It
therefore adds a constant phase delay onto the whole beam and will not affect the
focusing. It can therefore be neglected leaving

U xi; yi;xð Þ ¼ � k
2f

r2: ð4:20Þ

By substituting Eq. (4.20) into Eq. (4.12) it is now possible to add a focusing
effect into the simulation. The new input plane therefore becomes

Ein xi; yi;xð Þ ¼ E xi; yið Þe� ik
2f r

2
: ð4:21Þ

The effect of this radially varying phase delay can be seen in Fig. 4.3.
Figure 4.3a shows an input plane that does not have the radially varying phase
delay imposed and Fig. 4.3b shows the same input plane but with a radially varying

Fig. 4.3 Simulated Gaussian input beams of frequency 0.5 THz, a shows the input plane with no
focusing whilst b shows the electric field input plane with a radially varying phase delay that
mimics the focusing effect of a 75 mm lens as calculated from Eq. (4.21)
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phase delay. In this figure both beams have a frequency of 0.5 THz and the focusing
effect mimics that of a 75 mm lens.

The radially varying oscillation which is seen in Fig. 4.3b as negative and
positive annular rings superimposed onto the input Gaussian give rise to the
focusing effect of the beam when propagated. This radially varying oscillation
depends upon both the focal length and the frequency of the input wave as
described in Eq. (4.21). Figure 4.4 shows how this radially varying oscillation
period changes and gets shorter as the frequency of the beam increases. This implies
that the beam focuses to a smaller spot at higher frequencies. This effect is expected
as radiation with higher frequencies and hence longer wavelengths have smaller
diffraction-limited spot sizes.

By propagating these input planes over a range of z such that z ¼ f � dz where f
is the focal length and 2dz is the propagation range the effects of focusing can be

Fig. 4.4 Gaussian electric field input planes calculated from Eq. (4.21) displaying the focusing
effect for frequencies. a 0.2 THz, b 0.4 THz, c 0.6 THz and d 0.8 THz
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easily seen. Figure 4.5 shows this effect for a single frequency of 0.5 THz and
varying focal lengths. A single frequency beam was chosen to display this effect as
it enables the full shape of the propagating beam to be displayed as if it were a
continuous wave beam. All of the data in this figure were normalised to the maxima
of the individual data sets. As can be seen all the beams focus to their expected
positions, which is at a location of z = f. Shorter focal lengths produced smaller
transverse spot sizes at their focal positions but the rate of change of the beam
diameter changes more rapidly as a function of z; this is expected and predicted by
Gaussian optics.

Fig. 4.5 Simulated modulus of the electric field squared of propagated Gaussian beams of single
frequency, using Eq. (4.11), with different focal lengths. a f ¼ 75 mm, b f ¼ 100 mm,
c f ¼ 150 mm and d f ¼ 200 mm. All results are normalised to their local maxima and are
propagated from the same input plane
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4.2.3 Adding a Bandwidth

Whilst Eq. (4.11) allows the propagation of an electric field distribution over a
distance z it does so only for an individual frequency. For this simulation to provide
useful results pulsed radiation must also be simulated. In order to do this a band-
width or spectral range must be introduced. The temporal shape of a pulse is related
to its spectral bandwidth through

E xs; ys; z ¼ 0; tð Þ ¼ Z1

�1
B xð ÞE xs; ys; z ¼ 0;xð Þeixtdx; ð4:22Þ

where E xs; ys; z ¼ 0;xð Þ is the normalised electric field in the frequency domain, t
is a temporal offset, E xs; ys; z ¼ 0; tð Þ is the electric field in the time domain and
BðxÞ is a bandwidth-shaping function.

By performing the linear propagation routine, Eq. (4.11), for a range of angular
frequencies and summing over all frequencies as described in Eq. (4.22) it is
possible to obtain a result which describes the propagation of pulsed radiation. As
Eq. (4.22) is analogous to a Fourier transform the shape of the temporal profile will
take the form of the Fourier transform of the spectral shape. For that reason the
bandwidth-shaping function is added as this allows for the electric field at each
frequency to be weighted with respect to the electric field at other frequencies hence
changing the spectral distribution of the pulse. The bandwidth-shaping function is
chosen to take the form

B xð Þ ¼ x2e
�x2

A2 ð4:23Þ

where x is the angular frequency and A is a constant which can be tuned to help
match the propagated spectrum to real world results.

If the bandwidth-shaping function were not applied then the spectral shape of the
input electric field would contain sharp cut-offs. This leads to a distorted, unrealistic
temporal profile that does not mimic the profile of the terahertz radiation that is
being simulated. This can be shown by taking a radiation source with a 3 THz
bandwidth, not applying the bandwidth-shaping function, Fig. 4.6a, and examining
the corresponding temporal profile, shown in Fig. 4.6b. As can be seen the temporal
profile looks distorted and contains temporal oscillations before and after the pulse,
a direct result of Fourier transforming the sharp edge shown in the spectrum.

Taking the same parameters but adding in the bandwidth-shaping function
allows for a much more realistic propagation result as can be seen in Fig. 4.7.
Figure 4.7 shows the spectral and temporal shape of the propagated pulse with the
bandwidth shaping

function applied. For the data shown in Fig. 4.7 A was initially set to 0.1 and in
order to compare how sensitive the spectral and temporal profiles were to variations
of A, pulses were then propagated with a range of A values. These data can be seen
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in Fig. 4.8. As these plots show both the spectral width and spectral centre can be
tuned. As the spectral width is increased the temporal duration is reduced. By
tuning this value it is possible to choose a spectrum that corresponds to a pulse with
the desired temporal profile.

Performing the propagation of and sum over multiple frequencies produces a
result with a pulse-like structure as seen in Fig. 4.9. Here a Gaussian beam with an
initial 1/e2 waist of 15 mm was propagated through a 75 mm lens. A bandwidth of
0.3–1 THz was used for this calculation with a spectral bandwidth-shaping A value
of 2. The spectral shape can be seen in the inset graph of Fig. 4.9. As can be seen

Fig. 4.6 a Spectral and b temporal electric field profiles for a 3 THz bandwidth radiation source
with no spectral shaping applied

Fig. 4.7 Simulated (a) spectral and (b) temporal profiles of a 3 THz bandwidth electric field with
the bandwidth-shaping function applied

68 4 Radiation Propagation Simulation



the pulse only exits longitudinally around the focal plane. Oscillations that exist at
positive and negative z values around the main pulse are mathematical artefacts that
are due to the discretisation of the frequency array. These can be minimised by
using a finer bandwidth array with more points; however this results in a slower
calculation and more input planes have to be propagated.

Fig. 4.8 a Spectral and b temporal profiles of 3 THz bandwidth electric fields with the
bandwidth-shaping function applied as a function of A

Fig. 4.9 Simulated
propagated electric field
intensity focused with a
simulated 75 mm focal length
lens and a bandwidth of 0.3–
1 THz. Inset plot shows the
spectral bandwidth used along
with the spectral shape
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4.2.4 Adding Complex Input Beams

To simulate cases that are useful for this project complex input beams must be con-
sidered, for instance two cases that are of particular use are the co-propagation of
multiple beams and the propagation of complexmodes such as the Laguerre-Gaussian
01 mode. In the case of the co-propagation of multiple beams the input plane is set
such that two Gaussian profiles with spatial offsets are added together,

Ein ¼ E0 e
�ðxi�x0Þ2

2r2x0 þ e
�ðy�y0Þ2

2r2y0

" #
þE1 e

�ðxi�x1Þ2
2r2x1 þ e

�ðxi�x1Þ2
2r2x1

" #
; ð4:24Þ

where rnx represents the
1
e2 width of beam number x in dimension n. It is possible to

vary the relative polarity of the beams by adjusting the sign of En. By adjusting the
values of rnx and nx, which represent the width and offset respectively, it is possible
to simulate to beams with a variety of shapes and sizes. Figure 4.10 shows the input
plane for various beam sizes and spatial offsets. The beams have opposite polarities.
All of the input beams shown in Fig. 4.10 have the same pulse energies as can be
seen by showing that the spatial integral of the electric fields for all the pulses are
equal, such that

C ¼ Z Z
E1dxdy ¼ Z Z

E2dxdy ¼ Z Z
E3dxdy ¼ Z Z

E4dxdy ð4:25Þ

holds true for all the electric fields shown, where C is an arbitrary constant value.
When propagated these input planes display different characteristics and shapes

as expected. These plots can be seen in Fig. 4.11, where the input planes have been
propagated through a lens of focal length 75 mm to a z distance of 75 mm. The
same bandwidth and bandwidth shaping function employed in Fig. 4.9 have been
used. Input planes which provide a larger numerical aperture focus to smaller spot
size and have a smaller Rayleigh range. Again the oscillations in front of and
behind the main pulse are numerical artefacts due to the discretisation of the fre-
quency array. Figure 4.11 shows the absolute value of the electric field squared; this
removes any phase information from the beam and only shows the envelope of the
field. In order to view the phase information the real part of the propagated function
must be plotted. Plots with the phase information shown can be seen in Fig. 4.12.
Here the positive values represent the field pointing in the positive x direction
whereas the negative values represent the field pointing in the negative x direction.
As can be seen in these images the polarity flip imposed upon the input plane
remains in the propagated beam. This is expected and important when trying to
create a beam with a strong transverse gradient.

As well as multiple Gaussian input beams other more complex modes can also
be propagated using this simulation. One such mode that is of particular interest to
this work is the Laguerre-Gaussian 01 mode. This mode is commonly referred to as
a radially polarised beam as the transversely polarised component of such a mode
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always points in the direction of the radius and the beam as a whole is radially
symmetrical. A general Laguerre-Gaussian beam can be described as

E r;/; zð Þ ¼ CL
x zð Þ

r
ffiffiffi
2

p

x zð Þ
� � lj j

e
� r2

x2 zð Þe�
ikr2
2R zð Þeil/e� i 2pþ lj j þ 1ð Þf zð Þ½ �; ð4:26Þ

where Eðr;/; zÞ is the electric field distribution in cylindrical co-ordinates [2].
Cylindrical co-ordinates are useful to describe a Laguerre-Gaussian mode as it is
symmetric in this frame. C and L are constants for each mode number, xðzÞ is the
beam waist at position z, R zð Þ is the radius of curvature and fðzÞ is the Gouy phase

Fig. 4.10 Calculations of various input electric fields showing two Gaussian beams of opposite
polarity with various size and offset properties a r ¼ 5 mm xo ¼ 10 mm, b r ¼ 5 mm
xo ¼ 5 mm, c r ¼ 10 mm xo ¼ 5 mm, d r ¼ 10 mm xo ¼ 10 mm
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shift term. Using Eq. (4.26) it is possible to create a radially polarised
two-dimensional input field that takes the form [2, 3]

E r;/; zð Þ ¼ 1
x zð Þ e

r2

x zð Þ2
2r2

x zð Þ2
 !

ei/e�2if zð Þ: ð4:27Þ

Notice that this represents a field distribution which is polarised in the radial
dimension whereas the simulation described above requires a field polarised in
either x or y. In order to make this compatible with the simulation the distribution is

Fig. 4.11 Squared moduli of the propagated electric fields after passing through a lens with a
focal length of 75 mm. a r ¼ 5 mm xo ¼ 10 mm, b r ¼ 5 mm xo ¼ 5 mm, c r ¼ 10 mm
xo ¼ 5 mm, d r ¼ 10 mm xo ¼ 10 mm where r is the e�2 width of the beam and x0 is the
distance between the two beams
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resolved into its two linearly polarised components. Each polarisation component is
then propagated separately and then recombined once propagated to form the
resultant beam. The two input planes, one for the x-polarised and one for the y-
polarised component, can be seen in Fig. 4.13. These input planes once propagated
using the same spectral properties and focal lengths as used above can be seen in
Fig. 4.14. Figure 4.14a shows a propagated Laguerre-Gaussian 01 beam with an
input waist of 10 mm whilst Fig. 4.14b shows the same beam propagated but with a
20 mm waist. As can be seen the beam with the larger initial spot size focuses to a
tighter waist.

Fig. 4.12 Propagated electric fields shown in Fig. 4.1 with the phase information for each beam
included. a r ¼ 5 mm xo ¼ 10 mm, b r ¼ 5 mm xo ¼ 5 mm, c r ¼ 10 mm xo ¼ 5 mm,
d r ¼ 10 mm xo ¼ 10 mm
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4.3 Calculating the Longitudinal Component

The propagation simulation propagates an electric field component over a distance
z, it was chosen to propagate a transversely polarised component. However the
longitudinal component is also important and so must be calculated from the
transverse field component. The longitudinal field, Ezðx; y; zÞ, is related to the
transverse field, Er x; y; zð Þ, through Maxwell’s divergence equation

Fig. 4.13 Input electric field distribution as a function of x and y for a Laguerre-Gaussian 01
mode showing the x-polarised (a) and y-polarised (b) components

Fig. 4.14 Propagated electric fields of the Laguerre-Gaussian 01 mode with different input
transverse sizes. a 10 mm and b 20 mm. Both figures show the focusing with a 75 mm focal
length lens
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r � �E x; y; zð Þ ¼ 0; ð4:28Þ

where
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and

�E x; y; zð Þ ¼ Ez x; y; zð ÞþEx x; y; zð ÞþEy x; y; zð Þ: ð4:30Þ

Splitting Eq. (4.28) into its vector components yields
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Combining the transverse field components, Ex x; y; zð Þ and Ey x; y; zð Þ, into a
single variable Er x; y; zð Þ and defining r? ¼ @

@x þ @
@y yields
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@z
Ez x; y; zð Þþr?Er x; y; zð Þ ¼ 0; ð4:32Þ

which when rearranged and integrated over z gives

Ez x; y; zð Þ ¼ � Zz

z¼0

r?Er x; y; zð Þdzþ f x; yð Þ; ð4:33Þ

where f x; yð Þ is a constant of integration that does not depend upon z: As this
simulation typically deals with pulsed radiation fðx; yÞ can be said to be zero. For
pulsed radiation there are places in z where every field component, including Ez, is
equal to zero. At these points f x; yð Þ must also equal zero, and because it does not
vary in z it must also be 0 8 z: This now leaves a final expression which can be used
to calculate the longitudinal electric field from the transverse electric field

Ez x; y; zð Þ ¼ � Zz

0

r?Er x; y; zð Þdz: ð4:34Þ

As the simulation produces outputs that take the form Ex x; y; zð Þ and Ey x; y; zð Þ,
Eq. (4.34) must be converted such that it is compatible with the simulation. To do
this the equation is discretised, such that the continuous integration over space
becomes a discrete sum over the elements, and converted into a summation such that
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X1
n¼1

@

@x
Ex x; y; znð Þþ @

@y
Ey x; y; znð Þ

� �
: ð4:35Þ

4.3 Calculating the Longitudinal Component 75



Using this expression to calculate the longitudinal field produced by a propa-
gated transverse field yields the results shown in Fig. 4.15. Here a Gaussian
transversely polarised input plane has been propagated through a 75 mm lens and
its corresponding longitudinal field calculated. As can be seen the longitudinal field
exists at spatial locations where the transverse field exhibits a gradient. The same
calculation can be performed for any input plane, for instance Fig. 4.16 shows the
longitudinal field produced for an input plane of two Gaussians with a 10 mm
horizontal offset and 20 mm width and the same propagation values. As can be seen
in this figure the longitudinal field is much higher as the transverse gradient is much
larger in the centre. It also exists on axis where the transverse gradient is strongest.

Fig. 4.15 a Propagated transversely-polarised electric field from a Gaussian beam propagated
through a lens f ¼ 75 mm. b The corresponding longitudinal field

Fig. 4.16 a Propagated transversely-polarised electric fields from two Gaussian beams of
opposite polarity propagated through a lens of f ¼ 75 mm. b The corresponding longitudinal field
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4.4 Simulation Structure

In order to write a simulation which propagated electromagnetic radiation as
described above the mathematics had to be converted into MATLAB code.
A description as to how this was done can be seen in Appendix A.2. A flow chart
showing how the code operated can be seen in Fig. 4.17. Here the data flow is

Fig. 4.17 Flow chart showing the organisational flow of the simulation
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shown as well as any major operations performed. Decisions are also shown and
defined as well as any outputs provided by the simulation. In Fig. 4.17 it is possible
to see how all the inputs, such as electric field profile and bandwidth, are entered
into first the z-range loop which internally contains the bandwidth loop. The order
in which different calculations are performed within this group can also be seen, i.e.
calculating the focusing phase term, calculating the bandwidth-shaping function etc.
The order in which external operations performed, such as summing over the
frequency components and calculating the longitudinal electric field from the
transverse, can also be seen.

4.5 Simulation Applications

The radiation propagation simulation has many potential applications. In this work
it has been applied to support a number of experiments including the design of
terahertz propagation optics and the generation of strong longitudinally polarised
terahertz electric fields. The first application of this simulation was to compare the
longitudinal to transverse field ratios for different input planes. The aim was to help
design a system to maximise the longitudinal field for a given radiation source. The
most common mode that is used when attempting to generate a longitudinally
polarised field component is the Laguerre-Gaussian 01 mode. This is because it has
strong transverse field gradients in the centre which maximise the field component
orientated in the longitudinal direction. When designing a source to generate a
longitudinally polarised field component it is therefore useful to compare such a
source to the longitudinally polarised field component generated by a comparable
Laguerre-Gaussian 01 mode. Figure 4.18 shows the calculated peak longitudinal to
transverse field ratios for a two Gaussian beam input (TG), as described in
Sect. 4.2.4, and a Laguerre-Gaussian 01 beam input for a number of focal lengths
ranging from 75 to 300 mm. The red points on the plot represent the peak longi-
tudinal to peak transverse field ratios for a Laguerre-Gaussian 01 beam whilst the
black points show the same data taken for a TG input. A reciprocal focal length fit
has been applied to both data sets which provides a good match to the data points
obtained from the simulation. The errors in the focal length dimension have been
taken as systematic errors derived from the discretisation of z in the simulation. As
can be seen from Fig. 4.18 the Laguerre-Gaussian 01 beam produces field com-
ponents which much higher longitudinal to transverse ratios than the TG beam
input, however the TG beam input is still able to produce longitudinal fields with
40% of the peak transverse fields when focused tightly by a 75 mm lens. The exact
values in this figure are specific to the exact input parameters such as beam input
size and as such should only be used to compare beams of comparable input sizes.

As well as comparing different beam modes this simulation can also be used to
compare beams of the same mode with different parameters such as spot size,
separation and bandwidth. Figure 4.19 shows TG input planes propagated through
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different lenses of varying focal lengths. This figure shows the focusing of beams
with varying separation (10, 15 and 20 mm) and compares how the input separation
affects the longitudinal to transverse field ratio. The spot size and bandwidth
remained constant within this figure, with each spot having an e−2 width of 15 mm.
As can be seen there is a 1/f trend throughout all the data presented above and the

Fig. 4.18 Longitudinal to
transverse field ratio versus
focal length for various input
modes (red)
Laguerre-Gaussian 01 mode
and (black) TG input

Fig. 4.19 Longitudinal to
transverse field ratios as
function of focal length for a
variety of TG input beam
sizes, in each of these plots
both of the Gaussian input
beams have the same size

4.5 Simulation Applications 79



longitudinal to transverse field ratio varies inversely with the focal length. As
expected the larger the input separation the stronger the focusing and so the higher
the longitudinal to transverse field ratio.

Longitudinal and transverse spatial profiles of both the transverse and longitu-
dinal polarisation states can also be investigated and analysed. Figure 4.21 shows
spatial profiles of the longitudinal and transverse electric field components taken at
at a longitudinal position of z = f. Figure 4.21c shows line outs taken from a
propagated TG input plane through a 300 mm focal length lens. As can be seen the
spatial profiles are very distinct and have different shapes. The transverse spatial
profile consists of two main peaks, centred off axis, whilst the longitudinal profile
consists of one main peak centred on axis. This is as expected for a propagated
mode of this type. Two side lobe peaks are present in the longitudinal profile which
are due to the spatial gradients that exist on the edge of the transverse profile. It is
also possible to see from this figure the longitudinal component has a smaller width
than that of the transverse component. This feature can be very important for certain
applications, such as high resolution spectroscopy and non-linear optics.
Figure 4.20 shows the longitudinal spatial profile of the longitudinally-polarised
and transversely-polarised components. As can be seen the longitudinal field profile
lags behind the transverse field by half a cycle; this is expected and explained in the
theory section of this thesis and is also noted by Winnerl et al. [4]. Another
difference that can be seen in this figure is the difference in oscillatory shape. The
longitudinal field can be seen as having a bipolar single cycle shape, whereas the
transverse field can be seen as having a near single cycle shape with two small
peaks either side of the main peak. These two smaller peaks are of opposite sign to

Fig. 4.20 Longitudinal
spatial profile comparison of
the longitudinal (red) and
transverse (black) field
components for a focused TG
input plane with a focal length
of 500 mm, a spatial offset of
10 mm and a Gaussian width
of 15 mm
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the main peak. The oscillations before and after the main pulse in the longitudinal
direction are due to the discretisation of the frequency array.

Along with focusing effects and longitudinally polarised component calculations
other expected aspects of propagating electro-magnetic radiation can also be seen
within the simulation results. These features include temporal profiles and the Gouy
phase shift of a focusing beam. The Gouy phase shift describes the 180° phase shift
that is experienced by propagating radiation that passes through a focus. To observe
this effect within the simulation results a standard Gaussian pulse was propagated
through a lens with a focal length of 100 mm. The pulse was then temporally

Fig. 4.21 Transverse spatial profiles of the longitudinal and transverse fields taken from their
relative local maxima, each normalised to their local maxima: a shows the spatial profile of the
transversely polarised field component and b shows the spatial profile of the longitudinally
polarised field component. c Shows lineouts of a, b with the red line showing the longitudinal field
component and the black line showing the transverse field component. For all these plots the
sampling position of 0 mm defines the centre of the x-axis
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shifted to 12 mm behind and 12 mm ahead of the focal point and the temporal
profiles compared. This can be seen in Fig. 4.22, here (a) shows the temporal
profile of the pulse 12 mm behind the focus (b) shows the temporal profile of the
pulse 12 mm ahead of the focus and (c) shows the temporal profile of the pulse at
the focus. As can be seen by comparing plots (a) and (b) the phase of the two pulses
has advanced by 180o, in (a) the main pulse oscillation has a negative spike fol-
lowed by a positive spike whilst in (b) the main pulse oscillation has a positive
spike followed by a negative spike. In (c) it is clear that the temporal profile of the
pulse is partway between a bipolar pulse with the phase shown in (a) and a bipolar
pulse with the phase shown in (b). This is all as expected and is an interesting
output from the simulation.

Fig. 4.22 Temporal profiles of a focusing pulse, focal length 100 mm, of electro-magnetic
radiation with a Gaussian spatial profile: a shows the temporal profile behind the focus, b ahead of
the focus and c at the focus
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4.6 Conclusion

In conclusion a radiation propagation simulation has been presented that has been
designed, written and tested. The theory behind the simulation, as well as any
approximations or assumptions made has been explained in detail. Different ele-
ments of the simulation have been detailed and explained including focusing,
simulating a broadband beam and how to design a complex input plane. The ability
to generate longitudinally polarised electric fields with field strengths comparable to
(40% of) the transversely polarised electric fields through the mixing of multiple
linearly polarised beams has been demonstrated. Key features of focusing beams
such as the Gouy phase shift have been shown to exist within this simulation.
Comparisons between the longitudinally polarised electric field in the focal plane of
a Laguerre-Gaussian 01 mode and the longitudinally polarised electric field in the
focal plane of two linearly polarised Gaussian beams have been made. It was found
that, whilst being lower, the longitudinally polarised electric field generated in the
focal plane of two linearly polarised Gaussian beams is comparable to that of the
longitudinally polarised electric field generated in the focal plane of a similar
Laguerre-Gaussian 01 beam.
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Chapter 5
ALICE Energy Modulation Induced
by Terahertz Radiation (AEMITR)

This chapter describes an experiment which was performed at the STFC Daresbury
Laboratory using the ALICE accelerator. This experiment attempted to modulate
the energy of a 25 MeV electron bunch via the co-propagation of terahertz radiation
and a particle bunch. The terahertz frequency radiation used in this experiment was
produced by a radially biased PCA that was pumped with a regenerative amplifier
laser system. Alignment procedures and terahertz detection schemes are presented
along with the results obtained. The detection optics, cameras and software
developed are described along with the choices behind why the particular devices
used were chosen.

5.1 Introduction

Terahertz radiation exists with electric field oscillations on the sub-picosecond
period. Ultra-broadband near single cycle pulse terahertz radiation therefore consist
of a propagating electric field oscillation with a period on the 100’s of femtosecond
timescale. Current accelerators use radio frequency electromagnetic radiation, with
temporal periods of the electric field on the ls to ns scale. This, without the use of
complex high harmonics, makes it difficult to provide temporal manipulation of the
electron bunch below these time scales. As near-infrared laser radiation has electric
field temporal periods on the femtosecond timescale its use would enable temporal
tuning of an electron bunch on an ultrafine temporal scale. This frequency range
however has a problem as it is unable to remain in phase with a particle bunch
travelling less than the speed of light for more than a few lm’s. Terahertz radiation
however, with its electric field period on the 100’s femtosecond scale enables the
ability to temporal modulate an electron bunch on a much finer scale that that of
radio frequency electromagnetic radiation whilst still remaining in phase with the
near-speed of light particle bunch for up to 1 m [1]. The temporal properties of
ultra-broadband near single cycle terahertz radiation coupled with the ability to
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generate 10’s MV cm−1
field strengths using commercially available laser-driven

generation solutions makes it an ideal candidate for applications that require
ultrashort electron bunches or electron bunches with complex temporal profiles [2].
Another key reason for wanting to implement a terahertz driven electron beam
energy modulation system is synchronisation. As the terahertz is derived directly
from a laser pulse using such a technique enables the synchronisation of the
electron bunch to the drive laser to femtosecond levels. This is very important when
performing experiments that require the electron beam, or radiation generated by
the electron beam, to be synchronised to an external laser [1].

The aims of this experiment were therefore to generate a radially polarised
terahertz source with strong a longitudinal field component and inject this radiation
into the electron beam line such that it co-propagates with the electron bunch. After
this interaction any energy modulation imposed onto the electron bunch must be
detectable. To detect any energy modulation a screen is placed inside a dispersive
chicane to form an energy spectrometer. This screen was then imaged onto a single
photon intensified charge-coupled device (CCD) camera. The energy spread of the
electron bunch was then monitored and compared with bunches that have not
co-propagated with the terahertz radiation present.

5.2 Experimental Setup

This experiment involved a large collaboration and therefore the experimental setup
was broken down into a number of work packages. The first was terahertz generation
which dealt with how the terahertz radiation was generated, all of the equipment and
any radiation transport systems involved. The second was the terahertz injection and
interaction region, involving the in situ terahertz diagnostic systems. The third and
final was the electron beam diagnostics and included the setup involved in detecting
any energy modulation imposed upon the electron beam.

5.2.1 Terahertz Generation

This experiment requires the terahertz radiation to have a number of specific
properties. Firstly it is required to have a strong longitudinal electric field com-
ponent, so the most ideal mode to therefore use would be a radially polarised mode.
Second the terahertz radiation should have a high electric field strength and be near
single cycle. The terahertz radiation generation system used in this experiment was
therefore a large area photoconductive antenna (PCA). The large area PCA con-
sisted of a semi-insulating gallium arsenide (SI-GaAs) wafer. This wafer was cir-
cular and had a diameter of 75 mm and was held under a high electric bias field by
the use of two electrodes, one annular and one central hemispherical. When the
wafer was photo-excited by an ultrafast laser pulse with photon energy greater than
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the bandgap of the SI-GaAs material charge carriers are photo-excited into the
conduction band. Whilst in the conduction band the charge carriers accelerate along
the electric bias field lines, thus generating radiation which is polarised in the
direction of charge carrier acceleration. This therefore generates a radially polarised
terahertz electric field, which propagates from the wafer into the far field. As well as
being able to obtain the correct polarisation state a PCA was also chosen due to the
high electric field strengths and near single cycle electric field shape that have been
reported in the literature by a number of authors, most notably You et al. [3].

The PCA was photo-excited by a regenerative amplifier laser system, which
produced radiation pulses with a central wavelength of 800 nm and a FWHM
temporal duration of 50 fs. The output pulse energy of this laser system was up to
1.8 mJ at a repetition rate of 1 kHz. This laser system was situated outside of the
accelerator hall and the PCA generation system was situated inside the accelerator
hall with more than 20 m of path length between the two. An imaging transport
system was therefore designed that enabled the transportation of the laser beam into
the acceleration hall and to the PCA generation system. This transportation system
required the focusing of the pump laser beam, which would cause temporal dis-
tortions due to plasma generation within air. The beam transportation was therefore
carried out inside a vacuum pumped beam line. Apertures and targets were used
before and after the vacuum beam line to aid alignment. Occasionally optics within
the vacuum section moved during the evacuation of the beamline, and in these cases
the pump laser beam could be realigned using the mirrors outside of the vacuum
section using the apertures and targets to make sure the pump laser beam returned to
its original propagation path.

To enable optimal generation the entire area of the PCA should be filled, this is
for two reasons. First to ensure that the pump laser fluence is far away from
saturation i.e. the number of photons is much more than the number of
photo-excited charge carriers and secondly to increases the effective numerical
aperture and therefore make the focusing tighter and increase the proportion of the
electric field vector that points in the longitudinal direction within the focal plane.
In order to completely fill the PCA the pump laser beam is expanded via a
plano-concave lens of focal length −75 mm. This expanded beam was then refo-
cused through the antenna a large 3-inch diameter lens with focal length 900 mm.
Due to the incident beam on the focusing lens being divergent this makes the
effective focal length longer such that the radiation came to a focus at a plane 1.4 m
away from the lens.

Focusing radiation has a curved wavefront effective creating a radially varying
time delay across the transverse face of the pulse. This therefore creates a radially
varying photoexcitation region on the antenna though which the terahertz radiation
is generated in temporally varying concentric rings [1, 4]. When propagated into the
far field this enables the focusing properties of the pump laser to be imparted onto
the forward propagating terahertz radiation. This enabled the terahertz radiation to
focus whilst removing the need for any lens, due to the broadband nature of the
terahertz radiation such focusing devices inherently cause spectral dispersion and
therefore temporal distortions and are therefore not desirable. In order to provide
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in situ detection of the terahertz radiation a ZnTe crystal and mirror were attached to
a vacuum stage and placed inside the vacuum chamber within the interaction
region. This allowed for electro-optic detection to be performed within the beam
line. The whole optical setup can be seen in Fig. 5.1, more detailed information
regarding different sections such as the terahertz injection and detection will be
discussed in more detail in Sects. 5.2.2 and 5.2.3.

5.2.2 Injection and Interaction

Once the terahertz radiation was generated it propagated in free space towards, and
perpendicular to, the electron beam line. The terahertz radiation entered the electron
beam line through a vacuum port window which consisted of z-cut quartz. This
material exhibits no birefringence and very little dispersion in the terahertz regime
thus helping maintain the near single cycle temporal profile. Once inside the
electron beam line the terahertz radiation was incident upon a mirror which had a
circular hold cut in the centre. The mirror was 75 mm in diameter and had a 5 mm
diameter hole cut in the centre [5]. This mirror directed the terahertz radiation in the
direction of the propagating electron beam whilst still enabling the electron beam to
pass through its centre. The mirror enabled the terahertz radiation to be brought
co-linear with the electron beam.

Fig. 5.1 AEMITR experimental schematic showing the laser transport system, terahertz
generation system, interaction region and detection region
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In order to ensure the terahertz radiation and the electron beam were aligned
correctly a screen was placed approximately 1 m downstream from the terahertz
injection mirror. This screen was angled at 45° to the electron beam the terahertz
radiation propagation direction and was imaged onto a two-dimensional CCD
camera. When struck by the electron beam optical radiation was emitted by the
screen thus providing two points of reference for the electron beam propagation, the
first being the hold in the terahertz injection mirror and the second being the point
on the detection screen.

In order to align the terahertz radiation to these two positions the SI-GaAs wafer
was removed. Due to the nature of the generation method as long as the pump laser
beam strikes the SI-GaAs wafer at 90° to the surface and contains no pulse front tilt
it can be assumed that both the forward travelling terahertz radiation will take the
same optical path as the pump radiation. The pump beam was aligned such that it
was centred on the terahertz injection mirror, it must be noted that the optical spot
size on this mirror was larger than that of the hole, and struck the same point as the
electron beam on the downstream detection screen. Using this method it was
possible to ensure that the electron beam and the optical pump beam, and hence the
terahertz radiation, were co-propagating down the beam line.

The wafer and optical generation system was designed such that the focal plane
was positioned approximately 40 cm downstream from the injection mirror. This
enabled the co-propagation of both the terahertz radiation and the electron beam
throughout the Rayleigh range of the focusing terahertz radiation. This was in order
to maximise the interaction time and therefore the amount of energy modulation
imposed.

5.2.3 Terahertz Detection

In order to help align and ensure that terahertz radiation is actually being generated
and propagating down the beam pipe electro-optic detection of the terahertz radi-
ation inside the electron beam line was performed. This detection was done using a
110 cut zinc telluride (ZnTe) electro-optic crystal which was 10 mm � 10 mm
0.5 mm in size. The crystal was positioned on a hydraulic arm that enabled it to be
moved in and out of the radiation and electron beam path. The detection crystal was
placed at the focus of the terahertz radiation in an attempt to help maximise the
electric field strength and hence signal. The first method of detection used was a
semi-co-propagating balanced detection method. Figure 5.2 shows a schematic
view of this setup in which terahertz radiation is reflected of an indium-tin-oxide
coated glass (ITO) plate which allows the probe beam to be transmitted. The probe
beam then co-propagated with the terahertz through the beam pipe at a small angle.
Perfect co-propagation was not possible due to the injection mirror having a central
hole. The removable ZnTe-mirror combination was positioned inside the beam pipe
and a balanced detection experiment was performed.

5.2 Experimental Setup 89



Complications in aligning this setup led to a second optical system being
designed and built. Again balanced electro-optic detection was used but this time in
a reverse propagating reflection geometry. This can be seen in Fig. 5.3, in this
system the probe beam enters the beam line through the exit port. It enters the ZnTe
crystal on the opposite surface to the terahertz radiation. The probe beam now
propagates through the crystal and reflects of the terahertz entrance surface. The
terahertz radiation and probe beam then propagate through the detection crystal in a
co-linear fashion and this reflected portion of the probe beam is then directed
through the standard balanced detection optics and used to obtain a temporal profile
of the terahertz electric field. Due to the way this optical setup works multiple
reflections of the probe beam are present after the ZnTe crystal. These reflections
are due to multiple reflections within the ZnTe crystal and the beam combiner-beam
splitter optics. Apertures and beam steering was used to distinguish the correct
probe beam reflection from others, which were then blocked.

The ITO plate was controlled via piezo-electric-controlled actuators which
enabled the terahertz radiation alignment to be controlled remotely. Example

Fig. 5.2 Schematic diagram
of the in situ electro-optic
terahertz detection scheme
used in the AEMITR beam
line

Fig. 5.3 Reverse
propagating in situ terahertz
balanced detection scheme
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terahertz radiation waveforms taken using the configuration shown in Fig. 5.3 can
be seen in Fig. 5.4. This figure shows electro-optic time scans taken with the
horizontal actuator on the ITO adjusted with four constant increments. Due to the
polarisation state of the terahertz radiation being generated, a polarity flip in
the pulse was expected as the horizontal axis was scanned. This was not seen in the
data obtained, in fact the temporal profile of the terahertz radiation detected did not
take any expected form. This was attributed to the terahertz radiation being mis-
aligned and either clipping the input port, injection mirror or inside of the beam
pipe. As well as having an unexplained temporal profile the terahertz radiation
detected inside the beam pipe also had electric field strengths that were a lot lower
than was previously anticipated.

5.3 Temporal Synchronisation

As the aim of this experiment was to modulate the energy of a relativistic electron
bunch with terahertz radiation the electron bunch and terahertz pulse were required
to be overlapped in time. There are a number of ways that this was possible and a
number of methods were attempted during the experiment. As the terahertz radiation
was generated by an 800 nm laser pulse the generation wafer was removed allowing
the 800 nm laser radiation to follow the same path as the terahertz radiation. This
was done as the laser radiation was much easier to detect using fast photodiodes.
To achieve good temporal synchronisation ideally both the electron beam and
laser radiation should be detected at the same position on the same device.

Fig. 5.4 Terahertz in situ
electro-optic time scans taken
with the horizontal actuator
on the ITO plate adjusted with
four constant steps
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To achieve this an optical transition radiation (OTR) screen was placed downstream
from the injection mirror. The OTR screen was angled at 45° to the incoming
radiation such that it acted like a mirror to the laser radiation directing it out of a
viewport window. When the electron beam was incident upon the OTR screen
optical radiation was generated and, again due to the angle of the OTR screen,
directed out of the same view port. Two detection methods were then used to collect
both forms of radiation such that temporal overlap could be achieved. The first
detection device used was a streak camera (pco). The streak camera used within this
experiment was able to provide a temporal resolution on the order of single
picosecond. Due to the low energy of the electron bunch (*25 MeV) and the low
charge (60 pC) insufficient OTR light could be generated such that it could be
detected by the streak camera. A second attempt at collecting and imaging both the
laser radiation and the optical radiation onto a fast photodiode was also attempted
however the outcome was the same, no optical radiation generated by the electron
bunch was able to be detected on the photodiode.

5.4 Electron Beam—Terahertz Alignment

Along with achieving temporal synchronisation and overlap between the electron
beam and the terahertz radiation spatial overlap must also be achieved. To do this a
HeNe laser was injected into the electron beam pipe upstream from the interaction
region. Using both the terahertz injection mirror, with its central hole, and a
downstream YAG screen as fixed points the HeNe laser was aligned such that it
was centred throughout the beam pipe, this setup can be seen in Fig. 5.5. As the
pump laser follows the same path as the terahertz radiation it was then aligned such
that it co-propagated with the HeNe laser throughout the beam line. This was done
by making sure it was centred upon the injection mirror and that it overlapped the
HeNe laser on the downstream YAG screen. This YAG screen was mounted along
with the same OTR foil that was used for temporal synchronisation. These screens
were mounted with a vertical offset and orientated at 90° to each other on an arm
which was fixed to the electron beam pipe. This arm can be seen in Fig. 5.6 where

Fig. 5.5 Electron beam to
terahertz radiation spatial
alignment setup
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the two screens are labelled along with the straight through piece which enables the
electron beam to pass through the beam line section unhindered and the arm which
enables the different components to be inserted into the beamline.

5.5 Electron Beam Detection

The concept of AEMITR was to modulate the energy of a relativistic electron
bunch. It was therefore required to measure the energy distribution of the electron
bunch so that any imposed modulation could be detected. The interaction region
was positioned within ALICE such that there was a magnetic chicane downstream.
Screens made of YAG crystal were placed within the centre of the chicane and
imaged using a camera. These crystal screens emitted optical radiation when the
electron bunch was incident upon them allowing for visual imaging of the electron
bunch at the centre of the chicane. Typically a standard CCD camera was used to
image the screen, an image of the screen taken by one of these cameras can be seen
in Fig. 5.7.

Straight Through 

YAG Screen 

OTR Foil 

Fig. 5.6 Screen holder with the OTR foil, YAG screen and straight through piece labelled

Fig. 5.7 Image of the YAG
screen within the chicane
taken by a standard CCD
camera
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Due to the magnetic makeup of the chicane within the centre, where the screen
was located, the horizontal axis represented energy of the beam. This setup of the
camera, screen and chicane acted as an energy spectrometer for the electron bun-
ches. The temporal structure of the electron bunch train on ALICE enabled for a
background subtracted image to be obtained. This meant that an image with no
terahertz radiation present could be taken along with an image when terahertz
radiation was propagating along with a bunch. By subtracting the two images any
difference within their energy spreads became more apparent.

For this background subtraction to be most effective the two bunches should
have identical temporal and energy profiles. As this is not possible due to temporal
jitter from a multitude of sources, cathode laser arrival time jitter, cavity radio
frequency jitter and temporal fluctuations to name a few, it was decided that the two
bunches to be compared should be as close to each other in time as possible. It was
noticed that the energy jitter measured was greatly reduced if the two bunches were
taken from the same macro pulse. In order to obtain images of electron bunches
separated by a short temporal duration a different camera to the standard CCD
camera was used. An intensified camera (pco DICAM Pro) was installed below the
beamline and optics used to image the screen. This camera had a double trigger
function which enabled the capture of two images separated by only a few 100 ns.
Whilst within the same macro pulse the minimum bunch to bunch separation was
on the order of 9 ns. Limitations in the YAG screen and intensified camera used for
detection meant that this separation was increased to a value on the order of 500 ns.
When this separation was lowered it became apparent that the second bunch always
appeared to be less intense than the first. This can be explained by the scintillation
time of the intensified camera used.

To enable accurate measurements of the energy spread the screen must be
imaged correctly onto the sensing element of the camera. An optical setup con-
sisting of the intensified camera, beam splitters, mirrors, lenses and a HeNe laser
were used. This setup can be seen in Fig. 5.8 where it can be seen that a HeNe laser
is used to help obtain an initial alignment of the YAG screen image onto the
camera. The HeNe beam is reflected of a beam splitter and passes through an iris.
The beam was then raised up to the electron beam height by a periscope which
directed the HeNe towards to beamline window. The back reflection from the

Fig. 5.8 Schematic of the
intensified camera alignment
system. Solid red line shows
the HeNe beam path whilst
the broken red line shows the
back reflection from the
electron beamline window

94 5 ALICE Energy Modulation Induced by Terahertz …



entrance window then re-entered the periscope where it passed through the iris,
passes through the beam splitter and was incident upon the camera. By aligning the
optics such that the HeNe was correctly positioned on the YAG screen, window and
the back reflection was centred upon the cameras entrance optics it is possible to
confirm proper alignment of the camera.

To further ensure correct alignment the camera was positioned such that the iris
was centred within the sensor. Whilst this procedure enabled the correct placement
of the camera and optics, the focusing and imaging of the screen onto the camera
sensor was also important. The camera and imaging system were situated out of the
plane of the electron bunch and screen to help protect any sensitive electronics from
X-ray radiation. This therefore meant a periscope was required to image the HeNe
and meant the alignment procedure was even more crucial as there was not enough
light reflecting from the screen and travelling down the periscope to align the
system by eye.

This was achieved by using a macro lens placed onto the front of the camera
along with two biconvex lenses. The two biconvex lenses produced an image of the
screen at approximately 15 cm in front of the camera. The macro lens then imaged
and magnified this image plane onto the cameras sensor. The YAG screen had no
decals or marking on its surface that could be used to fine tune the imaging optics. It
was therefore held by a locking nut in a position such that the screens holder was
visible by the camera. The holder had a number of marks and features that could be
used to help find tune the focusing. Once these marks were within the field of view
of the camera the macro lens was adjusted such that they were brought into focus.
This can be seen in Fig. 5.9, here the markings (338) are shown in (c) and (d) whilst
the screw holes are shown in (a) and (b). The initial images before the focusing had
been optimised can be seen in Figures (a) and (c) with the final images after
focusing had been optimised shown in (b) and (d). The combination of using the
HeNe laser, iris and markings made for a reproducible imaging system that enabled
confidence in the imaging system.

As it was only possible to achieve temporal synchronisation of 100’s ps between
the electron bunch and terahertz radiation the terahertz radiation was scanned in
time with respect to the electron bunch and camera images were taken at various
temporal positions. This was achieved by passing the terahertz pump laser beam
through a delay stage, the delay stage varied the path length of the laser and hence
delayed the generation of terahertz radiation. Camera images taken were summed
across the axis orthogonal to the energy axis to give an energy spectrum plot per
shot. A Gaussian fit was then applied to the energy spread from which the Gaussian
width was extracted. The Gaussian width of the interaction bunch was then sub-
tracted from the Gaussian width of the background bunch. The difference value was
then recorded and plotted as a function of time. Any energy modulation imposed
onto the electron bunch by the terahertz radiation should be visible as a spike in
these plots caused by the difference in the Gaussian widths changing. This spike
should be constant with position and indicate a change in energy spread.

To perform this action a MATLAB program was created which was able to
automate the collection and analysis of the data. This program recorded the two
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images, performed the integration down the image axis, fitted a Gaussian to the data
and plotted the Gaussian width against stage position. The program then moved the
stage and repeated the process. A screen shot of the program graphical user
interface (GUI) is shown in Fig. 5.10 where the top two images show both the
modulated and unmodulated electron bunches, the summed down energy spectra
along with fitted Gaussians and the Gaussian widths as a function of time and stage
position. This automation enabled for time scans to be performed ensuring that
temporal overlap between the electron bunch and terahertz radiation was achieved
at some point. This software also enabled direct control of the camera and stage
settings such as gain, trigger style, exposure time, delay, step size and time scan
range.

As the temporal overlap of the electron bunch and terahertz radiation was limited
to an accuracy of ±3 ns a range of 6 ns was scanned. This was achieved by using a
combination of optical stages and commercially available laser synchronisation
software (Coherent SYNCHROLOCK). The optical stage delayed the pump beam
arrival time with respect to the electron beam and provided a range of 0.5 ns. The

Fig. 5.9 Camera images taken of a, b the screw hole and c, d the markings on the screen mount.
Images a, c are before focusing optimisation had occurred
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laser synchronisation software was able to adjust the relative phase of the drive
oscillator laser with respect to the photo-injector oscillator and had a range of 9 ns.
Using an iterative combination of scanning the optical delay stage, then stepping
the laser synchronisation software and repeating it was possible to scan the full 6 ns
range. Whilst the stage was scanning the electron beam energy profile was moni-
tored and recorded as a function of stage position and laser synchronisation soft-
ware offset.

5.6 Discussion and Conclusion

The AEMITR experiment aimed to modulate the energy profile of relativistic
electron bunches on the ALICE accelerator with laser generated terahertz radiation
in a co-linear geometry. The terahertz radiation was generated via a large area
photoconductive antenna which was pumped using a femtosecond regenerative
amplifier laser system. A radially symmetrical polarisation state was generated
through the design of bias field applied to the antenna with the aim of generating
large longitudinally polarised electric fields. The energy profile of two electron
bunches separated by up to 500 ns were monitored with the aim of detecting a
modulation of one of the electron bunches due to its co-linear propagation with
terahertz radiation.

Fig. 5.10 GUI screenshot showing the camera controls, stage controls, electron bunch images and
analysis
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Spatial and temporal synchronisation of the terahertz radiation and electron
bunch was attempted along with in situ electro-optic terahertz detection. Whilst
temporal synchronisation was not achieved to a desirable level, less than 1 ps, it
was achieved to within the range of the scanning apparatus available, 6 ns. No
energy modulation of the electron bunches was detected whilst performing this
experiment. This is attributed to a number of factors with the main being the low
longitudinally polarised electric field strength of the terahertz radiation used. This
coupled with the unexplained temporal profiles of the detected terahertz radiation
and the lack of temporal synchronisation make the absence of a detected
terahertz-induced electron bunch acceleration signal unsurprising.

Whilst no terahertz induced energy modulation was detected during this
experiment a lot of useful and practical knowledge was gained. The importance of
full source characterisation along with the need for good temporal synchronisation
was realised. New practical techniques for the spatial alignment of electron beams
and optical radiation were learnt and improved upon. All of which will be utilised in
future experiments of this nature.
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Chapter 6
Photoconductive Antenna Generation

This chapter describes the characterisation of the radiation generated by a large-area
PCA used within the experiment described in Chap. 6. Electro-optic detection was
employed to detect the terahertz radiation and provided information regarding the
temporal profile, polarisation state and spatial profile of the terahertz radiation.
Electric field amplitudes were calculated for both the directly detected longitudi-
nally polarised field and the transversely polarised field components. Work
described within this section was published in Applied Physics Letters on the 12th
November 2014 [1].

6.1 Introduction

In order to accelerate charged particle bunches with radiation in a co-linear prop-
agation scheme, similar to the scheme described in Chap. 5, the electric field of the
radiation must be orientated in the direction of the electron beam and hence radi-
ation propagation [2]. This is commonly referred to as the longitudinally polarised
electric field component, Ez. As described previously and shown in Eq. (6.1) lon-
gitudinal fields are present when there is a spatial transverse field gradient.

rEz x; y; zð Þ ¼ � Z r?E? x; y; zð Þdz; ð6:1Þ

where E? x; y; zð Þ is the transversely polarised electric field. Radially polarised
beams, which can be described as Laguerre-Gaussian 01 modes, contain very strong
spatial transverse field gradients in the centre of the beam [3]. They should also
therefore contain strong longitudinally polarised field components in the centre.
A large area photoconductive antenna (PCA) made of SI-GaAs was designed and
built such that it produced radiation of this polarisation state. Both the longitudi-
nally and transversely polarised field components produced by this antenna were
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characterised as a function of longitudinal and transverse space and time via
electro-optic detection techniques.

Photoconductive antennas consist of a semiconducting material which is held
under a high electrical bias field. When photoexcited by an ultrafast laser pulse with
photon energy larger than the band gap energy, electrons in the valence band are
liberated into the conduction band. Once in the conduction band they are free to
move and accelerated under the electric bias field. This acceleration of charge emits
radiation polarised in the direction of acceleration of the charge. As electric bias
fields with complex spatial profiles can easily be applied by shaping the electrodes
this method offers a straightforward means of generating longitudinally polarised
radiation. When photoexcited with an ultrafast laser pulse, such as a 50 fs 800 nm
optical pulse, the temporal profile of the generated terahertz radiation is very nearly
singe-cycle. Photoconductive antennas are also capable of producing fields with
high peak electric field values [4]. All of these properties, the easily designable
polarisation state, the near single cycle temporal profile and the high electric field
strengths make antennas an ideal candidate for generating terahertz radiation suit-
able for relativistic electron beam manipulation [2].

6.2 Photoconductive Antenna

The photoconductive antenna used within this experiment consisted of a
semi-insulating gallium arsenide (SI-GaAs) wafer with a thickness of 500 lm and a
diameter of 76.2 mm. The electrode geometry was designed such that a radially
polarised terahertz pulse would be generated and therefore contain strong longi-
tudinally polarised components in the centre of the beam. This electrode geometry
imposed a radially symmetric electric bias field upon the antenna which was
achieved by attaching radially symmetric electrodes to the surface of the antenna.
The electrodes consisted of a centre hemispherical electrode of radius 10 mm and
an outer annular electrode of inner radius 36 mm. The outer electrode consisted of
an aluminium ring which encased the outer edge of the wafer, whilst the central
electrode consisted of an aluminium foil disc, both of which were attached with
silver conductive paint. A direct current (DC) lab power supply provided a voltage
to a car ignition coil which converted the DC voltage into a high voltage pulse with
a temporal duration of 6 ls. This voltage pulse was applied directly to the antenna
outer electrode via a copper wire attached to the end of the ignition coil and the
electrode. The ignition coil was wired in parallel to a high resistance potential
divider which divided the voltage by a factor of 4000 therefore enabling the signal
to be monitored on an oscilloscope. An oscilloscope trace showing the voltage
pulse applied to the wafer is shown in Fig. 6.1. The sharp cut off in the applied bias
and the negative peak are due to the excitation laser pulse being incident upon the
wafer and allowing current to flow. The position of this sharp cut off and hence the
excitation laser pulse arrival time was adjusting using phase delay electronics to
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give the maximum terahertz electric field strength. Peak voltages of 100 kV were
achievable until breakdown prevented higher voltages from being applied.

The antenna was housed within polytetrafluoroethylene (PTFE) enclosure which
was coated with aluminium foil and grounded to the optical table for safety reasons.
Two holes were cut in the enclosure, one to allow the optical excitation radiation to
enter and one to allow the terahertz radiation to exit. Inside the enclosure the wafer
was orientated such that the surface to which the central electrode was attached was
facing the incoming excitation radiation. As the excitation radiation cannot pass
through the wafer, as the antenna is able to absorb the 800 nm photons, but the
terahertz radiation can this enables the most efficient generation of terahertz
radiation.

6.3 Optical Setup

An optical setup was designed and built that was able to generate and detect both
the transverse and longitudinally polarised terahertz electric field components. This
optical setup employed the optical radiation provided by a regenerative amplifier
laser system (Spitfire Pro. Spectra-Physics). The laser produced pulses with 1 mJ of
optical energy, with a central wavelength of 800 nm and a temporal duration of
100 fs. These pulses entered the setup at a repetition rate of 500 Hz and were split
into two optical paths, the pump beam path and the probe beam path, by a 90:10
reflection:transmission beam splitter. The pump beam was used to generate the
terahertz radiation and contained 90% of the optical energy whilst the probe beam

Fig. 6.1 Oscilloscope trace
showing the voltage pulse
applied to the PCA
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was used to detect the generated terahertz radiation and contained 10% of the
optical energy. The optical setup used within this experiment can be seen in Fig. 6.2
and a photograph of the optical table is shown in Fig. 6.3.

The pump beam was expanded by a 1 inch diameter plano-concave lens with a
focal length of −75 mm. The radiation was then collected by a 3 inch diameter
plano-convex lens with a focal length of 600 mm; this lens focused the diverging
optical radiation which was then incident upon the photoconductive antenna. The
photoconductive antenna was placed before the focal plane of the optical radiation.
This meant that the optical wave fronts had a radially varying time delay. This in
turn gave rise to a radially varying excitation region, effectively generating a phased
array antenna, which caused the generated terahertz radiation to obtain the focusing
properties of the optical excitation radiation. The generated terahertz radiation was
then collected by a 2 inch diameter 90° off-axis gold-coated parabolic mirror with
an effective focal length of 76.2 mm. Due to the curvature of the terahertz wave
fronts before they were incident upon the parabolic mirror this effective focal length
was reduced to 75 mm. A ZnTe electro-optic detection crystal was placed within
the focal plane of the terahertz radiation. Depending on the required detection
polarisation this crystal was either a (100), or a (110), cut ZnTe crystal, both of size
2 mm � 10 mm � 10 mm.

Fig. 6.2 Layout of the optical setup used to generate and detect both longitudinally and
transversely polarised terahertz electric field components
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The probe beam was routed through optics such that it overlapped the terahertz
radiation both spatially and temporally on the detection crystal. A plano-convex 1
inch diameter lens was used to focus the probe beam to a small spot in the focal
plane of the terahertz radiation. The focal length of this lens was chosen to be 1 m
so that it was not necessary to re-collimate the beam after the ZnTe crystal as it
remained within the aperture size of all the detection optics. The probe beam and
terahertz radiation were combined by a 2 inch diameter 60:40, reflective:transmit-
ted, pellicle beam splitter. This allowed the terahertz radiation to pass through
whilst reflecting 60% of the probe beam towards the ZnTe crystal. Two translation
stages were placed in the probe beam path. The first moved in the direction of the
probe beam propagation, as in a standard terahertz time-domain spectrometer, and
enabled the arrival time of the probe beam at the detection crystal to be adjusted
with respect to the terahertz radiation. The second stage moved orthogonally to the
direction of propagation and enabled to the position of the probe beam to be
scanned horizontally on the ZnTe crystal with respect to the terahertz radiation. All
of the mirrors were 2 inches in diameter after this point as to ensure that the beam
remained confined to the surface of the optics as it was translated. This stage was
optically designed such that when moving horizontally no time delay with respect
to the terahertz radiation was induced, removing the need for post processing and
removing one potential degree of ambiguity from the data. By taking time scans at
multiple transverse stage positions it was possible to build up a spatial map in one
dimension. This one done using both the (100) (for longitudinal) and (110) (for
horizontal) ZnTe detection crystals providing information regarding both the spatial
and temporal properties of each of the terahertz polarisation states.

Fig. 6.3 Photograph of the
optical setup used to generate
and detect transversely and
longitudinally polarised
terahertz radiation
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A balanced electro-optical detection scheme was used to measure any phase
rotation imposed on the optical probe by the terahertz radiation within the ZnTe
crystal. To ensure the correct polarisation component was being measured it was
imperative that the terahertz radiation and probe beam were propagating in a
co-linear fashion through the ZnTe crystal. To ensure that this was the case a wire
crosshair alignment tool was created and placed in the pump beam and the antenna
was then removed along with all of the detection optics. Both the pump and probe
beam were then aligned such that they were travelling collinearly throughout the
detection optics. The antenna and detection optics were then replaced with the
detection optics being aligned to the probe beam and the back reflection of
the pump beam off the antenna surface being used to ensure it was placed at 90° to
the pump beam propagation. To help improve the signal-to-noise ratio a lock-in
amplifier was used to monitor the photodiode signal. To enable the lock-in amplifier
to measure the signal, the terahertz radiation was generated at half the repetition rate
(250 Hz) of the probe laser (500 Hz). The frequency was set by applying a bias
pulse to the antenna at half the repetition rate of the laser.

6.4 Confirmation of Radially Polarised Terahertz
Radiation

A modified electro-optic detection system which enabled two-dimensional imaging
of the terahertz electric field, as described in Sect. 2.4.2.2, was used to confirm the
radially polarised nature of the terahertz electric field. A half-wave plate was added
to the balanced electro-optic detection scheme between the quarter-wave plate and
(110)-cut ZnTe crystal. With the (110)-cut ZnTe crystal removed the quarter-wave
plate was set such that it did not alter the polarisation state of the probe beam and
the newly added half-wave plate was set such that the probe beam was vertically
polarised. This meant that the output of the Wollaston prism contained the full
probe beam whilst one output was fully extinguished. The detection crystal was
then placed back into the optical path and the quarter-wave plate was used to cancel
out any birefringence added by the ZnTe crystal, ensuring the extinguished output
of the Wollaston prism remained extinguished.

A CCD camera (pco. Pixelfly) was then used to image the ZnTe crystal whilst
looking through the extinguished output of the Wollaston prism. When the terahertz
beam was incident upon the ZnTe crystal a phase rotation of the near-IR optical
probe beam was induced, in the same way that a phase rotation occurs in the
standard balanced detection setup. However with this detection setup this phase
rotation caused a proportion of the probe light to now exit the Wollaston prism
through the previously extinguished output path, and hence be detected by the CCD
camera. As the collimated probe beam was larger in transverse size than the tera-
hertz beam the phase rotation undergone by the probe beam only occurred in spatial
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areas where the terahertz beam was present. This enabled the CCD camera to see a
spatial map of the terahertz electric field on the surface of the ZnTe crystal.

The direction of the phase rotation was dependent upon the polarity of the
terahertz electric field, however due to the CCD camera only being able to detect
the intensity this information was lost in this configuration. To obtain this polarity
information the quarter-wave plate was slightly offset in azimuthal rotation, such
that the camera was able to detect a small amount of optical laser probe. With this
configuration when the terahertz electric field was incident upon the crystal the
phase rotation either increased or decreased the intensity detected by the camera. If
the terahertz radiation caused the intensity detected by the camera to increase then
the phase rotation induced and hence the polarity of the terahertz electric field was
opposite to that when the camera detected a decrease in optical probe intensity.

Using the technique previously described a full spatial map of the terahertz
electric field polarisation state was built up. Due to the nature of electro-optic
detection and the geometry of the (110)-cut ZnTe crystal only one linearly polarised
component could be detected at a time. A half-wave plate was therefore added to
the probe beam path which was used to rotate the probe beam polarisation and
therefore sample different linearly polarised components of the terahertz electric
field. By rotating the probe beam polarisation through 180° and monitoring the
camera signal the radially polarised nature of the terahertz electric field was con-
firmed, as shown in Fig. 6.4. As can be seen the images in Fig. 6.4 with
(a) showing horizontally polarised terahertz radiation and (b) showing vertically
polarised terahertz radiation. This bipolar spatial field pattern rotates at twice the
angle of the probe beam polarisation as is expected due to the (110)-cut ZnTe
crystal geometry. The detected field pattern confirms the radial nature of the gen-
erated terahertz electric field polarisation.

Fig. 6.4 Crossed polarisation images of terahertz radiation with a showing the horizontally
polarised component and b showing the vertically polarised component
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6.5 Profiling the Probe Beam

The imaging of the spatial properties of the terahertz radiation was carried out by
moving the probe beam with respect to the terahertz radiation on the ZnTe crystal
surface. The spatial resolution was of the imaging was limited by the smallest
increment of the translation stage and the probe beam spot size. To enable accurate
movement of both the transverse translation stage and the detection translation stage
the optical breadboards that housed the optics were placed on micrometre-driven
stages. To avoid hysteresis the stages were only moved in one direction during
measurements. To obtain a small probe spot size at the ZnTe crystal surface the
probe beam was focused by a lens with a focal length of 1 m.

To measure the probe beam spot size in the detection crystal plane a knife-edge
scanning system was setup. In this setup a knife edge was placed on a
micrometre-driven stage and was scanned horizontally through the probe beam.
A photodiode situated behind the knife edge recorded the electric field intensity as a
function of knife edge position. A Gaussian transverse profile was assumed, with

E x; yð Þ ¼ E0e
r x;yð Þ2
x2
0 , where Eðx; yÞ is the electric field intensity as a function of the

transverse co-ordinates ðx; yÞ, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
is the radius of the beam, x0 is the

beam waist and E0 is the scalar intensity of the electric field. The total power, P,
within the beam is the intensity integrated over the area and may be expressed as,

P ¼
ZZ 1

�1
E0e

�r x;yð Þ2
x2
0 dxdy; ð6:2Þ

Fig. 6.5 Differentiated
photodiode signal as a
function of knife-edge
position. Black dots represent
the measured data points
whilst the red line represents a
Gaussian fit to the data (Color
for online)
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which yields,

P ¼ p
2
E0x

2
0: ð6:3Þ

Therefore by differentiating the signal obtained by from the photodiode as a
function of transverse position a complete spatial beam profile can be obtained.
Figure 6.6 shows the measured photodiode signal as a function of the knife-edge
position, whilst Fig. 6.5 shows the photodiode signal differentiated with respect to
the knife-edge position. From this Gaussian fit a 1/e2 x0 value of 91:6� 2 lm was
obtained.

6.6 Detection Crystal Angles

The azimuthal angles of both the (110)-cut and (100)-cut ZnTe detection crystals
must be set correctly with respect to both the probe laser and terahertz radiation
polarisation to enable the maximum detection signal to be obtained. As the
(110) ZnTe crystal had previously been used to detect transversely polarised tera-
hertz radiation its azimuthal angle could be set to enable optimal detection of
horizontally polarised terahertz radiation with a horizontally polarised probe beam.
For this case the azimuthal rotation of the (110)-cut ZnTe detection crystal was
adjusted such that the [1�10] axis was in the horizontal plane. This was however not

Fig. 6.6 Photodiode signal
as a function of knife-edge
position
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optimal for the detection of longitudinally polarised terahertz radiation with the
(100)-cut ZnTe crystal. It was therefore sensible to verify the crystal axis and
investigate its azimuthal angular dependence upon the measured signal. To do this,
a standard balanced electro-optic detection system was used and the maximum
signal for the longitudinally polarized terahertz field was found. The transverse and
temporal scanning stages were positioned for maximum signal and the (100) ZnTe
crystal rotated around its azimuthal angle. Using the dependence reported by
Winnerl et al. [5] as a guide the probe beam polarisation was set horizontally and
the (100)-cut ZnTe crystal was orientated such that the [100] axis was at an angle of
30° with respect to the laser polarisation. The differential signal obtained by the
lock-in amplifier was recorded at a number of angles; this data can be seen in
Fig. 6.7. As can be seen the differential signal has a sinusoidal dependence on the
azimuthal crystal angle with a period of 180°. This is different to the more com-
monly employed (110)-cut ZnTe crystals which whilst also showing a sinusoidal
relationship have a period of p

3. This relationship agrees with the data published by
Winnerl et al. [5] which shows the same relation. It should be noted that the
maximum differential signal was found with the initial (100) ZnTe detection crystal
angle of 30°; again this agrees with previously published data [5]. To ensure
birefringence due to the rotating crystal angles was not affecting the results the
photodiode signals were monitored on an oscilloscope and rebalanced if and when
required using the quarter waveplate.

Fig. 6.7 Signal measured on
the lock-in amplifier as a
function of (100)-cut ZnTe
crystal azimuthal angle.
Measurements were
performed with a horizontally
polarised optical probe and
longitudinally polarised
terahertz radiation
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6.7 Transversely Polarised Terahertz Radiation

Figure 6.8 shows electro-optic time scans that were obtained as a function of
transverse position with the ZnTe (110)-cut crystal. This detection crystal was only
sensitive to horizontally polarised terahertz radiation. In this figure electro-optic
time scans were taken as a function of sampling position, where the sampling
dimension is the same as the polarisation of the terahertz being detected i.e. the
probe beam was scanned horizontally and detection scheme was sensitive to the
horizontally polarised terahertz component. The data shown in Fig. 6.8 were taken
with an electrical bias voltage of 40 kV applied to the antenna. The main terahertz
pulse is shown at a time delay of 0 ps centred on a sampling position of 0 mm.

An electric field polarity flip can be seen in Fig. 6.9 as the sampling position is
scanned through the origin of the beam at every point in time. This feature is
expected from a radially polarised beam as the polarisation points outwards from
the beam centre at all points.

A terahertz radiation reflection in the SI-GaAs wafer can be seen at approxi-
mately 7 ps. This reflection has the opposite polarity to the main pulse and is due to
it being a reflection off the photoexcited plasma which forms on the excitation
surface of the PCA. Due to the plasma having a higher refractive index than the
SI-GaAs material a 180° phase rotation is observed. The measured time delay fits
with an internal reflection of terahertz radiation within SI-GaAs as the refractive
index of SI-GaAs is approximately 3.5 [6] in the terahertz region and the total
distance travelled is 600 lm. More information regarding the terahertz temporal

Fig. 6.8 Electro-optic time
scans as a function of
sampling position. Data taken
using the (110)-cut ZnTe
crystal with a horizontally
polarised probe beam
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profile can be obtained by looking directly at the electro-optic temporal scans.
Figure 6.10 shows two individual time scans, one taken at a sampling position of
+0.5 mm (black) and one taken at –0.5 mm (red). The terahertz electric field
polarity flips as the sampling position is moved through the origin is again apparent
as well as the reflection of the terahertz radiation due to the SI-GaAs.

Fig. 6.9 Spatial profile of the
transversely polarised
terahertz electric field
component. These data were
obtained by keeping the
temporal delay stage fixed
(t = 0) and scanning the
sampling position stage

Fig. 6.10 Electro-optic time
scans taken of the terahertz
radiation transverse electric
field at two sampling
positions +0.5 mm (black)
and −0.5 mm (red)
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The data shown in Figs. 6.8 and 6.10 shows the terahertz electric field as a
function of time. By taking the Fourier transform of these data the electric field as a
function of frequency, Eðf Þ, can be obtained. The power spectral density, P fð Þ, can
then be calculated by taking the square of the magnitude of the electric field,
E fð Þj j2 and is given by

P fð Þ ¼ FFT E tð ÞG tð Þ½ �j j2; ð6:4Þ

where G tð Þ is a Gaussian window function that has been applied to the time-domain
data in order to remove oscillations in the frequency domain due to the sharp cut-off
at the edges of the data sets. This Gaussian window function was normalised to the
time-domain data and the width set such that the main peak was fully incorporated.
These data can be seen in Fig. 6.11; here the power spectra are plotted as a function
of frequency and sampling position.

As can be seen the higher frequencies are present in the centre of the terahertz
spot whilst the lower frequencies are present more towards the edge of the terahertz
spot. This is expected as the shorter wavelengths (higher frequencies) will have a
smaller diffraction limited spot size. To obtain the complete spectrum of the beam
this plotted function, P f ; rð Þ, was integrated over the sampling position dimension,
r, to obtain the power spectrum as a function of frequency. This information is
shown in Fig. 6.12. As can be seen from this figure the typical near single cycle
terahertz specrum is generated with a peak frequency of 0.3 THz.

Fig. 6.11 Power spectra of
the transversely polarised
terahertz electric field as a
function of frequency and
sampling position
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6.8 Longitudinally Polarised Terahertz Radiation

Figure 6.13 shows electro-optic time scans that were obtained as a function of
transverse position with the ZnTe (100)-cut crystal in place. Due to the geometry of
the cut of the detection crystal it was only sensitive to the terahertz polarisation that

Fig. 6.12 Power spectrum
obtained from integrating
over the sampling position
axis

Fig. 6.13 Electro-optic time
scans as a function of
sampling position. Data taken
using a (100)-cut ZnTe crystal
and horizontally polarised
probe beam
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was aligned in the direction of propagation i.e. longitudinally polarised terahertz
radiation. In this figure the electro-optic time scans were taken as a function of
sampling position, where the sampling dimension was orthogonal to the polarisa-
tion of the terahertz radiation being detected. The data were taken with an electrical
bias voltage of 40 kV applied to the PCA. The main terahertz pulse can be seen at a
time delay of 0 ps and is centred on a sampling position of 0.1 mm.

The transverse profile of the terahertz electric field, taken a long time t ¼ 0 ps,
displays a unipolar shape as expected from a longitudinally polarised field com-
ponent. The temporal profile of the longitudinally polarised component shows a
bipolar shape, which is consistent with the derivative of the transverse field.

A terahertz pulse reflected in the SI-GaAs wafer can be seen at approximately
7 ps. This reflection has the opposite polarity to the main pulse which, for the same
reasons explained in Sect. 6.7, is expected. More information can be gained
regarding the temporal properties of the longitudinal field by plotting a single time
scan. The data can be seen in Fig. 6.14. The SI-GaAs reflection can be seen at
roughly 7 ps; its polarity flip is a clear indication that it is indeed a reflection of the
terahertz radiation.

More information could be gained by taking a line out and plotting the electric
field as a function of sampling position for a fixed time delay. A time delay of
−0.17 ps was selected as this was where the longitudinal field was maximum. The
data are shown in Fig. 6.15, where it is possible to see the unipolar shape of the
field.

In order to further verify that the detected longitudinal field was as expected the
transversely polarised data were used to calculate the longitudinal field. The lon-
gitudinally polarised electric field is related to the transversely polarised field by

Fig. 6.14 Electro-optic time
scan taken at a sampling
position of 0 mm showing the
longitudinally polarised
electric field component of the
terahertz radiation

6.8 Longitudinally Polarised Terahertz Radiation 113



Ez x; y; zð Þ ¼ �
Z1

�1
r?E? x; y; zð ÞdzþC x; yð Þ; ð6:5Þ

where Ez x; y; zð Þ is the longitudinally polarised electric field component, E? x; y; zð Þ
is the transversely polarised electric field component, r? ¼ �x @

@x þ�y @
@y which rep-

resents the spatial gradient and Cðx; yÞ is a constant which for the case of pulsed
radiation must be zero. By assuming cylindrical symmetry and taking the measured
field to be equivalent to the radial field it is possible to express this in cylindrical
co-ordinates:

Ez r;/; zð Þ ¼ �
Z1

�1

1
r
@

@r
rEr r;/; zð Þþ 1

r
@

@/
E/ r;/; zð Þ

� �
dz; ð6:6Þ

where r is the radial co-ordinate and / is the azimuthal angle. In this case there is
no azimuthal electric field and hence the second term inside the integral can be
ignored leaving

Ez r;/; zð Þ ¼ �
Z1

�1

1
r
@

@r
rEr r;/; zð Þ

� �
dz: ð6:7Þ

Using Eq. (6.7) and the data obtained from the transversely polarised scans the
expected longitudinal field as a function of sampling position and time can be

Fig. 6.15 Spatial profile of
the longitudinally polarised
terahertz electric field at a
time delay of −0.17 ps
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obtained. These data are shown in Fig. 6.16. The central time scans, between
sampling position −0.5 mm and +0.5 mm, can be neglected as r in Eq. (6.7) has
been truncated in this region to avoid numerical errors due to 1

r when r tends to zero.
As can be seen the calculation shows a good resemblance to the measured data
displayed in Fig. 6.13. Features such as the reflection due to the PCA are present
and the front positive temporal peak is shorter in time than the second negative
peak.

The data shown in Fig. 6.13 represent the terahertz electric field as a function of
time. By taking the Fourier transform of these data the electric field as a function of
frequency can be obtained as explained in Sect. 6.7. The longitudinally polarised
electric field as a function of sampling position and spectral content can be seen in
Fig. 6.17. The data shown in this figure take the expected form, once again with the
higher frequency components present towards the centre of the beam with the lower
frequency components existing towards the outer edges of the beam.

To obtain the complete spectral shape of the entire pulse the data are integrated
over the sampling position dimension to give the terahertz longitudinally polarised
electric field as a function of frequency. This can be seen in Fig. 6.18, where it is
clear that the spectral content has a peak at around 0.2 THz.

In order to verify that the detection plane was situated at the focal plane of the
terahertz radiation the temporal and sampling position delay stages were set such
that the maximum longitudinal field was able to be detected. The ZnTe crystal was
then placed on a separate hand-driven translation stage that enabled the crystal to be
scanned both in the direction of, and orthogonal to the direction of terahertz
propagation. The stage was then scanned in steps of 250 lm and the differential
signal recorded at each step. The data obtained from this measurement can be seen

Fig. 6.16 Calculated
longitudinally-polarised
electric field component as a
function of sampling position
and time delay calculated
from the data obtained in the
transversely polarised electric
field measurements
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in Fig. 6.19. As can be seen the maximum longitudinal differential signal exists at
0 mm. This confirmed that the ZnTe crystal was indeed situated in the focal plane
of the terahertz radiation. The differential signal can be seen to decrease on both
sides of this position. Two-dimensional scans were also taken with the ZnTe crystal
at different longitudinal positions. These scans were taken using larger step sizes

Fig. 6.17 Longitudinally
polarised terahertz electric
field component as a function
of sampling position and
frequency

Fig. 6.18 Longitudinally
polarised terahertz component
as a function of frequency
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than before however the general shape, both temporally and spatially, was con-
firmed to be similar. It was observed that the spot size of the longitudinal field
increased as the detection crystal was moved away from the optimal position, again
as expected for a focusing beam.

6.9 Field Strength Calculation

The calculation presented in Sect. 2.4.2.1 to convert the measured differential signal
into an absolute electric field strength, Eq. (6.8), assumes a transversely polarised
terahertz electric field and a (110)-cut ZnTe detection crystal:

ETHz ¼ DS
S

k
2pcn3r41L

C
T
; ð6:8Þ

where DS and S are the change in the sum of the photodiode signals as measured by
the lock-in amplifier, n is the optical refractive index at 800 nm, r41 is the
non-linear susceptibility constant, L is the thickness of the detection crystal, C is the
lock-in amplifier correction factor and T is the transmission coefficient. The lock-in
amplifier correction factor is used to correct for the fact that the measurements with
and without the terahertz radiation present are taken at different repetition rates, 500
and 250 Hz. In such a case the same terahertz electric field strength signal would
give a different lock-in amplifier reading due the photodiodes response time being
on the order of the repetition rate period [7]. For transversely polarised radiation,

Fig. 6.19 Differential signal
plotted as a function of
longitudinal detection crystal
position
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the transmission coefficient is given by assuming continuity of the electric dis-
placement vector, D, and takes the well-known form

T ¼ 2
nþ 1

; ð6:9Þ

where n is the refractive index at the wavelength of the radiation entering the
material. However for electric fields polarised orthogonal to the surface of the
material continuity of the electric field vector, E, is required [8]. This modifies
Eq. (6.9) such that it becomes,

T ¼ 2
n nþ 1ð Þ : ð6:10Þ

These transmission equations can be used when calculating the electric field
strength of the terahertz electric field external to the detection crystal.

In order to verify the validity of Eq. (6.8) for a longitudinally polarised electric
field and a (100)-cut ZnTe crystal it is possible to use an expression for the gen-
erated polarisation term as previously explained in Sect. 2.4.2,

Popt
k ¼ �0

X
ij

v 2ð Þ
ijk E

T
i E

o
j ; ð6:11Þ

as the full geometric description of the optical system is contained within Popt
k .

Therefore if P110
k ¼ P100

k , where in Pn
k n represents the detection geometry, any

electric field strength expression that is valid for P110
k must also be valid for P100

k . As

all of the varying geometrical entities in this case are contained within the v 2ð Þ
ijk and

ET
i terms it is convenient to compose a new variable Djk such that

Djk ¼
X
i

v 2ð Þ
ijk E

T
i : ð6:12Þ

By now diagonalising Djk for both geometrical cases it is possible to see that
D110

jk ¼ D100
jk and therefore P110

k ¼ P100
k . Therefore any field strength equation that is

valid for P110
k must also be valid for P100

k . This result enables the previously derived
field strength equation, Eq. (6.8), to be used for the detection of longitudinally
polarised terahertz radiation as well as transversely polarised terahertz radiation.

The field strengths obtained in this experiment were all calculated using
Eq. (6.8) combined with experimentally obtained data. The term “signal” will
denote the value DS

S and is the measured value taken from the lock-in amplifier
readings. With 40 kV applied to the PCA the transversely polarised component
gave a peak signal of 0.13. This corresponded to a peak electric field strength of
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2.5 kV cm−1outside of the ZnTe crystal. By raising the PCA bias voltage to
100 kV a maximum signal of 0.36 was obtained giving a peak transverse electric
field strength of 7.01 kV cm−1. For the longitudinally polarised electric field the
maximum signal with 40 kV applied to the PCA was 0.0205. This equated to a
terahertz field strength of 1.26 kV cm−1 external to the ZnTe crystal. The signal
rose to 0.036 when the wafer electric bias was increased to 100 kV giving a
maximum longitudinally-polarised electric field strength of 2.22 kV cm−1.

6.10 Transverse and Longitudinally Polarised
Comparison

In order to again confirm that the signal measured with the (100) ZnTe crystal is
indeed polarised in the direction of propagation a comparison between the data
obtained with the (100) and (110) crystals was performed. First the transverse
profiles of the two polarisation states were compared. Spatial profiles taken from the
time scan/sampling position data for both the longitudinally polarised and trans-
versely polarised terahertz radiation are shown in Fig. 6.20. In Fig. 6.20 in order to
compare the relative size and shapes of the polarisation components each compo-
nent was normalised to its maximum. The spatial profiles were taken, in both cases,
from the temporal point when the fields reach their individual maxima. As can be
seen the longitudinal field takes a unipolar form and the transverse field takes a
bipolar form. The longitudinal field is smaller in spatial extent than the transverse

Fig. 6.20 Spatial profile of
the longitudinal (black) and
transverse (red) polarised
terahertz electric field
components taken from the
temporal position with the
highest electric field strengths
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field and fully confined within the extent of the transverse field. This aspect of the
transverse—longitudinal spatial size has been utilised in many applications, and is a
well-known property of radially polarised beams.

Figure 6.21a, b show the temporal profiles from both the longitudinal (black)
and transverse (red) terahertz electric fields. Both field profiles were taken at spatial
sampling positions such that their electric field values were maximum and nor-
malised to their individual maxima. As can be seen there is a small time shift of
2.25 ps between the two fields. This is expected, as explained in Sect. 2.6, and can
be seen in closer detail in Fig. 6.21b. In Fig. 6.21b the blue lines intersect with the
transverse field when it crosses zero on the field strength axis. Using these lines as a
guide it is apparent that the longitudinal field is a maximum when the transverse
field is zero. As previously discussed this agrees with Winnerl et al. [5], and can be
seen as further evidence that the longitudinal field measured is polarised in the
direction of propagation.

It is also possible to compare the spectral content of both polarisation compo-
nents. Figure 6.22 shows the electric field as a function of frequency integrated over
the sampling position for both the longitudinally (red) and transversely (black)
polarised terahertz field components. Surprisingly even though the longitudinally
polarised component displays a smaller spot size its spectral components are more
weighted towards the lower frequencies than the transversely polarised component.
This is also shown in both simulations and measurements obtained by Imai et al.
[9], but not fully explained. This feature could be attributed to the refractive index
difference in the detection crystal axis.

Fig. 6.21 a Temporal profiles of the longitudinal (blue) and transverse (red) terahertz electric
field components. b Zoomed-in temporal profiles of the longitudinal and transverse field
components with blue lines indicating the transverse zero-crossing point
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6.11 Conclusion

In this chapter the work carried out on the generation and detection of both
transversely and longitudinally polarised terahertz electric field components has
been presented. The terahertz radiation was generated by a large-area photocon-
ductive antenna (PCA) of dimeter 75 mm. The PCA was photoexcited by a laser
pulse with an energy of 0.8 mJ and a temporal duration of 100 fs. Longitudinally
polarised terahertz electric fields of 2.22 kV cm−1 were detected by electro optic
detection.

The spatial and temporal characteristics of the longitudinal field agree with the
literature as well as the comparisons made between the longitudinal and transverse
components. The field strength of the longitudinal field is considerably higher than
any previously published work. For instance the previous highest longitudinal
terahertz field strength measured from a laser driven source was 1 kV cm−1 which
was produced with a laser with 8 times more pulse energy using air-plasma gen-
eration [10]. The detected longitudinal electric field strength is also 100 times larger
than any other published data that used similar, PCA, generation techniques [5].

Whilst there are numerous publications which describe the use of linearly
polarised PCAs not much has work been published on their unique ability to
produce complex polarisation states with ease. It would be useful, and possible, to
perform more experiments such as the one conducted above using PCAs with
various electrode configurations and sizes in attempt to further maximise and
optimise the longitudinal field generated.

Fig. 6.22 Longitudinally
(red) and transversely (black)
polarised electric field
components as a function of
frequency integrated over the
sampling range and
normalised to their local
maxima
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Chapter 7
Non-linear Optical Crystal Generation

Within this chapter details of the generation of longitudinally polarised terahertz
radiation within non-linear optical crystals are presented. The design of the different
optical setups used are explained along with the results obtained from these setups.
Two optical setups were designed and built using two different types of non-linear
optical crystals, ZnTe (Sect. 7.3) and magnesium-oxide-doped stoichiometric
lithium niobate (MgO:SLN) (Sect. 7.4). These different crystals required different
pump geometries. Whilst the ZnTe crystal allowed for a co-linearly phase-matched
pump scheme, the MgO:SLN crystal required a non-co-linear tilted-pulse-front
pumping scheme. The terahertz radiation generated from both of the non-linear
optical crystals was detected using an electro-optic balanced detection scheme with
a movable probe beam allowing for both the spatial and temporal mapping of the
terahertz electric field. The design and implementation of both the pumping
schemes and electro-optic detection scheme is detailed within this chapter.

7.1 Introduction

The interaction between electromagnetic radiation and charged particle bunches
requires the electric field of the electromagnetic radiation to be orientated in the
direction of the charged particle bunch propagation. The interaction strength
depends simply upon two attributes, the electric field strength of the radiation and
the interaction duration. To enable the maximum interaction strength a co-linear
geometry is required, and thus an electric field component in the direction of the
radiation propagation. This as previously discussed is commonly referred to as the
longitudinally polarised component.

As previously discussed in Chap. 6 the generation of a longitudinally polarised
electric field component has been achieved via the generation of terahertz radiation
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through the photoexcitation of a large area photoconductive antenna. Whilst this
was successful, limitations inherent to the generation device constrained the fea-
sibility of such a device for the manipulation of relativistic charged particles. These
included the inability to produce electric field strengths in the MV cm−1 regime and
to temporally tune the waveform of the generated terahertz radiation by directly
tuning the pump optical laser [1, 2]. An alternative generation technique considered
here involves the non-linear generation of terahertz radiation in optical crystals.
Generation within such crystals does not involve physical processes on timescales
larger than the pump laser duration and so does not inherently disallow the temporal
tuning of the terahertz radiation via optical pump laser manipulation. In fact the
direct manipulation of the temporal waveform of the terahertz radiation via optical
tuning has been demonstrated within magnesium-oxide-doped stoichiometric
lithium niobate (MgO:SLN) and other common generation crystals such as ZnTe
[3, 4]. It has been shown that generation techniques using such crystals have the
ability to produce terahertz radiation with extremely high field strengths, on the
order of 10–100’s MV cm−1 [1, 5]. These two features make non-linear optical
crystals a perfect media for the generation of terahertz radiation for the manipu-
lation of relativistic particles.

So far discussion regarding the generation of terahertz radiation by non-linear
interactions within crystals has solely focused on their ability to generate linearly,
transversely-orientated, polarised terahertz radiation. As previously mentioned what
is required for the interaction of terahertz radiation with an electron beam is a
co-linear geometry and therefore terahertz radiation with a strong longitudinal
electric field component. In Chap. 6 the generation of such a polarisation compo-
nent was achieved via the generation of a radially polarised terahertz mode. Such a
mode has strong spatial transverse field gradients on axis and hence contains strong
longitudinal fields on axis. Such a polarisation state was simple to produce when
generating terahertz radiation with a photoconductive antenna (PCA) as the
polarisation state is wholly dependent upon the physical geometry of the electrodes.
This, however, is not the case for non-linear generation within optical crystals.

The generation of terahertz radiation within optical crystals is typically a dif-
ference frequency or optical rectification second order non-linear process. In such a
process the non-linear susceptibility tensor (vð2Þ) component of commonly used
crystals limits the microscopic generation of terahertz radiation to a linear com-
ponent. Due to the transverse translational symmetry associated with crystals this
therefore also limits the macroscopic generation of terahertz radiation to linearly
polarised radiation. The generation of modes which contain strong longitudinally
polarised electric field components must therefore be investigated further.
Previously published work in this field points towards two possible methods of
generating such modes from non-linear optical crystals.

The first is the segmentation of crystals; in this case multiple crystal segments
are used to generate linearly polarised terahertz radiation. The segments are
arranged such that when all of the linearly polarised terahertz field components are
mixed in the far field they form the desired mode structure [6]. This method of
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generating non-linearly polarised terahertz radiation has been used to generate
radially polarised terahertz radiation with gallium phosphide (GaP). Gallium
phosphide shares the same crystal symmetries as ZnTe and so the concept should be
directly commutable to ZnTe [7]. The second method utilises the physics of phase
matching and the velocity mismatch between the optical pump and generated ter-
ahertz radiation with the optical crystal to produce a Cherenkov-style cone of
radiation. This cone of radiation has a polarisation structure that appears radial
when collected and collimated [8]. The method of generating radially polarised
radiation from velocity mismatching uses a (001)-cut ZnTe crystal and a Yb-doped
fibre amplifier laser system [8].

Whilst both of these generation techniques provide the required polarisation
state, both use crystals that are not the most efficient in generating terahertz radi-
ation. In addition the velocity-mismatched generation technique inherently limits
scalability and the efficient generation of terahertz radiation by purposefully using a
non-optimal phase matching condition. Whilst the terahertz radiation generated in
ZnTe and GaP is typically of low power, generating typical peak field strengths on
the order of 10’s to 100’s V cm−1, the velocity-mismatched generation technique
subsequently reduces the peak transverse field strength by a factor of 3 [8]. In
contrast non-linear optical materials such as stoichiometric
magnesium-oxide-doped lithium niobate (MgO:SLN) provide much higher field
strengths, on the order of 3–4 orders of magnitude higher [1]. MgO:SLN however
has a different crystal structure to that of ZnTe of GaP, and so different vð2Þ

symmetries and different phase-matching conditions. These new phase-matching
conditions make the two generation methods discussed above impractical when
combined with MgO:SLN.

While GaP and ZnTe are able to be used for terahertz generation in a co-linear
phase-matching geometry, due to them having similar refractive indices for both
terahertz and optical frequencies, MgO:SLN cannot. The refractive index of radi-
ation of 800 nm wavelength within MgO:SLN is 2.21 whilst the refractive index of
radiation of 0.1 mm wavelength is 5.2 [9]. This difference in refractive index means
the generated terahertz waves travel much slower through the material and lag
behind the generating optical wave, therefore not allowing for optimal coherent
addition. If the generated optical wave is thought of as a pencil beam, such that it
has zero transverse dimension, then the generated terahertz radiation forms a
Cherenkov-style cone behind the optical radiation. However when a transverse
extent is added to the generating wave it is found that multiple cones form which do
not coherently add due to their continuous phase variation. A solution to this
phase-matching problem is to use an optical pump beam with a pulse-front tilt.
When the angle of this pulse-front tilt is matched inside the MgO:SLN crystal to the
Cherenkov cone angle all the generated terahertz radiation adds coherently as there
is a constant phase across the generation axis. Whilst this method of generation
allows for the coherent addition of generated terahertz radiation the wavefronts are
aligned with the Cherenkov cone angle. This means terahertz radiation is generated
with a propagation direction which is at a non-zero angle to the propagating pump
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beam. To enable the output coupling of the terahertz radiation, whilst still allowing
the input coupling of the pump radiation, the crystal is cut with sides that allow for
the normal incidence of the two beams.

As the aims of this experiment are to design and investigate the generation of
longitudinally polarised terahertz radiation, strong transversely varying fields are
required. Due to the points discussed above a design involving two generation
crystals was decided upon. In this design each crystal generates a linearly polarised
terahertz field which is subsequently collected and combined to create strong
transverse field gradients and hence strong longitudinal fields.

7.2 Design

In order to produce the strong transverse field gradients that are required to generate
a strong longitudinal field a design consisting of two crystals was chosen. In this
design each crystal generated a single linearly polarised pulse of terahertz radiation.
In order to maximise the transverse field gradient the two sources were designed
such that they produced radiation with a 180° phase difference. This phase differ-
ence helped maximise the transverse field gradient with the resultant generated
beam. A simulated example of such a spatial mode can be seen in Fig. 7.1. This
simulated mode can be thought of as an input plane to the radiation propagation
simulation discussed in Chap. 4 and would exist at the crystal exit surface.

Fig. 7.1 Simulated spatial
profile of two
horizontally-linear polarised
Gaussian beams one with a
positive amplitude (blue) and
one with a negative amplitude
(red). This was created by the
addition of two
two-dimensional Gaussian
beams, with x-axis offsets of
20 mm and FWHM diameters
of 10 mm, with opposite signs
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Here it can be seen that the polarisation states of both the beams are linear and
pointing in the opposite direction. The radiation propagation simulation described
in Chap. 4 was used to propagate the terahertz radiation through a lens and
investigate its spatial and temporal properties throughout the focal region. This
information was then used to calculate the longitudinal fields generated at the focus
as described in Sect. 4.3. Parameters such as crystal separation, spot size and focal
length were then adjusted in order to help design a source that maximised the
longitudinal electric field at the centre. In order to help do this the
longitudinal-to-transverse field ratio was used as a metric to compare the radiation
at the focus from different generation schemes.

7.3 Preliminary ZnTe Experiment

7.3.1 Introduction

In order to test the concept of two linearly polarised terahertz pulses of opposite
polarity mixing via a focusing lens and producing a longitudinally polarised field
component, an experiment consisting of two ZnTe generation crystals was designed
and built. Due to the co-linear phase matching that exists between near-infrared
radiation and terahertz radiation within ZnTe the pump beam geometry did not
require any pulse-front tilts or complex optical arrangements. This made for an
ideal proof-of-principle experiment in which the concept could be tested.

7.3.2 Experimental Setup

As previously discussed the relative polarity of the terahertz radiation generated
does not depend upon the relative polarity of the pump radiation. It was therefore
required to rotate the two ZnTe crystals such that they produced radiation which
was polarised in the correct way, in this case horizontally with a 180° phase shift
between the two terahertz beams. A schematic diagram of the experimental setup
used can be seen in Fig. 7.2. Here optical radiation produced by a regenerative
amplifier with a pulse energy of approximately 1.8 mJ centred at a wavelength of
800 nm and with a temporal duration of 50 fs was split into two beams, a pump
beam and a probe beam. The pump beam contains 90% of the optical pump energy
and passes through a half waveplate allowing for control of the polarisation state of
the pump radiation before it is incident upon the generation crystal. The radiation is
then directed towards the generation crystals which are held in a custom-made
double crystal mount. The optical radiation was aligned such that it was centred
upon the two crystals which were held side-by-side with no gap between them. The
pump beam spot size on the generation crystals was 12 mm in 1/e2 diameter thus
enabling a collimated terahertz beam to be generated. Terahertz radiation generated
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by the two crystals was collected by L2, a 2-in.-diameter PTFE lens of focal length
300 mm situated 300 mm away from the crystals. This terahertz radiation was then
focused to a focal plane 300 mm away from the lens. The probe beam which
contained 10% of the optical pump energy passed through a temporal delay stage
which enabled the relative time delay between the pump and the probe beam to be
adjusted. After the delay stage the probe beam passed through a half-wave plate
enabling control of its polarisation state. It was then apertured down using an iris,
with a clear aperture of 1 mm in diameter. This iris was positioned on a hand-driven
micrometre stage which travelled orthogonally to the direction of propagation of the
optical radiation. The probe beam was then recombined with the terahertz radiation
via a 60:40 reflection:transmission pellicle beam splitter.

Both the probe beam and the terahertz radiation were then incident one of two
detection ZnTe crystals. The first was a 10 mm � 10 mm � 4 mm (110)-cut
crystal employed to detect transversely polarised radiation and the second was a
10 mm � 10 mm � 2 mm (100)-cut crystal designed to detect longitudinally
polarised radiation. The optical setup then consisted of a conventional balanced
electro-optical detection scheme which contained a quarter waveplate, Wollaston
prism and a pair of balanced photodiodes. This detection scheme was sensitive to
both the amplitude of the terahertz electric field and the relative polarity. By

Fig. 7.2 Schematic diagram of the ZnTe generation and detection scheme. L1 is a lens of focal
length 1 m, L2 a PTFE lens of focal length 300 mm and ND represents an adjustable reflective
neutral density filter. The stage labelled s is a temporal delay stage
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scanning the transverse position of the iris the terahertz electric field could be
mapped as a function of both transverse space and time. To enable direct detection
of both the transverse and longitudinally polarised electric fields the (110) and
(100) crystals could be interchanged.

7.3.3 Results

The results obtained from this experiment include the spatial and temporal map of
the terahertz radiation generated from two (110)-cut ZnTe crystals. A map of the
spatial and temporal properties of the terahertz radiation generated can be seen in
Fig. 7.3.

This figure shows data measured with a (110)-cut ZnTe detection crystal and
hence shows terahertz radiation which is polarised horizontally (transverse). As can
be seen from Fig. 7.3 there is a polarity flip as the iris is scanned over the range of −2
to 3 mm. Oscillations can be seen after the main pulse (at 0 ps) which are attributed
to either water absorption of the terahertz that occurs as it propagates though air or to
reflections of the optical probe within the ZnTe detection crystal and the reflections
of the terahertz radiation within the ZnTe detection crystal. The polarity flip that
occurs at a sampling position of approximately 0 mm can also be seen throughout all
the post-pulse oscillations. A maximum differential signal, DI

I0
, of 1.92 � 10−4 was

measured from the data shown in Fig. 7.3 giving a maximum electric field strength
of 179 V cm−1. This number was calculated using Eq. (7.1) where r41 is the
electro-optic coefficient of ZnTe and L is the ZnTe crystal thickness [10].

Fig. 7.3 Terahertz radiation
generated by two ZnTe (110)-
cut crystals at 90° to each
other and a single 50 fs
linearly polarised optical
pump pulse as a function of
sampling position and time
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A transmission coefficient, T, was also included, as described in Sect. 6.9, to account
for losses at the interface between air and the ZnTe crystal. A lock-in amplifier
correction factor, C, was also employed as described in Sect. 6.9 [11].

ETHz ¼ DI
I0

k
2pn3r41L

TC ð7:1Þ

From the data in Fig. 7.3 more information can be extracted such as the temporal
profile of the transverse electric field, shown in Fig. 7.4, and the spatial profile of the
terahertz radiation, shown in Fig. 7.5. In Fig. 7.4 the red line shows the temporal
profile of the terahertz radiation taken at a sampling position of −1 mm whilst the
black line shows the temporal profile of the terahertz radiation recorded at a sam-
pling position of 1.25 mm. As can be seen the relative polarities of the electric fields
are consistently opposite but the amplitudes are comparable in magnitude. This is to
be expected from the orientation of both the pump polarisation and generation
crystals. The temporal profiles of the main peaks, situated at 0 ps, show a
near-single-cycle profile with a full-width half maximum height (FWHM) duration
of approximately 300 fs. Figure 7.5 shows the spatial profile of the terahertz electric
field measured at a temporal position of 0 ps. The spatial profile shows a FWHM of
4 mm. This is fairly large and can be attributed to the long focal length of the PTFE
lens. The bipolar nature of the electric field can also be seen in Fig. 7.5. It can also be
seen that the centre of the beams is not situated exactly at a sampling position of
0 mm. This is due to a slight misalignment in the pump and terahertz optics.

Direct detection of the longitudinally polarised terahertz radiation was also
attempted via the same method as described above. However to detect the longi-
tudinally polarised radiation the (110)-cut ZnTe crystal was replaced with a (100)-

Fig. 7.4 Temporal profiles of
the transverse terahertz
electric fields generated by
two (110)-cut ZnTe crystals.
The red line shows the
temporal profile taken at a
sampling position of −1 mm
whilst the black line shows
the temporal profile taken at a
sampling position of 1.25 mm
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cut ZnTe crystal. This was because the (110)-cut ZnTe crystal was only sensitive to
a transversely polarised terahertz electric field whilst a (100)-cut ZnTe crystal is
sensitive only to the longitudinally polarised terahertz electric field component. No
longitudinally polarised terahertz radiation was detected. This is attributed to the
low absolute electric field strengths measured by the (110)-cut ZnTe crystal and the
long focal length of the PTFE lens. Whilst the longitudinally polarised electric field
component was not directly detectable its electric field strength can be calculated
from the detected transversely polarised electric field. This can be done using the
method described in Sect. 4.3 assuming that the spatial profile does not change
rapidly as a function of the longitudinal position. As the beam is not tightly
focusing this is a reasonable assumption to make. The calculated longitudinal field
as a function of time and sampling position can be seen in Fig. 7.6. Here it can be
seen that the calculated electric field is only 9.3 V cm−1. Such a low field would be
undetectable using a regenerative amplifier based electro-optic detection
setup. Using the measured transverse electric field strength and the calculated
longitudinal electric field strength a longitudinal-to-transverse field ratio of 5.2%
was calculated. The calculated longitudinal field displayed the characteristic bipolar
temporal profile and the unipolar spatial profile.

7.3.4 Discussion

This experiment was useful to test the concept of intefereometrically combining two
terahertz pulses via a lens to form a spatial mode with on axis longitudinal

Fig. 7.5 Spatial profile of the
transverse terahertz electric
field taken at a temporal delay
of 0 ps

7.3 Preliminary ZnTe Experiment 131



components. The terahertz electric field strength was low, as expected from a
ZnTe-based source, however more importantly the transverse spatial and temporal
profile displayed the expected shape and features. The polarity flip observed when
moving through the sampling position (displayed in Figs. 7.3 and 7.5) shows that
the correct terahertz polarisation state was generated and detected. In order to
improve upon this experiment spatial profiling with a better resolution would be
required. This could be achieved by using the lens and transverse stage as described
in the experiments described in Chap. 6. To improve upon the
longitudinal-to-transverse field ratio a setup which contains tighter focusing of the
terahertz radiation would be required.

7.4 Lithium Niobate Generation

Once the concept of combining two terahertz pulses via a lens had been investigated
and shown to work the experiment was repeated with a terahertz source capable of
producing higher electric field strengths. Magnesium-oxide-doped stoichiometric
lithium niobate (MgO:SLN) is an electro-optic crystal which is capable of pro-
ducing high terahertz electric field strengths, with reports in the literature of fields in
excess of 10 MV cm−1 [1]. It was therefore decided to repeat the previous exper-
iment but with MgO:SLN as the terahertz generation source.

Fig. 7.6 Longitudinally
polarised terahertz electric
field as calculated from the
measured transversely
polarised terahertz electric
field, Fig. 7.3, as explained in
Sect. 4.3
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7.4.1 Crystals

In order to use MgO:SLN crystals to create the required mode the crystals must be
designed such that they generate the correct polarisation state. As explained in
Sect. 2.3.1.2 and shown in Eq. (7.2) MgO:SLN generates linearly polarised radi-
ation and the relative phase of this radiation can only be varied by manipulating the
vð2Þ value of the crystal.

ETHz / vð2Þ EOpt

�� ��2 ð7:2Þ

In order to generate two linearly polarised beams with a 180° phase shift it was
decided that two MgO:SLN crystals were required where one crystal had a positive
vð2Þ and the other a negative vð2Þ value. This is analogues to the commonly-used
periodically-poled lithium niobate crystals that are used to generate narrow band
terahertz radiation. By placing these crystals together with a vertical separation,
with the z-axis of the crystals aligned vertically and pumping them with vertically
polarised radiation, two unique terahertz pulses are generated. These two pulses are
vertically polarised and are 180° out of phase whilst being overlapped in time.

Due to the phase matching constraints between 800 nm radiation and terahertz
radiation within MgO:SLN a non-linear propagation geometry is required as
explained in Sect. 2.3.1.2. The crystals are therefore required to be cut in a trian-
gular shape, as shown in Fig. 7.8. A photograph of one of the MgO:SLN crystals
used within this experiment is shown in Fig. 7.7. The pump beam enters the crystal
orthogonally to the surface labelled A in Fig. 7.8 in order to maximise input

Fig. 7.7 Photograph taken of
one of the MgO:SLN crystals
used within this experiment
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coupling and the output surface (labelled B) is cut at an angle of 63° to the input
surface. This is orthogonal to the direction of the generated terahertz radiation again
maximising the output coupling. Surface A was coated with an 800 nm
anti-reflective coating and surface B was optically polished to a flatness of k/6 at
640 nm. This enabled optimal input coupling and output coupling of the 800 nm
and terahertz radiation respectively.

It is possible to pump the two crystals in two distinctly different pump
geometries as shown in Fig. 7.9. In this figure the optical pump beam propagates
into the page and the crystal z-axis orientations are displayed as arrows labelled by
z. The laser polarisation orientation is also labelled by arrows labelled L. In
scheme 1 the crystals are placed with one on top of the other, with the surfaces in
contact with each other and are pumped by a single laser beam. Scheme 2 is similar

Fig. 7.8 Design of the MgO:SLN crystals used for the generation of longitudinally polarised
terahertz radiation. Surface A and surface B represent the pump input surface and terahertz output
surface respectively. The z-axis of crystal 1 is orientated out of the page whilst the z-axis of crystal
2 is orientated into the page

Fig. 7.9 Various pump geometries for the two MgO:SLN crystals. z arrows represent the z-axis
direction for the MgO:SLN crystals and the L arrows represents the laser polarisation. In scheme 1
the two crystals are pumped by the same laser beam whilst in scheme 2 the two crystals are
pumped by two separate laser beams
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to 1 but with two important differences, firstly the vertical separation between the
crystals can be adjusted and secondly two different pump laser beams are used.
Whilst both of these schemes were proposed it was decided that scheme 1 would be
implemented. The main factor in this decision was the complexity involved in
having multiple pump beams as required for scheme 2.

7.4.2 Experimental Setup

An experimental setup was designed and built which is shown in Fig. 7.10. This
setup used the same 1.8 mJ regenerative amplifier laser system as used in the ZnTe
experiment with 90% of the beam directed towards the pump beam and 10% of the
beam directed to the probe beam. This setup was re-designed such that a single
MgO:SLN crystal or one of the double MgO:SLN schemes described in Sect. 7.4.1
could be used. It was necessary to enable a single crystal to be used in the same
optical setup to both help with the terahertz beam alignment and to test that both the
MgO:SLN crystal generated terahertz radiation that had the correct field strength
and relative polarisation state.

The pump beam first passed through two cylindrical lenses of focal lengths 75
and 100 mm respectively that formed a telescope. This telescope reduced the pump
beam down in one dimension producing a collimated beam with an elongated
spatial profile, as shown in Fig. 7.10. The pump beam was then directed towards a
holographic diffraction grating that had 1800 lines/mm. The pump beam was
incident upon the grating at an angle of 35° with respect to the normal. The −1st
order was reflected at an angle of 60° to the surface normal. This order had a
pulse-front tilt at the grating surface of 70°. A 2-in. diameter lens with a focal length
of 100 mm was used to collect the −1st diffraction order and to image the grating

Fig. 7.10 Schematic diagram of the lithium niobate terahertz generation and detection scheme. L1
is a 1 m focal length biconvex lens, L2 and L3 are 75 and 100 mm focal length biconvex
cylindrical lenses respectively which form a cylindrical telescope
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surface into the MgO:SLN crystal. This produced a pulse-front tilt of 63° inside the
MgO:SLN crystal at the image plane. Terahertz radiation was then collected by a
75 mm focal length gold coated off-axis parabolic mirror and directed towards a
second gold coated off-axis parabolic mirror with a focal length of 100 mm.
A (110)-cut ZnTe detection crystal was placed in the focal plane of the 2nd off-axis
parabolic mirror and was used in conjunction with the probe beam to detect tera-
hertz radiation.

The probe beam passed through a 1-in. diameter 1 m focal length plano-convex
lens which focused the probe beam onto the ZnTe detection crystal. A neutral
density filter was used to reduce the pulse energy of the probe beam such that it did
not saturate the photodiodes and a temporal delay stage was used to vary the overlap
time of the terahertz radiation and the probe beam. Both the terahertz radiation and
probe beam were recombined via a 60:40 reflection:transmission pellicle beam
splitter and were incident upon the detection crystal. A standard balanced
electro-optic setup was then used to measure the temporal profile and field amplitude
(including relative phase) of the terahertz radiation. This setup consisted of either a
10 � 10 � 0.5 mm (110)-cut ZnTe crystal or a 10 � 10 � 2 mm (100)-cut ZnTe
crystal, a quarter wave plate, polarising beam splitter and a pair of photodiodes.

7.4.3 Single Crystal Results

The first experiment that was conducted using MgO:SLN was to confirm both the
electric field strength and the relative polarity generated from both the MgO:SLN
crystals. This experiment was crucial both as a learning exercise and a confirmation
of the relative z-axis orientation. Figure 7.11 shows the terahertz waveform
obtained from both MgO:SLN crystal 1 (black line) and MgO:SLN crystal 2 (red
line). In order to make sure that the polarity of the terahertz generated by crystal 1
could be directly compared with the polarity of the terahertz generated by crystal 2
nothing in the optical setup was changed apart from the MgO:SLN crystal between
measurements. Settings of the lock-in amplifier and photodiodes were also not
changed throughout the duration of the measurement process. As can be seen in
Fig. 7.11 the terahertz radiation generated by crystal 1 and crystal 2 has opposite
polarities. As neither the pump beam or the probe beam polarisation was changed
nor was the lock-in amplifier or photodiode settings this can be attributed to a 180°
flip in the z-axis of the MgO:SLN crystal. Electric field strengths were also cal-
culated from the waveforms. A maximum differential signal of 0.63 was detected
which gave a maximum electric field strength of to 47 kV cm−1. This was con-
sistent between both the MgO:SLN crystals that were used. The polarity flip
observed between the radiation generated by crystal 1 and crystal 2 can be seen
throughout the waveforms including in the reflection at −10 ps and the water
absorption oscillations observed after the main peak. This −10 ps reflection is
consistent with a terahertz reflection within the ZnTe detection crystal, as the ZnTe
crystal has a refractive index of 3.1 at 0.3 THz and is 0.5 mm thick.

136 7 Non-linear Optical Crystal Generation



7.4.4 Double Crystal Results

Once both crystals had been confirmed as working and confirmed to generate the
correct polarity of terahertz radiation a generation scheme consisting of two MgO:
SLN crystals was built. This setup was similar to the one shown in Fig. 7.8
however an iris and orthogonal translation stage were placed after the first lens on
the probe beam path. This enabled electro-optic sampling to be performed at dif-
ferent horizontal positions on the ZnTe detection crystal. The generation MgO:SLN
crystals were positioned as shown in scheme 1 in Fig. 7.9 as this was the simplest
setup to construct. Electro-optic temporal scans were then performed with the probe
beam aligned to be at various horizontal positons on the detection ZnTe crystal.
This measurement was performed twice, once with a (110) ZnTe detection crystal
in place and once with a (100) ZnTe detection crystal in place. This enabled both
vertically polarised and longitudinally polarised terahertz radiation detection as a
function of time and space. Results obtained from these measurements can be seen
in Fig. 7.12 where the black and red lines represent data collected with a
(110) ZnTe crystal and the green line represents data collected with a (100) ZnTe
detection crystal. As can be seen in Fig. 7.12 as the transverse position is scanned
from 6 mm to -6 mm there is a flip in the polarity of the transversely polarised
terahertz radiation. This agrees with the preliminary data obtained in Sect. 7.3 and
confirms that the correct polarisation state has been generated. On axis a negligible
amount of transversely polarised terahertz radiation was detected, with a field
amplitude 3 orders of magnitude less than the transverse electric field maximum.
From the transverse data a maximum differential signal of 0.39 was measured and
using Eq. (7.1) a maximum transverse electric field of 29 kV cm−1 was calculated.

Fig. 7.11 Terahertz radiation
generated by two MgO:SLN
crystals and detected by
electro-optic detection. The
black line represents the
radiation generated by crystal
1 whilst the red line
represents the radiation
generated by crystal 2
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The green trace shows the longitudinally polarised terahertz radiation as detected
with a (100) ZnTe detection crystal. The temporal profile of the longitudinally
polarised electric field takes the standard bipolar form as is expected and has been
previously measured from other generation techniques such as the radially polarised
photoconductive antenna generation technique as described in Chap. 6.
A maximum differential signal of 0.21 was measured with the (100) ZnTe crystal
which translates to a maximum longitudinal electric field of 11.6 kV cm−1 and thus
giving a longitudinal-to-transverse field ratio of 0.4 (Fig. 7.12).

7.4.5 Discussion

Within this experiment the generation of strong longitudinally polarised terahertz
radiation electric fields has been demonstrated. This was achieved via the genera-
tion of a complex spatial mode which was in turn generated by mixing the radiation
from two MgO:SLN crystals interferometrically via the focusing of the radiation.
From a single MgO:SLN crystal a peak transversely polarised electric field of 47
kV cm−1 was measured. This is comparable to field strengths measured with similar
pump lasers and similar pump geometries [12]. Peak longitudinally polarised
electric field strengths of 11.6 kV cm−1 were measured with electro-optic balanced
detection and a (100) ZnTe crystal, whilst a maximum transversely polarised
electric field strength of 29 kV cm−1 was measured with electro-optic balanced
detection and a (110) ZnTe crystal. It is interesting to note that in a recent report by
Nanni et al. [13] in 2014 electron acceleration via terahertz radiation in a waveguide

Fig. 7.12 Terahertz radiation
generated by two MgO:SLN
crystals with opposite
vertically-orientated z-axis
directions as a function of
transverse position. Black and
red lines show data collected
using a (110) ZnTe crystal
(transverse field) whilst the
green line shows data
collected using a (100) ZnTe
crystal (longitudinal field)
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is demonstrated. In this report a linearly polarised MgO:SLN-based source is used
and an on-axis accelerating gradient of 9.7 kV cm−1 is reported [13].

The work reported in this chapter is to the authors knowledge the only
demonstration of the generation of longitudinally polarised terahertz electric fields
by optical rectification within MgO:SLN and also the highest recorded free-space
longitudinally polarised electric fields generated via laser based methods. As tera-
hertz radiation generation within MgO:SLN has been shown to produce electric
fields in excess of 100 MV cm−1 and the generation method described in this
section does not alter any basic principles of a standard MgO:SLN-based terahertz
generation scheme there is no reason why this method could not be scaled up to
produce longitudinally polarised radiation with much higher electric field strengths
than have been detected in this experiment. Scaling such a system up to produce
terahertz radiation with higher longitudinally polarised electric fields could be
achieved via a number of methods already addressed within the literature. Firstly
the pump laser fluence could be increased. Within this experiment accounting for
losses due the diffraction grating and other optical elements approximately 0.97 mJ
of the original 1.8 mJ laser was incident upon the MgO:SLN surface over an area of
approximately 0.25 cm2 thus giving a pump fluence of 3.9 mJ cm−2. Saturation of
terahertz generation within MgO:SLN, with similar optical pump beam parameters,
has been shown to occur at around 15 mJ cm−2 [14]. This gives the possibility of
increasing the pump laser power by a factor of 3.8 times before saturation occurs,
thus enabling the field strengths measured in this experiment to scaled by the same
amount. It has also been shown that by cooling the MgO:SLN crystals down to
10 K it is possible to increase the electric field of the generated terahertz by a factor
of 2.8 when compared to MgO:SLN at room temperature [2].

The temporal tuning of the pump laser is also another possible avenue to explore
with respect to scalability. Calculations performed by Hebling et al. [2] predict that
the electric field strength of the generated terahertz radiation depends strongly upon
the temporal duration of the pump laser. In this paper the calculations show the
optimal pump duration to be on the order of 500 fs. It is shown that by pumping
MgO:SLN with pump-pulse duration of 500 fs compared to 50 fs can increase the
generated terahertz electric field by a factor of approximately 8. Taking these
scaling factors into account, along with the data obtained within this experiment, it
is possible to predict the maximum longitudinal electric field strength that could be
generated via this method. This produces an estimated maximum longitudinal
electric field strength of 1.01 MV cm−1 which is far beyond the longitudinal electric
field strength of any other known generation method.

Along with these quantifiable scaling factors there is also the possibility of
increasing the crystal size. In the experiment described above relatively small,
5 � 10 � 9.81 � 5 mm, MgO:SLN crystals were used. In work performed by
Kartner et al. [14] a crystal of 57.9 � 57.9 � 54.4 � 25.4 mm is used. By
increasing the crystal size even more pulse energy can be used within the pump
laser whilst avoiding the saturation threshold providing the ability to increase the
terahertz electric field strength even more [14]. Other MgO:SLN crystal geometries
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such as the one labelled scheme 2 in Fig. 7.9 also provide the possibility of
increasing the detected terahertz electric field strength by increasing the effective
numerical aperture of the focusing system.

7.5 Conclusion

Within this chapter two experimental setups for generating longitudinally polarised
terahertz electric fields have been designed and built along with characterisation of
the radiation they produced. The idea of using two ZnTe crystals to produce a
polarisation state which contains a longitudinal field was tested and confirmed.
Whilst the direct detection of longitudinally polarised radiation was not possible in
this experiment this is not surprising due to the low transversely polarised electric
field strengths measured and the long focal length used for terahertz radiation
collection and focusing.

The generation of terahertz radiation via optical rectification with MgO:SLN was
also investigated, single crystal experiments were performed and field strengths of
47 kV cm−1 were measured. This experiment was then extended into one of the two
possible multi-crystal generation schemes. From this scheme transverse fields of
29 kV cm−1 were measured and longitudinally polarised electric fields of
11.6 kV cm−1 were detected, with the possibility of scaling the longitudinally
polarised electric field values to in excess of 1.01 MV cm−1. The correct spatial and
temporal properties of both polarisation states have been detected and confirmed
with the bipolar temporal and unipolar spatial characteristics of the longitudinally
polarised terahertz electric field detected along with the unipolar temporal and
bipolar spatial nature of the transversely polarised electric field.
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Chapter 8
Conclusions and Future Work

Laser-driven longitudinally polarised terahertz sources have been designed and
built with the aim of manipulating the energy profile of relativistic electrons. The
radiation generated by both photoconductive antenna [1] and non-linear optical
crystal generation methods has been profiled and characterised via electro-optic
detection techniques.

A simulation which propagated electromagnetic radiation with arbitrary spatial
profiles was developed. The ability to calculate the longitudinally polarised electric
field component from a propagated transversely polarised electric field component
was added and used to help verify and optimise the design of subsequent experi-
ments. Effects such as the focusing of radiation via an imposed radially varying
phase delay and the Gouy phase shift were observed. Key results provided by this
simulation show the generation of strong longitudinally polarised electric field
components from the mixing of two linearly polarised beams via a lens. In the
future it would be attractive if the generated longitudinally polarised electric field
component could be used in the simulation of relativistic charged particles.

Experimental details of the ALICE Energy Modulation Induced by Terahertz
Radiation (AEMITR) experiment performed on the Accelerators and Lasers In
Combined Experiments (ALICE) accelerator have been detailed. The experiments
were limited by the lack of good in situ electro optic terahertz radiation detection
and difficulties in obtaining suitable laser-electron-beam temporal synchronisation.
The lack of measured terahertz radiation induced electron beam energy modulation
was attributed to a combination of factors with the main one being related to the
terahertz radiation source and the temporal synchronisation. Whilst this experiment
did not achieve the goals that were set out a number of important experimental
developments were made that will aid the success of future work. These included
the importance of good in situ terahertz radiation detection along with new electron
beam detection methods, such as intra-bunch background subtraction, which helped
increase the sensitivity of the measurements.
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Large-area photoconductive antenna (PCA) based generation methods were
investigated. The ability of a PCA to generate complex polarisation states by
changing the geometry of the electrodes was exploited to design a terahertz source
with a radially polarised electric field profile. The terahertz radiation generated by
this source was fully characterised and the longitudinally polarised electric field was
directly detected via electro-optical detection. This measurement was carried out as
a function of both space and time enabling a two-dimensional map of the electric
field profile to be measured. Absolute terahertz electric field strengths were mea-
sured for both the transverse and longitudinally polarised components. It was found
that the longitudinally polarised electric field strength was much higher than any
previously reported laser based source with a maximum electric field amplitude of
2.22 kV cm−1 being measured. Whilst this is only 2 times higher than the previ-
ously reported air-plasma based maximum longitudinally polarised terahertz elec-
tric field it is much more efficient, using a laser with 8 times lower pulse energy.

With the advances in non-linear optically based terahertz generation techniques
enabling much higher electric field strengths such sources were investigated as a
potential replacement to the PCA-based generation method described above. Whilst
non-linear optical based sources were able to demonstrate the generation of strong
longitudinally polarised terahertz electric fields they were not able to do so whilst
producing radially polarised radiation. It has been demonstrated in the literature that
it is possible to temporally tune the terahertz waveform of such non-linearly optical
based generation techniques. Both of these aspects, the strong fields and the tem-
poral tune ability, make such a source ideal for the generation of terahertz radiation
for the energy modulation of relativistic electrons. An alternative generation scheme
was therefore proposed that used two magnesium-oxide-doped stoichiometric
lithium niobate generation (MgO:SLN) crystals and combined the radiation gen-
erated via a lens. It was predicted that this would generated longitudinally polarised
electric fields within the focus due to the strong transverse spatial field gradients.
The generation of longitudinally polarised terahertz electric fields on axis within the
focal region of such a two MgO:SLN crystal generation system was demonstrated
and longitudinally polarised electric fields were detected with amplitudes of
11.6 kV cm−1. The potential scalability has been described in Sect. 7.4.5. The
experimental exploration of this would be a useful extension of the work described
here.
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Appendix

A.1 Conversion of Modulus Squared to Sinc Function
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A.2 Radiation Propagation Simulation

In order to model the propagation of radiation the above expressions were con-
verted into a MATLAB script. First a two dimensional input grid was defined. The
code used is shown below. Here a two dimensional grid width xs and height ys is
defined the number of points on the input grid is set to n9. The width and height of
the grid is set to 200 mm and the centre point is defined as zero.

n=9;
xs = ([0:2^n-1]./2^n-0.5)*200e-3;
ys = xs;
[Xs,Ys] = meshgrid(xs,ys);
Rs = sqrt((Xs).^2+(Ys).^2);
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Next an electric field distribution is defined on this input grid. Here two
Gaussian beams with spatial horizontal offsets are added together. The 1/e2 width is
set to 10 mm in both the x and y dimensions creating circular Gaussian beams.

sigx = 10e-3;
sigy = 10e-3;
offset = 10e-3;
Eing = exp(-((Xs-offset).^2)./(2.*sigx^2)) .*…

exp(-((Ys).^2)./(2.*sigy^2))-…
exp(-((Xs+offset).^2)./(2.*sigx^2)) .*…
exp(-((Ys).^2)./(2.*sigy^2));

Next the interpolation grid is defined with the size of the interpolation grid being
derived from the size of the input grid. The interpolation grid is required as the
output grid total and element sizes are derived from z and the frequency. This
therefore changes for each frequency and z-loop. The outputs are therefore inter-
polated onto this interpolation grid providing an output on a uniform grid.

xinterp = xs./4;
yinterp = ys./4;
[Xinterp,Yinterp] = meshgrid(xinterp,yinterp);

Next a focal length and range of z points to propagate to are defined as well as a
bandwidth.

focallength = 75e-3;
zrange = [focallength-2e-3:0.01e-3:focallength+2e-3];
frange=[0.3e12:0.1e12:1e12];

A loop is now initiated which changes the z value to each value in the zrange
array.

for z=zrange;

Inside this zrange loop a new loop is initiated which changes the frequency
inside the loop to each of the frequencies defined within the bandwidth array. Inside
the frequency loop the radially dependent phase variation that models focusing is
imposed onto the input grid. The normalisation factor imposed by the
bandwidth-shaping function is calculated and also applied to the input grid.
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for f=frange

lambda = c/f;
k=2*pi/lambda;
phaseThinLens = -((k.*Rs.^2)/(2*focallength));
Esx = Eing.*exp(i.*phaseThinLens);
w = 2*pi*f;
sigw = 1e25;
E0 =w.^2.*exp(-w.^2./sigw);

The Fourier co-ordinates are then calculated for each frequency loop and the
output grid defined. This grid is unique for each frequency and z value.

kx = 1/(xs(2)-xs(1))*([0:2^n-1]/2^n - 0.5)*(2*pi);
ky = kx;
xi = z*kx/k;
yi = z*ky/k;
[Xi,Yi]=meshgrid(xi,yi);
Ri2 = Xi.^2 + Yi.^2;
Ri = sqrt(Ri2);

The propagation calculation is then performed for each frequency and z point. If
it is possible the approximations listed above are used allowing for the two
dimensional Fourier transform to be implemented.

EiTransformx = ifftshift(fft2(…
fftshift(Esx.*exp(i*k*Rs.^2/(2*(z))))));

Eix = E0.*-i*(k/(2*pi))*(exp(i*k*(z))/z).*…
(exp(i*k*Ri2/(2*z))).*EiTransformx;

Eix = Eix.*exp(-i.*k.*focallength);
Erf(:,:,fcounter) = Eix;

The frequency loop is now ended and the variable Erf which is a function of
ðx; y;xÞ is summed over the frequency dimension. This output is then interpolated
onto the interpolation output grid.

Efsum = squeeze(sum(Erf,3));
Erz(:,:,zcounter) =…

interp2(Xi,Yi,Efsum,Xinterp,Yinterp);
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The propagated beam is then stored in a three dimensional array as a function of
ðxinterp; yinterp; zÞ. The longitudinal field can now be calculated from this output.
Depending on the input field it may be necessary to store the output and
re-propagate a different polarisation state which is then summed to the saved output
before the next step. To calculate the longitudinal field from this output first the
transverse gradient is calculated at every z point.

for lmn = 1:length(zrange);
[Gx(:,:,lmn),Gy(:,:,lmn)] = gradient(Er(:,:,lmn));

end

Next the cumulative sum of Gx is calculated over the 3rd dimension in the array.
This represents the z direction. This is analogous to performing the integration over
z and creates the longitudinal field at each z point.

dx=xinterp(2)-xinterp(1);
dz = zrange(2)-zrange(1);
Ez = -cumsum((Gx./dx),3).*dz;

This produces the variable Ez which is a function of ðxinterp; yinterp; zÞ and con-
tains the longitudinal field. In order to now display these three dimensional fields as
a function of one transverse dimension and z, either a lineout from the centre, r ¼ 0,
is taken or the variable is summed down over one of its transverse co-ordinates. For
transversely polarised beams this is typically the dimension orthogonal to its
polarisation.
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