Terahertz-driven manipulation of
electron bunches using
dielectric-lined waveguides

A thesis submitted to The University of Manchester for the degree of
Doctor of Philosophy

in the Faculty of Science and Engineering

2021

Vasileios Georgiadis

Department of Physics and Astronomy



Contents

List of Figures

List of Tables
Abstract
Declaration
Copyright

List of Publications
Acknowledgements

Introduction
1.1 Terahertz radiation . . . . . . . . .. ... ... ...,
1.2 Particle acceleration and manipulation in current machines . . . . . .

1.3 Thesis outline . . . . . . . ...

Literature review
2.1 Novel particle accelerators and manipulators . . . . . .. .. ... ..
2.2 Developments in THz-driven particle beam manipulation . . . . . . .

2.3 High power laser-driven THz sources . . . . .. ... ... .. ....

Background theory

3.1 Nonlinear optics . . . . . . . . . . ..

3.2  Generation of THz radiation . . . . . . ... ... ... ... .....
3.2.1 Optical rectification . . . . . .. ... ... ... ... ...
3.2.2 Phase matching . . . . ... ... 0oL

15

16

17

18

19

21

22
23
25
26

28
28
30
33



3.2.3 Pulse-front-tilt . . . . . . . ... 47

3.2.4  Chirped pulse beating . . . . .. ... ... ... ... ... 49
3.2.5 Spintronic emitters . . . . ... ... 51
3.3 Waveguide theory . . . . . . . . ... 53
3.3.1 Hollow metallic waveguide . . . . . . .. .. ... ... .... 53
3.3.2 Dielectric-lined waveguide . . . . . . .. .. ... ... ... 56
3.4 Terahertz-electron interaction . . . . . .. ... ... ... ... ... 62
Experimental and simulation techniques 64
4.1 Experimental techniques . . . . . . . .. ... ... oL 64
4.1.1 Ultrafast laser systems . . . . . ... ... ... ... ..... 64
4.1.2 THz time-domain spectroscopy . . . . . . . . . . . ... ... 67
4.1.3 Electro-optic detection . . . . . . .. ... 68
4.2 Electron beam facilities . . . . . . . . .. ..o 70

4.2.1 The Compact Linear Accelerator for Research and Applications 70

4.2.2 100keV electron gun . . . . . .. ..o L 71
4.2.3 DLW structures . . . . . . . . . ..o 73
4.3 Simulation techniques. . . . . . . .. .. .. 75
4.3.1 Propagation constant solver . . . .. .. ... ... ... ... 75
4.3.2 'THz-electron interaction . . . . . . . . . ... ... ... ... 81

Characterisation of the dispersion relation of a 100 keV DLW struc-

ture 89
5.1 Overview . . . . . . ..o 89
5.2  Experimental method . . . . . . . ... 0oL 90
5.2.1 Experimental apparatus . . . . ... ... ... L. 90
5.22 THzsource . .. .. .. .. ... 92
5.3 Results and analysis . . . . .. .. ... oo 93
5.3.1 Modelling of the DLW structure . . . . . . . .. ... .. ... 93
5.3.2 Electro-optic measurements . . . ... .. ... ... ..... 97
5.3.3 Dispersion relation . . . . ... ... oL 103
5.3.4 Time-frequency analysis . . . . . .. ... ... .. ... ... 106
54 Conclusions . . . . . . . .. 109



6 THz-driven acceleration of relativistic electrons using a DLW struc-

ture 110
6.1 Overview . . . . . . . . . e 110
6.2 Characterisation of the DLW structure . . . . . . . .. .. ... ... 111
6.2.1 Experimental apparatus . . . . ... ... ... L. 112
6.2.2 Results and analysis . . . . .. ... ... ... L. 114
6.2.3  Summary . . .. ... 126
6.3 Experimental demonstration of electron acceleration . . . . . . . . .. 126
6.3.1 Experimental apparatus . . . . .. ... .. .. L. 126
6.3.2 Results and analysis . . . . ... ... ... 132
6.3.3  Summary . . . ... 138
6.4 Conclusions . . . . . . . ... 138

7 THz-driven streaking of sub-relativistic electrons using a DLW

structure 140
7.1 Overview . . . . . . . . 140
7.2  Experimental apparatus . . . . .. .. ... 141
7.2.1 Electron generation and alignment . . . .. .. .. ... ... 141

7.2.2 THz generation . . . . . . . . ... ... .. ... 145

7.3 Results and analysis . . . . .. ... Lo 148
7.3.1 Electro-optic measurements . . . . . . ... ... .. ... .. 148

7.3.2 Deflectogram . . . . .. ... 152

7.3.3 Simulations . . . . ... ... 157

7.4 Conclusions . . . . . . . . . ... 164

8 Conclusions and further work 166
Appendix 169
References 170

Word Count: xx,xxx



List of Figures

1.1 The electromagnetic spectrum, showing the THz band occupying the
frequency range from 0.1 to 10 THz and wavelength range from 30 ym

to approximately 3mm. Figure taken from [6]. . . . . . . ... .. ..

2.1 Spectral coverage and some of the highest reported experimental val-
ues of (a) THz pulse energy and (b) peak electric field strength for a
range of THz sources and techniques.. Figure taken from [54]. Ref-

erences in brackets can be found in [54]. . . ... ...

3.1 Effect of the wavevector mismatch on the emitted intensity. . . . . . .
3.2 Pump-pulse front magnification [y, for diffraction gratings of different
groove density (dashed lines) with the grating image (s, as a function
of the diffraction angle. . . . . . . . . . .. ... L.
3.3 Hlustration of the metallic THz emitter and its principle of operation.
The process involves an ultrafast laser pulse which induces a spin-
polarised current j, along the z-direction which is transformed into
a transverse charge current j. via ISHE, acting as a source of THz
radiation. The metal stack is biased by a constant magnetic field,
Heyternal, antiparallel to the y-direction. . . . . . . . ... ... .. ..
3.4 Hollow rectangular-shape waveguide. . . . . . . . . .. .. ... ...
3.5 Dielectric-lined waveguide. . . . . . . ... ... Lo
3.6 Half cross-section of the DLW. The two subregions are determined by
the corresponding permittivity, with Region 0 defining the vacuum

component of € = ¢y, and Region 1 defining the dielectric component



4.1

4.2

4.3

4.4

4.5
4.6

4.7

4.8

4.9

Schematic diagram of the laser system. A continuous-wave laser (Mil-
lennia) pumps the mode-locked Ti:sapphire oscillator (Tsunami). The
generated 100 fs long pulses get amplified by CPA in a regenerative
amplifier (Spitifire Pro) pumped by a Q-switched laser (Empower).
Schematic diagram of a THz time-domain spectroscopy set up, us-
ing the pump-probe experimental technique for the generation and
detection of THz pulses using ultrafast laser pulses. . . . . . .. . ..
Schematic diagram of a typical EO detection scheme, consisting of an

EO crystal, a quarter waveplate, a Wollaston prism and two photo-

Block diagram of beam area 1, the experimental area used during the
exploitation time of the CLARA electron accelerator. . . . . . . . ..
Block diagram of the 100keV electron gun taken from [102]. . . . . .
Cross-sectional view about the y-axis of the DLW structure consisted
of the linearly tapered coupler and the waveguide lined at the top and
bottom with dielectric leaving free space aperture for electron beam
propagation along the z-direction. . . . . . . . . ... ... ... ..
The real (blue) and imaginary part (red) of the characteristic equa-
tion (a) g(Bum) and (b) ¢(Bnm), evaluated as a function of f,;, at
f = 1THz. The waveguide geometry of the 100 keV DLW structure,
summarised in Table 4.1, was used as input parameters. In green solid
line, the sign function of the characteristic equation is shown and in
dashed lines, the n-th roots are denoted for each symmetry. . . . . . .
Block diagram for the propagation constant solver routine, solving
numerically the characteristic equations of the LSM,,,, modes, for
given structure geometry parameters and frequency. . . . . . . . . ..
Propagation constant of the LSM,,; modes, where n = 0,1, ..., 5. The
waveguide geometry of the 100 keV DLW structure, summarised in
Table4.1, was used. The black dotted and dashed lines indicate the
wavenumbers for vacuum and for a dielectric material of ¢, = 3.81,

respectively. . . . . . .

65

80



4.10 (a) The waveform and (b) the corresponding amplitude spectrum used
as the excitation signal for the modelling of the EM field pattern of
the LSMg; mode. . . . . . . . . . . . ...

4.11 The modelled electric field components of the LSMy; mode, in the
vacuum region, as a function of the transversal positions. The E,
component is in a 7/2 phase shift in respect with E, and E,. . . . . .

4.12 The modelled E, and E, components of the LSMy; mode, in the vac-
uum region, as a function of the vertical and the longitudinal position,
at x =0mm. . . . ...

4.13 Illustration of the calculation domain, discretised by a rectilinear grid,
where the EM fields are computed. Slice planes of the E, component
atz=0mmandat y=0mm. . . . . . ... ... ... ... .....

4.14 Flowchart of the THz-electron simulation routine, by implementing

the PIC method. . . . . . . . . . . . ..

5.1 Schematic diagram of the experimental THz-TDS setup showing the
generation and coupling of the THz radiation into the DLW followed
by a standard back-reflection geometry EO detection scheme. . . . . .
5.2 Graphical representation of the vertically polarised THz radiation
emission from the spintronic emitter via optical excitation. Dimen-
sions not toscale. . . . . . ...
5.3 (a) Calculated propagation constant of the LMSy; and TE;y mode for
the waveguide parameters given in Table 5.1. The black dashed and
solid lines indicate the wavenumbers for vacuum and for a dielectric
material of €, = 3.81, respectively. (b) Calculated phase and group
velocity of the LSMgy; and TE;g mode. . . . . . . ... ... ... ..
5.4 Phase velocity of the LSMy; mode as a function of the (a) half vacuum
aperture « , (b) the dielectric thickness d, (c¢) the width w, and (d) as
a function of a and d at 0.47 THz. Solid black line shows the velocity
of 100keV electrons. . . . . . . . ... Lo



2.5

2.6

5.7

5.8

2.9

5.10

5.11

5.12

5.13

Benchmark results of the wave propagation model developed to ob-
tain (a) the propagation constant and the corresponding (b) phase
and group velocity of the first three fundamental traverse modes. In
scatter plot the theoretical expected values. . . . . . ... ... ...
Free space reference waveform generated by the spintronic source, de-
tected using a 2 mm-thick ZnTe crystal. Labels (a)-(d) are explained
inthetext. . . . . . .. .
(a) THz waveforms for purged (relative humidity of 6%) and unpurged
air, with (b) the corresponding amplitude spectra. (c¢) The water
vapour absorbance for 0.1-2 THz as measured from the THz time
domain spectrometer, with comparison with the literature [132,133]
(solid lines). The waveforms in (a) are vertically offset for clarity.
THz waveforms transmitted through (a) the 5 mm long DLW struc-
ture and (b) the 10 mm long DLW structure, both with the free space
reference. All waveforms were record with purged air. . . . . . . . ..
Amplitude spectra for (b) the air reference and for (b) the DLW
structures (d). The corresponding phase information in (a) and (c)
respectively. . . . . . . L
Transmitted through (a) the 5mm and (b) the 10mm long DLW
structure waveforms, with the reference waveform both with and
without the reflection removal applied. Inset shows the effect of the
deconvolution algorithm on the secondary pulse emission. . . . . . . .
Amplitude spectra for (b) the reference and for (d) the DLW struc-
tures both with (orange, blue and red) and without (black, magenta
and green) the reflection pulse removal correction applied. The cor-
responding phase information in (a) and (c) respectively. . . . . . . .
Experimentally measured propagation constant for the waveguide,
Buwg, and the effective propagation term for the coupler, 3., compared
with the model. . . . . . . . .. ..o o
Experimentally measured phase velocity for the waveguide, v,, com-
pared with the modelled v, and v, (see text for details). Dashed lines
indicate the operational frequency which is phase velocity-matched

with the velocity of 100keV electrons. . . . . . . . . . ... ... ...

99

101



5.14 Wigner-Ville distribution for (a) the reference pulse and (b) the trans-

6.1

6.2

6.3

6.4

6.5

6.6

6.7

mitted through the 10 mm-long DLW structure pulse with the cor-
responding waveform and amplitude spectrum on the top and left,
respectively. The red and black dashed lines show the TEMg, mode
and the DLW structure model. . . . . . . . . ... ... ... ... .. 108

Microscope photograph of the DLW structure (a) the entrance of the
coupler and (b) the exit of the DLW waveguide. . . . . . .. ... .. 111
Schematic diagram of the experimental THz-TDS setup illustrating
the generation and coupling of the THz radiation into the DLW fol-
lowed by a standard back-reflection geometry EO detection scheme. . 112
Schematic diagram of the TEMy; mode-shaped THz radiation emis-
sion from a combined spintronic THz source, consisting of two ver-
tically stacked spintronic sources with opposite ordering of the mag-
netic CoFeB and non-magnetic Pt layers, excited by optical radiation.
Dimensions not in scale. . . . . .. .. ... oo 114
(a) Transverse THz waveforms measured at the THz beam focus, as
a function of vertical sampling position on the ZnTe (110)-cut detec-
tion crystal for the combined THz source with (b) the corresponding
amplitude spectra. The waveforms outlined in blue and red dashed
lines are plotted in Figure6.5. . . . . . . .. ... ... ... ... .. 117
(a) Transverse electric field waveforms obtained at sampling positions
+0.5 mm from the center of the focal point with (b) the corresponding
amplitude spectra. The blue and red line correspond to the blue and
red dashed lines in Figure 6.4, respectively. . . . . . . .. ... .. .. 117
(a) Modelled transverse THz waveforms for a TEMy; mode, as a
function of the vertical position, at the focal point, with (b) the cor-
responding amplitude spectra. An initial beam width wy = 10 mm,
intial radius of curvature Ry = oo, and a focussing element of focal
length f = 50.8 mm, was used for the model. . . . . . ... ... ... 118
(a) Normalised amplitude spectrum used for the TEMy; mode beam
model. (b) The modelled beam width as a function of drift length,

calculated for different frequencies. . . . . . . . . .. ... ... ... 118



6.8

6.9

6.10

6.11

6.12

6.13

(a) Longitudinal THz waveforms measured at the beam focus, as a
function of vertical sampling position on the ZnTe (100)-cut detec-
tion crystal for the combined THz source with (b) the corresponding
amplitude spectra. . . . . . ..o Lo
(a) Longitudinal electric field waveform obtained at sampling position
0mm, employing a (100)-cut ZnTe as a detection crystal. (b) The
corresponding spectral amplitude. . . . . . . ...
(a) Longitudinally polarised reference free space waveform and trans-
mitted through the 30 mm-long DLW structure waveform, measured
with a (100)-cut, 2mm-thick ZnTe detection crystal. Corresponding
amplitude spectra of (b) the reference and (c) the transmitted pulse
with the calculated cut-off frequency, f., for the LSM;; mode.
Experimentally measured propagation constant for the waveguide,
Buwg, and the effective propagation term for the coupler, 3., compared
with the model. The black dashed line denotes the speed of light in
VACUUIN, W/C. v v v ittt e
Experimentally measured phase velocity for the waveguide, v,, com-
pared with the modelled v, and v,. The dashed lines indicate the
operational frequency which is phase velocity-matched with the ve-
locity of 35 MeV electrons. . . . . . . .. .. ...
Wigner-Ville distribution for (a) the reference pulse and (b) the trans-
mitted through the 30 mm-long DLW structure pulse with the corre-
sponding waveform and amplitude spectrum on the top and the left,
respectively. The orange dashed line in (b) shows the modelled group
velocity dispersion of the DLW structure. . . . . . . . ... ... ...

10

. 121

124



6.14

6.15

6.16

6.17

6.18

6.19

Schematic diagram of the optical experimental setup outside the in-
teraction vacuum chamber in BA1, CLARA test facility. Narrowband
THz pulses were generated using a chirped pulse beating scheme com-
bined with tilted pulse-front pumping on a LiNbOj srystal. The
THz pulses were transported and coupled in the DLW structure,
in the vacuum chamber. Relativistic electron beams co-propagated
and interacted with the THz pulses in the DLW structure, and then
transported onto an energy spectrometer. An electro-optic detection
scheme was used in atmosphere, with the probe beam compressed. . .
Calculated magnifications of the pump-pulse front i, and the grat-
ing image > as a function of the diffraction 6, and incident angle 6,
for a 1700mm~! diffraction grating. The dashed lines indicate the
combination of angles that §; = (5. The filled area indicates the un-
certainty in the magnification due to the uncertainty of the refractive
index of LiNbOs at 800nm. . . . . . . . ... ... .. ... .....
Modelled beam width of the THz beam as a function of the drift
length, calculated for different frequencies. The dashed lines indicate
the position of each focusing element along the THz beam transport.
EO sampling measurements of the temporal (a) and spectral (b) pro-
files of the THz pulse transmitted through the top and bottom half of
the phase-shifter plate, measured at the entrance of the DLW struc-
ture coupler. [156] . . . . . . ..o
Single-shot energy spectrometer images captured for the long-duration,
high-energy spread electron beam configuration with (a) THz off and
(b) THz on and (c) the corresponding energy density spectra. (d)
Measured modulation extracted from (c), with the model depicted in
dotted black line. [156] . . . . . . . .. ...
Measured and modelled modulation strength and modulation period
as a function of the center frequency of the driving THz pulses for

the long-duration electron beam configuration. [156] . . . . . . . . ..

11

127

130



6.20 (a) Single-shot electron energy spectra measured for the shot-duration,

7.1

7.2

7.3

7.4

7.5

low-energy spread configuration for a phase range of 27 relative to
the THz pulse, with (b) the corresponding modelled electron energy
spectra. [156] . . . . ..

Schematic diagram of the 100 keV experimental setup; (a) the vacuum
chamber containing the DLW structure where the electrons interact
with the THz pulses, and then getting detected on an MCP detec-
tor with a CCD camera, (b) the generation of electrons via photo-
emission where a small percentage of the incident laser pulse under-
goes SHG for UV generation and the rest is used for (¢) THz gen-
eration using the PFT scheme on a LN crystal. Vacuum compatible
apertures (AP) were employed as well as an alignment laser, for the
alignment of the electron beam and the optical components in the
vacuum chamber. . . . . . ... oo
An example of a typical electron beam spot detected on the MCP
phosphor screen (a) with and (b) without the ’fringe’ electrons pro-
duced due to incorrect UV beam alignment. . . . . . ... ... ...
Wide-angle photograph of the experimental apparatus, including the
electron gun, the vacuum chamber and the MCP detector. The
custom-made horizontal and vertical compensator coils surrounding
the whole electron beam path, are indicated with yellow arrows.
Calculated magnifications of the pump-pulse front 3;, and the grat-
ing image (5 as a function of the diffraction 6, and incident angle 6;
for a 1500 mm™! diffraction grating. The dashed lines indicate the
combination of angles that §; = (5. The filled area indicates the un-
certainty in the magnification due to the uncertainty of the refractive
index of LN at 800nm. . . . . . . . . .. ...
Modelled beam width of the THz beam as a function of the distance,
calculated for different frequencies. The dashed lines indicate the

position of each focusing element along the THz beam transport line.

12

142

. 144

147



7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

(a) Raw data of the EO sampling measurement of the THz waveform
measured at the entrance of the DLW structure coupler, inside the
vacuum chamber. (b) The results of the reflection deconvolution ap-
plied on (a). (c) The corresponding amplitude spectra of (a) and (b).
Labels (1)-(3) are discussed in the text. . . . . . ... ... ... ...
Generated THz pulse energy as a function of the incident pump flu-
ence (blue) with the calculated pump-to-THz energy conversion effi-
ciency (red). Two crystals were investigated at different pump flu-
ence; in bullets the congruent LN crystal and in squares the stoichio-
metric LN crystal. . . . . . . ...
Measured (a) horizontal and (b) vertical THz beam profile at different
propagation distances (scattered plot), with the Gaussian distribution
fit (line plot). (c) Horizontal and vertical beam width as a function
of the propagation distance, extracted from (a) and (b), with the
corresponding Gaussian beam propagation fit (line plot). . . . . . ..
Images of the electron beam aligned through the DLW structure,
detected on the MCP screen, (a) without and (b) with the THz field
0 P
(a) Vertical and (b) horizontal line profiles of the electron beam de-
tected on the MCP, with THz off (black line) and THz on (red line). .
Deflectogram (time-dependent deflection) measured by varying the
delay between the electron beam and the THz pulse. Images of the
electron beam were integrated along the x-position. . . . . . . . . ..
Deflectogram (time-dependent deflection) measured by varying the
delay between the electron beam and the THz pulse. Images of the
electron beam were integrated along the y-position. . . . . . . . . ..
(a) The modelled waveform (red) and (b) the modelled corresponding
amplitude spectrum (red) of the measured electric field waveform
(black) and amplitude spectrum (black), respectively. . . . . . . . ..
The electron beam distribution used for the simulations. (a) The
energy spectrum with the (b) energy spread as a function of the lon-
gitudinal position. (c) Horizontal and (d) divergence along with the

histograms of the (e) horizontal and (f) vertical positions. . . . . . . .

13

153

154

158



7.15

7.16

7.17

(a) Measured and (b) simulated deflectogram. The simulated de-
flectogram was produced by using the electron beam distribution in
Figure7.14. . . . .« .
(a) Measured and (b) simulated deflectogram. The simulated deflec-
togram was produced by using an interpolation of the electron beam
distribution in Figure7.14. . . . . . . . . . ... oL
Simulated deflectograms, for a range of electron bunch durations. For
each deflectogram the bunch duration is written on the title, and in

orange line, the transmittance is depicted as a function of the time

14



List of Tables

4.1

5.1

6.1

Parameter list of the DLW structures manufactured, designed for the

manipulation of 100keV and 35 MeV electron beams, respectively. . .

Parameter list of the DLW structure, designed for the manipulation

of 100keV electron beams. Manufacturing tolerances are of the order

Parameter list of the DLW structure, designed for the manipulation

of 35 MeV electron beams. Manufacturing tolerances are of the order

15

75



Abstract

Vasileios Georgiadis

Doctor of Philosophy

The University of Manchester

Terahertz-driven manipulation of electron bunches using dielectric-lined waveguides
September 2021

In this thesis the characterisation and implementation of dielectric-lined waveg-
uides (DLW) for Terahertz (THz) driven acceleration and manipulation of electron
bunches is presented. THz-driven particle accelerators are very promising for un-
precedented control over the phase space of charged particle bunches compared with
conventional radio frequency technologies. The modes in a DLW were exploited, al-
lowing certain frequencies to propagate at phase velocities less than the speed of
light, achieving extended collinear interaction with electron beams.

Here, the first proof-of-principal THz-driven acceleration of relativistic electrons
is demonstrated, using the CLARA beamline. Narrowband THz pulses were tuned
to the phase velocity-matched operating frequency of the DLW, inducing multicycle
energy modulation to 35 MeV, 60 pC, 6 ps-long chirped bunches and energy gain of
up to 10keV to 2ps-long bunches. The linear and cubic coefficients of 47.3keV /ps
and 0.4 keV /ps® were determined for the chirped bunch.

Furthermore, THz-driven ultrafast deflection of 100keV electrons was demon-
strated. A DLW was driven by single-cycle THz pulses, achieving a time-dependent
deflection. A streaking speed of 28 mrad/ps was measured. The experimental re-
sults were supported with simulations, enabling the 3.6 ps bunch duration to be
determined.

The phase-matching capability of the DLW structures was experimentally in-
vestigated through time-frequency analysis, measured in a time-domain THz spec-
troscopy experiment. From the analysis, the propagation constant of the LSM modes
were determined, and supported by a model.

These proof-of-principal results establish a route to all-optical control, character-
isation and acceleration of ultrafast electron bunches, directly applicable to different
energy regimes, thus making a key milestone for future THz-driven electron manip-

ulation and acceleration.
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Chapter 1

Introduction

There is a growing interest in the use of lasers to reduce the scale and cost of today’s
particle accelerators, with the ultimate dream of producing compact laboratory-sized
accelerators for versatile x-ray sources and medical treatment. Intense ultrafast ter-
ahertz (THz) pulses are extremely promising for the realisation of such accelerators.
THz radiation can provide accelerating field gradients on the order of multi-GV-m™!,
exceeding the breakdown threshold limiting conventional radio frequency (RF) based
schemes. This is because of a higher breakdown threshold, which scales with surface
electric field, F, oc f1/2771/4 [1], where f is the operating frequency and 7 is the
pulse duration. Therefore, scaling to higher frequencies and shorter pulse durations
is desirable.

This thesis covers the implementation and the modelling of dielectric-lined waveg-
uides, which have been designed to be used for the manipulation of charged par-
ticles. By the term manipulation, deflection or acceleration of a particle beam is
referred. The particle beam interacts with the electromagnetic radiation that drives
the structure, resulting in compression or stretching of the beam in time and space,
or resulting in acceleration, depending on the mode of operation. The parameters of
these structures have been tailored so that they operate at THz frequencies and are
phase velocity matched with the velocity of the particle beam. In this chapter, an
introduction to the terahertz radiation and particle accelerators is given. The end
of this chapter provides an outline of the rest of this thesis on a chapter by chapter

basis.
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1.1. Terahertz radiation

1.1 Terahertz radiation

Terahertz (THz) radiation refers to the region of the electromagnetic spectrum which
lies between the microwave and infrared spectral regions as illustrated in Figure1.1.
The THz frequency range is usually defined as the region from 0.1 to 10 THz, rang-
ing to wavelengths from 30 ym to 3mm. This corresponds to photon energies be-
tween 0.4meV to 41 meV, and an equivalent temperature range of 4.8 K to 480 K.
This range is also described as the “THz gap’ because it is a relatively unexplored
area of research with a rapid development of coherent THz sources within the past
two decades. The range of applications of THz radiation is fast expanding with
some applications ranging from communication systems to medical imaging, ma-
terial characterisation, biomedical and pharmaceutical studies as well as security
screening.

The most common application of THz radiation is in spectroscopy, where it
is employed to probe and characterise numerous materials in a non-contact, non-
destructive way [2-4]. As illustrated in Figure 1.1, several physical phenomena occur
at THz frequencies, such as intermolecular and lattice vibrations as well as plasma
oscillations and molecular rotations. The THz field cycle is approximately three
orders of magnitude slower than for optical light, thus matching the natural timescale
of those collective modes. These molecular transitions are specific to the molecule,
enabling spectroscopic fingerprinting in the THz range. For example, the THz range
covers the two modes of intermolecular motion in the dielectric spectrum of water
[5], while also covering a broad range of absorption features. This makes THz
waves transparent to most dry dielectric materials, and combined with the longer
wavelength and low photon energy, THz radiation can be very useful in security
screening.

The definition of the THz band is not standardised in the literature, and it can
be extended up to 30 THz. However, the frequency range of interest of the work
carried out in this thesis and relevant schemes mentioned from the literature, will
be below the 10 THz mark, falling into the submillimetre-wave category.

The reason why investigation of materials in the THz regime is relatively new is
the lack of coherent, table-top, cost-effective and energy efficient THz sources [7-9].

At the end of the 1960s and in the early 1970s, the first tunable far-infrared radiation
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1.1. Terahertz radiation
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Fig. 1.1: The electromagnetic spectrum, showing the THz band occupying the frequency
range from 0.1 to 10 THz and wavelength range from 30 ym to approximately 3 mm. Figure

taken from [6].

produced by optically pumping a nonlinear crystal, was reported [10,11]. Since then,
tremendous development has been made in THz technologies regarding sources and
new methods of detection. The increasing interest in the development of novel and
attractive THz sources, has triggered the in-depth studies of mechanisms of THz
field generation via a number of techniques. Quantum cascade lasers [12], laser-
driven THz emitters [13, 14], free electron based sources such as the free electron
laser [15] is just an example of the technologies that have been recently developed.
In this thesis, the main focus will on laser-driven THz emitters, where the utilisation
of optical methods has been the major technique for the generation of, broadband

and narrowband THz pulses.
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1.2. Particle acceleration and manipulation in current machines

1.2 Particle acceleration and manipulation in cur-

rent machines

A particle accelerator is a machine that produces and propels a beam of charged par-
ticles, such as protons or electrons, at high velocities, close to the speed of light [16].
Particle accelerators come in many forms applying a range of technical principles.
All are based upon the interaction of electromagnetic fields with electric charge,
in order to accelerate, deflect, focus, stretch or compress a distribution of charged
particles.

Conventional particle accelerators are usually classified by their operational fre-
quency range. From betatrons where static electric fields induced by a varying
magnetic field oscillating at 50 to 60 Hz is used, to radio frequency (RF) cavities
which operate in the gigahertz (GHz) range. RF cavity accelerators are a well estab-
lished and successful technology, often considered as the workforce in the accelerator
physics world. The Large Hadron Collider (LHC) is currently the world’s largest in
scale and most powerful particle accelerator [17]. The LHC is part of the CERN
research facility, located near Geneva, and designed to deliver mass collision ener-
gies up to 14 TeV. It consists of a 27 km ring of superconducting magnets, kept at a
temperature of -271.3°C, with a number of accelerating structures. This is consid-
ered a significant improvement since the first accelerators built in the 1930s, which
were capable of reaching energies on the order of 1 MeV. However, using the same
technology, future particle accelerators will continue to scale in size and cost in the
pursuit of higher beam energies and improvement of beam quality.

The LHC is an exceptional example of a very high energy machine used for par-
ticle physics experiments which aims in a better understanding of matter and of the
origins of the universe. However, smaller scale particle accelerators are widespread
scientific tools that drive experimental progress in a broad range of disciplines. Ac-
celerators are the key component for some devices, like synchrotron radiation, ca-
pable of taking images at the angstrom scale with femtosecond resolution. Proven
to be the most powerful microscope, particle accelerators have been established as a
powerful tool for research in material science, chemistry, molecular biology and life

sciences [18].
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Accelerators have also become a commercial tool used widely for medical applica-
tions. Thanks to the development of radioisotope production, radiopharmaceuticals
are used in major clinical areas for diagnosis and/or therapy. Moreover, accelerators
are employed as radiation sources for various applications, namely neutron radio-
graphy, neutron activation, cancer therapy by neutrons, protons and light heavy

ions. Electron accelerators are also used to sterilise medical equipment and toxic

disposables [19].

1.3 Thesis outline

Overall this thesis reports on the characterisation and implementation of THz-driven
dielectric-lined waveguide (DLW) structures used for charged particle manipulation.
The manipulation of electron beams at two energy regimes have been investigated
in this work, at 100 keV which falls under the sub-relativistic regime and at 35 MeV
which falls in the relativistic regime. The presented scheme can be adapted over a
range of particle velocities, by tailoring the geometry of the DLW structure, and the
input THz radiation.

Chapter 2 provides a literature review with relevant schemes, beginning with
novel particle accelerator concepts, which are not THz-driven. Moreover, a discus-
sion of the recent developments in THz-driven accelerators and other experiments
is provided. Finally, recent developments in laser-driven strong field THz sources
reported in the literature, is also covered.

Chapter 3 presents the background theory used to both interpret and analyse
the experimental results obtained. The chapter covers the nonlinear optics, start-
ing with the nonlinear wave equation and the second order nonlinear polarisation
term. Consequently, the generation of THz radiation through optical rectification of
ultrafast pulses in nonlinear crystals and through the inverse spin Hall effect in spin-
tronics sources is discussed. In addition, the underpinning theory of hollow metallic
and dielectric-lined waveguides is outlined, closing with the equation of motion of
charged particles in the presence of electromagnetic radiation.

Chapter 4 describes the experimental techniques, covering the three ultrafast
laser systems and the two electron beam facilities. Moreover, an overview of the

equipment and DLW structure design is included. In addition, a description of the
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1.3. Thesis outline

simulation techniques and tools used for the numerical solution of the propagation
constant of the supported modes in a DLW and for the THz-electron interaction, are
also included. The THz-electron interaction is quantified by solving the equation of
motion with numerical methods in an iterative algorithm, in order to track the time
evolution of the particle trajectories.

Chapter 5 details the experiments conducted for the determination of the prop-
agation characteristics of the 100 keV DLW structure. The propagation constant of
the DLW structure was measured by employing a custom-built THz time-domain
spectrometer and by using the experimental cut-back technique. From the analysis,
the operational frequency as well as the the phase-matching capability were deter-
mined. The experimental results were then compared with the theory, by evaluating
the propagation constant as described in Chapter 4.

Chapter 6 reports the experimental demonstration of THz-driven acceleration of
relativistic electron beams, at the CLARA facility. The DLW structure designed for
the manipulation of 35 MeV electron beams, was driven by narrow-band THz pulses,
interacting with the co-propagating electrons, monitoring the energy spectra on a
camera. A model was used in order to interpret the observables and characterise the
longitudinal phase space of the electron beam. Moreover, the propagation constant
of the DLW structure was measured and compared with a model.

Chapter 7 presents the experiment where the aim was to characterise the tem-
poral profile of the 100keV electron beam, in an all-optical control and metrology
concept. The DLW structure was employed as a streaking device, which was driven
by single-cycle THz pulses. The transverse profile of the electron beam was mon-
itored on a downstream detector, as a function of the relative phase between the
electron beam and the THz pulse. The experimental observables were then com-
pared to simulations, in order to evaluate and extract the temporal profile of the
100 keV electron beam.

Finally, Chapter 8 contains the conclusions of the results of the experimental
work and discusses further work. The next generation of DLW structures is discussed

and how they can become competitive in the field of novel acceleration techniques.
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Chapter 2

Literature review

In this chapter, an overview of the literature relevant to the topics discussed in this
thesis is provided. An introduction to novel particle accelerator schemes is included,
followed by a discussion of recent developments in Terahertz-driven particle beam
manipulation, including acceleration and deflection. Furthermore, a review of high
power laser-driven Terahertz (THz) sources is provided, focussing on the optical

techniques developed for efficient generation of THz radiation.

2.1 Novel particle accelerators and manipulators

As accelerators have found very attractive applications for research, medical and
industrial purposes, there has been a growing interest in acceleration schemes that
can deliver high-energy, compact particle beam facilities. As briefly mentioned in
§1.2, radio-frequency (RF) cavities used in accelerators such as the LHC, are reaching
their physical limits. This limit is linked to the electrical breakdown of the cavity
surface. As Wang et al. [1] have reported, the breakdown threshold for X-band
structures, was estimated to be on the order of 100 MV /m. The breakdown rate
is dependent on the RF pulse length 7, and the center frequency f, as has been
reported by Grudiev et al. [20], and it scales as F, o< f%/2 771/ Therefore, typical
accelerating fields have been operated below this limit.

Different alternatives to RF acceleration have been developed over the last
decades, in order to increase the maximum achievable accelerating gradient, while
also trying to downscale the size and the cost of future accelerators. One approach

was to implement different alloys in standard RF cavities which feature a higher
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2.1. Novel particle accelerators and manipulators

breakdown threshold. An example is the superconducting cavities, where a super-
conducting material allows an RF resonator to store energy with low energy loss.
An example is the niobium superconducting resonant cavities, which are kept at
approximately 2 K [20], featuring low rate of energy loss with accelerating gradients
reported up to 45 MV /m [21]. However, this concept operates at radio frequencies,
meaning the size is limiting the scalability to high energy accelerators, and also the
manufacturing and the operation of these machines’ proved to be costly [22].

A different approach in order to achieve higher accelerating gradients whilst
reducing the size and the cost, was to utilise higher frequency electromagnetic fields.
In particular, plasma-based accelerators have made considerable progress in the past
decades [23,24], ranging from laser-driven wakefield acceleration (LWKA) to plasma
wakefield acceleration (PWKA). LWKA was first proposed by Tajima et al. in 1979
[25], where high-intensity laser pulses at centre wavelength of 1 ym created a plasma
wakefield, resulting in the acceleration of electrons which are trapped in the wake.
This concept proved to be very promising as peak accelerating gradients greater than
100 GV /m have been reported [26]. This figure was at least an order of magnitude
greater than what conventional RF accelerators could provide. Nevertheless, due
to the operating wavelength, the beam quality was poor as only a small fraction of
the particle bunch was accelerated, resulting in an energy spread. More recently,
several attempts have been made in order to increase the control over the plasma
and consequently improve the resulting beam quality [27,28].

PWKA was first proposed by Chen et al. in 1985 [29], and experimentally
demonstrated by Rosenzweig et al. in 1988 [30]. In a PWKA, two particle bunches
are employed with a time delay, the first called the drive bunch and the second
called the witness bunch. The two bunches are injected into a cold plasma, with
the higher-charge drive bunch causing charge density perturbations in the plasma,
a wakefield [31,32]. If the witness lower-charge bunch follows at a proper phase, it
gets accelerated as a result of the longitudinal electric field in the wakefield. As the
acceleration structure is plasma, an ionised gas, there is no damage threshold, thus
higher accelerating fields may be supported by this scheme. This approach can in
principle deliver ultra-short, high charge and high current with low emittance and
narrow energy spread beams, however, it requires a separate source of high energy

particles in order to generate the wakefields.
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2.2. Developments in THz-driven particle beam manipulation

Moreover, various dielectric laser accelerator (DLA) schemes have been pro-
posed [33-37], with the most notable work demonstrated by Peralta et al. [38].
In this work, dielectric sub-micrometre structures were employed as the accelerat-
ing cavities, driven by commercially available high-power laser systems. Optical or
near-infrared laser pulses can be advantageous in the aspect of low loss and high
damage threshold in dielectric materials, providing peak accelerating gradients of
up to 151.2GeV/m [38]. The dielectric structures act as a phase mask, in order
to enhance the interaction with the particle bunch. However, due to the operating
frequencies of this scheme, these structures require precise control of the spatial
alignment and timing of injected bunches while challenging fabrication tolerances
are also presented. Therefore, whilst GV /m accelerating fields have been achieved,

this has been at the expense of low particle transmission [38, 39].

2.2 Developments in THz-driven particle beam
manipulation

As RF accelerators are limited by the cavity damage threshold, and DLA suffer
from challenging fabrication tolerances and low particle transmittance, THz radi-
ation falls in the ideal millimetre-scale wavelength regime. Therefore, THz-driven
acceleration allows simpler structure fabrication, whilst providing the picosecond-
long cycle that are well suited for the manipulation of the entire particle bunch.
Moreover, laser-driven THz sources providing peak electric fields exceeding 1 GV/m
have been reported by Shalaby et al. [40], making THz-driven acceleration very
promising for novel particle accelerators. Furthermore, scaling accelerators from RF
to THz can benefit from the femtosecond timing synchronisation. Electron beams
and THz sources, generated from the same laser system, would intrinsically reach
temporal synchronisation, and remove the need for locking electronics.

For efficient THz-driven particle manipulation, several schemes have been pro-
posed and developed over the last two decades. Here only works with experimental
demonstration of THz-particle interaction are discussed. THz-driven acceleration
was first demonstrated by Nanni et al. [41], where a sub-relativistic electron beam
of energy 60keV was accelerated by 6keV over a 3mm long interaction out of the

total 10 mm-long circular dielectric-lined waveguide (DLW) structure. The DLW
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2.2. Developments in THz-driven particle beam manipulation

structure was employed as the accelerating cavity, driven by single-cycle THz pulse
with a centre frequency of 0.45 THz and pulse energy of 10 uJ. A segmented wave-
plate was used in order to convert the linearly polarised THz pulse into a radially
polarised pulse, and it was then coupled with a linearly tapered horn, in order to
excite the accelerating mode of the waveguide. An average accelerating gradient
of 2.5MeV /m, corresponding to a peak on-axis electric field at 8.5 MV /m was re-
ported. The accelerating gradient was claimed to be scalable to multi-GeV/m for
THz pulses of 10 mJ pulse energy. The interaction was limited due to the mismatch
between the electron velocity and the phase velocity on the centre frequency of the
driving THz pulse in the DLW structure.

This work was followed up with the development of the segmented THz electron
accelerator and manipulator (STEAM) device in 2018 [42]. Two linearly polarised
THz pulses are injected from opposite sides of the device, consisted of a multi-layered
rectangular metallic waveguides, filled with dielectric slabs of varying thickness and
length. With this scheme, the THz pulse is phase velocity matched with the particle
bunch at each stage, by tailoring the thickness and the length of the dielectric
filling each layer. In this demonstration, the STEAM device was consisted of three
layers, reporting an acceleration of 30keV, corresponding to a peak electric field
of T0MV/m. The STEAM device has also the capability of dynamically switching
between accelerating, streaking, focusing and compressing modes, depending on the
relative delay of the two driving THz pulses. The two devices have been combined
together towards the development of an all-optical electron gun [43-45]. The THz-
particle interaction was limited by the fixed number of layers to a length of 1 mm. In
principle, this could be increased by adding more layers, provided more THz energy
was available to accommodate the extra segments.

Curry et al. have implemented an inverse free-electron laser (IFEL) scheme
in order to accelerate a relativistic electron beam of energy 4-9 MeV, driven by
THz pulses [46]. A curved parallel plate waveguide in conjunction with a 30 cm-
long undulator was employed as the accelerating cavity, observing a peak-to-peak
induced energy modulation of up to 150keV. The scaling of the modulation was
linear with the THz field amplitude. However, the dispersion and diffraction of the
THz pulse in the waveguide, as well as the coupling efficiency, was found to affect

the strength of the interaction for different waveguide spacings. It was also reported
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2.2. Developments in THz-driven particle beam manipulation

that the accelerating gradient scaled inversely with the beam energy, therefore this
scheme would not be directly applicable for scaling to future high-energy, relativistic
acceleration.

Furthermore, THz pulses have found applications not just on the acceleration
of electron beams, but also on the metrology and bunching. THz radiation can
be employed in novel devices for the characterisation of the temporal profile of an
electron beam but also for the compression and the transverse focussing. Metal-
lic resonators or ultra-thin metallic sheets have been employed by a number of
groups. Kealhofer et al. have demonstrated streaking and velocity bunching of a sub-
relativistic electron beam, by using 30 pm-thick, butterfly-shape aluminium slits,
driven by single-cycle THz pulses [47]. Streaking speeds up to 8 urad/fs was re-
ported. A single laser system was employed for the electron photo-excitation, and
THz generation for the two interaction points, achieving an intrinsic timing synchro-
nisation of the order of few-femtoseconds. In follow up works, streaking and control
of the beam was reported by using an ultrathin aluminium sheet, in a resonator-free
concept [48,49].

Zhao et al. have used a rectangular-shape, 50 um-thick metallic resonator, driven
by single-cycle THz pulses for the streaking of a relativistic, few femptosecond elec-
tron beam [50]. Similarly, a single laser system was employed for both electron
photo-excitation and THz generation. However, an RF buncher and an RF deflec-
tor was used, introducing further timing jitter. Time stamping was achieved, with a
reported streaking speed of 5.1 urad/fs and with a temporal resolution much higher
of what RF metrology methods offer.

In a follow up work from this group, THz-driven dielectric tubes were imple-
mented, which allowed recording the complete time information of an ultrashort
relativistic electron beam [51]. A circular polarised THz pulse was injected into
the tube, and the co-propagating electron beam was swept and deflected helically
resulting in a time mapping. Compression of the electron beam was also demon-
strated [52]. This scheme also featured a wide dynamic range, applying for a wide
range of electron beam lengths.

Metrology of a relativistic electron beam of energy 3.1 MeV was demonstrated
by Li et al. [53], with femtosecond resolution. A parallel plate waveguide, machined

out of 100 um thick CuAu braze foil was used. This concept featured wide-band
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dispersion-free geometry, unlike the aforementioned metallic resonators. The struc-
ture was illuminated at normal incidence by a single-cycle THz pulse, reporting a
maximum streaking speed of 7.4 urad/fs and timing accuracy of 0.41fs.

The wide range of works, shows the drive towards understanding and exploiting
the potential of THz pulses through structures that mediate interactions for control
over the temporal, energy and spatial properties of electron beams. However, the key
challenge is to increase the THz-electron interaction length for optimum efficiency. It
was proven, that the interaction length was often limited by the dispersion induced
by the structure, when a broadband pulse was employed. In order to calculate
the optimum bandwidth and thereby, maximise the interaction, knowledge of the
propagation characteristics of the structure is required.

In this thesis, two rectangular-shaped DLW structures were employed as the
accelerating and the streaking cavities, driven by multi-cycle and single-cycle THz
pulses, respectively. The propagation constant of the DLW structures was exper-
imentally measured and compared with a model. Consequently, interactions with

relativistic and sub-relativistic electron beams were explored and modelled.

2.3 High power laser-driven THz sources

Another key challenge for scalable, competitive THz-driven particle acceleration
and manipulation, is the availability of high-power, table-top THz sources. Here,
only laser-driven THz sources will be discussed, as methods of developing all-optical
particle sources is of interest.

The development of laser-driven, table-top THz sources has been a fast expand-
ing area of research over the last decades [54]. Generally, there is no optimal THz
source, or a standard THz generation method. Each area of research or each indus-
trial application has different requirements. For example, for a THz time-domain
spectroscopy experiment, a low energy, broadband pulse is needed, in order to study
the underlined physical phenomena, over a wide range of frequencies. However, in
telecommunications, narrowband THz signals are required. Different THz sources
or generation techniques can be used to access different region of the spectral range,
with the desired bandwidth, and energy conversion efficiency. THz-driven accelera-

tion always benefits from strong THz electric fields. However, the optimal spectral
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content can vary for each scheme.

The generation of THz radiation by optical rectification (OR) consists of a non-
linear crystal and ultrashort laser pulses. OR is a second-order nonlinear optical
process, where a quasi-DC signal is generated from the interaction of the frequencies
components within the bandwidth of the ultrashort laser pulse. Here, the quasi-
DC transient is the THz pulse, and generation of quasi single-cycle THz pulses was
reported as early as 1971 [11,55]. Media suitable for OR are semiconductors, such as
GaAs, GaP or ZnTe, ferroelectric crystals like LINbO3 (LN) or LiTaO3 and organic
crystals such as DAST, DSTMS, OH1 and BNA. The parameters of the emitted
THz radiation also depend on the pump laser pulse duration, centre wavelength and
pulse energy. Figure2.1 taken from [54], depicts an overview of the highest pulse
energies and peak electric field strengths achieved. The short vertical lines show the
frequencies of the spectral peaks.

In this thesis, laser systems which have Ti:sapphire as an active medium are of
interest, as they are well established and commercially available. Ti:sapphire laser
systems are able to deliver high power, high repetition rate, ultrashort laser pules,
at a centre wavelength of approximately 800 nm [56]. The LN crystal has been an
attractive THz source, as it can deliver higher pump-to-THz energy efficiency, com-
paring to the rest of the inorganic crystals [8,13,54]. For the efficient THz generation
via OR in a LN crystal, an optical technique was proposed by Hebling et al. [57],
called pulse-front-tilt (PFT). This technique allowed overcoming the limitations due
to lack of phase matching of the pump and the emitted THz pulse inside the crystal.

With the development and optimisation of the PFT technique, significant in-
crease in efficiency and THz pulse was achieved. Wu et al. [58] have reported the
generation of 0.2 mJ single-cycle THz pulses at room temperature (RT) (reference 60
in Figure2.1). A Ti:sapphire laser system was employed, able to deliver Joule-level
pulse energy of sub-50 fs pulse duration. The LN was pumped in a PFT technique,
with a reported pump-to-THz conversion efficiency of 0.3%. The peak electric field
strength at the focal spot was measured to be approximately 4 MV /m.

Higher conversion efficiency was demonstrated by Fulop et al. in 2014 [59] (ref-
erence 63 in Figure2.1). The generation of single-cycle THz pulses of 0.4 mJ energy
at RT was reported, with a corresponding efficiency as high as 0.77%. Nevertheless,

this group employed a custom-made Yb:YAG based laser system, delivering laser
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Fig. 2.1: Spectral coverage and some of the highest reported experimental values of (a)
THz pulse energy and (b) peak electric field strength for a range of THz sources and

techniques.. Figure taken from [54]. References in brackets can be found in [54].

pulses of 1030 nm centre wavelength, 785fs pulse duration and up to 60 mJ pulse
energy. In a separate experimental series, the enhancement of the conversion effi-
ciency was investigated by cooling the LN crystal to cryogenic temperatures. An
enhancement of a factor of 3 was measured compared to RT measurements. The use
of cryogenic cooling, longer pump wavelength and temporally longer pump pulses
contributed to suppressing the effects limiting the efficiency of THz generation.

Huang et al. [60] have demonstrated the highest energy efficiency, with a cryo-
genically cooled LN crystal at a lower pump pulse energy. A Yb:KYW laser system
was employed emitting pulses with a centre wavelength of 1030 nm, 680fs pulse
duration and up to 2mJ pulse energy. A maximum enhancement of 3.3 was mea-
sured when cooling the LN at 150 K, corresponding to a conversion efficiency of
3.8%+0.4%. However, such high efficiency could not be demonstrated at higher
pump energies.

Even though the PFT technique is considered as the prominent technique for
intense THz generation via OR in a LN crystal, it proved to be experimentally
challenging. A diffraction grating and an imaging system are required, and the

accuracy and precise alignment of these optical components are crucial as imaging
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2.3. High power laser-driven THz sources

errors can lead to spatial distortions of the THz beam quality [61]. Poor THz beam
quality makes diffraction-limited focussing a challenge, resulting in not exploiting
the full potential of the source. Alternatives have been attempted via bringing into
contact or etching a diffraction grating onto the LN crystal surface [62-65].

Other promising sources for intense THz generation, that can be implemented
in a collinear excitation geometry, are organic crystals. Shalaby et al. [40] have
demonstrated generation of single-cycle THz pulses from DSTMS and OH1 crystals
via OR at room temperature (reference 98 in Figure 2.1). A Ti:sapphire laser system
in conjunction with an optical parametric amplifier system, was used to pump the
organic crystals, at 1.5 yum and a pulse energy of 3.8 mJ for DSTMS and at 1.35um,
3.5mJ for OH1. Despite the small size of the crystals (<5 mm radius), and the mod-
erate pump pulse energy, THz pulses of energy of 109 uJ and 75 uJ were generated,
corresponding to conversion efficiency of 2.86% and 2.14%, respectively. A concept
of optimising the emerging THz beam quality and brightness by tweaking the pump
wavefront-divergence was applied, achieving a diffraction-limited focusing. As a re-
sult, peak electric field strengths of 8.3 GV/m for DSTMS and 6.2 GV/m for OH1
were measured at the focal spot.

The highest THz pulse energy generated via OR in a nonlinear crystal was re-
ported by Vicario et al. [66]. THz pulses of energy as high as 0.9 mJ were generated
by a large area, 400 mm?, partitioned DSTMS crystal (reference 93 in Figure2.1).
In this work, in order to avoid the inevitable irregular pump beam profile, and the
shot-to-shot energy fluctuation induced by an Optical Parametric Amplifier (OPA)
system [40,67], a Cr:forsterite laser system was employed, delivering laser pulses at
1250 nm of 95fs pulse duration and 30 mJ pulse energy. The conversion efficiency
was reported to be a record high 3% at room temperature.

Organic crystals could pave the way for laser-driven, efficient intense THz pulse
generation. However, due to phase matching and absorption conditions, pumping at
higher than 800 nm wavelengths is required [67,68]. Laser systems operating at that
wavelength range are non-standard, and not available at higher energies. Moreover,
organic crystals have been proved to exhibit lower damage threshold than inorganic
crystals and due to the crystal growth technique complexity, the availability of large
area crystals is limited and also the affordability makes it less favourable.

For THz time-domain spectroscopy experiments, a low energy, broadband source
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is sufficient in order to probe the material characteristics in the THz regime. Spin-
tronic emitters are metallic heterostructures, consisting of ferromagnetic and non-
ferromagnetic thin films. This source rely on the conversion of an ultrafast spin
photocurrent into a transverse charge current upon an ultrafast pulse excitation.
The thin films are deposited on a substrate which is optically transparent to the
pump pulse [69]. The spintronic emitters can be excited by low laser pulse energy,
in the order of a few nanoJoules, generating THz pulses with a gap-less bandwidth,
covering the range from 1 to 30 THz when excited by a 10 fs long pulse [70]. This was
because metallic films exhibit featureless refractive index in the THz regime [71].
Moreover, as the metal films are on the order of nanometres thickness, much thinner
than the wavelengths involved, there is no phase matching condition to be met. Fur-
thermore, these emitters can be implemented in a collinear geometry, inexpensive,
independent of the pump wavelength [72], and the emerging THz polarisation can
be controlled by applying an external magnetic field pattern [70, 73].

In this thesis, a number of Ti:sapphire laser systems were employed as the drive
pump laser, for the THz generation and the photo-excitation of electron beams, when
applicable. For the THz time-domain spectroscopy experiments, spintronic sources
were used, in order to measure and determine the propagation characteristics of the
DLW structures. Furthermore, intense THz pulses were generated via OR in a PFT

method in LN crystal at RT.
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Chapter 3

Background theory

In this chapter, the main underlying theory behind the physical processes explored
within this thesis is included. An overview of the generation and detection of freely
propagating THz pulses based on nonlinear optical phenomena is discussed as well
as guided wave theory. Starting with a brief introduction to nonlinear optics, the
chapter focusses on THz generation through optical rectification of ultrafast laser
pulses and through the inverse-spin Hall effect. Phase matching schemes such as the
pulse-front tilt combined with chirped-pulse beating for the generation of multi-cycle
THz pulses are also included.

The propagation of electromagnetic waves is also discussed, starting with Maxwell’s
equations in free space, to derive the wave equation. Then, the Hertz potentials are
introduced, in order to solve the wave equation with dielectric-lined boundaries. As
a result, the dispersion relation and the field pattern for the supported modes are
derived, using the transverse resonance technique, closing with the interaction of

charged particles with co-propagating electromagnetic radiation.

3.1 Nonlinear optics

Nonlinear optics is the study of phenomena that occur as a consequence of interac-
tion of electromagnetic radiation within material systems, resulting in modification
of its optical properties. In a nonlinear medium, most commonly a crystal, the polar-
isation responds nonlinearly to an applied electromagnetic field, typically observed
at high light intensities, provided by laser systems.

For example, Second Harmonic Generation (SHG) and Sum/Difference Fre-
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3.1. Nonlinear optics

quency Generation (SFG/DFG) occur as a result of the atomic response that scale
quadratically with the strength of the applied field. On the other hand, Pockels’ ef-
fect is a linear electro-optic effect, where the refractive index of a medium is modified
in proportion to the applied electric field strength [3].

The propagation of electromagnetic wave can be described by Maxwell’s equa-

tions [74]
V-D=p, (3.1)
V-B=0, (3.2)
0B

E=-2° .

V x 5 (3.3)
oD

H=— 4
V x Y +J, (3.4)

where E is the electric field vector, D the electric displacement vector, p the charge

density, and J the current density. D is given by

D=c¢E+P, (3.5)

where P is the induced polarisation of the medium and ¢, the electric permittivity
in vacuum. The magnetic flux density B, is related to the magnetic field strength

H, via

B = o H, (3.6)

where o is the magnetic permeability in vacuum. For the case where there are
neither free charges p = 0, nor current density J = 0, taking the curl of Equation 3.3
and using Equation 3.6, yields
9°D

VxV xE — =0. 3.7

T Ho5 (3.7)

Using the vector calculus identity, Vx V x E = V(V-E) — V2E, in Equation 3.7,
and substituting Equation 3.5, the wave equation is obtained

n>9*E 1 9°P

2 _
_VE+C_2 9%t e 02t (38)
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where ¢ = 1/,/lg€o is the speed of light. Equation 3.8 states that the nonlinear
response of the medium acts as a source term, in the form of a driven wave equation.
If the right-hand side of Equation 3.8 is equal to zero, then it reduces to the wave
equation of free waves, propagating with velocity ¢/n, where n is the refraction index
of the medium.

The time dependent polarisation of a system P(t), or the dipole moment per
unit volume, depends on the strength of an applied time varying electric field E(t).

For the linear case, the induced polarisation is given as
P(t) = co \VE(t), (3.9)

where y1) is the linear electric susceptibility of the medium. However, for a nonlinear
system, the optical response can be described by expressing the polarisation as a

power series in terms of E(t) as

P(t) =eo (X\WE(t) + XPE (t) + XYE(t) + ...) 3.10)
=PY)+PA) + PO () + .., '

where Y and x® are the second and third order of nonlinear electric susceptibil-

ities, respectively. For the scope of the thesis, only physical processes that occur

as a result of the second-order nonlinear polarisation, P () = ey P E?(t), will be
discussed.

Nevertheless, a crystalline solid such as crystals, have periodic lattice structures,

making them spatially not isotropic [2]. Therefore, the second-order susceptibility

can be expressed through tensor formalism by [74]

PEQ) ((JJn + UJm) = € Z Z Xﬁ])c(wn + Wi, Wn,s wm>Ej (wn)Ek(wm)’ (311)

jk mm

where the indices i, j and k are the Cartesian components, and n,m are integers.
In Equation 3.11, the discrete representation of the applied broadband field can be
expressed by
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3.1. Nonlinear optics

E(r,t) =Y E(w,)e """, (3.12)

When the frequencies involved are much smaller than the resonance frequency of
the crystal, then the nonlinear susceptibility is independent of the frequencies of the
applied field allowing the permutation of the spatial indices, without permuting the
frequencies involved. This permutation symmetry is also known as the Kleinman’s
symmetry [3,74]. When the Kleinman’s symmetry is valid, the indices j and k
are interchangeable, and the nonlinear susceptibility can be simplified from a 3x3x3
matrix to a contracted 3x6 matrix by combining the last two integers into one [,

according to

jk: 11 22 33 23,32 31,13 12, 21
L1 2 3 4 5 6

The nonlinear polarisation P (ws = w; 4+ wy), can then be described by the matrix

P (wy) din dig diz diy dis die
PP (ws) | =460 | doy dyp dys daa dys s | X
PZ(Q)(W:;) d31 dsz dsz dzs dss dss
E.(w1) Ep(w2)
By(wn) By (w2) (3.13)
E.(w) E.(w2)
Ey(wn) E.(ws) + Ex(w1) Ey(ws) |
Ey(wr) Ex(w2) + E(w1) Ey(w2)
Eq(wr) Ey(w2) + Ey(w1) Ex(w2)

where d;; = % XEIZ) is the nonlinear optical coefficient.

For a fixed crystal geometry, and for an optical polarisation geometry where
the applied field is typically linearly polarised along a crystal axis, the nonlinear

polarisation can be simplified to a scalar form

PP (ws) = 4egdeg B (wy) E(ws), (3.14)
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3.2. Generation of THz radiation

where P(w) = |P(w)|, E(w) = |E(w)| and deg is the effective nonlinear coefficient,

obtained from the d; matrix in Equation 3.13.

3.2 Generation of THz radiation

3.2.1 Optical rectification

Optical rectification (OR) is a second-order nonlinear optical effect. It is difference
frequency generation, where the limit of the difference of the frequencies involved
tends to zero, whgclu w3 = 0. Typically, mode-locked femtosecond laser pulses are
used to generatzz Tle radiation from nonlinear crystals via optical rectification.
The bandwidth of the THz-radiation pulse is determined by difference frequency
generation by all frequencies within the bandwidth of the femtosecond laser pulse [3].

In a simple mathematical view, when the applied field consists of two frequency

components, wi,ws, of amplitude E; and F,, respectively, then the second-order

polarisation is given by
PO (t) = egx® (B sinfw; t] + Eysinfw, t])* . (3.15)

Expanding the bracket in (3.15), and using the trigonometric identity sin Asin B =
(cos(A — B) + cos(A + B)) /2 and sin® § = (1 —cos 20) /2, the nonlinear polarisation

can be expressed by

1
PO (t) = §eox(2)(Ef(1 — cos|2wit]) SHG

+E3(1 — cos[2wst]) SHG (316)
+EyEy(cos|(wy +ws)t])  SFG

—E\ By cos|(wy —wy)t])) DFG,

where each component of the expression is labelled by the name of the physical
process it describes.

For the case of an optical pulse, the electric field can be expressed by a time-
dependent electric field, with an intensity profile described with a Gaussian distri-

bution by
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3.2. Generation of THz radiation

(t —ty)?

E(t) = Egexp [— In 4A—72

] exp [—iwpt], (3.17)
where A7 is the FWHM duration of the intensity profile, and wy the centre frequency
of the pulse. In the assumption where the pulse duration is much longer than the
optical period, A7 > wy!, and the dispersion of the nonlinear susceptibility is
negligible near the optical frequencies, then the induced polarisation by OR will

have a time-dependent profile, proportional to the optical pulse envelope, given by

P(t) < E2 exp [—2ln4(tA_—:2())2] : (3.18)

The time varying nonlinear polarisation acts as the source of THz radiation.
The THz radiation generated by OR of ultrashort laser pulses rises from the dif-
ference frequency mixing between all of the different frequency components present
in a single ultrashort laser pulse. The temporal profile of the radiated THz pulse
is proportional to the second time derivative of P®)(¢), as Equation 3.8 suggests.
It becomes clear from the time-bandwidth product, for a Gaussian pulse where,
AT - Aw = 0.44, that for a pulse duration A7 of 100 fs, the transform-limited spec-
tral FWHM bandwidth is approximately 4.4 THz.

Nonlinear phenomena such as OR, SHG and SFG/DFG can occur only in non-
centrosymmetric crystals [3,4,74]. As Equation 3.13 denotes, for a centrosymmetric
crystal, an inversion symmetry would dictate zero values for the nonlinear optical
coefficient matrix, d;;; = 0, for all 7,5 and k [74]. Therefore, THz generation via
OR is possible if the crystal is noncentrosymmetric or the symmetry is broken by a

strong electric field [3].

3.2.2 Phase matching

For substantial optical to THz energy conversation efficiency, three major factors

need to be considered; nonlinear coefficient of the medium, absorption of both optical

and THz frequencies in the medium, and the coherent length of the OR process.
The first parameter is reliant on the crystal of choice, and the crystal orientation

with respect to the linear polarisation of the pump beam [3]. For example, Zinc
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3.2. Generation of THz radiation

Telluride (ZnTe) is a III-V semiconductor, with a zincblende structure and it is
widely used for THz generation via OR. Zincblende crystals demonstrate a cubic
structure with a 43m point group symmetry, with non-zero nonlinear coefficient
elements dyy = dos = d3g. THz generation via OR of femtosecond pulses, has
been reported from (100) [75], (110) [76] and (111)-oriented crystals [77], featuring
zincblende structure.

The second parameter can be understood by considering the fact that when the
photon energy is less than the band gap of the nonlinear medium, then the pump
laser pulse is able to propagate though the bulk for a longer distance. Equivalently,
low absorption in the THz regime in the medium is required, to allow successful cu-
mulative generation throughout the bulk. Therefore, it is important for the medium
to exhibit low optical and THz absorption for efficient THz emission via OR.

The coherent length can be explained through the phase matching condition.
Phase matching condition can be understood as the conservation of energy and
momentum in the nonlinear process. If the nonlinear crystal was dispersionless,
then the resulting bandwidth of the THz radiation would solely depend on the pulse
width of the incident laser pulse. However, nonlinear crystals are generally dispersive
materials, featuring different refractive index at frequencies wy, ws and ws, involved
in the OR process.

Defining the electric fields involved, propagating in the +z direction, (for j=1,
2, 3) to be

Ej (Z, t) = Aj Gi(ka_wjt), (319)

where k; = n;w;/c is the wavenumber and A; the amplitude, then according to

Equation 3.14, the amplitude of the nonlinear polarisation yields
PP (wg) = degdeg Ay Agel1F2)=, (3.20)

Substituting Equations 3.19, 3.20 into the wave equation 3.8, and rearranging, the
relation is obtained [74]
d*As dAs —4d

2
- _ effWs i(k1—ko—ks)z
dz2 +22k3 dz = CQ A1A2€ 1—R2TR3)2 (321)
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The first term on the left-hand side in Equation 3.21 can be neglected, as the
‘slowly varying amplitude’ approximation is made. This approximation applies in

cases where the fractional change of A in a distance of the order of an optical
2A3 dAs
dz? > dz
With the slowly varying approximation taken into consideration, the amplitude

wavelength is much smaller than unity,

of the radiated THz wave w3, at the exit of the nonlinear crystal of length L is

obtained by

2idyg A1 As <eiML — 1>
2.de A A L ) " 5 Ak ?é O
Ag(L) = =52 / oRrdr = S dksjf L Ak (3.22)
3C 0 eff 11 2L, Ak =0
kgCQ

where the quantity Ak = ky — ko — k3, is the wavevector mismatch. As can be seen
from Equation 3.22, for the case where Ak = 0, the amplitude increases linearly with
z, and the intensity increases quadratically with z, respectively. This condition is
called perfect phase matching. The radiated wave sustains a fixed phase with respect
to the nonlinear polarisation, extracting energy more efficiently from the incident
waves wy and ws.

When the condition of perfect phase matching is not satisfied, Ak # 0, the
intensity of the generated wave is given by the magnitude of the time-averaged
Poynting vector [74]

I3 (3.23)

N1NaN3€0C2

_ 8d§ﬁw§]1]2L2SinC2 |:Ak’ L:| 7

where [; = 2nieoc|Ai|2, is the intensity of the corresponding wave w;. The emitted
intensity via OR is proportional to sinc® [AkL/2], as illustrated in Figure 3.1. As the
product |Ak|L increases, the efficiency of the OR decreases. When perfect phase
matching condition is fulfilled, Ak = 0, the intensity maximises.

When the phase mismatch leads to a phase equal to 7, then the intensity drops
to zero. The coherence length, L., is defined as the distance over which the optical

pulse propagates before leading the THz wave by a 7/2 phase shift

Le=—. (3.24)
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Fig. 3.1: Effect of the wavevector mismatch on the emitted intensity.

Therefore, efficient THz generation via OR in nonlinear crystals at a given frequency,
is achieved for crystals that are equal in thickness or thinner than the coherence
length.

Perfect phase matching condition requires conservation of energy and momentum

in the OR process, which can be described by

Wo,1 —Wo,2 = WTHz

(3.25)
kO,l - kO,Q = kTHZ?

where wo ;=12 and ko ;=12 refer to the optical frequencies and wavevectors respec-
tively, and wry, and kry, refer to the frequency and wavevector of the generated

THz wave. Dividing the two relations in Equation 3.25, yields [2]

= Vg,0 = Up,THz, (326)

where v, o is the group velocity of the optical beam and v, i, the phase velocity of
the THz beam in the nonlinear crystal. From Equation 3.26, it is understood that
phase matching is achieved when the optical group velocity is equal to the phase

velocity of the generated THz wave.
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3.2.3 Pulse-front-tilt

Collinear phase matching occurs intrinsically in specific crystals. For example, the
group refractive index near the optical wavelength 800 nm in ZnTe, matches well
with the THz refractive index [4]. This makes ZnTe an attractive nonlinear crystal
for THz generation via OR of laser pulses.

Lithium Niobate (LiNbOg, LN), is another attractive nonlinear crystal for THz
generation. LN is an inorganic crystal with a trigonal crystal structure and a 3m
point group symmetry, featuring higher nonlinear coefficient than ZnTe and higher
energy band gap [4]. The high band gap of 4eV, makes the LN optically transparent
to wavelengths between 350 nm-5200 nm, preventing multiphoton absorption which
leads to optical damage of the crystal and saturation of the THz generation process
[65]. Doping of the crystal with Magnesium Oxide (MgO), further increases the
resistance to optical damage. MgO-doped LN crystals will be extensively employed
as THz source in this thesis.

Nevertheless, collinear phase matching cannot be achieved for OR in LN crystals,

as there is a substantial mismatch between the optical group, n?, and the THz

THz

» , refractive indices [2,4]. Therefore, a phase matching scheme, known

phase, n
as Pulse-Front-Tilt (PFT), is employed. The PFT scheme was first proposed by
Hebling et al. [57], in 2002, for efficient THz pulse generation via OR in LN crystals.

Due to the refractive index mismatch, the THz wave is generated in a Cherenkov

cone. Therefore, velocity matching can be achieved by tilting the intensity front of

the pump beam by an angle v where [4,57]

C
THz®
np

(3.27)

° cosy =
ng 7=
With this scheme, the intensity front of the pump beam travels collinearly with the
THz wave with the same velocity, with different propagation directions. For efficient
extraction of the produced THz radiation, the LN crystal is grown in a prism shape,
with a prism angle equal to 7.

As Tokodi et al. have demonstrated [78], the PFT can be realised with a diffrac-
tion grating in a 4f lens configuration. The Chrenkov angle v can be described in

terms of the diffraction order m, the diffraction angle ,;, and the grating groove
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period p as [78,79]

mAop

tany = (3.28)

where )¢ is the central pump wavelength and $; = fo/f1 the magnification factor of
the two lenses for the pump-pulse front. Equation 3.28 takes into account the grating
equation and the angular dispersion introduced by the grating and the nonlinear
crystal.

Consequently, in order to obtain optimal THz beam quality and optical-to-THz
conversion efficiency, the tilt angle of the grating image inside the LN crystal 6,

should match the pump-pulse front angle v [61,79]. The tilt angle 6 is given by

tan 6 = ng B, tan 6, (3.29)

o

» is the optical phase refractive index in LN, and (3, the magnification

where n
factor of the lenses for the diffraction grating image. When the magnification factors
coincide, then the phase matching condition described in Equation 3.27, is fulfilled.

Figure 3.2 depicts the calculated magnification factor 3, for diffraction grat-
ings of different groove density (dashed lines), and S5 (solid line), as a function of
the diffraction angle 6;. The calculations have been replicated from the work of
Hirori et al. [79], as an example. The parameters used, are denoted in a text box,
also taken from the parameters used from the same work. As can be seen, for a
particular diffraction grating, the optimal magnification factor and the diffraction
angle can be identified graphically. A combination of two lenses is then chosen to
satisfy 8= fo/ fi.

The optimal magnification factor and the incident angle at the grating 6, are

given by [7§]

B=2=—" (3.30)
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Fig. 3.2: Pump-pulse front magnification 51, for diffraction gratings of different groove

density (dashed lines) with the grating image 2, as a function of the diffraction angle.

where the a parameter is given by [78]

nZngp 2 4 n?

'y 0 P
= — — . 3.32
“ 2o |/ n2p? tan'y + n?  2tan®~y (3:32)

3.2.4 Chirped pulse beating

Optical rectification of laser pulses in nonlinear crystals, typically produces single-
cycle, broadband THz pulses. For the generation of frequency-tunable, narrow-
band THz radiation in free space, the Chirped Pulse Beating (CPB) scheme is
employed. Generation of narrow-band THz pulses using CPB was first demonstrated
by Weling et al. [80]

CPB is typically realised by two linearly chirped optical laser pulses, with a
relative time delay, and a nonlinear optical mixer. The spectral content of a linearly
chirped pulse is temporally broadened, with the instantaneous carrier frequency
linearly swept in time. The linear frequency chirp in optical pulses, can be produced

by introducing Group Velocity Dispersion (GVD). When an optical pulse propagates
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through a dispersive medium, a frequency-dependent phase modulation is applied.
The phase chirp can be expressed as a Taylor expansion series about the center

frequency wy as
P(w) = ¢(wo) + &' (wo) (w — wo) + %gzﬁ”(wo)(w —wo)®+ éqb”/(wo)(w —wp)’ + ... (3.33)

where ¢/, ¢”, ¢ are the derivatives of the phase with respect to the angular fre-
quency, and are known as the group delay, second-order dispersion (or GVD), third-
order dispersion (TOD), etc.

GVD can be induced with a diffraction grating pair configuration, given by [81]

_3/2
1 9*(w) 4r’cd ore .\’
GVD = p =52 = A 1— (— — sin 7) : (3.34)

where g is the carrier frequency sweep rate, wy the center frequency of the optical
pulse, b the perpendicular separation between the diffraction gratings, d the grating
grove period and < the angle of incidence. The time duration modulation of the

chirped pulse is obtained by [80, 82, 83]

4\ 2
T, =Ty (1 + MQ—Té) ; (3.35)
where Tj is the Fourier limited 1/e half width of the field and T} the stretched 1/e
of the field half width.

The temporally stretched optical pulse is then split into two identical pulses,
and one pulse is delayed by a variable interval 7, with respect to the other. The
two pulses are interferometrically recombined, so that the spectra overlap in the
time domain. The interference between the two pulses results in a quasi-sinusoidal

intensity modulation at the beat frequency given by [82]

Ts UTs
=2 b 3.36
fO 71_7-,07-,1 o ) ( )

The approximation in Equation 3.36 applies applies for 7, relatively smaller to the

stretched pulse duration. As can be seen, fy is proportional to the time delay
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between the two chirped pulses, and inversely proportional to the GVD induced.
The resulting quasi-sinusoidal optical modulation, excites a nonlinear crystal,
and through OR, THz radiation of center frequency fy is produced, with a corre-

sponding of 1/e full width bandwidth of [80, 82]

o \/g 2\/§T0M

Af = =
f 27TT1 s

(3.37)

With the CPB scheme, THz pulses of tunable bandwidth Af, and tunable center
frequency fp can be produced, offering the ability of driving the structure at the
operating frequency and optimal bandwidth. CPB will be used in Chapter 6, where
the THz-electron bunch interaction is explored at different center frequencies of the

driving THz pulse.

3.2.5 Spintronic emitters

Spintronic emitters are a relatively new THz source, introduced in 2013 [84]. The
exact emission mechanism that takes place is not yet fully understood, and still under
study. Nevertheless, a comprehensive study has been carried out by Seifert et al.
[70].

The principle of operation of a spintronic emitter, is depicted in Figure 3.3. A
heterostructure consisting of a ferromagnetic (FM) and a non-ferromagnetic (NM)
metal thin film, is illuminated by an ultrafast optical laser pulse. Absorption of the
laser pulse in the metallic layer promotes electrons to energy states above the Fermi
level, thus creating a non-equilibrium carrier distribution, changing as a result their
mobility and scattering rate which differ in the FM and NM layers. Spin-up and
spin-down electrons (blue and red in Figure 3.3, respectively) have very different
transport properties as well [85,86]. As a result the majortiy spin-up electrons
travel faster than the minority spin-down electrons [87], inducing a spin-polarised
longitudinal current along the z-direction, j;.

Upon entering the NM layer, spin-orbit coupling deflects spin-up and spin-
down electrons in opposite directions [88-90], by a mean angle v, as illustrated in
Figure 3.3. This is also known as the inverse spin-Hall effect (ISHE) [91]. The result

of the ISHE is the conversion of the longitudinal spin current density 7j,, into an ul-
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Fig. 3.3: Illustration of the metallic THz emitter and its principle of operation. The
process involves an ultrafast laser pulse which induces a spin-polarised current j; along
the z-direction which is transformed into a transverse charge current j. via ISHE, acting
as a source of THz radiation. The metal stack is biased by a constant magnetic field,

Heyternal, antiparallel to the y-direction.

trafast transverse charge current density j., along the x-axis. This mechanism acts
as a source of THz radiation [70,92], with a corresponding charge current density j,.

described by
Je = sin[y] js. (3.38)

The amplitude of the emitted electric field is governed by the generalised Ohm’s
Law, given by

d
E(w) = Z(w) e/ dz sin[y(z)] js(z,w), (3.39)
0
where d is the metal film thickness, e the elementary charge and Z(w) an impedance
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3.3. Waveguide theory

which describes the conversion of the current into electromagnetic radiation effi-
ciency. The quantity 1/Z(w) may be interpreted as the effective conductivity of the
metal stack [84].

The radiation emitted by spintronic samples via ISHE, has been shown to be
in the THz regime, with a polarisation perpendicular to the sample magnetisation
and it is independent of the polarisation of the pump beam [70]. THz radiation is

emitted in both directions of the spintronic sample.

3.3 Waveguide theory

In this section, the dispersion relation as well as the EM field patters of the supported
modes in a rectangular-shape metallic waveguide is presented, followed by how the

implementation of a dielectric lining would change the propagation characteristics.

3.3.1 Hollow metallic waveguide

When electromagnetic (EM) waves are confined to the interior of a waveguide, then
certain boundary conditions apply. The boundaries of metallic waveguides are as-
sumed as perfect conductors, thus E = 0 and B = 0 inside the material, hence the

boundary conditions at the inner wall are [93,94]

El =0,
(3.40)
Bt =0.

The electric and magnetic fields of a monochromatic wave travelling through a

transmission line in the positive direction of the z-axis have the generic form of

E(mv%zat) = E0<x,y)€iwt77z’ (3.41)

B(l’, Yy, z, t) = B0($7 y)eth_’YZ7 (342)

where v = a+ (3, is the complex propagation constant. The real part of v is the ex-
tinction coefficient, whereas the imaginary part is the propagation constant. Eq(x,y)
and By (z, y) need to satisfy the source-free (J=0, P=0) Maxwell’s equations, subject

to the boundary conditions described in Equation 3.40. The six resulting equations,

53



3.3. Waveguide theory

can be arranged to obtain the four transverse field components in terms of F, and

H, as [95]
1 /. 0L, 0OH,
He =1 <’““’€ By O )
-1 OF 0OH
H, = iwe—2= ),
B — -1/ 0L, N 0H, '
z = kc2 Y o W ay )
b L (9B . OH.
YUR2 7 dy R e )

where k.2 = k*+~2. The supported modes in a hollow rectangular-shape waveguide,

can be classified into two categories, depending on whether the longitudinal electric

or magnetic component has a non-zero value. The Transverse Electric (TE) modes

are characterised by E, = 0 and the Transverse Magnetic (TM) modes by H, = 0,

where the electric/magnetic field lies only on the transverse plane, respectively.

For a hollow rectangular-shape waveguide of height b and width w, as illus-

trated in Figure 3.4, the longitudinal field component H,(z,y) or E,(z,y) subject

to boundary conditions, is solved by separation of variables, given by [93,95]

mm

TE,,, modes: H,(x,y) = Hycos [—:c} cos
w

TM,,, modes:  FE.(x,y) = Eysin

o

—x] sin
w

nm

—y}, (m,n=0,1,2,...) (3.44)

—
S

—y}, (m,n=0,1,2,...) (3.45)

Fig. 3.4: Hollow rectangular-shape waveguide.
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3.3. Waveguide theory

where the m, n indices denote the eigenmode. The propagation constant is obtained

via [93,94]

nm

b

w

c

R EE ow

which is a function of frequency. A figure of merit is introduced, the cut-off frequency

f., defined by
JEy @)

For frequencies f < f., the propagation constant is purely real and instead of a

m
2w

n

= (3.47)

travelling wave, the wave is exponentially attenuating, also known as evanescent

modes. Therefore, the frequency of a travelling wave must be higher than f.. The

phase and group velocities are also functions of frequency, given by

w

’Up: =
ow

=55 =

C

N
e\ 1= (f/ )%

(3.48)

(3.49)

The transverse EM field pattern of the supported TE/TM, can be obtained by

substituting Equation 3.44/3.45 into Equations 3.43 [95]

Quantity TE,,, mode TM,,,, mode
E, 0 Bsin [mx] sin [Ey} e 7®
w b
H, A cos [mx] Ccos [n—ﬂy] e * 0
w b
E, MMJWA cos [mm] sin [Ty} e * _ngﬂB Ccos [mx} sin [Ty] e *
b w b k. w w b
E, —_Z]:J;ZWASin [%x] CoS [n%y] e 7? —_]z?ZWB sin [%x] CoS [n%y} e 7F
H, meAsin [mx] cos [Ty] e F M?WB sin [@x} cos [Ty} e ?
W w k.“b w b
H iprm Ccos [mﬂx} sin [mr ] e ® —iwem cos [mﬂw] sin [mr ] e *
v k2b w b7 k2w w b
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3.3. Waveguide theory

where A and B are arbitrary constants. The characteristic wave impedance of
a TE/TM mode is defined by calculating the ratio of the transverse electric and

magnetic field

E, —E, kp
Z e —x = Y = — .
T H, H, B’ (3.50)
E, -E, Bn
T™ ) ]{z kf ) ( )

where 1 = y/p /€ is the intrinsic impedance of the material filling the waveguide
which in this case is vacuum. The wave impedance is frequency dependent, and it

also depends on the geometry of the waveguide.

3.3.2 Dielectric-lined waveguide

The addition of two dielectric slabs to a rectangular waveguide, lined at the top and
the bottom, as illustrated in Figure 3.5, modifies the relations and figures of merit
mentioned in §3.3.1. The cross-section of a dielectric-lined waveguide (DLW) can
be divided into three homogeneous subregions, based on the permittivity of each
component, namely the two dielectric components and the vacuum component.

As the DLW is symmetric about the X Z-plane, it is convenient to portray the
half cross-section of the DLW, as depicted in Figure 3.6, split into 2 subregions.

Fig. 3.5: Dielectric-lined waveguide.
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3.3. Waveguide theory

Region 0

B e _!_!_*x

Fig. 3.6: Half cross-section of the DLW. The two subregions are determined by the
corresponding permittivity, with Region 0 defining the vacuum component of € = ¢y, and

Region 1 defining the dielectric component of € = €,¢g.

Region 0 corresponds to the vacuum component of € = ¢y and half height of a, while
Region 1 corresponds to the dielectric component of € = €,.¢5 and thickness d. The
equivalent half height of the hollow waveguide would be b = a + d.

A new set of boundary conditions are introduced due to dielectric-vacuum inter-
face at y = a. The supported modes in a DLW are neither TE nor TM modes as
discussed for a hollow metallic waveguide, but a hybrid combination of the two [94].
The supported modes are classified to Longitudinal Section Electric (LSE), where
there is no electric field component normal to the dielectric-vacuum interface, and
Longitudinal Section Magnetic (LSM), where there is no magnetic component nor-
mal to the dielectric-vacuum interface. For the scope of the thesis, only the analysis
for the LSM modes will be discussed here.

For the solution of the LSM modes, the transverse resonance technique is em-
ployed, with the use of an electric Hertz vector potential. Since the divergence of
the magnetic field for a homogeneous source-free region is equal to zero, V- H = 0,
assuming a ¢! time dependence, the magnetic field can be expressed as the curl of

an electric type Hertz vector potential [94]

H = iweV x I, (3.52)
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3.3. Waveguide theory

and from Equation 3.4 the electric field yields

E=VxV xIL, (3.53)
where
He(z,y,2) = §e(z,y)e (3.54)

is the electric type Hertz vector potential. Wave propagation along the z-direction is
assumed, with a propagation constant of v = a4+, which must be the same in both
regions. With the implementation of the dielectric slab, the relative permittivity

becomes a function of y, in the form of a step function, defined by

1, O<y<a
er(y) = (3.55)
€, a<y<b

Because of the discontinuity of the relative permittivity along the dielectric-vacuum
interface, the Hertz vector potential is directed along the same direction, which in
this case is the y-direction.

The solutions for the LSM modes can be classified into symmetrical (even) and
anti-symmetrical (odd) modes. Even and odd refer to the way the £, component

varies with y about the symmetry plane at x = 0. For the even modes

OE,

— =0, 3.56
5| (3.56)

and, since F, is proportional to this derivative, the tangential electric field vanishes
on the y = 0 plane for the even solutions. Therefore, an electric wall in the X Z-
plane can be implied. A Hertz vector potential is defined, for each region, satisfying

the boundary conditions, given by

G — Ay sin [% (a: + %)} cos [k:gnmy} , O<y<a (357)
By sin [? <m + 5)] Ccos [k;nm(b - y)} , a<y<b
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3.3. Waveguide theory

where A, Bny, are amplitude constants and &)k, the transverse propagation

constants in Region 0 and Region 1, respectively. For the odd modes,

o8,

0, 3.58
9 xzo# (3.58)

meaning, there is a non-zero tangential component of the electric field, on the y =0
plane. Consequently, a magnetic wall is implied in the X Z-plane, with the Hertz

vector potential defined as

Ay Sin [m (x + %)} sin [kgnmy] , O<y<a
Uem mww 5 (3.59)
B, sin [? (m + 5)] [k;nm(b — y)} , a<y<b

As only propagating waves are considered, the imaginary part of the propagation
constant will be considered, v = ¢8. The transverse propagation constants can be

expressed in terms of the longitudinal propagation constant as

B = \/k2 - (TZT) — Bum, (3.60)
KL= \/ ek? — (%)2 — B, (3.61)

for both symmetries. The notation (m,n) will be omitted for conciseness. The
EM field components of the LSM mode can then be obtained by substituting Equa-
tion 3.57 and 3.59 into Equation 3.52 and 3.53.

Even modes
For the even modes (n = 0,2,4,...), the EM field components are given by

(

A o
B—kl coS [mww ( ﬂ (b — )] e P a<y<b

B, - Ak:c sin [:ZUZ ( + ﬂ e P2, | O<y<a (3.63)
Bk:c sm[ ” ( + ﬂ —y)]e ™ a<y<b
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- A(—ip smn[l% ( )] sin [kyy] e —ihz | 0<y<a (3.64)
(zﬁ)k sin [7 (l’ + 5 )] sin [k (b— )} e P a<y<b
0 — Aweo 3 sin [% ( )} cos [kyy] e=2, O<y<a (3.65)
— Bwe, €3 sin [% < )] cos [kl(b y)] B oa<y<b
H,=0 (3.66)
o A(zweo T cos [% <$ + ﬂ cos | ko y| e 2, O<y<a (3.67)

B(zwereo —cos [ ( )] Ccos [kl(b —y)]e ™ a<y<b

where k> = (m7/w)?+ 3%, At the dielectric-vacuum interface, y = a, the tangential
electric and magnetic field components must be continuous [93]. Evaluating F. and

H, at y = a for both regions, the constant relations are obtained

—Ak)sin[k)a] = Bk, sinlk} (b — a)], (3.68)
Acos[kja] = Be, cos[k, (b — a)). (3.69)

Dividing the Equations 3.68 and 3.69, the dispersion relation yields
1l 0.1 _ 0 win 2.0 1
k, sin[k, (b — a)] cos[k,a] = —e,k, sin[k,a] cos[k, (b — a) (3.70)

which is a function of frequency. In conjunction with Equation 3.60 and 3.61, the
dispersion relation is solved numerically at each frequency, and the allowed values of
B, kg and k; are determined. From Equation 3.68/3.69, the ratio of the coefficients
A and B may be obtained.

0Odd modes

For the odd modes (n = 1,3,5,...), the EM field components are obtained by sub-
stituting Equation 3.59 into Equation 3.52 and 3.53

AT L0 cos [m (x + Eﬂ cos [k:oy] ez O<y<a
R T T 3
1 ol —ifz
B?kycos [? (x—i-gﬂ sin [k, (b—y)] e Pz a<y<b
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(
Ak.? sin [m (x—i— ﬂsm l{:o O<y<a
E, = v 2 (3.72)
Blcc2 sin [— (x + ﬂ cos | } Ve ™ a<y<b
w
(
[m < )]cosko] —ipz O<y<a
E, = nlfw (3.73)
(—ifB)k, sm[ ” < )] sin [k, (b — y)] e i a<y<b
(
— Aweg 3 sin [M ( )} SlIl k‘o } —ihz O<y<a
H, = (3.74)
— Bwe, €3 sin [— (x + — 5 )] cos [k;l(b — )] e P a<y<b
\ w
H,=0 (3.75)
A(iweg) —cos [m (:L‘ + )} sm ko } iz O<y<a
H, = w (3.76)
Bliwe,€p) —cos [ ( )] cos [k, (b—y)] e” Bz a<y<b
Applying the boundary condition at y = a, the constant relations yield
Ak; cos[kya] = Bk, sin[k, (b — a)], (3.77)
Asin[k)a] = Be, cos[k, (b — a)], (3.78)
with the corresponding dispersion relation
1ol . 17,0 0 0 1
k, sin[k, (b — a)] sin[k,a] = €.k, cos[k,a] cos[k, (b — a)]. (3.79)

The phase and group velocity cannot be written with an analytic expression, as

in the case of a hollow metallic waveguide, but the general relation still applies

w
Uy = —, 3.80
p 6 ( )
ow
Vg = %, (381)
with the characteristic impedance given by [96]
kO
-~ 0<y<a
Y a<y<b
€,-€qw



3.4. Terahertz-electron interaction

3.4 Terahertz-electron interaction

In this section, the interaction of travelling charged particles, particularly electrons,
with co-propagating THz EM waves is discussed.

Particles of charge ¢, and mass mg in an EM field, experience the Lorentz force
given by [97,98]

dp

E:moa:q(E—kva), (3.83)
where « is the acceleration of the particle, and v the particle velocity. In the
relativistic regime, as the particle velocity gets closer to the speed of light, the
expression for the Lorentz force is modified. The particle velocity can be expressed
in terms of the relativistic momentum and the particle energy. A relativistic electron

of total energy K, has a velocity amplitude of [97]
v=oc/1—— (3.84)

where ¢ is the speed of light and v the Lorentz factor, given by

K 1

T e T I

(3.85)

where 8 = v/c, not to be confused with the propagation constant discussed in §3.3.
The total energy of the particle of the particle can be expressed in terms of the

relativistic momentum

K? = (ymoc?)? = (moc®)* + p - pc? (3.86)

where

p = ymocp. (3.87)

The correction of the relativistic acceleration of a charged particle can be ob-
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3.4. Terahertz-electron interaction

tained from the equation of motion [98]

d d(moyv d(m dv
d_lt) = ( dotfy ) = <d§’y> —i—mo”Y% = moy’ (e - B)B + moyex. (3.88)

Combining Equation 3.88 and Equation 3.83, then the acceleration experienced by
some charged particle of charge ¢ yields [98]

a=-L E+cfxB—(E-B)f). (3.89)

mo7y
The acceleration of a charged particle is inversely proportional to the Lorentz factor,
and there is an extra term that accounts for the EM field transformation from the
EM reference to the particle reference. For the classical model, where 32 — 0 and

v — 1, the classical acceleration written in Equation 3.83 is recovered.
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Chapter 4

Experimental and simulation

techniques

In this chapter, an overview of the different ultrafast laser systems and electron
beam facilities is provided. Moreover, a description of the experimental techniques,
equipment and DLW structures employed is included as well as the simulation tech-
niques and tools used for the numerical solution of the dispersion relation and for

the simulation of the THz-electron interaction.

4.1 Experimental techniques

4.1.1 Ultrafast laser systems

1 mJ regenerative amplifier

The 1 mJ regenerative amplifier system was composed of several lasers, including a
continuous-wave Diode-Pumped Solid-State (DPSS) pump laser (Millenia, Spectra-
Physics), a Q-switched pump laser (Empower, Spectra-Physics), a low pulse-energy
oscillator laser (Tsunami, Spectra-Physics) and a regenerative amplifier (Spitfire
Pro, Spectra-Physics).

The output of the regenerative amplifier produces 100 fs FWHM pulses with a
centre wavelength of 800 nm, a maximum pulse energy of 1 mJ at a 1kHz repeti-
tion rate. A frequency-doubled, continous-wave Nd:YAG laser, emitting at 532 nm
(Millenia, Spectra-Physics) acts as an optical pump for a Ti:sapphire (Ti:AlyO3)

oscillator laser (Tsunami, Spectra-Physics). After successful mode-locking [56,99],
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4.1. Experimental techniques

low-energy ultrafast light pulses with 100 fs FWHM duration emerge from the oscil-
lator laser, centered at 800 nm with a repetition rate of approximately 80 MHz.

The output of the oscillator laser acts as seed for the regenerative amplifier (Spit-
fire Pro, Spectra-Physics). Regenerative amplifiers use chirped pulse amplification
(CPA). This technique exploits the dispersion where component frequencies are sep-
arated in time, thus chirped. In that way, before the light pulse passes through the
gain medium of the amplifier, it first gets dispersed and temporally stretched by a
dispersive delay line consisting of a diffraction-grating pair arrangement. Therefore,
the peak power is much lower as the same pulse energy is now spread out over a
longer period of time. The stretched pulse is then amplified and recompressed by
a second grating pair. CPA allows light amplification that would normally cause
damage to the optical components involved. CPA takes place in the regenerative
amplifier enclosure with the pump laser (Empower, Spectra-Physics) used as the
optical pump as depicted in Figure 4.1.

The output from the regenerative amplifier is linearly polarised ultrafast laser
pulses with 100 fs FWHM duration, a centre wavelength of 800 nm, with approxi-
mately 1 mJ pulse energy at a repetition rate of 1kHz. This laser system is housed

in the Photon Science Institute (PSI), in the Alan Turing Building of The University

L)

800 nm, 1 kHz
100 fs, 1 mJ

of Manchester.

AN A

800 nm

80 MHz
100 fs

Fig. 4.1: Schematic diagram of the laser system. A continuous-wave laser (Millennia)
pumps the mode-locked Ti:sapphire oscillator (Tsunami). The generated 100 fs long pulses
get amplified by CPA in a regenerative amplifier (Spitifire Pro) pumped by a Q-switched

laser (Empower).
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Terawatt laser system

This laser system is housed at the Laser, Terahertz and Terawatt Experiments
(LATTE) laboratory, located in Daresbury. The LATTE lab houses a customised
terawatt (TW) laser system [100] that is capable of producing up to 800 mJ laser
pulses at 10 Hz repetition rate with a centre wavelength of 800 nm and Fourier-
limited pulse duration of 60 fs FWHM. The TW laser system employed a Ti:sapphire
oscillator (Micra, Coherent) which produced 800 nm, 30 fs, 4 nJ pulses at a repetition
rate of 83 MHz. These pulses acted as a seed to a Ti:sapphire based regenerative am-
plifier (Legend, Cohrent) providing 800 nm 50 fs, 2mJ pulses at a 1kHz repetition
rate. The output of the regenerative amplifier was stretched and routed through
a multipass Ti:sapphire amplifier (MPA). Two frequency-doubled Nd:YAG lasers
(Continuum Powerlite II), producing 532 nm, 10ns, 1.5J pulses at 10 Hz repetition
rate acted as a pump for amplification, which, following recompression to 60 fs, re-
sulted in TW peak powers at 10 Hz repetition rate. The compressor for the MPA
was located in a separate vacuum chamber, in order to prevent the breakdown of air
when the pulses undergo compression. The output of the MPA was then delivered to
the electron-beam experimental test user facility area via a metallic beam transport

line under vacuum.

Cockcroft laser system

The Cockcroft laser system is a dual-stage regenerative amplifier, delivering ultra-
fast laser pulses of 35fs FWHM duration, centre wavelength of 800 nm with an
average pulse energy of 11 mJ at a tunable repetition rate. This system consists of
a Ti:Sapphire oscillator (Synergy, Spectra-Physics) which generates the initial pulse
train. Two regenerative amplification stages within the Spitfire ACE then amplify
one pulse out of this train. Each amplification is pumped by a Q-switched laser
system emitting at 527 nm (Ascend-60, Spectra-Physics). The Synergy and the two
Ascend lasers are cooled with a closed-loop chiller system, for greater condition sta-
bility within the laboratory. The output beam is a horizontally polarised, TEMqy
mode beam with a 12mm 1/e* diameter.

The Cockeroft laser system is housed at the LATTE laboratory, located in Dares-

bury. This laser system was dedicated to the 100 keV experimental programme. A
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small fraction of the laser beam was used for photo-excitation of 100keV electrons
after Second Harmonic Generation (SHG), while the rest of the laser beam was used

for THz generation and detection.

4.1.2 THz time-domain spectroscopy

Terahertz Time-Domain Spectroscopy (THz-TDS) is a non-contact technique used
for characterising the far-infrared response of materials and devices over a wide
frequency spectrum. THz-TDS is based on measuring the transmitted electric field
as a function of time. This is realised using the experimental pump-probe technique
as depicted in Figure 4.2. The pulse is split in two beams, the pump and the probe.
The more intense pump beam is used to generate the THz radiation which is then
mapped in the time-domain by the much weaker probe beam. By introducing a
delay to either the pump or probe laser pulse, it is possible to vary the path length,
thus temporally sample the electric field of the THz pulse. The distance, d, the delay
stage can travel and the minimum step size are the only mechanical limitations.
By measuring the changes in both the amplitude and the phase of electric field
of the broadband THz pulse induced by the sample, THz-TDS provides information

Beam splitter THz emitter
(— N\, A
) \
Incident ultrafast Pump pulse
L I
aserpuise THz pulse
\/\f Sample «— EEE——
Probe pulse Lo
s, At=2d/c S ?

Variable delay \ 7/ THz detector

Fig. 4.2: Schematic diagram of a THz time-domain spectroscopy set up, using the pump-
probe experimental technique for the generation and detection of THz pulses using ultra-

fast laser pulses.
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to determine the absorption and the dispersion of the sample over a wide frequency
bandwidth. A comparison of the free space reference THz waveform (where no
sample is present in the beam path) and the waveform transmitted through the
sample allows the determination of the absorption coefficient and the refractive
index of the sample as a function of frequency. THz spectroscopy can cover the
spectral region from 0.1 to 20 THz (1-0.015 mm), with the majority of work being
focused between 0.01 to 3THz (1 mm to 0.1 mm).

4.1.3 Electro-optic detection

Balanced Electro-Optic (EO) detection was used to map out the electric field com-
ponent of the THz waveform by exploiting the birefringence in an EO crystal such
as Zn'Te or GaP. A typical balanced EO detection scheme consists of an EO crystal,
a quarter (\/4) waveplate, a Wollaston prism and two photodiodes as illustrated in

Figure 4.3.

Photodiodes THz pulse
N4
, - i=== plate
[ Lock-in Amplifier ]‘_‘_‘_'_ n
-8 I o | A\
vy Probe /
Wollaston EO crystal pulse
prism

Fig. 4.3: Schematic diagram of a typical EO detection scheme, consisting of an EO

crystal, a quarter waveplate, a Wollaston prism and two photodiodes.

The incident THz electric field induces birefringence in the EO crystal, through
the Pockels’ effect. As a result, the polarisation state of the optical probe beam that
is co-propagating with the THz pulse in the EO crystal, is modified. This phase
modulation of the probe beam is proportional to the THz electric field amplitude.
The refractive indices nq, ns, for light polarised along two different axes of the EO
crystal are

Loy Loy
ny = ng+ 5 (Tlo TETHZ) ) Ng = Ng — 5 (no TETHZ) s (41)
where nyq is the refractive index of the probe beam in the EO crystal, r the electro-

optic coefficient of the crystal and Ery, the THz electric field amplitude. Polarised
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light propagating through a crystal of thickness L, will experience phase shift of

¢ = QTWnlL; ¢ = QTWHzL, (4.2)
with a relative phase shift I' = ¢y — ¢o. Here A is the wavelength of the probe beam.
With no THz radiation applied on the EO crystal, the probe beam, which is initially
linearly polarised, would pass through with no phase shift. Consequently, upon the
the A\/4 waveplate, which is set with the optic axis at 45° to incident polarisation,
it becomes circularly polarised. The probe beam then gets separated into two or-
thogonally polarised components by the Wollaston prism. The two components are
measured by the two photodiodes after the Wollaston prism. The measured signal
is the difference between the two photodiodes readings, which is equal to zero when
THz radiation is absent, hence balanced.

However, when THz radiation is propagating through the EO crystal, the probe
beam would be elliptically polarised and this will have as a result two unequal compo-
nents emerging from the Wollaston prism. This measured difference is proportional
to the applied THz electric field, Ery,. Planken et al. [76] have demonstrated that
the relative phase shift I' is related by the ratio of the difference in measured inten-
sities of the two photodiodes, AI, and with the total intensity of the probe beam,
Iy. Therefore, rearranging Equations (4.1) and (4.2), the Ery, is given by

Al A

1
=4 - 4.3
Iy 2rng3r L t’ (4.3)

ETHZ =

where ¢ is the Fresnel transmission coefficient which for normal incidence is equal to

2n;
t=—"—, (4.4)
N + NTH
where n; and nry, are the refractive indices of air and of the EO crystal respectively,
at THz frequencies. This correction factor takes into account the losses arising

from the refractive index mismatch between the crystal-air interface, resulting in

reflections of the THz radiation.
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4.2 Electron beam facilities

4.2.1 The Compact Linear Accelerator for Research and

Applications

The Compact Linear Accelerator for Research and Applications (CLARA) is a re-
search facility based at Daresbury Laboratory [101]. The accelerator had an ex-
perimental area, Beam Area 1 (BA1l), in which experiments could be performed
during the exploitation time. At the time, January 2019, CLARA provided electron
bunches with energy of 35 MeV. A block diagram of the user area BA1 can be seen
in Figure4.4, with the main optics and diagnostics illustrated.

A copper cathode is excited by 266 nm, 2 ps FWHM photoinjector laser pulses at
a repetition rate of 10 Hz, producing electron bunches that are initially accelerated
in a 3 GHz RF gun to 5 MeV. Subsequently, the bunches are transported to a Linear
Accelerator (LINAC) for further acceleration up to 35 MeV. The relativistic electron
bunches are transported to BA1 using a magnetic dog leg. The phase of the RF
LINAC is configurable, so that the energy chirp of the bunch is adjusted accordingly.
BAL1 is isolated from the rest of the beamline by a concrete shield wall.

In Figure4.4, the beam optics and diagnostics along with the vacuum chamber
are illustrated. The chamber was provided to the user to install the necessary optical

From cathode BEAM AREA 1

18 m 20m 22 m 24 m

=
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Egi I 1 i [ 1 i Alignment
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Fig. 4.4: Block diagram of beam area 1, the experimental area used during the exploita-

tion time of the CLARA electron accelerator.

70



4.2. Electron beam facilities

components and structures, for the undergoing experiment. A number of quadrupole
magnets allowed for focussing or imaging of the electron bunches through the in-
teraction region and onto the energy spectrometer. At the exit of the chamber, a
downstream quadrupole triplet was used to match the beam into the energy spec-
trometer. The energy spectrometer consists of the dipole, a final quadrupole magnet
(QUAD-07) and a YAG screen (YAG-03). The charge of the electron beam could
be varied by adjusting the intensity of the photo-injector laser (not shown). Next to
the chamber, an optical table was installed, giving the option of having an optical
set up for the ongoing experiment. The diagram of the optical set up for the work

on CLARA, is given in Chapter 6.

4.2.2 100keV electron gun

The 100keV electron gun system employed a commercial electron gun, EGH-8121A
from Kimball Physics. This system was capable of producing electron bunches with
an energy range of between 10keV and 100 keV with an increment of 10keV. The
gun consisted of two main sections; a tetrode-configured electron source and a focus-
deflection system as can be seen in Figure4.5.

The first section comprises a bootstrap cathode, a control grid aperture (Wehnelt),
a variable first anode and a grounded second anode. The particles are generated and
accelerated to their final kinetic energy in this section of the gun, which is contained
in the High Voltage (HV) shield. The HV shield is a pod-shaped structure, supplied
by high voltage and it is mounted on a large tapered insulator.

The cathode used was a 200 um by 200 um lanthanum hexaboride (LaB6) crys-
tal. The electron gun had the capability of being operated in either thermionic
emission mode or photo-emission mode or in a combination of the two. For ini-
tial set-up and alignment, the thermionic mode was used, and for the generation
of a few-picoseconds electron bunches, photo-emission mode was used by employing
ultrashort laser pulses with photon energy higher than the bandgap of the crystal
(<460 nm). The Wehnelt cylinder acted as a control grid, adjusting the amount of
charge that would eventually reach the accelerating stage of the gun. A negative
bias voltage with respect to the bootstrap cathode would eventually suppress the
extraction field from the first anode and photo-emitter.

The first anode consisted of a short tube with an aperture at the end. A variable
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Fig. 4.5: Block diagram of the 100 keV electron gun taken from [102].

potential was applied on the first anode, creating a potential difference between the
cathode and the photo-emitter, also known as extraction field. The extraction field
would determine the number of electrons getting extracted from the cathode thus
the emission current. The extraction field would also determine the path of the
electrons and the resulting divergence of the beam. The second anode is a separate
grounded tube, with an aperture at both ends. The potential difference between
the cathode and the second anode would determine the final kinetic energy of the
electrons.

The particle beam is further focused and positioned in the second section of
the gun. Built-in magnetic focusing lens and deflecting element were used for the
imaging of the electron beam onto the detector. A solenoid magnet was used as the
focussing element, and two deflecting coil magnets to steer the beam in the vertical
and horizontal direction, respectively. The lens current required to produce a focus
at a certain distance is dependent on the beam energy. The same applied for the
positioning of the beam using the deflecting coils.

The electron gun system is attached to a vacuum chamber and kept under vac-
uum. The electron gun system and the chamber could be isolated from each other
by manual-driven gate valves, so the chamber could be vented while the electron gun
system was kept under vacuum. On the other end of the chamber, a Microchannel

Plate (MCP) detector was attached to detect the electrons. The MCP acted as
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an amplifier of the number of electrons through secondary electron emission, which
was then detected on a phosphor screen with a CCD camera (mvBlueCOUGAR-
X, MatrixVision). The MCP plate was kept at a bias voltage of 1kV, in order to
accelerate the secondary electrons onto the phosphor screen, which was kept at a
bias voltage of 5kV. The voltage potential difference between the MCP exit to the
screen, resulted in gaining factors of up to 10* within a single plate. The electron
gun system was operated at photo-emission mode, driven by a UV pulse at 400 nm,

producing electrons at energy of 100 keV, unless stated otherwise.

4.2.3 DLW structures

The DLW structures were designed to manipulate 100keV and 35MeV electron
beams, driven with THz pulses at central frequency of approximately 0.5 THz. As
illustrated in Figure 4.6, the structure consisted of two major sections, the coupler
and the waveguide. The structures were manufactured by the Millimetre-Wave
Technology (MMT) Group of the Rutherford Appleton Laboratory (RAL)-Space.
The coupler is a copper linearly tapered horn with an entrance aperture width
w,, height b, and length L.. The coupler flares down to aperture width of w and
aperture height of 2b. The purpose of the coupler was to efficiently couple the

vertically polarised free space THz pulse into the desired LSM,,,,, waveguide mode.

Fig. 4.6: Cross-sectional view about the y-axis of the DLW structure consisted of the
linearly tapered coupler and the waveguide lined at the top and bottom with dielectric

leaving free space aperture for electron beam propagation along the z-direction.
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This also reduced reflections arising from the mismatch between the transverse field
distribution of the free space TEM,,,, Gaussian mode and the LSM,,, waveguide
mode [103]. The coupler was designed and modelled for the transmission of a broad-
band THz pulse into the correct mode of the waveguide, centred at approximately
0.5 THz [104]. For the optimisation of the coupler design, pulse propagation simu-
lations through the horn and a small section of the waveguide were performed using
the Time Domain Solver in CST Studio Suite [104]. For fixed transverse dimensions,
w, and b., mainly limited to manufacturing tolerances, the length of the coupler was
investigated in order to maximise the transmission of the LSM,,,, mode, and min-
imising the reflections. A collimated broadband THz pulse, centred at 0.5 THz, was
considered for the simulations. The simulations were performed in the frequency
range from 0.01 to 2THz in order to cover the relevant spectrum of the excita-
tion pulse. The structure was not designed to couple out the THz radiation, as an
additional coupler at the exit would have been required.

The structure was milled with the coupler and the waveguide incorporated in
the copper block. The waveguide design was hollow, rectangular copper cavity with
the dielectric lining of thickness d, bonded on the top and bottom waveguide walls
with glycol phthalate (Crystalbond adhesive). The particular adhesive has been
investigated in THz spectroscopic studies [105], showing negligible absorption in the
THz regime (0.01 - 6 THz). The dielectric of choice was fused quartz, and it was
purchased in sheets of fixed thickness and width with a manufacturing tolerance of
+10 um. The relative permittivity €, of fused quartz in the THz regime has been
reported to be 3.81 [106,107], and this value was considered for all the calculations
and data analysis. A free space aperture of height 2a was left for particle-beam
propagation. The transverse dimensions of the waveguide w and b as well as the
dielectric-thickness d, were tailored to match the phase velocity of the LSM,,,,, mode
to the velocity of the copropagating electrons at approximately 0.5 THz. The pa-

rameters of the two manufactured DLW structures are summarised in Table4.1.
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Table 4.1: Parameter list of the DLW structures manufactured, designed for the manip-

ulation of 100keV and 35MeV electron beams, respectively.

DLW structure design
Parameter 100 keV streaking | 35 MeV acceleration
2a (pm) 200 575
w (mm) 1 1.2
d (pm) 240 60
L (mm) 5, 10 30
€r 3.81 3.81
be (mm) 5 3.25
w, (mm) 10 3.18
L. (mm) 44 23
Operating mode LSMy; LSM;

4.3 Simulation techniques

In this section, the simulation techniques and modelling tools employed through-
out the thesis are described. The numerical solution of the dispersion relation for
the LSM,,,,, modes is outlined as well as the evolution of the EM fields inside the
DLW. Upon evaluating the transient EM fields inside the transmission line, the
THz-electron interaction was modelled, by tracking and updating the 6D phase

space evolution of the electron beam.

4.3.1 Propagation constant solver

In a hollow metallic waveguide, for a propagating wave, where f > f., the phase
velocity is typically greater than the speed of light, as Equation 3.48 denotes. The
limit of v, as f approaches f. equals to infinity, and as f approaches infinity, v, = c.
Moreover, the cut-off frequency depends solely on the geometry of the waveguide.
The implementation of dielectric slabs, modifies the evaluation of the propagation
constant, depending on the choice and the thickness of the dielectric material. There-

fore, the v, of a supported LSM,,,, mode can be tuned at sub-luminal velocities,

75



4.3. Simulation techniques

matching the velocity of co-propagating electrons at a certain frequency. Conse-
quently, by implementing dielectric slabs to a metallic waveguide, and tweaking the
geometry of the structure, the THz-electron interaction can be optimised.

As discussed in §3.3.2, the longitudinal propagation constant [(,,,, for the sup-
ported LSM,,,, modes in a DLW, do not have an analytical expression. The dis-
persion relation has to be solved numerically at every frequency, and then an inter-
polation is used over a frequency range. A root finding routine was developed in

MATLAB, in order to find the solution to the characteristic equations

1 0 0 [0
9(f, Bum) = kysinfk, (b — a)] cos[kja] + e k) sin[k)a] cos[k, (b — a)], for n=0,2,4, ..

1 . 1 : 0 0 0 1
q(f, Bum) = ky sinlk, (b — a)]sin[k,a] — €.k, cos[k,a] cos[k, (b — a)], forn=1,3,5,..

are function of the transversal wavenumbers k:g and kzlﬁ which are functions of f and
Bnm as denoted in Equations 3.60 and 3.61, respectively. The function g(f, Bum) cor-
responds to the even solutions of the LSM,,,,, modes, whereas q(f, 5,,) corresponds
to the odd solutions of the LSM,,,,, modes.

Due to the transcendental form of the characteristic equations, for certain given
input parameters, n discrete solutions exist, with the higher n-th harmonics appear-
ing at higher frequencies. In this thesis, only the fundamental LSM,,,, modes are
of interest, where n = 0, m = 1 for the case of the even modes and n =1, m =1
for the case of the odd modes. Therefore, a custom-written root search routine was
employed, which tracks the solution of the n-th mode.

The root searching routine uses as input parameters the geometry of the waveg-
uide, namely, the width w, half-vacuum aperture a, the dielectric thickness d, the
relative permittivity of the dielectric €., the mode index m, and the enquired fre-
quency f. For every set of input parameters, the characteristic equations are evalu-
ated as a function of 8. In Figure4.8, a block diagram illustrating the flowchart of
the propagation constant solver algorithm is depicted.

Here as an example, the parameters of the 100 keV structure outlined in Table 4.1
are used, evaluated at f = 1THz, and m = 1 for each symmetry. The evaluation
of the characteristic equations ¢(f8,1) and ¢(5,1) are shown in Figure4.7(a) and
4.7(b), respectively. In general, the characteristic equations have a real and an

imaginary component. However, for the given geometry, g(/5,1) has only a real non-
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Fig. 4.7: The real (blue) and imaginary part (red) of the characteristic equation (a)

9(Bnm) and (b) q(Bnm), evaluated as a function of 8,1, at f = 1THz. The waveguide

geometry of the 100keV DLW structure, summarised in Table4.1, was used as input

parameters. In green solid line, the sign function of the characteristic equation is shown

and in dashed lines, the n-th roots are denoted for each symmetry.
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zero component. The characteristic equation g(f,;) is evaluated at trial range of
By, and a resolution of §3,. The maximum value of 3, is set to 27 f /€, /c, and
df, is arbitrarily chosen. The first solution, where g(3,) = 0, corresponds to the
fundamental mode of the enquired symmetry, whereas the higher harmonics appear
at smaller values of 3,. The analysis here will focus on the solution of the even modes,
where similar analysis applies for the odd modes, but with different notation.

To estimate the number of roots and the range in which each root lies, the signum
function of R[g(B,1)] is calculated, as depicted in green line in Figure4.7(a). The
signum function returns an array the same size as (3,, where each element is equal
to 1 if ¢(B,(7)) > 0, equal to 0 if g(B,(7)) = 0 and equal to -1 if g(B,(i)) < 0,
where i is the index number of the array [,(i). Subsequently, the indices i,
of which the derivative of the signum function has a non-zero value are found,
Sign'[g(B,(i™))] # 0, where 3,(i™) correspond to an approximation of the n-th

root. The interval in which the n-th root lies, is given by
Aﬁén) — 59(2'(71) + 1) _ Bg(i(n) _ 1) — A _ B("),

where A™ and B™ define the upper and lower bound of ABS(,”).

The Bisection method was then employed in order to numerically find the n-th
root which is bracketed in the Aﬁén) interval. The Bisection method is also known as
the Bolzano’s or Half Interval method, and it was chosen as it is a relatively simple
to implement routine, it is always convergent, by increasing the number of iteration,
Niter, yields to more accurate solution and the error bound is controllable [108].
The Bisection method was also found to be computationally efficient in the case of
multiple roots.

As illustrated in the flowchart in Figure4.8, the principle behind the Bisection
method is the intermediate theorem for continuous functions [109]. The midpoint
of the interval Aﬁé") is calculated, C™ then if the product g(A™) . g(C™) is
negative, the root exists in the interval [A™ C™)]. In the next iteration, the upper
bound is replaced by B™ = C(™ and a new midpoint is evaluated. If the product is
positive, then the lower bound of the interval is replaced by A™ = C™  accordingly.
At each iteration, the interval is divided, until the solution found is smaller than

a user-defined tolerance, g(C™) < tol, or when the process reaches the maximum
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number of iterations, Nj,. When a solution satisfies either of the two conditions,
the value of the propagation constant is given as an output S,,(f) = C™. The
Bisection method is repeated for all n intervals. The propagation constant solver
algorithm was nested in a for-loop, executed for each inquired frequency.

In Figure 4.9, the propagation constant of the first 6 LSM,,; modes are plot-
ted, as a function of frequency. The black dashed and dotted lines, indicate the

DLW parameters:
W, a, da 8[7 m

I

Start

<« Frequency: f

\J

{ Bisection method }

Fig. 4.8: Block diagram for the propagation constant solver routine, solving numerically
the characteristic equations of the LSM,,,,, modes, for given structure geometry parameters

and frequency.
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wavenumbers of plane waves for a dielectric material €, = 3.81, and for vacuum,
respectively. As can be seen, the cut-off frequency is higher for higher harmonics.
Unlike the TE/TM modes in a hollow metallic waveguide, the propagation constant
can take values higher than the vacuum wavenumber, achieving sub-luminal phase
velocities, whilst leaving a vacuum aperture channel for particle propagation. In this
way, the propagating EM wave inside the DLW, can be phase velocity-matched with
the propagating particles, enhancing the THz-particle interaction. The upper limit
of the propagation constant is defined by the choice of dielectric, given by w/€,/c,
plotted in dashed line in Figure4.9.
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Fig. 4.9: Propagation constant of the LSM,,; modes, where n = 0, 1, ..., 5. The waveguide
geometry of the 100keV DLW structure, summarised in Table4.1, was used. The black
dotted and dashed lines indicate the wavenumbers for vacuum and for a dielectric material

of €, = 3.81, respectively.
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4.3.2 THz-electron interaction

In order to simulate the interaction of the electrons with the EM fields, the equation
of motion, described in Equation 3.89, needs to be solved. In the simulations, each
particle is characterised by a 6-dimensional phase space, where its position and
velocity is described in Cartesian coordinates, p, (%, v, 2, Bz, By, B-), where B = v/c,
n the index number of the particle and ¢; is the time instance index. An electron
bunch propagating through a DLW structure, is a system consisted of N number
particles, depending on the charge e.g. a 1fC bunch corresponds to approximately
6x10% electrons.

The 6D phase space of a particle at t;, can be expressed by the concatenation
of a 3-dimensionsal position vector, r,,,, and and a 3-dimensional velocity vector,

B+, to make a 6D vector given by

r

B

(4.5)

The phase space evolution of a particle can be simulated by solving the equation of
motion described by Equation 3.89. Nevertheless, the evolution of a system consisted
of N particles cannot be described with an analytical expression, as it depends on
the initial phase space condition of each particle. Therefore, numerical methods are
used in order to perform the particle dynamics simulations. Here, the particle index
n will be omitted for conciseness.

Equation 3.89 is a second-order, non-linear, homogeneous, ordinary differential
equation. However, Equation 3.89 can be written in the form of a first-order ordinary
differential equation, by expressing it in terms of the first time-derivative [110]

g q

ftB) =3 = moy(B)

(Et, + ¢By, x By, — (Ey, - 8,)8,.) - (4.6)

Given the initial conditions, 8, = B, at the intial time o, the solution

Btiﬂ = /Bti + hf(tia ﬁti)a (4'7)
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can then be approximated. Here h = ;1 — t; is the time step, which is arbitrarily
chosen and kept as a constant throughout the whole simulation process. Equation4.7
describes ‘the Fuler method’, which consists the simplest method of solving ordinary
differential equations [110,111]. A system is advanced by a sequence of small time
intervals, h. Although, in each time step, the rate of change of the solution is
treated as constant and is found at the beginning of the interval. As a result, the
truncation error per time step associated with this method is greater than more
advanced methods, making it prone to numerical instabilities [111,112].

In this thesis, the Runge-Kutta 4th-order method (RK4) will be adapted. RK4
is a well known and widely used method for numerically integrating ordinary dif-
ferential equations [110,112]. Moreover, the RK4 method is easy to implement,
stable and suitable for energy conversation which is essential for this model. The
main principle behind the RK4 method is performing a more symmetric integration
across the time interval, by using 4 trial steps per interval, resulting in a more ac-
curate solution. The approached solution obtained using the RK4 method can be

expressed as
ﬁti+1 = ﬁti + h§<t’w /Bti)v (48)

where {(t;, 3,,) is the increment function, which is interpreted as the weighted slope

over the interval h. The increment function formalism is [113,114]
1
£(ts, By,) = G (ky + 2Ky + 2ks + ky) (4.9)

where the constants k, are given by [113,114]

kl = f(tiaﬂti))

h h
k2 = f(tz + §7ﬁti + §k1)7

h h
ks = f(t; + 5,/3@ + §k2)7

ky = f(ti + h, B, + hks).

(4.10)

In each time step, the velocity vector of the particle is advanced using the RK4 in-
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tegration method according to Equation 4.9, and the position vector is also updated

by
’rt1‘+1 = ’rti + hﬁtz (411)

The EM fields inside the waveguide, are modelled by their analytic expressions
described by the Equations 3.62-3.67 for the LSMy; mode, and Equations 3.71-3.76
for the LSM;; mode. For a given waveguide geometry, the propagation constant
relation is obtained by using the propagation constant solver routine discussed in
§4.3.1. Then, the transient profile of the injected pulse is either user-defined or
an electro-optic measurement is used as an input. For the case of the user-defined
waveform, the corresponding amplitude spectrum is modelled according to a modi-

fied Gaussian distribution
U(w) = exp _<(W_W0))2<ﬂ>m (4.12)
V20, w/ |’ '

where wy is the centre frequency, o, the standard deviation and z the source-
dependant frequency-decay coefficient. For these simulations, the spectral Full
Width at Half Maximum (FWHM) bandwidth is defined as Aw = 24/In(2) o,,. The
equivalent 1/e? of the field width is given by 7 = TBP/(In(2)o,,), where TBP is the
Time-Bandwidth Product, which is approximately 0.441 for Gaussian distributions.

Only the EM fields inside the vacuum aperture channel were modelled, as it is
where the interaction takes place. As an example here, the EM fields of the LSMq;
mode are evaluated for a single-cycle pulse with wy = 0.5THz and 7 = 3.5ps,
which corresponds to a bandwidth of Aw = 300 GHz. In Figure4.10, the transient
excitation signal is plotted, along with the corresponding spectral amplitude used
for the model.

The geometry parameters of the 100keV DLW structure, summarised in Ta-
ble4.1, are used here. As can be seen from Equations3.62-3.67, the electric and
magnetic field components are function of the longitudinal propagation constant £y,
and frequency. Therefore, Equations 3.62-3.67 are evaluated at each frequency, and
the weighted mean is then obtained, using the amplitude spectrum as the weighting

function. It should be noted, that the values for frequencies below the f. are not
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Fig. 4.10: (a) The waveform and (b) the corresponding amplitude spectrum used as the
excitation signal for the modelling of the EM field pattern of the LSMg; mode.

considered, as this frequency range corresponds to evanescent waves.

In Figure4.11, the electric field components of the LSMy; mode are depicted
as a function of the horizontal and vertical position of the vacuum aperture. The
intensity has been normalised so that the peak of the of the E,-component is equal
to 1V/m on-axis, E,(x =0, y = 0) = 1V/m. It should be noted, that E, is plotted
with a 7/2 phase shift with regard to E, and E, in Figure4.11. The phase shift
between the peaks of the E, and the E, components, is evident from Equation 3.64.

This can be illustrated in Figure4.12, where the E, and the E, components are

E,
0.1
0.05
-0.05
0.1
0

E.

0.1 0.1

0.05 0.05

y -position (mm)
o

y-position (mm)
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[ [ [
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Fig. 4.11: The modelled electric field components of the LSMy; mode, in the vacuum
region, as a function of the transversal positions. The E, component is in a 7/2 phase

shift in respect with E, and E,,.
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Fig. 4.12: The modelled E, and E, components of the LSMp; mode, in the vacuum

region, as a function of the vertical and the longitudinal position, at x = 0 mm.

plotted as a function of the vertical and longitudinal position on the = 0 mm plane
of the waveguide. The E, is not plotted, as it has a zero-value at the x = O mm
plane. For this illustration, a simple sine wave was used as the transient profile. The
dependency of the electric components on the transversal directions can be observed
from Figure4.11. E, is symmetrical about the = Omm and y = Omm plane,
whereas E, is symmetrical only about the = Omm plane and anti-symmetrical
about the y = 0mm plane. E, is anti-symmetrical in both planes. Consequently,
the E, component has a zero-value along the XZ-plane. E, rises along the dielectric-
vacuum interface, |y| = 0.1 mm. Therefore, the DLW structure could be employed
as an ultrafast electron-streaker when operated in the LSMy; mode.

In order to simulate the THz-electron interaction, a script was developed in
MATLAB, which encapsulated a number of sub-routines, each one assigned for the

execution of a specific part of the simulation. The script was adapted using the
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Particle-in-Cell (PIC) method, which is widely used in Plasma Physics [115-120].
PIC method is a class of numerical simulation methods used to model the time
evolution of the EM fields and of virtual particles in the system phase space. A dis-
cretised representation of the EM fields over the simulation domain is obtained by a
rectilinear grid, as depicted in Figure4.13. Each mesh cell represents a small volume
in space where the electric and magnetic field are computed. The accuracy of the
simulation is proportional to the number of mesh cells, however, the total simulation
time is directly impacted as well. Therefore, a good compromise between simula-
tion speed and accuracy is reached. As a general-principle, the smallest wavelength
of interest must be spatially sampled at a rate of 10 mesh cells per wavelength.
Consequently, the longitudinal dimension of a mesh cell, dz, is constrained by the
highest frequency sampled in the simulation, and according to the Nyquist rate

theorem [121]
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Fig. 4.13: Illustration of the calculation domain, discretised by a rectilinear grid, where
the EM fields are computed. Slice planes of the E, component at x = Omm and at

y = 0mm.
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1 €
10 fmax

5

dz <

(4.13)

where f.x is the sampling frequency.

The complete block diagram illustrating the flowchart of the THz-electron in-
teraction algorithm based on the PIC method is depicted in Figure4.14. The mesh
generator subroutine, takes as input the physical size of the vacuum channel of the
waveguide, and the cell size drxdyxdz. In Figure4.13, the computational volume
is depicted, discretised by the mesh grid lines. The slice planes of the E,(z,y, 2)
component, orthogonal to the z-axis at = 0 mm and to the y-axis at y = 0 mm are
drawn, as an example. An interpolated colouring has been used for the face colour
of the mesh surfaces. A less coarse mesh grid is illustrated, for clarity.

The particles are defined in continuum space in both position and velocity. The
particle distribution with initial conditions, is either user-defined or imported from
an external file generated by a commercial software package such as the General-
Particle-Tracer (GPT) [122,123]. An overview of the principles of GPT is given in
the Appendix. Likewise, the excitation signal is either user-defined or imported from
an external file. With the time step size and total transit time (TT) defined, the
Phase Space Evolution (PSE) subroutine is executed. PSE is an iterative procedure
where the EM fields and the particles are pushed in time. At each time point, the EM
fields of the desired LSM,,,,, are computed on the mesh grid of the simulation domain.
Subsequently, a grid-to-particle interpolation is performed in order to calculate the
EM field value at each particle position. The intrinsic cubic interpolation MATLAB
function interp3() was employed. Then the phase space of the particle bunch is
evolved by solving the equation of motion with the RK4 method, following with a
particle boundary condition inspection. If any particles escape from the boundaries
of the simulation domain, then the particle is marked as out-of-bound. Finally, the
waveform of the excitation signal is advanced one time step by using the propagation
constant of the LSM,,,,, mode, until the total transit time is reached.

At each time point, the trajectories and momenta of the macroparticles are stored
into matrices. The resultant particle distribution is then transported onto a screen,
via a transfer matrix [98,124], of drift length L. Then the imaged transverse profile

of the particle bunch is tracked as a function of the relative time delay between
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4.3. Simulation techniques

the bunch and the EM fields. Simulations supporting the experiments discussed in
Chapter 7, were performed using this method, in order to interpret the experimental

observables, and extract the longitudinal profile of the particle beam.

DLW parameters:
] Wi G En
Partlcle source / (

Particle source
file from GPT

parameters:
N, r, B

Specify mesh cell size:
dx, dy, dz

Y

Exc1tatlortl slgnal Flecimajaiie
Mesh garame Crs: measurement file
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Propagation Assign temporal step size
constant solver and Transit Time:
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\ ) =1 )

LSMnm_fields
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Interpolation to particle

Waveform evolution
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Fig. 4.14: Flowchart of the THz-electron simulation routine, by implementing the PIC
method.
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Chapter 5

Characterisation of the dispersion
relation of a 100 keV DLW

structure

5.1 Overview

In this chapter, the structure designed for manipulation of 100 keV electron beams,
was experimentally characterised. The structure was designed to achieve THz phase
velocity matching with co-propagating 100 keV electron bunches. In order to con-
firm the phase-matching capability, the propagation constant of the structure was
measured.

The propagation constant of the DLW transmission line was determined by em-
ploying a custom-built THz time-domain spectrometer §4.1.2. Free space reference
waveforms and transmitted through the DLW structures waveforms of the THz
radiation were recorded and then analysed. From the analysis, the propagation
characteristics of both the waveguide and the integrated coupler was determined.
Moreover, the experimental results were then compared with the simulations and

the operational frequency of the structure was experimentally determined.
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5.2 Experimental method

5.2.1 Experimental apparatus

A schematic diagram of the experimental setup is illustrated in Figure 5.1. The
experimental setup was based on a THz time-domain spectrometer (see §4.1.2). The
input laser beam was produced by the 1mJ regenerative amplifier system (§4.1.1),
providing 100 fs FWHM long laser pulses with centre wavelength of 800 nm, 500 pJ
pulse energy and at a repetition rate of 1kHz. The incident laser beam was split
into a pump beam for THz generation and a probe beam for THz detection with a
90:10 power ratio. The pump beam was expanded to a beam diameter of 20 mm,
using a Galilean telescope, consisted of a plano-concave and a plano-convex lens
configuration, f; =-100mm and f; =200 mm respectively. The expanded pump
beam was used to excite a 25 x 25 mm spintronic source with the residual transmitted
800 nm light beam blocked by a 800 nm filter which was a black card.

A 2mm-thick, (110)-cut Zinc Telluride (ZnTe) crystal was used in this exper-
iment for the EO detection. The EO crystal, ZnTe, was placed right at the exit

800 nm, 100 fs

Delay Stage
1kHz, 500 pJ Probe Beam “—>>
" ” ]
90/10 BS /N
f=101.6 mm ZnTe 50/50  f5=750 mm
Pump ¢ v
Beam
Spintronic I-H
Source
Optical . N4 Photo-
Chopper l Coupler DLVy plate diodes
20mm @ * NI B P e :
Purge Box ey |
Wollaston :
Prism :

D A

--------------------------------------------------------------- [Lock-in Amplifier [..

Fig. 5.1: Schematic diagram of the experimental THz-TDS setup showing the generation
and coupling of the THz radiation into the DLW followed by a standard back-reflection

geometry EO detection scheme.
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5.2. Experimental method

of the DLW structure in order to maximise the output signal. To realise this, a
back-reflection geometry was employed, with the probe beam sent through the back
of the detection crystal and then reflected off the front face before co-propagating
back through the crystal with the THz pulse. A plano-convex lens, with focal length
of f3 = 750 mm, was used to focus the probe beam to a beam diameter of approxi-
mately 100 pm at the EO crystal. For the transverse control of the position of the
probe beam, two manual linear translation stages were used in conjunction.

In order to reduce the influence of water vapour absorption on the THz spectral
measurements, the THz generation process and transmission measurements were
contained in an enclosure as depicted in Figure 5.1. The air in the enclosure was
purged down at a relative humidity of approximately 5 %, as monitored by a humid-
ity probe. All measurements were carried out at room temperature.

The parameters of the DLW structure under investigation are summarised in
Table 5.1. The ‘cut-back’ technique [125-127] was used to determine the propagation
constant of the waveguide. In order to realise this, two identical structures were
manufactured with waveguide lengths of 5mm and 10 mm respectively. The rest
of the parameters were the same. For the reference pulse measurement, the DLW
structure was removed from the optical set up, with the EO crystal remaining at

the same place.

Table 5.1: Parameter list of the DLW structure, designed for the manipulation of 100 keV

electron beams. Manufacturing tolerances are of the order of 10 um.

Waveguide Coupler
Parameter Value | Parameter Value
a (pm) 100 | b. (mm) 5
w (mm) 1| w, (mm) 10
L (mm) 5,10 | L, (mm) 44
d (pm) 240
€ 3.81
f. (THz) 0.1
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5.2. Experimental method

5.2.2 THz source

The THz emitter employed was a bilayer metallic structure consisting of a 2nm
CoFeB layer and a 2nm Pt layer, deposited on a 500 pm-thick MgO substrate by DC-
magnetron sputtering. A horizontally magnetic field was applied on the spintronic
source, by two 25 mm-diameter neodymium disc magnets as illustrated in Figure
5.2. This ensured that vertically polarised THz radiation was generated upon optical
excitation. The residual optical pump beam was blocked by a 800 nm filter. The
mount holder of the spintronic sample was plastic, with nylon screws, assuring that
no magnetic distortions would be induced.

The magnetic field produced by the two magnets was approximately 100mT as
measured using a Hall probe. This was above the saturation level required for the
particular spintronic sample [128]. The sample was excited at normal incidence,
with the emitted THz radiation collected with a 2-inch diameter, gold coated, off-
axis parabolic (OAP) mirror with a reflective focal length of 101.8 mm. The THz

radiation was then propagated into the coupler of the DLW structure.

Pump beam

Magnet

|—>Pt—2nm

CoFeB -2 nm
— MgO — 500 um

THz beam

Magnet

Fig. 5.2: Graphical representation of the vertically polarised THz radiation emission from

the spintronic emitter via optical excitation. Dimensions not to scale.
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5.3 Results and analysis

5.3.1 Modelling of the DLW structure

The dispersion relation of the two transmission lines composing the DLW structure,
the coupler and the waveguide, was modelled by employing two different techniques.

The propagation constant of the waveguide was calculated using the method
described in §4.3.1. Figure5.3(a) shows the propagation constant of the LSMy;
mode corresponding to the waveguide parameters listed in Table 5.1. Moreover,
the propagation constant of the fundamental TE;y mode for the analogous hollow
metallic waveguide, is plotted in Figure5.3(a). The cut-off frequency, f. of the
LSMgy; mode was calculated to be 0.11 THz, whereas for the TE;qy mode, it was
ascertained to be approximately 0.15 THz. The black dashed and solid lines depict
the wavenumbers for vacuum and for a dielectric material of €, = 3.81, respectively.
The choice of the dielectric, sets an upper limit that the propagation constant of
the LSM,,,,, mode can achieve. Similarly for the hollow waveguide, the propagation
constant can be less than or equal to the vacuum wavenumber.

Figure 5.3(b) depicts the phase and group velocity of the LSMg; and TE;, mode.
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Fig. 5.3: (a) Calculated propagation constant of the LMSp; and TE;p mode for the
waveguide parameters given in Table 5.1. The black dashed and solid lines indicate the
wavenumbers for vacuum and for a dielectric material of e, = 3.81, respectively. (b)

Calculated phase and group velocity of the LSMy; and TE;g mode.
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5.3. Results and analysis

The effect of the dielectric linings in a waveguide is evident as with the addition of
the dielectric-linings, sub-luminal phase velocities can potentially be achieved inside
the transmission line. In the case of the hollow waveguide, the phase velocity is
typically greater than the speed of light. The phase velocity approaches infinity to
the limit of f — f., while the group velocity is equal to zero for f = f..

The propagation constant of the LSMy; mode was calculated as a function of
the waveguide parameters in order to investigate the effect of those parameters.
The base parameters that have been used, are summarised in Table 5.1. As can be
seen in Figureb5.4, the half vacuum aperture, a, the dielectric thickness, d, and the
width, w, were the free variables for the parameter sweep. The phase velocity as a
function of frequency was calculated, with the fixed variables displayed on the top of

(@) w=1mm,d =240 ym, e, = 3.81  (b) 350 w = 1mm, o = 100 um, ¢, = 3.81

150
0.4 0.45 0.5 0.55 0.6 0.4 0.45 0.5 0.55 0.6

Frequency (THz) Frequency (THz)
(c) a =100 pm, d = 240pm, ¢, = 3.81 (d) w=1mm, ¢, = 3.81, f =0.47 THz

0.4 0.45 0.5 0.55 0.6 150 200 250 300 350
Frequnecy (THz) Phase Velocity (c) d (pm)

L TN
053 0535 054 0545 055 0555 056  0.565

Fig. 5.4: Phase velocity of the LSMy; mode as a function of the (a) half vacuum aperture
a , (b) the dielectric thickness d, (c¢) the width w, and (d) as a function of o and d at
0.47 THz. Solid black line shows the velocity of 100keV electrons.
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5.3. Results and analysis

each parameter sweep. The solid black line depicts the parameter combinations for
which the phase velocity of the LSMy; mode is matched to the velocity of 100 keV
electrons.

The effect of the half vacuum height «, is outlined in Figure5.4(a). As can
be seen, the phase-matched operational frequency, f,p, is relatively constant as «
increases, but decreases rapidly as a decreases. The dielectric thickness d, has a
significant role in the tailoring of the phase velocity of the operating frequency as
depicted in Figure 5.4(b). For thicker d, the phase velocity at a certain frequency
drops, and increases as d decreases. The impact of the width of the waveguide, w,
is less dominant as can be seen in Figure 5.4(c), considering that the manufacturing
tolerances are three orders of magnitude smaller. Figure5.4(d), shows how the
phase velocity at 0.47 THz varies for different combinations of a and d. This is
useful for tailoring the structure parameters for different particle beam energies
whilst employing the same driving THz source.

The coupler comprises a linearly tapered horn, therefore the modelling could not
be carried out analytically. The coupler can be approached as a rectangular metallic
waveguide with variable transverse dimensions. The effect of the coupler cannot be
described as propagation constant, as it does not consist of a constant cross-sectional
transmission line. Therefore, the effect of the coupler will be addressed as ‘effective
propagation term’; (..

A simple wave propagation algorithm was developed in order to model the prop-
agation of a broadband pulse though a transmission line. In order to benchmark the
algorithm, the simple example of a uniform transmission line was first examined.
The transmission line comprised of a hollow rectangular waveguide, with transverse
dimensions of ¢ = 1.5 mm and b = 1 mm.

Considering that the TE,,, mode is excited, the transmission line is segmented
into smaller transmission lines, dz, of propagation constant f3,,,. A single-cycle,
broadband THz pulse was then launched directly into the TE,,, mode and the
evolution of the phase space was tracked. An iterative procedure takes position
where the pulse is propagated N times, for a distance dz, for a total distance of
L = N - dz. The dispersion relation can then be obtained.

Figure 5.5 summarises the benchmark results of the algorithm, depicting the

modelled propagation constant as well as the phase and group velocity for the first
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Fig. 5.5: Benchmark results of the wave propagation model developed to obtain (a) the

propagation constant and the corresponding (b) phase and group velocity of the first three

fundamental traverse modes. In scatter plot the theoretical expected values.

harmonic waveguide transverse modes TE;y, TEq; and TE;;. Here, the spatial step

size was dz = 200 um, for a L. = 44 mm-long transmission line. As can be seen from

the benchmarking, the results from the model agree very well with the theoretical

expected values.

For the modelling of ., the transmission line was segmented into N cascaded

hollow rectangular waveguides, of length dz, with variable transverse dimensions.

The fundamental TE;y mode was launched for a single-cycle, broadband pulse, cov-
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5.3. Results and analysis

ering a frequency range of 0.01-3 THz. The spatial step size was set to dz = 200 pm,
for a total length equal to the length of the coupler, L. = 44 mm.

5.3.2 Electro-optic measurements

The free space waveform of the electric field obtained from the spintronic source
can be seen in Figure 5.6. The main pulse, label (a), is a single-cycle THz pulse
with a FWHM of the field envelope of 0.86ps. More pulses appear on the right
hand side, after the main pulse, labelled (b)-(d). The second pulse (b), arrived
at approximately 6.7 ps, was attributed to a second THz emission. The optical
pump pulse was reflected inside the MgO substrate of the source thus generating
a second time-delayed THz pulse at a reduced amplitude. With given substrate
thickness, 500 ym, and index of refraction, n = 1.73 of MgO at 800nm [129], the
expected time delay would be 5.76 ps. This suggested that the substrate was thicker,
approximately to 575 um. Subsequently, a third and a fourth pulse labelled (c¢) and
(d), arrived at approximately 42.7 ps and 49.4 ps respectively. These two reflections

were attributed to THz reflections within the EO crystal. This is in good agreement

3 (b)
s 2r /
A \
WL (e)
- _
4 _

-5 0 5 10 15 20 25 30 35 40 45 50 55
Time Delay (ps)

Fig. 5.6: Free space reference waveform generated by the spintronic source, detected

using a 2 mm-thick ZnTe crystal. Labels (a)-(d) are explained in the text.
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5.3. Results and analysis

with a 2mm-thick ZnTe with a refractive index of nty, = 3.16 at THz frequencies
[130]. The time delay between pulses (a)-(b) and (c)-(d) was approximately the
same.

The feature labelled (e) in Figure 5.6 found at 13.2 ps was attributed to a third
THz emission, similar to pulse (b). A phase shift of 7 was noted on these pulses.
This feature was also observed by Torosyan et al. [131] but without an explanation.
The phase shift on pulses (e) and (f) has been attributed due to the MgO-metal layer
interface, as the metal film is considered to have a higher refractive index than the
substrate. The time delay between (e)-(b) and (b)-(a) was the same. The damage
threshold of the spintronic source was found to be higher than the highest pump
laser fluence available by the laser system. Therefore the sample was illuminated
with the maximum pump laser fluence available.

To benchmark the spectrometer, the vapour water absorbance was measured and
compared to the literature as shown in Figure 5.7. The spintronic emitter produced
a single-cycle THz pulse, with a bandwidth extending up to 2 THz. The THz wave-
forms with purged and unpurged air were detected, depicted in Figure5.7(a) with
the corresponding amplitude spectra in 5.7(b). For the purged waveform, the air
was purged to a relative humidity level of 5%-6% with Nitrogen at room tempera-
ture. The two waveforms were vertically offset for clarity. The amplitude spectra
were then used to calculate the absorbance due to water vapour over the 0.1-2 THz
frequency range as can be seen in 5.7(c). The rotational transitions in water vapour
at THz frequencies have been extensively studied in the literature [132,133] and was
used as a reference for comparison. The main transitions have been labelled and
marked with straight solid lines in Figure 5.7(c) along with the experimental results
of the absorbance.

From the experimental results and analysis, it was suggested that the THz spec-

trometer was commissioned successfully, with the required frequency resolution.
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Fig. 5.7: (a) THz waveforms for purged (relative humidity of 6%) and unpurged air,
with (b) the corresponding amplitude spectra. (c) The water vapour absorbance for 0.1-
2THz as measured from the THz time domain spectrometer, with comparison with the

literature [132,133] (solid lines). The waveforms in (a) are vertically offset for clarity.

Transmission measurements

Figure 5.8(a) and 5.8(b) show the THz waveforms measured before and after trans-
mission through the DLW structures which incorporated the 5mm and 10 mm long
DLW, respectively. The spintronic emitter produced a single-cycle THz pulse with a
duration of 1.9ps (1/e? of the field envelope), which was stretched to approximately
16 ps and 29 ps in the 5mm and 10 mm long DLW structures, respectively. The two
transmitted pulses were also delayed in time.

The corresponding amplitude spectra and phase information are plotted in Fig-
ure5.9. As can be seen in Figure 5.9(d), the spectra showed a sharp drop in ampli-
tude at 0.114£0.01 THz and 0.12+0.01 THz for the pulses transmitted though the

S5mm and 10mm long DLW structure, respectively. This was in good agreement
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Fig. 5.8: THz waveforms transmitted through (a) the 5 mm long DLW structure and (b)
the 10 mm long DLW structure, both with the free space reference. All waveforms were

record with purged air.

with the waveguide cut-off frequency, f., calculated at 0.1 THz for the parameters
listed in Table 5.1. The combination of the broadening of the pulse in time, after
propagation through the DLW structure, and the cumulative phase, indicated the
dispersive effect of the structures.

The second THz pulse produced by the spintronic emitter resulted in frequency
oscillation artefacts, clearly observed in the amplitude spectrum shown in Figure
5.9(a) and 5.9(b). The modulation was measured to be 0.417 THz, which corre-
sponds to the time-domain position of the reflection echoes, 7 = 6.7ps. In the
literature, the standard method of suppressing the distortion of reflection echoes is
applying a time window on the main pulse [73,134]. This technique can be applied
for pulses shorter than 7. Nevertheless, for the pulses transmitted through the DLW
structures, the main pulse was broadened and such that it overlapped with the re-
flection in time. This would make the use of a time window not suitable, as it would

cut off the broadened pulse.
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Fig. 5.9: Amplitude spectra for (b) the air reference and for (b) the DLW structures (d).

The corresponding phase information in (a) and (c) respectively.

To remove the reflection effect from the analysis, a simple numerical algorithm
was employed [135]. The method involves the numerical deconvolution of the reflec-
tion echoes in the frequency domain. The measured signal, S(t), can be described

by
S(t) = E(t) +r E(t—7), (5.1)

where E/(t) is the primary THz pulse and the second term is the second pulse emission
defined by a time delay 7 and an attenuation factor r. The assumption made here
was that the amplitude and phase spectra shape of the primary and the second
pulse were the same. The Fourier transform of the convolution of two functions
can be expressed as the product of their corresponding transforms, as stated by the
Convolution theorem [136,137]. Therefore, the Fourier transform of S(t) yields

Sw)=FEw) - 1+re™) =FEw)-HWw), (5.2)
where H(w) is considered the transfer function. With H(w) a known parameter, a
deterministic deconvolution in the frequency domain may be applied on the recorded

signal, thus recovering E (w). Subsequently, the free from reflection waveform can
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be obtained by performing an inverse Fourier transform to E(w)

E(t) =3 '[Ew)] = § ' [Sw)/Hw)): (5:3)

S(t)=E(t)+ Y rE(t —1,). (5.4)

The main benefit of this technique over other numerical methods is that it does not
reduce the frequency resolution thus not introducing further artefacts/distortion to
the spectrum as discussed by Naftaly et al. [135]. Nevertheless, the limitation is
that it is not applicable for strongly absorbing and/or dispersive samples.

The reflection deconvolution algorithm was applied to the reference and transmit-
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Fig. 5.10: Transmitted through (a) the 5mm and (b) the 10 mm long DLW structure
waveforms, with the reference waveform both with and without the reflection removal
applied. Inset shows the effect of the deconvolution algorithm on the secondary pulse

emission.
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Fig. 5.11: Amplitude spectra for (b) the reference and for (d) the DLW structures
both with (orange, blue and red) and without (black, magenta and green) the reflection
pulse removal correction applied. The corresponding phase information in (a) and (c)

respectively.

ted through the DLW structure waveforms, depicted in Figure 5.10. The parameters
used for the reflection deconvolution were r = 0.188 and 7 = 6.7 ps, taken from the
experimentally measured reference waveform. The inset in Figure 5.10(b) shows the
suppression of the second pulse emission in the time-domain. Figure5.11(b) and
(d) show the corrected amplitude spectra of the reference and the waveguide trans-
mitted THz pulses with the effect of the reflection removed. It was evident from
Figure5.11(a), that the frequency modulation due to the second THz pulse emis-
sion was successfully suppressed, as the corrected amplitude spectrum was smooth

spanning for a frequency range of 0.01-2 THz.

5.3.3 Dispersion relation

The electric field waveform emerging from the DLW structure was subject to dis-
persion from a number of transmission lines. The THz pulse propagates through
free space of length of Ly, the coupler of length L., and the dielectric-lined waveg-
uide of length L,,,. Each transmission line is characterised from its corresponding
propagation constant 8. To obtain the dispersion due to the DLW alone, 3,,, the

separation of the other components was required.
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Here, the cut-back technique was employed, where two identical structures were
used, one which incorporated a waveguide with shorter length, L4 > Lyg2. The
frequency-domain of the transmitted electric field through the two DLW structure
can be described by

Ewgl (W) = |Ewg1 (w)| exXp [_i(ﬁfs (W)Lfs + 60(("))[40 + 5w9(w)ngl)] (5 5)
Euga(w) = [Ewga(w)] exp [=i(Brs(w) Ls + Be(w) Le + Bug(w) Lug2)] -
Dividing the two relations of Equation 5.5, and taking the argument yields
Eygr ()
arg | =2 = Bug(W)(Luwg — Lugs)- (5.6)
Euyga(w)
Rearranging Equation 5.6, the dispersion relation of the DLW is given as
1 Eyg (w)
Bug(w) = e (5.7)
7 ngl - Lw92 Ewgg((,d)

With the propagation constant of the waveguide defined, f3,,, the effect of the
coupler can be obtained, using the reference pulse. The air reference electric field
and the transmitted through the DLW structure can be expressed in the frequency-

domain by

Eoug(w) = | Bug(w)| exp [~i(k(w)Lys + Be(w)Le + Bug(w) Lug)]

_ ~ (5.8)
Erep(w) = |Erep(w)] exp [—i(k(w)Lys + k(w)Le + k(w)Lug)]

where k(w) = w/e, is the free space wavenumber, assuming that the free space would
induce negligible dispersion to the travelling pulse. Following a similar procedure
applied on Equations 5.6 and 5.7, the effective propagation term of the coupler, g,

would be

%v’wg (w)
Eref(w)

Be(w) = Lic (ar ] - ﬁwg(w) Lyg + k(w)(Le + ng)) . (5.9)

The dispersion relation of the waveguide was calculated by applying Equation 5.7

on the experimentally measured transmitted waveforms. The effective propagation
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5.3. Results and analysis

term of the coupler, ., was calculated by applying Equation 5.9 on the reference
and the transmitted through the 10 mm-long DLW structure waveforms. In this
analysis, reflection deconvolution has been applied to all the waveforms.

The experimental and modelled 3,, and 3. are shown in Figure5.12. The grey
shaded areas indicate regions of uncertainty in the experimental data due to low
spectral amplitude. As can been seen, the model and the experimental results were
in good agreement over the range 0.1-0.6 THz. In Figure5.13, the experimentally
determined phase velocity of the waveguide is outlined together with the modelled
phase, v,, and group v,, velocities. At the operational frequency, f,, = 0.47 THz,
v, was measured to be, v, = 0.548 £ 0.002¢ matching the 0.548¢ velocity of 100 keV

electrons, indicated with the dashed black lines in Figure 5.13.

0.04
— Bug - Experiment
[ — Byg - Simulation l
B, - Experiment
0.03 |- -

— B, - Simulation

0.02

nga Bc (rad'um-1)
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Frequency (THz)

Fig. 5.12: Experimentally measured propagation constant for the waveguide, £,4, and

the effective propagation term for the coupler, 3., compared with the model.
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Fig. 5.13: Experimentally measured phase velocity for the waveguide, v,, compared
with the modelled v, and v, (see text for details). Dashed lines indicate the operational

frequency which is phase velocity-matched with the velocity of 100 keV electrons.

5.3.4 Time-frequency analysis

The pulse transmitted through the DLW structure was subject to non-linear disper-
sion. This would make the pulse to be a non-stationary signal where the frequency
content is dispersed over time. The DLW structure acts as a dispersive delay line,
where the lower frequencies propagate slower than the higher frequencies. This may
not be obvious at first, from neither the time-domain nor the frequency-domain of
the signal. Therefore, a time-frequency (TF) analysis of the signal was carried out.

Here, the Wigner-Ville Distribution (WVD) [138, 139] was employed. WVD
provides higher temporal and frequency resolution as it does not suffer from spectral

leakage because no time-windows are applied like in other TF methods such as the
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Short-Time Fourier Transform (STFT) [140,141]. The WVD of a singal S(t) is
defined as [142]

W(t,w) = / T s <t+ %) S* (z - %) e~ dr, (5.10)
where S*(t) is the complex conjugate of S(t). The first two terms of Equation 5.10
could be described as the local autocorrelation function of S(t), Fourier transformed
at all time points 7. In this manner, WVD may describe how the spectral density
evolves over time.

The WVD of the free space reference pulse and the pulse transmitted through
the 10 mm-long DLW structure are illustrated in Figure 5.14(a) and 5.14(b), respec-
tively. For the reference waveform in Figure 5.14(a), the WVD revealed a sub-ps
long distribution with zero dispersion, as expected. All the frequency components
of the broadband pulse travel in phase, temporally overlapped in free space. The
red dashed line visualises the TEMyy mode, with zero group velocity dispersion.

For the transmitted pulse in Figure5.14, the WVD revealed a distribution tem-
porally stretched, with the higher frequency components arriving earlier in time,
corresponding to negative chirp. The stretching and the consequent chirping of
the transmitted pulse was due to the strong group-velocity dispersion of the DLW.
As can be seen, the broadening of the pulse is stronger near the cut-off frequency,
fe = 0.12THz. The dashed black line in Figure 5.14, visualises the combined model
for the DLW structure. The model considered the propagation of the TE;; mode
through the 44 mm-long tapered coupler. Subsequently, the pulse is propagated into
the LSMg; mode for a total length of 10 mm. The cumulative group-velocity disper-
sion is visualised as the dashed black line, plotted along with the experimentally mea-
sured WVD of the transmitted pulse. As can be seen, there was a good agreement
between the model and the experimental measurements for the 0.1-0.6 THz frequency
range. Single-mode excitation was realised, as can been confirmed from the TF anal-
ysis.

Although WVD may provide higher time-frequency resolution, it has some other
limitations when the signal has multiple components [138,142,143]. The main down-
side is the interference cross terms between a pair of signal components, and between

negative and positive frequencies which would make the interpretation of the anal-
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Fig. 5.14: Wigner-Ville distribution for (a) the reference pulse and (b) the transmitted
through the 10 mm-long DLW structure pulse with the corresponding waveform and am-
plitude spectrum on the top and left, respectively. The red and black dashed lines show
the TEMyy mode and the DLW structure model.
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ysis very difficult. The latter can be simply solved by applying a Hilbert transform
on the signal S(t) in Equation 5.10 [143]. In this way, the solution for the negative
frequencies are neglected in the analysis. In Figure 5.14, Hilbert transformation has
been applied on both signals. Therefore, the cross-terms observed in Figure 5.14(b),
are due to the signal itself. Negative-amplitude components are present as a result

of the cross-terms, leading to non-physical artefacts.

5.4 Conclusions

In this chapter, the deflecting mode of the DLW structure, LSMy;, was success-
fully excited and then measured by employing a custom-built THz time-domain
spectrometer and using the cut-back technique. A linearly-polarised, single-cycle,
broadband THz pulse was generated using a spintronic sample, which was then
coupled into the DLW structure. The emerging transmitted electric field was then
detected with a back-reflected geometry EO detection scheme. The DLW structure
was characterised in terms of the dispersion relation of the comprised components
of the device as a function of frequency. The operational frequency which is velocity
phase-matched with 100 keV electrons was experimentally determined. Single-mode
propagation was confirmed from the TF analysis of the results.

A simple model was developed to simulate the influence of the coupler, taking
into account the assumption that the TE;y mode coupled into the tapered coupler.
Combined with the dispersion relation of the LSMy; mode, the model had a good
agreement with the experimental results. A deconvolution algorithm of numerically
suppressing the reflection echoes due to the secondary pulse emission induced by the
substrate of the THz source was also utilised. In this way, the transmitted through
the DLW structure waveforms were corrected, and the frequency-modulation was
removed from the spectra without introducing further artefacts or at the expense of

reducing the frequency resolution.
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Chapter 6

THz-driven acceleration of
relativistic electrons using a DLW

structure

6.1 Overview

This chapter is split into two parts. In the first part, the dielectric-lined waveguide
(DLW) structure designed for the manipulation of 35 MeV electron beams was exper-
imentally characterised. The accelerating mode of the DLW structure, LSM;; was
studied over a broad range of frequencies, by employing a custom-built THz time-
domain spectrometer. The operational frequency of the structure was subsequently
experimentally determined. Free space reference and transmission measurements
were required in order to determine the propagation constant of the LSM;; mode.
The experimental results were then compared with a model.

In the second part, experimental demonstration of THz-driven acceleration of
relativistic electron beams is reported. Exploitation time was allocated using the
Compact Linear Accelerator for Research and Applications (CLARA) at Daresbury
Laboratory [101], providing electron beams with energy of 35MeV. The electron
beam interacted with high-power multicycle THz pulses inside the DLW structure.
The optical radiation was produced by a laser facility, housed at the same site
§4.1.1, providing ultrafast pulses of 50 mJ energy. In this chapter, description of the
implementation of the experiment, followed with results for different electron bunch

parameters and THz source parameters are included.
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6.2. Characterisation of the DLW structure

6.2 Characterisation of the DLW structure

The DLW structure consisted of the dielectric-lined waveguide and a linearly ta-
pered horn metallic coupler, without a dielectric lining. The DLW structure was
manufactured in two parts, with the top and bottom sections joined together with
the aid of alignment pins. Microscope images of the coupler entrance, Figure 6.1(a)
and waveguide exit 6.1(b) indicate the measured dimensions, with a 60 pm-thick
fused-quartz dielectric lining at the top and the bottom of the waveguide. The
photographs were taken using a Leica DMC4500 camera [144]. In Table6.1, the

parameters of the DLW structure under investigation, are summarized.

Fig. 6.1: Microscope photograph of the DLW structure (a) the entrance of the coupler
and (b) the exit of the DLW waveguide.

Table 6.1: Parameter list of the DLW structure, designed for the manipulation of 35 MeV

electron beams. Manufacturing tolerances are of the order of £10 ym.

Waveguide Coupler
Parameter Value | Parameter Value
2a (pm) 575 | b. (mm) 3.25
w (mm) 1.2 | w, (mm) 3.18
L (mm) 30 | L. (mm) 23
d (pm) 60
€ 3.81
fe (THz) 0.24
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6.2. Characterisation of the DLW structure

The structure was optically characterised by employing a custom-built THz-TDS
§4.1.2, with a novel THz emitter. In order to excite the accelerating mode of the
structure, LSM;;, a THz beam profile with a transverse polarity inversion was re-
quired. Subsequently, measurements of a broadband THz pulse transmitted through
the DLW structure were performed to determine the propagation characteristics, and
to identify the operational frequency of the device. The DLW structure was designed

to accelerate electron beam of 35 MeV energy, corresponding to velocity of 0.999c¢.

6.2.1 Experimental apparatus

A schematic diagram of the experimental setup is illustrated in Figure 6.2. The
experimental setup was based on a THz time-domain spectrometer (see §4.1.2).
The experimental set up was based on §5.2.1, with some modifications. The incident
800 nm beam was split into a pump beam for THz generation and a probe beam for
THz detection with a 90/10 power ratio. The pump beam was expanded to a beam
diameter of 20 mm, using a Galilean telescope. The expanded pump beam was used

to excite a combined spintronic source with the residual transmitted 800 nm light

800 nm, 100 fs

Delay Stage
1 kHz, 500 pJ Probe Beam <
i g \ i |
90/10 BS Voo
f=50.8 mm ZrlTe 50/50 fs =750 mm
P
ng}g Combined Y
Spintronic
Source
Optical | N4 Photo-
Chopper Coupler DLW plate  diodes
20mm @ N B . '
Wollaston
Prism P

--------------------------------------------------------------- [Lock-in Ampliﬁer]'.'..

Fig. 6.2: Schematic diagram of the experimental THz-TDS setup illustrating the genera-
tion and coupling of the THz radiation into the DLW followed by a standard back-reflection

geometry EO detection scheme.
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6.2. Characterisation of the DLW structure

beam blocked by a 800 nm filter which was a black card.

For the excitation of the accelerating mode of the waveguide, LSMy;, a free
space THz field pattern shape similar to the TEMy; mode was required. Moreover, a
broadband source was also necessary in order to determine the propagation constant
of the LSM;; mode over a broad range of frequencies. In the literature, previous
works have demonstrated the generation of this particular mode. Cliffe et al. [75]
have achieved high field single-cycle THz pulses by vertically stacking two polarity-
inverted LiNOj3 crystals, and Hibberd et al. [73] by patterning the magnetic field
applied on a single spintronic source, with both demonstrating the generation of a
quasi-TEMg; mode in free space.

Here, a combined spintronic source was proposed. The proposed THz emitter
consisted of two vertically stacked spintronic sources with opposite ordering of the
magnetic (CoFeB) and non-magnetic (Pt) layers, as illustrated in Figure 6.3. The
two samples originated from the same fused-silica substrate, which was cleaved in
two before separate sputtering of the spintronic layers onto each piece, allowing for
alignment along the cleaved edges when combined back together. An MgO layer
was used as a cap to the non-substrate side, in order to prevent oxidisation of the
metallic layers. The two samples were mounted on a perspex plate, and nylon screws
were used for clamping. A horizontal magnetic field was applied to the combined
source by two 2 inch-diameter neodymium disc magnets, as shown in Figure 6.3, and
it was measured to be 130mT at the source center.

The emerging quasi-TEMy; THz beam was collected with a 2-inch diameter,
gold coated, OAP mirror with a reflective focal length of 50.6 mm, into the coupler
of the DLW structure. Measurements of the THz radiation transmitted through
the DLW were performed using an electro-optic detection scheme, as illustrated in
Figure 6.2. The electro-optic crystal was placed at the exit of the DLW structure
to detect the transmitted THz electric field, using a back-reflection geometry. Two
different ZnTe crystals were employed, a (110)-cut and a (100)-cut, in order to
detect the transverse and longitudinal components of the electric field, respectively.

All measurements were carried out at room temperature and ambient humidity.
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6.2. Characterisation of the DLW structure

Fused Silica — 500 um
Pt—2nm
CoFeB—-2 nm

Pump beam

Magnet

|—> Pt—2 nm \
I—» CoFeB-2 nm THz beam

Magnet Fused Silica — 500 um

Fig. 6.3: Schematic diagram of the TEMg; mode-shaped THz radiation emission from
a combined spintronic THz source, consisting of two vertically stacked spintronic sources
with opposite ordering of the magnetic CoFeB and non-magnetic Pt layers, excited by

optical radiation. Dimensions not in scale.

6.2.2 Results and analysis

The THz source was characterised first in free space, without the inclusion of the
DLW structure. Both the transverse and the longitudinal components were mea-
sured by employing a different detection crystal each time. Waveforms were recorded
as a function of the sampling position on the EO detection crystal.

A (110)-cut, 500 pm-thick, AR coated ZnTe crystal was used to detect the trans-
verse field components of the combined source. The probe beam was vertically trans-
lated at the focal point of the THz beam for a range of 3.2 mm, using a computer-
controlled translation stage. Figure6.4(a) shows the spatial profile of the transverse
THz electric field components as a function of time delay, with the corresponding
amplitude spectra in Figure 6.4(b). A polarity flip in the field observed along the ver-

tical sampling axis is observed, as expected for a TEM(;-shape beam. On the mirror
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6.2. Characterisation of the DLW structure

symmetry axis, the transverse fields cancel, resulting to a zero on-axis transverse
electric field as it can be observed from the spectral components in Figure 6.4(b).

An approximately equal splitting into negative and positive lobes was observed.
Depicted in Figure 6.5(a), the waveforms at 0.5mm from the centre of the focal point
(blue and red dashed lines in Figure6.4(a)), show the opposite polarity emerging
from the two samples. The asymmetry in the field strength was attributed to a
misalignment in the THz beam focusing and the detection crystal. As seen in
Figure 6.5(b), the corresponding spectra with a measured bandwidth extending up
to approximately 2 THz. The amplitude spectra emerging from the two samples
were very similar, up to the noise level.

A model was used in order to verify the experimental results. For the model, the
evolution of the transversal size and the radius of curvature of a Gaussian beam was
calculated by incorporating in the system a focussing element, modelling the OAP
mirror. The propagation of the Gaussian beam was performed using the ABCD
matrices, used for geometric ray tracing [145-149].

To simplify the analysis of the Gaussian beam propagation, the complex beam

parameter ¢(z), was introduced, given by [150]

— —i : (6.1)

where w(z) is the beam width, R(z) the radius of curvature, n the refractive index
of the medium the beam propagates through, ¢ the speed of light, A\ the wavelength
and z the direction of propagation. The initial beam width was set to wg = 10 mm,
same as the beam width of the incident optical pump beam. The initial radius of
curvature was set to Ry = 0o, as a collimated beam was assumed.

The OAP mirror was treated as a focussing element with a ray transfer matrix of

A B 1 0
My = = , (6.2)
C D ~1/f 1

where f is the parental focal length of the OAP mirror. The ray transfer matrix of
propagation in free space or in a medium of constant refractive index n, and distance

d, can be expressed as
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6.2. Characterisation of the DLW structure

A B 1 nd
M, = - . (6.3)
C D 0 1

For the model, a combined matrix of MMy, with n = 1, f = 50.8mm and d =
[0,120] mm was applied to go of Ry and wy. As Equation 6.1 denotes, different
frequencies will feature different beam parameters, namely the radius of curvature
and beam width for the same ray transformation matrices.

The bandwidth of the source was approximated with a modified Gaussian dis-

tribution, given by
U(w) = exp [— (%)2 (%)x] : (6.4)

where wq is the center frequency, o, the standard deviation and z the source-
dependant frequency-decay coefficient. The amplitude spectrum which was used for
the model was with wy = 0.5 THz, x = 0.5 and ¢, = 0.42 THz which corresponds
to a single-cycle pulse of 1.5ps 1/e? width of the field. The amplitude spectrum is
depicted in Figure6.7(a).

In Figure 6.7(b), the evolution of the beam width as a function of the drift length,
is depicted for this system, at different frequencies. At higher frequencies, the beam
width may reach shorter beam waist for the same focussing element, as expected.
The beam waist was found to be inversely proportional to the frequency. Moreover,
the foci form at different longitudinal positions for different frequencies, introducing
an optical aberration.

The field pattern of the TEMy; mode was modelled by using the Hermite-
Gaussian functions of complex argument [149,151]. In Cartesian coordinates, the

electric field pattern of the TEM,, mode is given by

Eym(,y,2) =Eo wo) H, [ﬂx] H,, [@] exp [—xz +y2}

w(z w(z) w(z) w?(z2)

exp [—i (kz + k:C;RtZy; - w(z)”

(6.5)
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Fig. 6.4: (a) Transverse THz waveforms measured at the THz beam focus, as a function
of vertical sampling position on the ZnTe (110)-cut detection crystal for the combined
THz source with (b) the corresponding amplitude spectra. The waveforms outlined in

blue and red dashed lines are plotted in Figure6.5.
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Fig. 6.5: (a) Transverse electric field waveforms obtained at sampling positions £0.5 mm
from the center of the focal point with (b) the corresponding amplitude spectra. The blue

and red line correspond to the blue and red dashed lines in Figure 6.4, respectively.

117



6.2. Characterisation of the DLW structure

Electric Field (arb. units) Amplitude (arb. units)
-1 -0.5 0 0.5 1 0.2 04 0.6 0.8 1
L N S
1.5 (a) (b)
—~ 1
£
E
— 05
i)
.g o
o
8 -05
b=
[
=
-1.5
-1.5 -0.5 0.5 150 0.5 1 1.5 2
Time Delay (ps) Frequency (THz)

Fig. 6.6: (a) Modelled transverse THz waveforms for a TEMy; mode, as a function of
the vertical position, at the focal point, with (b) the corresponding amplitude spectra.
An initial beam width wg = 10 mm, intial radius of curvature Ry = oo, and a focussing

element of focal length f = 50.8 mm, was used for the model.
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Fig. 6.7: (a) Normalised amplitude spectrum used for the TEMy; mode beam model. (b)

The modelled beam width as a function of drift length, calculated for different frequencies.
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where Ej is the amplitude, ¥ (z) the Gouy phase, k the wavenumber and H; the
i-th order Hermite polynomial. For [ = m = 0, the fundamental TEMy, mode is
obtained.

In Figure6.6(a), the modelled TEM(; mode transverse electric field pattern is
plotted, as a function of the vertical position and time delay. The time and position
range were selected as such, to be the same to Figure6.4, for easier comparison.
The electric field pattern was modelled by using Equation 6.5, for [=0, m=1, solving
for every frequency and eventually superimposing across the whole bandwidth for
the final result. For every frequency, the amplitude Ey and beam width w(z) was
extracted from Figure6.7(a) and 6.7(b), respectively. By Fourier transforming the
waveforms at each position, the corresponding amplitude spectra are obtained and
plotted in Figure6.7(b).

As can be seen, the experimental results agree very well with the model. The
characteristic flip polarity of the electric field is evident in both occasions, as well
as the beam size at the focal point, for the corresponding bandwidth. The only
difference noticed at the experimental results, is the skewing of the upper half of
the electric field, which has been attributed to some slight misalignment of the EO
detection crystal in respect to the probe beam. The amplitude spectra show a zero
on-axis component, as expected for a TEMy; mode beam. The experimental results
in conjunction with the model, have validated that the proposed combined spin-
tronic source successfully produced a TEMy; mode-shaped broadband THz beam,
necessary for the excitation of the accelerating LSM;; mode of the waveguide.

Subsequently, the longitudinal components of the electric field were measured.
For these further measurements, a (100)-cut, 500 pm-thick, AR coated ZnTe crystal
was employed as a detection crystal. Figure6.8 depicts the longitudinally polarised
THz waveform and spectral amplitude as a function of the sampling position on the
EO detection crystal.

As can be seen, the peak of the longitudinally polarised radiation was measured
to be on-axis, where there is zero transverse component. This was due to the trans-
verse field gradient, arising from the polarity flip in the transverse polarisation by
the interferometric combination of two reverse-order grown spintronic samples, as
explained by Cliffe et al. [75]. The waveform measured on-axis (sampling posi-

tion at 0mm) with the corresponding spectral amplitude is plotted in Figure 6.9.
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Fig. 6.8: (a) Longitudinal THz waveforms measured at the beam focus, as a function of
vertical sampling position on the ZnTe (100)-cut detection crystal for the combined THz

source with (b) the corresponding amplitude spectra.
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Fig. 6.9: (a) Longitudinal electric field waveform obtained at sampling position 0 mm,
employing a (100)-cut ZnTe as a detection crystal. (b) The corresponding spectral ampli-
tude.
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A single-cycle, broadband longitudinally polarised pulse was measured, extending
up to 2 THz bandwidth.

As the proposed combined source was characterised, and supported by a model,
a TEMy; mode broadband THz pulse was produced. The generated pulse was then
transmitted through the DLW structure. For the transmission measurements, the
coupler of the DLW structure was placed approximately at the focal point, and the
EO crystal was placed at the exit of the waveguide. A (100)-cut, 2 mm-thick ZnTe
crystal was employed for the EO detection of longitudinally polarised radiation.

Free space and transmitted through the DLW structure waveforms were mea-
sured in order to determine the dispersion effect of the structure. In Figure6.10, the

measured free space and transmitted waveforms are depicted, with the corresponding
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Fig. 6.10: (a) Longitudinally polarised reference free space waveform and transmitted
through the 30 mm-long DLW structure waveform, measured with a (100)-cut, 2 mm-thick
ZnTe detection crystal. Corresponding amplitude spectra of (b) the reference and (c) the

transmitted pulse with the calculated cut-off frequency, f., for the LSM1; mode.
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amplitude spectra. The reference pulse, which had a duration of approximately 1 ps,
has been stretched to approximately 90 ps. Moreover, the peak-to-peak time delay
of the reference and the transmitted pulse was roughly 70 ps. This indicated the
strong group-velocity dispersion dispersion of the structure. The reason that the
reference pulse looked different from Figure 6.9, was because the detection crystal
remained where the exit of the structure was, and that was not at the focal point of
the source. In addition, a thicker detection crystal was used.

A cut-off frequency was observed in the spectral amplitude of the transmitted
through the DLW structure pulse, shown in Figure6.10(c). The cut-off frequency
was experimentally measured at 0.2340.05 THz, which was is in a good agreement
with the calculated for the LSM;; mode, 0.24 THz. The spectral content measured
before the cut-off frequency was believed to be due to misalignment of the source
with respect to the entrance of the structure, allowing a lower mode to couple, but
at significantly lower coupling efficiency. The immediately lower waveguide available
mode is the LSMy; mode, with a calculated f. = 0.12 THz, for the given structure
geometry.

The cut-back technique used in Chapter 5, could not be applied here. The reason
is that there was no availability of a secondary structure with the same geometry
as the one under investigation. Therefore, the effect of the coupler could not be
eliminated from the analysis. The effect of the coupler was instead modelled as
explained in §5.3.1. The dispersion relation of the waveguide was then calculated
by deconvolving the effect of the coupler from the transmitted pulse.

The reference free space and the transmitted through the DLW structure electric

field can be expressed in the frequency-domain by

Erug(w) = |Eug(w)] exp [—i(k(w)Lys + Be(w)Le + Bug(w) Lug)]

_ ~ (6.6)
Erep(w) = |Erep(w)] exp [—i(k(w)Lys + k(w)Le + k(w)Lug)]

where k(w) = w/c, is the free space wavenumber, Ly, the free space length, L. the
length of the coupler, L,,, the length of the waveguide, 3, the effective propagation
constant of the coupler and 3,,, the propagation constant of the waveguide. Dividing
the two expressions in Equation 6.6, taking the argument and rearranging, the

propagation of the waveguide is given as
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6.2. Characterisation of the DLW structure

Bugw) = Li (arg E—)] — B(@) L+ k()L + ng>) .67

For the modelling of ., the transmission line was segmented into N cascaded
hollow rectangular waveguides, of length dz, with variable transverse dimensions.
The TM;; mode was launched for a single-cycle, broadband pulse, covering a fre-
quency range of 0.01-3 THz. The spatial step size was set to dz = 50 um, for a total
length equal to the length of the coupler, L. = 23 mm.

The dispersion relation of the waveguide was determined by applying Equa-
tion 6.7 on the experimentally measured reference and transmitted waveforms. The
experimental and modelled f3,,, as well as the modelled f3, are shown in Figure6.11.
The grey shaded areas indicate regions of uncertainty in the experimental data due

to low spectral amplitude. Because of the lower frequency content, a residual offset
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Fig. 6.11: Experimentally measured propagation constant for the waveguide, £,4, and
the effective propagation term for the coupler, 8., compared with the model. The black

dashed line denotes the speed of light in vacuum, w/c.
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Fig. 6.12: Experimentally measured phase velocity for the waveguide, v,, compared with
the modelled v, and v,. The dashed lines indicate the operational frequency which is

phase velocity-matched with the velocity of 35 MeV electrons.

was remained in f3,4, which was manually removed from the analysis. The exper-
imentally phase velocity of the waveguide is outlined together with the modelled
phase v, and group v, velocities for the LSM;; mode. The operational frequency
was experimentally determined f,, = 0.41 & 0.02 THz, where v, is matched to the
velocity of 35 MeV electrons, 0.999¢, indicated with the dashed black lines in Fig-
ure6.12. The group velocity at the operational frequency was calculated to be
vy = 0.595¢, for the LSM;; mode.

A time-frequency analysis has been carried out, on the measured waveforms.
The Wigner-Ville Distribution (WVD) was employed, as explained in §5.3.4. The
WVD of the free space and transmitted through the 30 mm-long DLW structure
waveforms are illustrated in Figure6.13(a) and 6.13(b), respectively. The transient
signal and the amplitude spectrum of the signals are plotted on the top and at the

left, respectively.
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6.2. Characterisation of the DLW structure

For the free space pulse, the WVD revealed a ps-long distribution with all the fre-
quency components temporally overlapped, as expected. For the transmitted pulse,
the WVD revealed a distribution temporally stretched, with the higher frequency
components arriving earlier in time, corresponding to negative chirp. The stretching
and the consequent chirping of the transmitted pulse was due to the strong group-
velocity dispersion of the waveguide. The broadening of the pulse is stronger close
to the cut-off frequency, f. = 0.24 THz.

The dashed orange line in Figure6.13(b), depicts the model for the DLW struc-
ture, consisted of the tapered coupler and the DLW. The model considered the
propagation of the TM;; mode through the 23 mm-long tapered coupler and the
propagation of the LSM;; mode for a total length of 30 mm. The cumulative group-
velocity dispersion is visualised as the dashed orange line, plotted along with the
experimentally measured WVD of the transmitted pulse. As can be seen, there was

a good agreement between the model and the experimental measurements for the
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Fig. 6.13: Wigner-Ville distribution for (a) the reference pulse and (b) the transmit-
ted through the 30 mm-long DLW structure pulse with the corresponding waveform and
amplitude spectrum on the top and the left, respectively. The orange dashed line in (b)

shows the modelled group velocity dispersion of the DLW structure.
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0.24-0.6 THz frequency range.

6.2.3 Summary

A proposed THz emitter was manufactured and then characterised, producing broad-
band THz pulses into the TEMy; mode. The electric field pattern generated by the
source was measured in free space, at the focal point, verifying the generation of the
desired mode with a model. The model made use of Gaussian beam propagation
for a broadband pulse. The generated THz radiation was subsequently coupled into
the DLW structure in order to excite the accelerating mode of the waveguide. The
transmitted pulse, emerging from the DLW structure, was measured in order to
determine the propagation constant of the LSM;; mode. From the analysis, the op-
erational frequency of the structure was experimentally determined, f,, = 0.41 THz,

which is phase velocity matched with the velocity of 35 MeV electron beams.

6.3 Experimental demonstration of electron ac-
celeration

Exploitation time using the CLARA facility at Daresbury Laboratory was allocated
for THz-driven acceleration of relativistic electron beams testing. Electron beams
with an energy of 35 MeV were provided by the CLARA test facility, and the optical
radiation from the LATTE lab, both located at the same site but in separated
rooms. The interaction of relativistic electron beams and high field THz pulses

co-propagating through a DLW structure was investigated.

6.3.1 Experimental apparatus

The optical experimental setup was installed in BA1 on an optical table, next to
the vacuum chamber. Because of the limited allocation time in BA1, the optical
apparatus was pre-assembled and tested in the LATTE lab on optical breadboards,
and then moved into the BA1l. A schematic diagram of the experimental setup is
illustrated in Figure6.14. Only the optical table and the vacuum chamber of BA1

are depicted here.
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Fig. 6.14: Schematic diagram of the optical experimental setup outside the interaction
vacuum chamber in BA1, CLARA test facility. Narrowband THz pulses were generated
using a chirped pulse beating scheme combined with tilted pulse-front pumping on a
LiNbOg srystal. The THz pulses were transported and coupled in the DLW structure, in
the vacuum chamber. Relativistic electron beams co-propagated and interacted with the
THz pulses in the DLW structure, and then transported onto an energy spectrometer. An

electro-optic detection scheme was used in atmosphere, with the probe beam compressed.

The input laser beam was produced by the TW laser system in the LATTE
lab, and delivered to the BA1 user facility via a metallic beam transport line under
vacuum. The laser beam was 800 nm center wavelength, with 50 mJ pulse energy
and 10 Hz repetition rate. For the requirements of the experiment, an added phase
chirp was added to the laser pulse by adjusting the final compressor grating pair
of the TW laser, resulting to a pulse duration of approximately 12 ps FWHM. Two
delay stages (Newport) were then used, in order to vary the THz-electron timing

and the THz-probe beam delay, respectively. The laser beam was split into a pump
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beam for THz generation and a probe beam for EO detection with a reflective 95:5
ratio beam splitter after the THz-electron delay stage.

Narrowband THz pulses of a 100 GHz FWHM bandwidth with tunable center
frequency were generated through chirped pulse beating (CPB) in a 0.6% MgO-
doped stoichiometric LiNbO3 (LN) crystal. The phase chirp was introduced by
adjusting the grating separation of the TW laser compressor. The chirped pump
pulse was then split into two pulses by a 50:50 beam splitter, and a time delay was
induced to one of the pulses by a variable manual stage, with respect to the other
by a Michelson interferometer arrangement.

The two propagating pulses were then spatially recombined, and transported to
a pulse-front-tilt (PFT) configuration. A holographic grating (Spectrogon) of groove
density of 1700 mm™! was used to achieve the PFT in the -1 diffraction order, and
a 4f lens configuration consisting of two cylindrical lenses with focal lengths of
130 mm and 75 mm was used to image the grating surface onto the LN crystal. The
diffracted and incident angles as well as the choice of the two cylindrical lenses were
determined as discussed in §3.2.3, for efficient THz generation in a LN crystal. As
depicted in Figure 6.15, the incident angle was set at #; = 31.1° with a corresponding
diffracted angle 64 = 57.5° for a pump-pulse front angle of v = 63°. The group, ng,
and the phase, ng, refractive indices at 800 nm were not measured for the particular
LN crystal, but taken from the literature [152]. Because of the different growing
technique of the LN crystal from the one of the literature, a 5% uncertainty was
included in the determination of the aforementioned refractive indices. The devi-
ation of the appropriate magnification for efficient THz generation was explored,
as shown in filled areas in Figure 6.15. The deviation from the center incident and
diffracted angle was considered negligible or within the precision of the rotational
stage that the diffraction grating was mounted on. The horizontal magnification
factor provided by the 4 f lens geometry was 0.577, which was within the calculated
range 51 = [f = 0.58 + 0.02.

The resulting pump beam of 18 mJ energy and with a spot size of 5 mm x 10 mm
1/€?, excited the LN crystal, generating THz pulses of approximately 2.1 uJ pulse
energy, as measured at the crystal surface with a pyroelectric detector (THz-I-BNC,
Gentec). The attachable cone coupler of the detector was used to collect the di-

verging THz radiation, with the sensor covered with a black plastic film in order to
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Fig. 6.15: Calculated magnifications of the pump-pulse front 1, and the grating image
Bo as a function of the diffraction 6y and incident angle 6; for a 1700 mm~! diffraction
grating. The dashed lines indicate the combination of angles that 51 = (2. The filled
area indicates the uncertainty in the magnification due to the uncertainty of the refractive

index of LiNbOg at 800 nm.

block any residual optical radiation.

The THz radiation was then collected and transported into the vacuum chamber
through a quartz window. An initial pair of OAP mirrors of parental focal lengths
of f{ = 152.4mm and f, = 228.6 mm was used to collect and collimate the emerging
THz radiation, which was then routed with silver mirrors to the interaction point
in the vacuum chamber. Focusing of the THz radiation was achieved using a third
TPX lens of focal length f3 = 100 mm, resulting in a 1/e? spot size of approximately
3mm at the DLW structure coupler entrance. In Figure6.16, the modelled beam
width as a function of the drift length, calculated for different frequencies is depicted.
The beam transport was designed to deliver a THz beam of spot size smaller than

the entrance of the coupler with the minimum chromatic dispersion. For the model,
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Fig. 6.16: Modelled beam width of the THz beam as a function of the drift length,
calculated for different frequencies. The dashed lines indicate the position of each focusing

element along the THz beam transport.

an initial beam width of wy = 3mm and a radius of curvature of Ry = oo was
considered. The model had a good agreement with the experimentally measured
spot size at the entrance of the coupler, measured with a knife edge. The spot size
of the pump beam was also measured using a knife-edge. The pulse energy measured
at the coupler entrance of the DLW structure was 0.79 J, as half of the energy was
expected to be reflected from the quartz window, and further 25-30% loss from the
TPX lens.

For exciting the accelerating LSM;; mode of the DLW structure, a quasi-TEM;
THz mode in free space was required. The intial plan, was to vertically stack two LN
crystal with inverted polarity, as it was demonstrated by Cliffe et al. [75]. However,
the two crystals could not be fixed so that the path length of the 800 nm laser beam
was the same, resulting in a time delay between the emerging waveforms. Moreover,
the two LN crystals were not performing with the same efficiency, resulting to an
uneven intensity between the top and the bottom portions of the THz intensity
pattern. A different approach was followed, by employing only one LN crystal and
introducing a phase shift delay of half a cycle between the top and bottom halves
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of the THz beam. This approach was proposed as the generated THz pulse was
narrowband, where for a broadband pulse this approach would not have been ideal.
The phase delay was applied with a 40 mm-diameter polytetrafluoroethylene (PTFE)
plate, which was made with a thickness difference between the top and the bottom
halves of d = \o/(2(n — 1)) ~ 900 um, where A is the center wavelength of the THz
pulse and n = 1.4 the refractive index of PTFE [153].

For the EO detection, a small fraction of the chirped laser pulse was recom-
pressed to the Fourier-limited 60 fs beam duration with a grating pair compressor,
to be used as the probe beam. The grating compressor comprised of an identical

L'and a roof

diffraction grating pair (Spectrogon) with groove density of 1200 mm™
metallic mirror. The perpendicular separation of the grating pair was dependent
on the incident angle on the diffraction grating and the stretched pulse duration, as
discussed in §3.2.4. The pulse duration of the probe beam was optimised by employ-
ing a commercial GRENOUILLE device, capable of measuring the pulse duration
live. After compression, the probe beam was focussed onto a 500 ym-thick (110)-cut
ZnTe crystal in a back reflection geometry for EO sampling measurements of the
THz electric field at the entrance of the coupler. The EO measurements were per-
formed in atmosphere, as the ZnTe crystal was not vacuum compatible. The optical
components for the EO measurements were installed on a translational stage, which
was moved in the THz path when needed.

The spatial and temporal overlap of the THz pulse and the electron beam at
the interaction point was crucial. For the synchronisation, a commercial phase-
lock-loop electronics module (Synchrolock, Coherent) integrated into the CLARA
PI laser system and a translation delay stage on the THz beam line were employed.
For the coarse synchronisation, the time of arrival (TOA) of the electron beam
and the THz pulse was measured from a fixed point, using the same sensor, a
Schottky diode [154]. The TOA of the electron beam was measured by detecting
the coherent transition radiation (CTR) emitted when the electron beam hit a metal
target [155] whereas the THz pulse was directly detected. The metal target was a
metallic mirror, which was mounted on a translational stage, and would also route
the THz beam onto the Schottky diode. The diode was connected to a 6 GHz
digital oscilloscope (DPO70604, Tektronix), and triggered by the PI laser reference

frequency. The relative time of arrival of the CTR and the THz pulses was resolved
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on the oscilloscope, and was brought closer to within a 1 ns by adjusting the phase-
lock-loop electronics module. For the final, fine control of the temporal overlap,
the translational stage with step size of 33fs and total range of 1ns, was used.
M. Hibberd, D. Lake and D. Walsh helped with the operation and the alignment of

the TW laser system, as well with the synchronisation set up.

6.3.2 Results and analysis

The electric field of the narrowband THz pulses was measured with EO detection
at atmosphere and room temperature. In Figure6.17, the measured waveforms
transmitted through the top and the bottom of the phase-shifter plate are depicted,
with the corresponding amplitude spectra. The waveforms were recorded at the
coupler entrance of the DLW structure, in free space. As can be seen, the phase-
shifter plate induced a half a cycle relative phase shift between the two waveforms,
confirming the polarity inversion of the THz beam, known for a quasi-TEMy; mode
field pattern. The bandwidth of the THz source was measured to be 100 GHz
FWHM, centered at 0.4 THz with minimal differences between the top and the
bottom halves.

The electron beam parameters and beam optics settings could be changed re-
motely from the Control Room. The position and focussing of the beam through
the DLW structure was achieved by tuning the optics as discussed in §4.2.1. A
transverse size of 100 um rms was achieved at the interaction point. The bunch
charge was varied between 10-70 pC which was within the threshold of the camera
monitoring the energy spectrometer. Varying the phase of the RF LINAC would
essentially change the longitudinal profile of the electron beam. The CLARA ma-
chine was primarily operated by Y.Saveliev, T.Pacey and J. Jones, providing the
BA1 diagnostics of the CLARA particle beamline.

Two main accelerator configurations were primarily explored here. The first was
with a longer bunch and with a bigger energy spread, and the second was with
a shorter bunch and lower energy spread. In Figure6.18, examples of single-shot
energy spectra obtained at the energy spectrometer for the long bunch configuration
are depicted with 6.18(a) THz-off and 6.18(b) THz-on. The corresponding energy
spectral density was obtained by integrating the shots across the transverse position

dimension, as depicted in Figure6.18(c). Subsequently, the measured modulation
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Fig. 6.17: EO sampling measurements of the temporal (a) and spectral (b) profiles of
the THz pulse transmitted through the top and bottom half of the phase-shifter plate,

measured at the entrance of the DLW structure coupler. [156]

was extracted from the difference between the energy density spectra, as can be seen
in Figure 6.18(d).

The modulation observed in the energy spectrum for the long-bunch electron
beam configuration, arose from the temporally sinusoidal interaction with the mul-
ticycle THz pulse. The electron bunch was sufficiently longer than the wavelength
of the driving THz pulse resulting in a quasi-sinusoidal energy gain and loss, as the
electron bunch interacted with more than one cycles. Temporally localised change
of the chirp was imposed in the phase space of the bunch, which correspond to the
positive and negative peaks in the modulated energy density spectrum.

To quantify the acceleration achieved from the THz-driven DLW structure d Erry,,

the measured single-shot modulation was compared with a model. A sinusoidal
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Fig. 6.18: Single-shot energy spectrometer images captured for the long-duration, high-
energy spread electron beam configuration with (a) THz off and (b) THz on and (c) the
corresponding energy density spectra. (d) Measured modulation extracted from (c), with

the model depicted in dotted black line. [156]

modulation with a frequency of 0.4 THz was applied on a modelled electron bunch
with linear chirp. To account the spatial resolution limitation of the spectrometer
due to the beam emittance and uncorrelated time-slice energy spread, an effective
energy spread dF.ss, was included in the model. An iterative fitting routine was
developed to fit the model with the measured results, with independent variables the
acceleration gradient, 6 By, 0Fcrr, beam duration and the linear and cubic chirp
components. The effective interaction length of the THz pulses and the electron
beam inside the DLW structure was estimated to be approximately 4.3 mm, limited
by the group velocity walk-off and the THz pulse duration.

From the model, the peak acceleration achieved was estimated to be dEry, =
8.8keV, with an average acceleration gradient of 2MV/m, which was an order

of magnitude greater than what Curry et al. reported with the IFEL-coupled
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Fig. 6.19: Measured and modelled modulation strength and modulation period as a
function of the center frequency of the driving THz pulses for the long-duration electron

beam configuration. [156]

scheme [46]. The model depicted as a dotted line in Figure 6.18(d), also considered a
value of 0 E,;y=7.9 keV, beam duration of approximately 6 ps FWHM and linear and
cubic coefficients of 47.3keV /ps and 0.4keV /ps?, respectively. As can be seen, the
modelled modulation had a good agreement with the measured modulated energy
density spectrum. The measured linear chirp was of comparable magnitude with
the value, 53keV /ps, predicted by beam dynamics simulations conducted by the
ASTEC staff team.

The center frequency of the THz pulse driving the DLW structure could be tuned
by adjusting the relative time delay between the two chirped pulses in the Michelson
interferometer arrangement. The relative delay was introduced by a manual stage
on which one of the zero-degree mirror was mounted on. The modulation strength
and modulation period was explored as a function of the center THz frequency

as shown in Figure6.19. The modulation strength was extracted as explained in
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Figure6.18. The error bars indicate the standard deviation from 100 consecutive
single-shot measurements.

The strongest interaction was observed at 0.40 THz, corresponding to the oper-
ational frequency of the DLW structure. As explained in §6.2, the DLW structure
was designed to mediate a phase velocity matched to 35MeV electron beams at
0.41£0.02 THz. For frequencies greater or lower than the operational frequency, the
modulation strength decreases, following a trend according to the model. For the
modelled frequency dependent modulation strength, plotted as a dotted blue line in
Figure 6.19, the acceleration voltage throughout the DLW structure was calculated
using the dispersion relation of the LSM;; mode, for a range of center frequencies
and an effective bandwidth of 100 GHz. Over the THz frequency range explored, the
modulation period induced on the bunch was primarily dictated by the efficiency
of the interaction. The modulation period was observed to be relatively constant
at the value 165+10keV. This study showcased the importance of experimentally
characterising the DLW structure, and by measuring the dispersion relation, the
operational frequency could then be identified.

The other electron beam configuration studied was the short-bunch of approx-
imately 2ps FWHM bunch duration, with low energy spread. The aim was to
achieve pure acceleration of the entire bunch, also known as single-bucket accelera-
tion. This was only possible if the longitudinal size of the bunch was significantly
smaller than half of the wavelength of the THz electric field. This was one of the
main advantages of THz-driven acceleration over the DLA structures [38], which
are powered by 800 nm laser pulses, meaning the operating wavelength is at least
2 orders of magnitude shorter than the electron bunch. Moreover, because of the
operating wavelength and the cavity dimensions, only 2.2% electron beam trans-
mittance through the DLA structure was reported, whereas in this work the whole
bunch would potentially interact with the THz pulses.

At the time of the experiment, CLARA was between development stages, with
the beam properties not being fully optimised. A bunch duration on the scale of
100 fs was initially expected, however a bunch duration comparable to the THz pe-
riod was eventually delivered. Single-shot electron energy density spectra measured
with THz-off and THz-on are shown in Figure 6.20, with the corresponding fitted

model. Depending on the timing of the electron bunch relative to the phase of the
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Fig. 6.20: (a) Single-shot electron energy spectra measured for the shot-duration, low-
energy spread configuration for a phase range of 27 relative to the THz pulse, with (b)

the corresponding modelled electron energy spectra. [156]

THz-pulse, the measured spectral profile was changed accordingly. For a relative
phase delay of 7, the beam energy spread was symmetrically doubled from 21 keV
(THz-off) to 42keV (THz-off). In this configuration, the bunch was equally deceler-
ated and accelerated, resulting in the maximum increase of the beam energy spread.
Asymmetric acceleration was realised for phase delays below 7, whereas deceleration
for greater than .

The same fitting routine was employed in order to fit the model with the mea-
sured results for the short-bunch configuration, over the full 27 phase range between
the electron beam and the THz pulse. From the model, an effective energy spread of
0E.ss = 5.9keV was deduced, with a linear chirp component of 7.8 keV and a peak
THz acceleration of § Ety, = 10keV. The acceleration achieved was of the same scale
observed for the long-bunch configuration. From this analysis, the rms timing jitter

between the two seed oscillators of the PI and TW laser systems, was ascertained to
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be approximately 100 fs. Despite of a non-optimal compressed bunch duration, the
analysis revealed a single-bunch acceleration of a relativistic, high charge electron
bunch, measured from a single-shot. The data analysis as well as the fitting of the
model with the measured results were primarily conducted by A.Healy, E. Smith

and O. Finlay.

6.3.3 Summary

An optical apparatus was set up in BA1 to generate narrowband, frequency-tunable,
high-field THz pulses through CPB in a LN crystal, and by employing a phase-shifter
midline of the THz beam, a quasi-TEMg; mode was achieved in free space. The
THz radiation was transported and then coupled into the DLW structure, exciting
the accelerating LSM;; mode and then successfully interacting with copropagating
35MeV electrons. The temporal synchronisation of the THz pulse and the electron
beam was realised by detecting the CTR emitted from the electron beam from a
metal target and the THz radiation directly onto a Schottky diode connected on a
high-bandwidth oscilloscope. THz-driven acceleration was demonstrated, with two
electron beam configurations being explored. Moreover, a model was developed,
able to fit the experimentally measured results, extracting properties of the electron
beam provided by CLARA such as bunch duration, the linear and the cubic chirp
components and the effective energy spread due to the emittance and uncorrelated

time-slice energy spread of the particle beam.

6.4 Conclusions

In this chapter, a DLW structure designed to support the accelerating mode LSM,
tailored to phase velocity-match electron beams of energy 35MeV, was optically
characterised through transmission measurements in a custom-built THz-TDS set up.
A broadband TEMy; mode generated from a novel combined spintronic source, was
characterised in free space and used to excite the LSM;; mode of the waveguide.
Through the analysis of the transmitted through the DLW structure waveform, the
propagation constant of the LSM;; mode was measured and the operating frequency
was experimentally ascertained at f,, = 0.41 £ 0.02 THz. Exploitation time at the
CLARA test facility was allocated, in order to benchmark the DLW structure for
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THz-driven acceleration and manipulation of relativistic electron beams. The DLW
structure was driven by narrowband, frequency-tunable, polarisation-tailored THz
pulses produced through CPB in a LN crystal. The energy spectra of copropagat-
ing electrons was measured on an energy spectrometer before and after interaction
with the THz pulses. Long and short bunch electron bunch duration were explored,
where the bunch chirp was experimentally determined.

For the long-bunch configuration, the cubic chirp component revealed from the
experimental data, was not expected from the beam dynamics simulations of the
CLARA beamline. This was a direct measurement, often inaccessible unless RF-
driven transverse deflecting structures and dedicated electron-beams optics are avail-
able. The DLW structure was thus proven to explore the picosecond temporal struc-
ture of high-energy, high charge electron beams, while preserving the transverse
beam quality.

For the short-bunch configuration, preferential acceleration and deceleration was
observed as a function of the relative phase of the electron bunch with the THz pulse.
For a bunch duration comparable with the period of the THz pulse, single bucket
acceleration was demonstrated, with the DLW structure enabling transmittance of
bunch charges of up to 60 pC, which was over three orders of magnitude higher
than in the previous THz-driven acceleration works in the literature [41,42, 46].
Furthermore, it was shown through simulations, that in scheme the transverse beam
quality is conserved [156].

From the proof-of-principle results, the DLW structure was demonstrated to
serve as a compact THz-driven linear particle accelerator as well as an ultrafast
diagnostics device for relativistic subpicosecond-long charged particles. With the
use of narrower-bandwidth, higher energy THz pulses, the interaction would pro-
portionally increase. Moreover, the interaction would further increase with multiple
stages, in a cascaded configuration, marking a route of scaling down the size of

future particle accelerators.
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Chapter 7

THz-driven streaking of
sub-relativistic electrons using a

DLW structure

7.1 Overview

In this chapter, experimental demonstration of THz-driven manipulation of sub-
relativistic electrons is described, followed with relevant simulations. A 100keV
electron gun system was assembled in the LATTE lab at Daresbury, UK (§4.2.2),
powered by a high-power laser system (§4.1.1), providing ultrafast 800nm laser
pulses with 11 mJ pulse energy. This work aimed to characterise the temporal profile
of a short electron bunch, using a DLW structure, driven by single-cycle THz pulses
as a streaking device, in an all-optical control and metrology concept. The DLW
structure was designed to match the phase velocity of the supported LSMy; mode
at approximately 0.5 THz with the velocity of 100keV electrons. As a result, the
THz-electron interaction length can be increased.

The propagation constant of the DLW structure was experimentally measured
in §5 [157]. Upon interaction of the electron beam with the THz pulse, the mod-
ulation of the transverse profile of the electron bunch detected on a downstream
detector, was measured as a function of the relative time delay between the two.
The longitudinal profile of the particle bunch was extracted from the comparison of
the experimental observables to the simulations. The time evolution of the electro-

magnetic (EM) fields and of the particles inside the DLW structure was modelled

140



7.2. Experimental apparatus

as explained in 4.3.2.

7.2 Experimental apparatus

The schematic diagram of the optical apparatus and the vacuum chamber used in
this Chapter is illustrated in Figure 7.1. The experimental set-up can be divided into
three sections; electron generation section, the THz radiation generation transport
section, and the vacuum chamber where the THz-electron interaction took place.
The Cockroft laser system powered the whole experiment, providing up to 11mJ
of 35fs FWHM long pulses with a center wavelength of 800nm at an adjustable
repetition rate (§4.1.1).

7.2.1 Electron generation and alignment

The experiment consisted of a 100 keV electron gun system, mounted onto a cuboid
vacuum chamber. An MCP detector was attached on the other end of the vacuum
chamber. The MCP detector enabled the monitoring of the transverse profile of
the electron bunch with a CCD camera (mvBlueCOUGAR-X, MatrixVision). The
electron gun system, vacuum chamber and MCP detector could be isolated with
manual-driven gate valves, maintaining the vacuum level in each section. Separate
Penning vacuum gauges were employed for the electron gun and the vacuum cham-
ber. Two side CF flanges were replaced with fused silica windows, for the transport
of the THz radiation and of the visible alignment laser, respectively.

The electron gun was able to operate in either thermionic or photo-excitation
electron emission mode. For the generation of short electron bunches, the gun was
operated in the photo-emission mode. As can be seen in Figure7.1(b), a beam
sampler was used in order to reflect a small fraction of the incident laser pulse (1 %)
which was later used for the photo-excitation of electrons. The beam was routed
through a translational stage, in order to vary the arrival time of the electron bunch
relative to the THz pulses. The beam was then telescoped down to reduce the beam
size with a pair of lenses, f, = 300mm and f, = —50mm, resulting in a beam of
approximately 2mm 1/e? diameter.

The beam went through a 5-BaB,O4 (BBO) non-linear crystal, where Second

Harmonic Generation (SHG) occurred, generating 400 nm radiation. The residual
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Fig. 7.1: Schematic diagram of the 100 keV experimental setup; (a) the vacuum chamber
containing the DLW structure where the electrons interact with the THz pulses, and then
getting detected on an MCP detector with a CCD camera, (b) the generation of electrons
via photo-emission where a small percentage of the incident laser pulse undergoes SHG
for UV generation and the rest is used for (¢) THz generation using the PFT scheme on
a LN crystal. Vacuum compatible apertures (AP) were employed as well as an alignment
laser, for the alignment of the electron beam and the optical components in the vacuum

chamber.

800 nm radiation was separated from the 400 nm radiation with a pair of dichroic
mirrors, and then safely dumped onto a target. The 400 nm radiation was eventually
routed onto the photo-cathode, through a quartz-window. Despite using a telescope
to reduce the beam size, an additional aperture was used. This helped suppressing
the illumination of the surrounding apertures, like the grid and the 15 anode, which

was responsible for the ’fringe’ photo-electrons detected on the MCP. An example
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of these fringe electrons can be seen in Figure7.2(a), before the final alignment of
the UV beam. The fringe electrons appear as a series of haloes around the main
central beam, and can be limited by optimising the UV alignment, as depicted in
Figure 7.2(b).

The grid aperture was used to limit or suppress electron emission from the cath-
ode when a negative potential was applied with respect to the bootstrap cathode
(500 V). The grid was therefore pulsed to a voltage between 0 and 500V which
allowed electron emission in a 5us window. To synchronise the various electrical
components, namely the grid, the electron gun controller, the camera and the elec-
tron photo-emission process, a commercial pulse generator (Quantum Composer
9530) was employed. The 1kHz reference signal from the laser oscillator of the laser
system was used as the input trigger, with the various outputs used to the rest of
the electrical components.

The built-in solenoid lens in conjunction with the deflecting coils were used for
the imaging of the electron beam onto the MCP detector. For the coarse alignment,

the electron gun was operated in thermionic emission, with a non-focussed beam.

Intensity (a.u.)
0 10 20 30 40 50 60 70 80 90 100

T A N N ' ' 1
(b)

90
20 40 60 80 20 40 60 80

Pixel # Pixel #

Fig. 7.2: An example of a typical electron beam spot detected on the MCP phosphor
screen (a) with and (b) without the ’fringe’ electrons produced due to incorrect UV beam

alignment.
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Then it was transitioned to photo-emission mode, where the UV beam was aligned
until the beam formed from the thermionic and photo emission was almost identical.
To ensure that the electron beam was collimated, two apertures (AP) mounted on
translational stages were used before the MCP detector and next to the interaction
point. Horizontal and vertical copper coils around the whole experimental enclo-
sure, covering the electron gun, the vacuum chamber and the MCP detector, were
installed in order to obtain an additional control of the electron beam alignment.
In Figure 7.3, the compensator coils are indicated with yellow arrows. The custom-
made compensator coils were used for the angling of the beam whereas the built-in
steering coils were used for the positioning of the beam.

It was found, that the 100keV electrons were very sensitive to local magnetic
fields, resulting in distortion of the beam. This was observed when the apertures
were brought into the beamline. After more investigation, magnetic fields of the
order of 1 mT were measured with a Hall probe, emerging from the grub screws and
the posts the apertures were mounted on. These components were replaced with
ones with negligible magnetic field. Deflection of the beam was also observed while
the translational stages were moving, or when high voltage electrical equipment was
being used or moved in the LATTE lab, making alignment of the beam a standard
routine procedure, using the two apertures.

The DLW structure as well as the OAP mirror were placed on linear translational

stages in the vacuum chamber. The DLW structure consisted of the dielectric-

45 7;2- i =
Horizpntal coils / =~

Fig. 7.3: Wide-angle photograph of the experimental apparatus, including the electron
gun, the vacuum chamber and the MCP detector. The custom-made horizontal and verti-
cal compensator coils surrounding the whole electron beam path, are indicated with yellow

arrows.
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lined waveguide and a linearly tapered horn metallic coupler, without a dielec-
tric lining and it was mounted on a computer-controlled 5-tilt axis mechanical
stage (8081M-UHV, Newport) for further alignment. The structure was optically
characterised as described in Chapter 5, measuring the phase velocity to be v, =
0.548 £ 0.002¢ at 0.47 THz after exciting the LSMy; waveguide mode, matched to
the velocity of 100keV electrons. The OAP mirror was 2-inch diameter with gold
coating and with a through hole for particle propagation. Inside the chamber, the
positioning of the components with respect to the electron beam used an alignment

laser which counter-propagated with the beam.

7.2.2 THz generation

After the beam sampler, the laser beam was transported to the THz generation
section, as illustrated in Figure 7.1(c). The laser pulse was sent to a pulse-front-tilt
(PFT) configuration which consisted of a holographic diffraction grating (Spectro-
gon) with a groove density of 1500 mm™!, and a 4 f lens configuration, incorporating
two cylindrical lenses with focal lengths of 250 mm and 130 mm, respectively. The
PFT was achieved in the -1 diffraction order, with diffracted and incident angles
determined as discussed in §3.2.3, for efficient THz generation in a LN crystal. As
shown in Figure 7.4, the incident angle was set at 6; = 19.8° with a corresponding
diffracted angle 6; = 59.4° for a pump-pulse front angle of v = 63°. Because the
two LN crystals employed here were of different growing technique and doping from
the one in the literature [152], a 5% uncertainty was included in the determination
of the refractive indices. The margin of error of the incident and diffracted angle as
shown in filled areas in Figure 7.4, was within the precision of the rotational stage
where the diffraction grating was mounted on. The horizontal magnification factor
provided by the 4f lens geometry was 0.52, which was within the calculated range
B1 = P = 0.54 £ 0.02.

Two different LN crystals were employed for the THz generation. The two
crystals were of different dimensions and of different crystal growing technique. The
bigger crystal was an MgO-doped congruent LN crystal whereas the smaller crystal
was an MgO-doped stoichiometric LN crystal. During the optimisation process of
the PF'T, the bigger crystal was replaced with the smaller one, as it was required to

be used in a different experiment.
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Fig. 7.4: Calculated magnifications of the pump-pulse front i, and the grating image
Bo as a function of the diffraction 6y and incident angle 6; for a 1500 mm~! diffraction
grating. The dashed lines indicate the combination of angles that 51 = (2. The filled
area indicates the uncertainty in the magnification due to the uncertainty of the refractive

index of LN at 800 nm.

A pyroelectric detector (THz-I-BNC, Gentec) was used to measure the pulse
energy emerged from the LN crystal and determine the divergence of the THz beam.
The attachable coupler of the detector was used, with the sensor covered with a black
plastic film in order to block any residual optical radiation. The sensor had an active
area of 4mm?. To determine the beam width and the divergence of the beam, power
measurements as a function of the transverse horizontal and vertical position of the
detector relative to the LN crystal were taken, at several longitudinal positions.

The THz radiation was then collected and transported into the vacuum chamber
through a fused silica window with metal coated mirrors. An imaging setup consist-
ing of 3 TPX lenses of focal length f; 23 = 200 mm, and 1 OAP mirror of parental
focal length f; = 101.6 mm, was used to image the THz beam from the LN crystal
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Fig. 7.5: Modelled beam width of the THz beam as a function of the distance, calculated
for different frequencies. The dashed lines indicate the position of each focusing element

along the THz beam transport line.

to the interaction point with a de-magnification factor of 2. In Figure 7.5, the mod-
elled beam width as a function of the distance, calculated for different frequencies is
shown. For the model, an initial beam width of wy = 4.6 mm and a radius of curva-
ture of Ry = oo was considered. The spot size was measured at the entrance of the
coupler with a knife edge, agreeing with the model. A pulse energy of approximately
1 uJ was measured with the pyroelectric detector. The temporal synchronisation of
the electrons and the THz pulse was achieved by matching the path lengths of the
two, considering that the electron bunch was travelling at sub-luminal velocity, and
then fine-tuning of the timing was achieved with the translational stage. All power
and EO detection measurements were carried out at room temperature (RT) and at
relative ambient humidity inside the vacuum chamber.

To convert the image obtained from the camera, from number of pixels to dis-
tance, a calibration process was followed. As the deflection was expected to be
predominantly in the vertical direction, the camera was set such that the vertical
bounds of the phosphor screen were visible. The transverse dimensions of the screen

were measured separately, with a height of approximately 3.2cm. The pixel to dis-
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tance conversion factor was ascertained by calculating the ratio of the total number

of pixels with the screen height.

7.3 Results and analysis

7.3.1 Electro-optic measurements

The waveform of the linearly polarised electric field of THz pulse generated from
the LN crystal, was measured with EO detection inside the vacuum chamber, at the
interaction point. For the EO measurements, a 500 pm-thick (110)-cut ZnTe crystal
was employed, in a standard EO detection geometry, carried out in atmosphere and
at room temperature (RT). In Figure 7.6, the measured waveform in free space can be
seen, (a) before and (b) after the reflection deconvolution, with (c) the corresponding
amplitude spectra. The main pulse, label (1), is a single cycle THz pulse with a
2.65 ps FWHM of the field envelope. More pulses appear later in time, labelled (2)
and (3). The second and third pulse, arrived at approximately 10 ps and 21 ps after
the main pulse respectively, were attributed to a first and second reflection of the
main THz pulse in the ZnTe crystal. This agreed, given the thickness of the crystal
was 500 um and the refractive index of ZnTe at THz frequencies, nty, = 3.16 as
reported by Gallot et al. [130].

The deconvolution algorithm of numerically suppressing the reflection echoes,
discussed in Chapter 5, was applied on the measured waveform, with the results
depicted in Figure7.6(b). The parameters used for the reflection deconvolution
were r;—12 = [0.3,0.11] and 7,—;, = [10.17,20.7], taken from the measured EO
signal. The residual oscillations following the main pulse was due to the strong
water absorption at 0.557 THz and 0.75THz. The effect of the reflection removal
can also be seen in Figure 7.6(c), where the amplitude spectra with and without the
reflection echoes, are plotted. A FWHM bandwidth of 260 GHz was measured from
the generated THz pulse, with a center frequency of 0.38 THz.

A larger (3cm height) congruent LN crystal (cLN) was first employed for THz
generation, which was then replaced with a smaller (1cm height) stoichiometric
LN crystal (sLN). The damage threshold for a sLN crystal was expected to be

close to 20mJ/cm?, as mentioned in the literature [75]. Depicted in Figure7.7,
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Fig. 7.6: (a) Raw data of the EO sampling measurement of the THz waveform measured
at the entrance of the DLW structure coupler, inside the vacuum chamber. (b) The results
of the reflection deconvolution applied on (a). (c) The corresponding amplitude spectra

of (a) and (b). Labels (1)-(3) are discussed in the text.

power measurements of the emerging THz radiation as a function of the incident
laser fluence were performed, with the calculated pump to THz energy conversion
efficiency depicted on the same figure. For pump fluence up to 8 mJ/cm?, the THz
energy scaled up quadratically, with the conversion efficiency scaling linearly. For
higher pump fluence, the generated THz pulse energy was scaling linearly, with the
conversion efficiency reaching a plateau, indicating that it was close to the damage
threshold. The sLN crystal was then used, tested at higher pump fluence, up to
20mJ/cm?, scaling with the same trend. The discrepancy of the generated pulse
energy at 12.6 mJ/cm? between the two crystals was because of a small re-alignment,

performed after the swap of the two crystals.
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Fig. 7.7: Generated THz pulse energy as a function of the incident pump fluence (blue)
with the calculated pump-to-THz energy conversion efficiency (red). Two crystals were
investigated at different pump fluence; in bullets the congruent LN crystal and in squares

the stoichiometric LN crystal.

Neither visible damage on the crystal nor a decrease in the generated pulse
energy over a long period of time was observed, after exciting it at maximum fluence.
The highest pulse energy recorded was approximately 1.5 uJ, with a corresponding
energy conversion efficiency of 2.7x10~4. The same order of magnitude of optical-to-
THz energy conversion efficiencies have been reported in the literature with similar
laboratory parameters [79,158,159]. The THz emitter was operated at the maximum
fluence, allowing a pulse energy measurement of 1 uJ, at the entrance of the coupler,
inside the vacuum chamber.

The total distance of the THz beam from the LN crystal to the interaction point
was approximately 140 cm. In order to preserve the beam quality and limit the losses
throughout the beam transport, an imaging setup was designed. For the design of
the beam transport, determining the beam waist and the divergence emerging from

the THz source was crucial, as it would govern the beam width as it propagates.
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For the extraction of the initial beam waist, the horizontal and vertical profile of
the emerging intensity pattern was measured at several propagation distances. The
pyroelectric detector, with an active sensor of 2x2 mm, was employed, mounted on
a XYZ manual-driven stage of a total travel range of 25 mm in each direction.

In Figure7.8(a) and 7.8(b), power measurements across the horizontal and the
vertical direction relative to the LN crystal surface, are depicted in scattered plot,
for several propagation distances. A Gaussian distribution fit was applied on the
experimental measurements, obtaining the horizontal and vertical beam width as
a function of the propagation distance, as depicted in Figure7.8(c). As it can be

seen, the beam was skewed for the horizontal case, indicating that the stage was
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Fig. 7.8: Measured (a) horizontal and (b) vertical THz beam profile at different propaga-
tion distances (scattered plot), with the Gaussian distribution fit (line plot). (c) Horizontal
and vertical beam width as a function of the propagation distance, extracted from (a) and

(b), with the corresponding Gaussian beam propagation fit (line plot).
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not misaligned, relative to the LN crystal. A Gaussian beam propagation fit was

applied for the evolution of the beam width, given by [146]

w(z) = woy |1 + (ﬁ)Q (7.1)

2

where w(z) is the beam width, z the propagation distance, A the central wavelength
and wy the beam waist. The fit results for the horizontal and vertical beam width can
be seen as the black and red line plot in Figure 7.8(c), respectively. The beam waist
and the wavelength were the fitting coefficients, with z the independent variable.
From the results of the fitting curves, the beam waist was ascertained, with a value
of wy = 4.6+£0.1 mm for the vertical profile and wy = 4.1+ 1.2 mm for the horizontal
profile. The fitting model also predicted a centre frequency of fy = 0.34 £+ 0.02 THz,
which was in a good agreement with the measured amplitude spectrum, depicted in
Figure 7.6(c).

The value of the beam waist was used for the design of the beam transport,
consisted of four focussing elements, and metallic mirrors. The THz radiation was
transported to the interaction point, inside the vacuum chamber, imaged with a

de-magnification factor of 2.

7.3.2 Deflectogram

The spatial overlap of the electron beam and the THz beam was a relatively easy
task, as the interaction took place in a structure which comprised of a coupler. The
coupler was of great importance in order to couple the deflecting LSMy; mode from
the free space TEMy, THz pulse. The coupler also facilitated the alignment of the
THz pulse through the structure. The alignment of the electron beam proved to be
more challenging, as external magnetic fields originating from either the LATTE lab
or even the Earth magnetic field, were inducing distortion to the beam. At the time,
only the built-in focussing lens and two steering coils were available, corresponding
to the correction of the beam position and angle. Image of the electron beam
aligned though the structure and the OAP, without the THz field, can be seen in
Figure 7.9(a).

With the matching of the THz and electron beam path lengths up to the entrance
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Fig. 7.9: Images of the electron beam aligned through the DLW structure, detected on
the MCP screen, (a) without and (b) with the THz field on.

of the structure, the temporal overlap was roughly achieved. The final synchronisa-
tion stage involved a trial and error method, where the THz-electron delay stage was
driven, until a modulation of the electron beam would be observed. In Figure 7.9(b),
a modulation of the transverse profile of the beam can can be seen, following the
translation of the delay stage. The vertical profile of the beam was modulated, as
expected from simulations.

The bunch duration was expected to be dependent on the excitation laser pulse
duration and the pulse broadening caused during the acceleration process. The
electron gun system was simulated by C.Shaw in GPT [122], where the settings
of the gun were explored, namely the first and second anode voltage, grid voltage,
and focussing lens. The settings were set such as the shortest electron bunch with
maximal brightness and transmittance through the structure could be delivered.
The first anode was set to 5kV, whereas the grid and the second anode were set to
0V.

From the MCP images, the horizontal and vertical line profiles of the beam were
obtained, by summing the pixel intensities at each direction. As can be seen in
Figure 7.10(a), the beam spot becomes vertically larger when the temporal overlap

is met, and the electron beam interacts with the THz radiation inside the DLW. The
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Fig. 7.10: (a) Vertical and (b) horizontal line profiles of the electron beam detected on
the MCP, with THz off (black line) and THz on (red line).

beam becomes up to 10 times bigger. This was an indication of deflection of the
electrons in the y-direction, as it was predicted by the simulations. The modulation
on the z-direction was negligible as depicted in Figure 7.10(b).

With the temporal synchronisation established, electron beam images were taken
as a function of the THz-electron relative time delay. A time window of 55ps
was scanned, with a time step equal to approximately 133fs. This corresponds
to resolution of approximately 20 steps per wavelength, if considered the centre
frequency of the driving THz pulse is 0.38 THz. Post-processing of the time scan
involves the extraction of the vertical and horizontal line profiles, and merging them
into one figure, producing a deflectogram. Essentially, a deflectogram depicts the
deflection evolution of the electron beam, in the plane of deflection.

Figure 7.11 depicts the deflectogram obtained from the time scan. At each time
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point, 10 shots were taken, and then averaged. A background image was also ob-
tained with the electron beam blocked, in order to subtract the noise originating
from the MCP and the camera. The electron beam in the deflectogram follows a
quasi-sinusoidal trend. It is proportional to the integral of the Lorentz force along
the electron trajectory inside the DLW structure. The zero-crossing is considered
the time point where the spreading of the beam is the strongest, and it is where
the tg = Ops is set. Streaking speed is a figure of merit, quantifying the deflection
rate the electron beam undergoes. This figure of merit is usually used to benchmark
ultrafast streaking devices and it is also used for comparison. For the measurement
of a short duration electron bunch, the temporal resolution is proportional to the
streaking speed strength [53].

Before and mainly after t(, there are trailing oscillations, arising from the disper-
sion of the THz pulse in the DLW structure. Another explanation for the oscillations
that appear after ¢ = 15 ps, is water absorption of the THz radiation, when it was

transported from the optical table to the vacuum chamber. The amplitude of the
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Fig. 7.11: Deflectogram (time-dependent deflection) measured by varying the delay be-
tween the electron beam and the THz pulse. Images of the electron beam were integrated

along the x-position.
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7.3. Results and analysis

deflection after ¢, rapidly decreases. The peak-to-peak amplitude of the vertical
displacement was approximately 19mm. The streaking speed at ty was experi-
mentally ascertained from the deflectogram in Figure7.11. It was measured to be
11.01 mm/ps, corresponding to approximately 28 mrad/ps. This figure exceeds the
streaking speeds demonstrated in the literature where metallic slits or resonator
structures were employed [47,50,53].

Figure 7.12 illustrates the deflectogram along the horizontal direction. As can
be seen, the modulation is smaller than what has been observed for the vertical
deflection. A modulation was observed at t,, with small trailing oscillations. It was
a focussing effect on the x-direction, and it was expected since the electron beam
was filling the whole DLW aperture. Weak horizontal electric field field arise on the
edges of the DLW as can be seen in Figure 4.11, leading to focussing and defocussing
of the beam as a function of time. Nevertheless, the horizontal modulation was
weaker than the vertical, without introducing any complications. Furthermore, the
horizontal and vertical components of the modulation are decoupled, and can be

analysed independently.

x -position (mm)
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Fig. 7.12: Deflectogram (time-dependent deflection) measured by varying the delay be-
tween the electron beam and the THz pulse. Images of the electron beam were integrated

along the y-position.
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7.3.3 Simulations

For a sufficiently short electron bunch, the determination of the bunch duration can
be determined with a single-shot method, as demonstrated by Li et al. [53]. In this
method, the streaking speed is first measured experimentally, by varying the relative
delay between the electrons and the THz pulse, and from the resulting deflectogram,
the deflection rate is ascertained. Then, the injection time of the electron bunch
is set to the zero-crossing, where the spread of the electrons is at maximum. The
bunch duration is then proportional to the spread measured on the camera sensor.

For the single-shot method to work and give accurate results, the electron bunch
duration, should be shorter than half cycle of the driving THz pulse. For the case
where the electron bunch duration is longer, then the electron bunch overlaps and
interacts with more than one cycle, thus a different analysis is required. This would
look like the smearing observed in the deflectogram in Figure7.11, and it was also
demonstrated by Kealhofer et al., for the uncompressed beam configuration [47].

In order to extract and determine the electron pulse duration, the interaction
was simulated and fitted to the data of Figure7.11. The simulation technique de-
scribed in §4.3.2 was used. The details of the simulations are described, following
the order in the flowchart illustrated in Figure4.14. The geometry parameters of
the 100 keV DLW structure were used as input parameters for the generation of the
mesh grid, and the calculation of the propagation constant. Spatial step sizes equal
to der = 100 pm, dy = 10 um and dz = 15 um were chosen, discretising the simu-
lation domain to approximately 77x 103 mesh cells. The dz step size assured that
a sampling frequency of 2 THz was sufficiently sampled in the calculation domain.
The dy and dx step sizes were determined after a convergence scan, reaching a good
computational time and accuracy balance. Only the vacuum region of the DLW was
considered here.

For the THz source, the LSMy; was directly excited into the waveguide. The
excitation signal was a single-cycle THz pulse, with a center frequency of 0.38 THz.
The option of using the EO scan measurement directly to the simulations was avail-
able. However, the oscillations in the measured waveform due to the water absorp-
tion, introduced strong artefacts. Furthermore, the THz pulse EO measurement

was obtained inside the vacuum chamber, following a propagation of more than 2m
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in ambient atmosphere. For the deflectogram measurements, the THz pulse only
travelled approximately 0.5m in ambient atmosphere, and then carried on in vac-
uum. Therefore, the transient excitation signal was modelled based on the measured
data. The amplitude spectrum was modelled by fitting Equation4.12 on the mea-
sured amplitude spectrum. The transient excitation signal was then obtained by
inverse-Fourier transforming the amplitude spectrum. The excitation transient sig-
nal and the corresponding amplitude spectrum used in the simulation are depicted

in Figure7.13 along with the measured data.
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Fig. 7.13: (a) The modelled waveform (red) and (b) the modelled corresponding am-
plitude spectrum (red) of the measured electric field waveform (black) and amplitude

spectrum (black), respectively.

The particle source was simulated with a commercial software, GPT, from the
electron gun up to the entrance of the waveguide. The particle source was then
directly inserted into the simulation. The GPT file was produced and provided
by C.Shaw. In Figure7.14, the particle source distribution is depicted. The mean
energy of the electron bunch was approximately 100 keV, with a small energy spread.
The transverse size was on the order of 200 um diameter and 4 mrad divergence in
both transverse planes. This electron distribution was used as the initial condition,
a starting point of the fitting process.

Finally, the Phase Space Evolution (PSE) algorithm, would simulate the THz-
electron interaction based upon the set parameters. PSE is an iterative procedure

where the particle equation of motion is solved with numerical methods for each

158



7.3. Results and analysis

(@) 100 () ..
I 2 B,
I —~ "fn‘g*-m:,.
= . ] v‘:‘ ? .-':..'".
N & ,r:,,o "‘%&,-jf
50 E 0 3“" :a-'\‘.‘ ....q; ]
= LR o 29 At
e -;*-.:g':i;'ﬁ .;.,’
R 1 W
il o Y
0
99.93 99.94 99.95 -0.1 0 0.1 -0.1 0 0.1
Energy (keV) x -position x -position
() 99.96
>
& 99.95
B
20
= 99.94
<
€3
99.93
-1 -0.8 -0.6 -0.4 -0.1 0 0.1 -0.1 0 0.1
z -position 1y -position 1y -position

Fig. 7.14: The electron beam distribution used for the simulations. (a) The energy
spectrum with the (b) energy spread as a function of the longitudinal position. (c) Hori-
zontal and (d) divergence along with the histograms of the (e) horizontal and (f) vertical

positions.

particle, and then the phase space of the electron bunch is evolved as well as the
EM fields. The simulation terminates when the particles exit the simulation bounds,
or the Transit Time is reached. The temporal step size of the PSE algorithm was set
to h = 30fs. The script tracks the boundary condition of the particles, monitoring
whether they are still within the calculation domain, hence a transmittance was
provided for each simulation run.

In order to simulate a deflectogram, the PSE algorithm was iterated over a se-
quence, varying the injection time of the electron pulse relatively to the THz field.
Then in post-processing, the beam was transported onto a screen, via a transfer
matrix, where the transverse profile of the beam was extracted. Similarly to the
experimental data, a deflectogram was produced, by plotting the line profiles of the
beam as a function of the injection time. In Figure7.15(b) the simulated deflec-
togram is depicted along with the measured 7.15(a).

As can be seen, similar trends appear in the simulated deflectogram, at the zero-

crossing, and then the smaller oscillations match as well. The small oscillations were
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Fig. 7.15: (a) Measured and (b) simulated deflectogram. The simulated deflectogram

was produced by using the electron beam distribution in Figure 7.14.

attributed due to the dispersion of the broadband THz pulse in the DLW. However,
it was hard to distinguish any useful features from the diagram. This was mainly
due to the small number of particles that have been simulated. In the laboratory,
the electron gun operated at 10 Hz or higher, and the response time of the camera
is finite. Therefore, what is measured by the MCP is the accumulation of electrons,
whereas in the simulation, only one bunch is modelled, with a number of particles
of approximately 600.

The simulation was repeated, with a higher number of virtual particles, in the
order of 10*, for the same time range. The electron beam distribution extracted

from GPT was used as a reference, interpolating more particle within the same dis-
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tribution. A parameter sweep was performed, where the electron beam parameters
such as divergence, transverse size and beam duration were scanned, in order to find
the best fitting. This fitting routine is scalable to more parameters, such as the THz
field strength, beam energy, energy spread and vertical or horizontal offset inside the
waveguide. However, in order to investigate all the parameters, considerably more
computational power would be required. The simulation time increases linearly with
the number of particles, and its proportional to the number of parameters in the
scan. Here the THz source, DLW geometry and propagation constant were kept
constant.

Figure 7.16(b) depicts the final deflectogram from the fitting parameter sweep.
The results from the THz-electron simulation agree very well with the experimen-
tally measured data. For the final deflectogram, an electron beam of 3.5 ps beam
duration, 160 um 1/e* diameter and divergence of 7mrad was used. In Figure 7.16,
the features are more distinct and clearer which was evidence that the model devel-
oped and used for the THz-electron interaction was accurate. From the simulations,
the transmittance of the particles would decrease before and after the zero-crossing,
where the deflection maximises. As the electrons interact with the THz field, they
start deflecting inside the structure, colliding with the dielectric slabs. However, in
the simulations more than 60% of the beam was transmitted at maximum deflection.

Furthermore, from the simulations it was deduced that the peak deflecting elec-
tric field, on-axis, inside the waveguide, was E, = 1.1 MV /m. This was in line with
other works in the literature, where Kealhofer et al. have employed a 1.3 MV /m
THz source [47], Zhao et al. 17 MV /m [50], both with moderate THz pulse energies.
Other works have mentioned higher figures like Li et al. where a 20 uJ pulse energy
and field strength of up to 55 MV /m was used and Zhang et al. have used 2x6 uJ
sources.

It should be noted that the shot-to-shot timing jitter was small enough so it would
not make the analysis of the measurements challenging. Furthermore, the relative
timing jitter between the THz pulse and the electron pulse was also negligible as
the same laser system was used for the generation of electron and the driving THz
pulse. The noise originating from other electronic devices within the laboratory or
sometimes the facility, was greater than the machines responsible for the experiment.

In Figure7.17 the deflectograms for a range of bunch durations is depicted
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Fig. 7.16: (a) Measured and (b) simulated deflectogram. The simulated deflectogram

was produced by using an interpolation of the electron beam distribution in Figure 7.14.

162



7.3. Results and analysis

(a) At=0.1ps (b) At =0.5ps
100 15 100
/g 80 80 i
: :
5 60 60 3
S = ' S
= 40 40 £
> :
'@ 20 20 HH
0 0
() At=1ps (d) At=4ps
D 100 D 100
/g 80 80 %
2 :
= . -0 60 3
=) ' 5
= 40 40 &
& :
'@ 20 20 H&-c
0 0
(e) At=10ps (f) At =20ps
100 100
/é\ 80 80 i
s :
o 60 60 3
= ‘ ==
= 40 40 &
- :
I@ -10 20 20 HH
0 0
-30 -25 -20 -15 -10 -30 -25 -20 -15 -10
Time delay (ps) Time delay (ps)

Fig. 7.17: Simulated deflectograms, for a range of electron bunch durations. For each de-
flectogram the bunch duration is written on the title, and in orange line, the transmittance

is depicted as a function of the time delay.
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for the same THz source parameters. As can be seen, the traces for shorter duration
like in Figure7.17(a) and 7.17(b) are sharper, as the bunch length is shorter than
the half cycle of the driving THz pulse. However, at the maximum deflection, be-
fore and after the zero-crossing, the particle transmittance dropped as low as 40%,
as the particles were more temporally localised and a bigger portion of the bunch
would deflect and eventually collide on the dielectric slabs. As the bunch duration
increases, the trace is clearly temporally smeared, as the electron bunch interacts
with more than one cycle of the driving THz pulse. Furthermore, the transmittance
increases for longer bunch durations. Here, only one set of electron beam param-
eters has been experimentally investigated. For shorter bunch durations, a bunch

compressor would be required.

7.4 Conclusions

In this chapter, an all-optical concept for the control and characterisation of ultrafast
electron bunches has been demonstrated. A 100keV electron gun was installed in
the LATTE lab, along with a high-power laser system, delivering 35 fs long, 800 nm
centered laser pulses of 11 mJ energy. The laser system was used for the generation
of electrons through photo-excitation of the cathode, and for the generation of THz
radiation via optical rectification in a LN crystal.

The aim of the experiment was to generate ultrafast electron bunches and char-
acterise the corresponding temporal content, using a THz-driven streaking scheme.
Here, the streaking device was a DLW structure, designed to support the de-
flecting LSM(; mode, and it was tailored to phase velocity-match electron beams
of 100keV energy. The operating frequency was experimentally ascertained at
fop = 0.47 £ 0.02THz [157]. The DLW structure was driven by single-cycle THz
pulses. The generated THz pulse had a lower centre frequency than the design fre-
quency, however, because of the broad frequency content of the driving THz pulse,
the DLW device was still operational.

The THz pulse and the electron bunch were spatially and temporally overlapped
inside the DLW structure. The modulation of the transverse profile of the electron
beam was monitored on a downstream MCP detector, as a function of the relative

time delay. A deflectogram was obtained from the experimental results, where the
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trace of the deflection as a function of time was deduced. The DLW structure was for
the time demonstrated to operate as a THz-driven streaking device. The streaking
speed was estimated to be approximately 28 mrad/ps, exceeding of what has been
demonstrated in the literature for similar electron energy regime and THz sources.

The interaction was modelled using the simulation technique described in §4.3.2.
A simulated deflectogram was obtained and through a parameter sweep process,
the electron bunch parameters were fitted to the measured deflectogram. From the
fitting routine, a bunch duration of 3.6 ps was ascertained. However, the fitting
routine can be scaled up in order to investigate more experimental parameters. The
fitting routine was only tested for one set of experimental results. Experiments were
still ongoing at the time of compiling this work.

By the time the experiment was conducted, there were only two steering coils
available and one electron beam lens. In future experiments, more controls for the
beam alignment would be beneficial for the transmittance of the beam through the
DLW structure. Ideally the beam would have been focussed through the structure

and then focussed again onto the detector.
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Chapter 8

Conclusions and further work

In this thesis, the work undertaken implementing a novel THz-driven particle accel-
erator and manipulator is detailed. The device was a rectangular-shaped dielectric-
lined waveguide (DLW) structure, employed for either acceleration or deflection of
relativistic and sub-relativistic electron beams. The DLW structures were tailored
to support the Longitudinal Magnetic Section (LSM) modes with a phase velocity
matched to the velocity of the electron beams at a specific frequency. The aim of
this concept was to increase the THz-electron interaction length, in order to realise
more efficient THz-driven particle acceleration and manipulation.

The propagation constant of the LSMy; mode was measured, using the cut-back
technique, in a THz time-domain spectroscopy experiment. The DLW structure was
designed for THz-driven streaking of 100 keV electron beams, at a center frequency
of 0.47 THz. Linearly polarised, broadband THz pulses were coupled into the DLW
structure in order to excite the deflecting mode. The propagation constant was
measured by deconvolving the measured phase data of the electric field emerging
from two identical structures of different length. At the operational frequency, the
phase velocity was measured v, = 0.548 £ 0.002¢ matching the 0.548¢ velocity of
100 keV electrons. A simple model was also developed to simulate the influence of
the coupler and also remove the reflection echoes from the measured waveform.

In separate experiment, the propagation constant of the accelerating LSM;j;
mode of a different DLW structure was measured. The DLW structure was de-
signed for acceleration of 35 MeV energy at center frequency of 0.4 THz. A TEM,
broadband THz pulse was coupled into the DLW structure in order to excite the

accelerating mode. The operating frequency was experimentally ascertained at
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fop = 0.41 £0.02THz. In both cases, the coupling coefficient of the structure was
not measured, as there was no output coupler at the time. Different coupler geome-
tries could be explored such as an exponentially-tapered coupler as demonstrated by
Othman et al. [160]. The current DLW structures were designed taking into account
an incident plane wave THz pulse, however for the next generation structures the
Gaussian shape of the incident THz beam should be taken into account. Another
advantage of an output coupler, would be the realisation of cascaded acceleration of
an electron beam, using the same THz pulse.

Exploitation time at the CLARA test facility was allocated, in order to bench-
mark the DLW structure for THz-driven acceleration of electron beams of 35 MeV
energy. The DLW structure was driven by narrowband, polarisation-tailored THz
pulses. The DLW structure facilitated the acceleration of up to three orders of mag-
nitude higher charge than previous THz-driven acceleration works [42]. The peak
acceleration achieved was estimated to be § Ery, = 10keV, with an average accelera-
tion gradient of 2 MV /m, which was an order of magnitude greater than what Curry
et al. have reported [46]. Although this figure cannot directly compete with current
radio frequency accelerating cavities. However, this demonstration was directly ap-
plicable to both scaled-up and multi-staged acceleration, marking a key milestone
in the development of future high-energy, high-charge THz-driven accelerators.

This scheme could be applied for any energy regime, by tailoring the dielectric
thickness and vacuum aperture. For future experiments, a more powerful THz source
would be employed, in order to scale the acceleration to the order of 1 MeV. Bringing
the THz source to cryogenic temperatures, as well as tuning the bandwidth and
the centre frequency of the source with a different scheme [161] could improve the
interaction. Moreover, in order to compensate the group velocity walk-off of the
THz pulse, a tapered DLW structure could be designed.

An all-optical concept for the control and characterisation of ultrafast electron
bunches has been demonstrated in the LATTE lab, where a 100 keV electron gun sys-
tem was installed along with a high-power laser system. Ultrafast electron bunches
were generated via photo-excitation and the pulse duration was measured using a
THz-driven streaking scheme. The DLW structure was employed as the streaking
device, driven by single-cycle THz pulses. Streaking speed up to 28 mrad/ps was

measured, exceeding of what has been demonstrated in the literature for similar
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electron energy regime and THz sources [47,50,53]. The bunch duration of the elec-
tron beam was determined to be 3.6 ps. Experiments were still ongoing at the time
of compiling this work.

The control of the beam was found to be limited at the time of the experiment,
therefore aligning the beam through the structure and focussing it onto the screen
was challenging. Magnetic isolation of the whole apparatus would be beneficial,
as it was proven to be very sensitive to external magnetic fields. In future work,
the energy spectrum of the beam would also be measured, by employing an en-
ergy spectrometer. In conjunction with the streaking device, the energy chirp of
the electron beam could be experimentally determined. Moreover, a second DLW
structure could be used, operating in the accelerating mode, where it could be used
for compression or acceleration of the beam, depending on the relative phase. When
varying the electron beam to higher charges, the alignment through the structure
was not possible. This was attributed to charging up of the dielectrics as the elec-
trons would collide on them. As a result, a static electric field would build up, acting
as a gate. Therefore, a collimator ensuring an electron beam of diameter less than
then vacuum aperture of the structure would be advantageous.

A model simulating the interaction of the particles with electromagnetic (EM)
fields was developed, based on the Particle-In-Cell method. In the simulation, the
relativistic particle equation of motion was solved with numerical methods, and
then the phase space of the electron bunch was evolved as well as the EM fields.
The LSMg; was directly injected and the analytical EM field pattern was evaluated
on a discretised mesh grid. A fitting routine was developed in order to match the
simulations with the experimental results, concluding to the corresponding electron
beam parameters. The fitting routine was not fully optimised and has not been
tested with experimental results of different beam parameters. Further optimisation
would consider the implementation of more fitting parameters. Future work using
this simulation, would be the investigation of THz-electron interaction for a range of
THz bandwidths. Moreover, since the script was developed in MATLAB, it could be
easily deployed on computers clusters and cloud servers, where more computational

power is available.
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Appendix

General Particle Tracer

The General Particle Tracer (GPT) is a software package developed by Pulsar
Physics [122,123]. GPT consists of computer-based simulation tools used for the
study of the 3-dimensional charged-particles dynamics in electromagnetic fields . It
is mainly employed for the design and modelling of accelerators and beam lines.
In this thesis, GPT was used for the modelling of the 100 keV electron gun system
in Chapter 7. The relativistic equation of motion for the macro-particles is solved
in the time domain using a Hth order embedded Runge-Kutta integrator with an
adaptive stepsize control. A 3D space-charge model is also available and it was
considered for the beam modelling in §7.3.3. The elements of the 100 keV electron
gun system, namely the cathode, the 1st and 2nd anode, the control grid aperture
and the focussing lens were modelled. The settings of the gun were explored such
as the shortest electron bunch with maximal brightness and transmittance through
the structure could be delivered. The 1st anode was set to 5kV, whereas the control
grid and the 2nd anode were set to 0 V. The resulting particle distribution was then

extracted as an output file and used as an input in MATLAB for post-processing.
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