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Abstract

The European XFEL has planned to perform pump-probe experiments by using its x-ray
pulses and THz pulses. A promising concept to provide the THz pulses is to generate
them using a tunable high-power accelerator-based THz source. The Photo Injector Test
Facility at DESY in Zeuthen (PITZ) can serve as a prototype for the development of
the THz source. This thesis investigates the capabilities to generate THz pulses using
electron bunches from the PITZ accelerator and three methods of THz radiation genera-
tion including Self-Amplification of Spontaneous Emission Free-Electron Lasers (SASE
FELs), Coherent Transition Radiation (CTR), and Coherent Diffraction Radiation (CDR).

Studies of the THz SASE FEL using 4 nC electron beams and an APPLE-II type
undulator with a period length of 40 mm in the helical mode were performed. Start-to-
End (S2E) simulations show that FEL pulse energies at 100 µm and 20 µm wavelengths
(corresponding to 3 THz and 15 THz frequencies) of up to 2.5 mJ are achievable. Ex-
perimental optimization and characterization of 4 nC electron beams for the SASE FEL
option were performed at PITZ. Parameters of the beam, including slice emittance, slice
energy spread, and current distribution, were measured. FEL simulations based on mea-
sured beam parameters show that the FEL pulse energies are in the sub-mJ level.

S2E simulations of the THz radiation generated by CTR and CDR were performed.
By using a short Gaussian photocathode laser pulse and an electron bunch compressed
by velocity bunching with bunch charge up to 1 nC, CTR and CDR pulse energies up to
4 µJ and frequencies covering up to 0.4 THz are achievable. Corresponding experimental
generations of CTR and CDR were performed successfully. Average pulse energies of up
to 1.85 µJ and coherent frequencies of up to 1.5 THz were measured. Furthermore, S2E
simulations and corresponding experiments of the THz radiation generated by using a
comb beam were performed. Several narrow-band peaks at higher-order harmonics were
observed in the spectral distributions.
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Zusammenfassung

Der europäische Röntgenlaser (engl. European X-ray Free Electron Laser, E-XFEL) wur-
de gebaut, um hochbrillante, ultrakurze Pulse von räumlich kohärentem Röntgenlicht für
die Grundlagenforschung bereitzustellen. Einige vorgeschlagene Experimente setzen so-
wohl die Röntgenpulse der Anlage als auch die Bereitstellung von Pulsen im Terahertz-
frequenzbereich (THz) voraus, mit deren Hilfe ein Probenmaterial angeregt wird, be-
vor es mit dem Röntgenlicht diagnostiziert wird (sog. Pump-probe-Experimente). Ein
vielversprechendes Konzept, die benötigten THz-Pulse bereitzustellen, ist eine flexible,
beschleunigerbasierte THz-Quelle. Der Photoinjektor Teststand bei DESY in Zeuthen
(PITZ) könnte als Prototyp für die Entwicklung einer solchen Quelle dienen. Im Rahmen
dieser Arbeit wurde untersucht, inwieweit PITZ dazu geeignet ist. Drei Möglichkeiten
zur Erzeugung von THz-Strahlung mit den Elektronenstrahlen von PITZ wurden dafür
untersucht: (i) selbstverstärkende spontane Emission in einem Freie-Elektronen Laser
(engl. self-amplified spontaneous emission free-electron laser, SASE FEL), (ii) kohärente
Übergangsstrahlung (engl. coherent transition radiation, CTR) und (iii) kohärente Beu-
gungsstrahlung (engl. coherent diffraction radiation, CDR).

Die Studien zum THz SASE FEL Aufbau wurden unter Annahme von Elektronen-
paketen mit 4 nC Ladung, die in einem Undulator vom Typ APPLE-II mit einer Peri-
odenlänge von 40 mm in helikaler Anordnung strahlen, durchgeführt. Simulationen von
der Elektronenquelle bis zum Ende des gesamten Aufbaus (engl. Start-to-end, S2E) er-
gaben, dass bei 100 µm und 20 µm THz-Wellenlänge Pulsenergien von bis zu 2.5 mJ
erreicht werden können. Elektronenpakete mit 4 nC Ladung wurden daraufhin auch ex-
perimentell bei PITZ untersucht. Ihre Eigenschaften, unter anderem die Emittanz entlang
des Pakets (engl. Slice emittance), die Breite des Teilchenenergiespektrums entlang des
Pakets (engl. Slice energy spread) und der Stromverlauf im Elektronenpaket wurden ver-
messen und optimiert. FEL-Simulationen mit den experimentell erreichten Strahlparame-
tern zeigen erreichbare THz-Pulsenergien im Bereich von einigen 100 µJ.

Weiterhin wurden S2E-Simulationen für die THz-Erzeugung mittels CDR und CTR
durchgeführt. Mit einem kurzen, Gauss-förmigen Photokathodenlaserpuls und Kompres-
sion der damit erzeugten Elektronenpakete mittels eines Geschwindigkeitsunterschieds
der Elektronen entlang des Pakets konnten bei einer Gesamtladung des Elektronenpakets
von 1 nC THz-Pulse mit bis zu 4 µJ Gesamtenergie bei einer Frequenz von bis zu 0.4 THz
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erreicht werden. Bei den entsprechenden Experimenten wurden THz-Pulse mit bis zu
1.85 µJ Pulsenergie und einer kohärenten Frequenz bis zu 1.5 THz gemessen. Schließlich
wurde die Erzeugung von THz-Strahlung mittels Pulszügen aus mehreren Elektronenpa-
keten in S2E-Simulationen und experimentell untersucht. Mehrere schmalbandige Maxi-
ma bei höheren harmonischen Vielfachen der Grundfrequenz konnten dabei im Spektrum
der erzeugten THz-Strahlung beobachtet werden.
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Chapter 1

Introduction

Electromagnetic radiation (EMR) is a tool to visualize nature. It can be described by its
frequency or wavelength. A chart that shows the range of frequencies of EMR and their
respective wavelengths, so-called the EMR spectrum, from radio frequency to gamma-ray
is illustrated in Fig. 1.1.
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Figure 1.1: Chart of spectrum of electromagnetic radiation (EMR) [1]

In research of the composition and structure of matter, the wavelengths of the EMR
determine the spatial scale of the measurements. By using the EMR with short pulses, it is
possible to study dynamics processes at the temporal resolution, which is comparable to
the pulse duration of the EMR. The European X-ray Free-Electron Laser (XFEL) facility
was built to generate high brilliant, ultra-short pulses of spatial coherent X-rays and use
them for scientific researches [2]. Some properties of the generated x-ray pulses are listed
in Table 1.1. With these properties, the x-ray pulses can be used to film ultra-fast phe-
nomena of matter on the atomic scale [3]. Furthermore, such high peak brilliance makes
them a unique tool for exploring not only crystalline structures but also non-crystalline
structures [4].
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Table 1.1: Some parameters of the generated x-ray pulses from the European XFEL [3]

Parameter Value Unit
Pulse per second 27 000 pulse
Wavelength 0.05 to 4.7 nm
Pulse duration < 100 fs
Peak brilliance 5×1033 photons / s / mm2 / mrad2 / 0.1%BW

In Fig. 1.1, the electromagnetic spectrum that covers the frequency range of 0.1 to
10 THz, or the wavelength range of 3 mm to 30 µm, is a combination of Terahertz and
Far Infrared bands. Generally, both bands are called together as the terahertz (THz) spec-
trum. EMR with THz frequencies (THz radiation) is widely used in many branches of
scientific research and applications [5]. Science and technology concerning THz radia-
tion have become one of the most exciting research fields. Their related publications have
increased exponentially for decades [6]. In spectroscopy, THz radiation is an efficient tool
for non-destructive spectroscopy such as low-energy excitations in electronic materials,
low-frequency vibrational modes of condensed phase media, and vibrational and rota-
tional transitions in molecules [7]. By using THz radiation with short pulse duration, it
allows time-resolved measurements of the interactions, so-called THz time-domain spec-
troscopy [8].

An advanced technique of time-domain spectroscopy is to use the first EMR pulse to
”pump” the matter to its excited state, then use the second EMR pulse whose time delay
with respect to the first pulse is controllable to ”probe” the excited matter. This technique
is often referred to as pump-probe spectroscopy or pump-probe experiment [8]. By using
THz pulses as the pump pulses and using femtosecond x-ray pulses as the probe pulses,
one can film ultra-fast phenomena of the matter on the atomic scale during its excited
state.

Several x-ray FEL facilities, such as LCLS and PSI, have planned to perform pump-
probe experiments by using their x-ray pulses and THz pulses [9–11]. The European
XFEL realizes many research opportunities by pump-probe experiments and organized a
workshop called Terahertz Science at European XFEL in 2017 to collect feedback about
the research opportunities and overview of the THz sources [12]. Requirements of an
ideal THz source summarized from the workshop are

• Tunable temporal pulse shape from single-cycle pulse multi-cycle pulse

• Tunable frequency from 0.1 to 30 THz (wavelength of 3 mm to 10 µm)

• Minimum pulse energy of 10 µJ at all frequencies

• Options for stable or non-stable carrier-envelope phase (CEP)

• Repetition rate of at least 0.1 MHz to ideally 4.5 MHz
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• Temporal jitter must be better than 0.1/frequency, e.g., <100 fs at 1 THz, <20 fs at
5 THz, and <10 fs at 10 THz.

Conventional laser-based THz sources have been planned to be implemented at the Euro-
pean XFEL based on the existing optical pump-probe laser [13]. The laser-based sources
can generate THz pulse with unprecedented peak power for narrow spectral ranges. How-
ever, the average power, pulse repetition rate, and frequency tuning range of such sources
are limited. Accelerator-based THz sources can overcome these limitations and fulfill all
requirements which are listed above.

1.1 Motivations for Development of an
Accelerator-based THz Source at PITZ

The Photo Injector Test facility at DESY in Zeuthen (PITZ) has been established to de-
velop, study and optimize high brightness electron sources for modern linac-based short-
wavelength Free-Electron Lasers (FELs) like FLASH [14] and the European XFEL. Fur-
thermore, PITZ serves as the facility for commissioning and optimizing RF guns for the
European XFEL [15–18]. Therefore, the same characteristics (pulse structure and beam
quality) of the electron beam from the RF gun at PITZ are available as they are at the
European XFEL.

A description of the PITZ accelerator is given here (More details are explained later
in Chapter 3). PITZ consists of two RF accelerating sections; an RF photoelectron gun
(referred shortly as an RF gun) and an RF linear accelerator called CDS booster. Electrons
are generated by photoelectric emission from a photocathode inside the RF gun using
external laser pulses, then accelerated by the RF gun and the CDS booster. General
parameters of an electron bunch at PITZ are following; bunch charge up to 4 nC, bunch
duration of 1 to 30 ps and mean momentum up to 22 MeV/c.

A way to meet the essential requirements for the THz source is generating the THz
pulses from the same type of electron source which serves the European XFEL and there-
fore can provide the same time structure and repetition rate as those of the X-ray pulses.
Obviously, an ideal setup for the THz source is one similar to the PITZ accelerator. More-
over, a PITZ-like setup is small enough to fit in or to be placed close to the infrastructure
of the user facility at the European XFEL so that the transport of the THz pulse to the
user experiments is relatively short.

The concept of generating IR/THz radiation by electron bunches from a linear accel-
erator for pump and probe experiments at the European XFEL was originally proposed
in [19]. The reference shows estimations of properties of IR/THz radiation generated
from a radiation source based on an electron accelerator similar to the PITZ facility. By
using the mechanism of Self-amplified spontaneous emission (SASE) FEL, radiation with
the wavelength of 100 µm, pulse energy of millijoule level and spectrum bandwidth of
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about 2-3 % can be generated. The reference also suggests that different means for radia-
tion generation such as edge radiation, transition radiation, coherent radiation of tailored
or pre-modulated beams can be used. With the current techniques for the production of
electron beam at PITZ and the different options for radiation generation, it will be pos-
sible to cover wavelengths in the whole radiation spectrum from IR (µm) to THz (µm -
mm) wavelengths with a variety of field patterns, and with a high level of radiation pulse
energy.

A prototype facility of the accelerator-based THz source with a PITZ-like setup is
needed in order to demonstrate that such a source can practically meet all requirements of
the THz source. PITZ can be considered as an ideal machine for the prototype. Further-
more, since PITZ is a photoinjector test facility, the accelerator and also the beam-time
are adaptable to new developments.

The aim of this thesis is to investigate the capabilities of THz production at the PITZ
facility. The results from this thesis can be used as a benchmark for the development of
accelerator-based THz sources for pump and probe experiments at the European XFEL.

1.2 Overview of Thesis
This chapter introduces the background, importance, and motivation of the thesis. In
Chapter 2, an overview of optical laser-based and accelerator-based THz sources is given.
Then, pulse energies from various types of accelerator-based THz sources based on PITZ
electron beam parameters are evaluated. Finally, a comparison of the characteristics of the
radiations from a PITZ-like with other IR/THz light sources will be presented. Chapter 3
gives a description of the PITZ facility including details of its photocathode laser system,
accelerating cavities and electron beam diagnostics systems.

In Chapter 4, details about Start-to-End (S2E) simulations of the IR/THz source based
on the PITZ accelerator are presented and discussed. The simulations were focused on the
radiation generation with two options: (i) Self-Amplification of Spontaneous Emission
Free-Electron Lasers (SASE FELs) and (ii) Coherent Transition Radiation (CTR) and
Coherent Diffraction Radiation (CDR).

Details and results of experimental characterization and optimization of the electron
beams for the THz SASE FEL option are presented and discussed in Chapter 5, together
with FEL simulation results based on the measured beam parameters.

Chapter 6 describes the first experimental measurements of CTR and CDR at PITZ.
Details about the CTR/CDR station are presented. Then, the experimental setup, as well
as the first characterization results of CTR and CDR generations at PITZ, are presented
and discussed.

Chapter 7 is dedicated to discussions on conclusion and outlook of this thesis. The
ideas and plans to continue the studies of the THz options at PITZ will be presented.

In appendix A, a summary of formulas of transportation matrices and electron beam
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parameters is given. In appendix B, Calculations of THz SASE FEL based on an LCLS-I
undulator and PITZ accelerator are presented.
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Chapter 2

Overview of Modern THz Radiation
Sources

As introduced in Chapter 1, intense THz radiation in pulse-mode with an ultra-short dura-
tion (picosecond to femtosecond) and with a pulse energy of at least in micro-Joule level
is generally required for THz time-domain spectroscopy [20]. Two categories of EMR
sources are generally used to generate such intense THz pulse: laser-based sources and
accelerator-based sources [12]. This chapter gives an overview of various THz radiation
sources, including thermal, laser-based, and accelerator-based radiation sources.

An overview diagram that classifies the THz radiation sources into various categories
based on their mechanisms is shown in Fig. 2.1 and will be discussed in the next sec-
tions. Then, THz radiation generation using various accelerator-based methods based on
PITZ electron beam parameters are evaluated by calculations. Next, an overview of the
characteristics of THz radiation from the various sources is given and compared. Finally,
concluding remarks are given in the last section.

2.1 Thermal Radiation Sources
Thermal radiation is electromagnetic radiation emitted from matter when it is at a tem-
perature above absolute zero (0 K). The simplest case of thermal radiation is black-
body radiation that can be theoretically explained by Planck’s radiation law [21]. Black-
body radiation has a broadband spectrum and its peak wavelength (λmax) is temperature
dependent which can be simply calculated by the Wien’s displacement law, λmaxT =
2.898×10−3 m ·K. Peak wavelengths in the THz frequency range (3 mm to 30 µm) cor-
respond to a blackbody temperature range of about 1 to 100 K.

Natural extraterrestrial thermal radiation sources consist of cosmic background ra-
diation [22] and stars like the sun. Laboratory sources of thermal radiation include the
mercury-vapor lamp [23] and the globar which is a silicon carbide rod electrically heated
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Figure 2.1: Overview diagram of THz radiation sources.

to high temperatures (> 1000 K). Both sources generate continuous-wave radiation with
a broadband spectrum. They are common budget radiation sources for Fourier Transform
Infrared (FTIR) spectroscopy [24].

Generally, the thermal radiation sources are continuous, incoherent, and have low
radiation intensity. Therefore, they are not applicable for THz time-domain spectroscopy.

2.2 Laser-based THz Sources
Laser devices use the principle of stimulated emission to generate coherent electromag-
netic radiation. Laser-based THz sources are categorized into two groups: conventional
lasers and laser-driven sources.

2.2.1 Conventional Lasers
A laser device which electrons of its laser-active medium are still bound to atomic, molec-
ular or solid-state quantum energy levels during the stimulated emission process is cat-
egorized as a conventional laser [25]. Electromagnetic radiation generated by the con-
ventional lasers is coherent, monochromatic, collimated, and intense [26]. This section
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presents a few examples of conventional lasers that can be used as IR/THz radiation
sources.

A Carbon Dioxide (CO2) Laser uses a gas mixture of CO2 and other types of gas as
the laser active medium. It emits lasing based on transitions in molecular states of CO2
with a wavelength range from 9 to 11 µm (33.3-27.3 THz). The average output power is
in the range from a few milliwatts to many kilowatts depending on the size of the laser
system [27, 28]. CO2 lasers are widely used in industrial and medical applications. An
example of a CO2 laser is the commercial product model p400 from Synrad [29]. It can
generate laser pulses with a maximum pulse energy of 1 J at 100 Hz pulse repetition rate
at the wavelength of 10.6 µm.

A Germanium Laser or a p-Ge laser is a semiconductor laser (also called laser diode)
where the laser active medium is made of germanium. Recent development of the p-Ge
laser [30] demonstrated generation of THz radiation pulses with frequency tunable in the
range of 1.2 - 2.8 THz and average power of 10 mW. A cooling system is required for the
operational temperature of 4.2 K.

A Quantum Cascade Laser (QCL) is a special kind of semiconductor laser. It uses
periodic structure material layers (superlattice) as the laser active medium. This type of
materials allows intersubband transitions, leading QCLs to have a wide tunable range of
emission wavelength, which can be determined by the design of the superlattice [31].
The recent development of THz QCL [32] experimentally demonstrated the production
of THz radiation pulses with output peak power in the watt-level at the frequency of
∼3.4 THz. The operational temperature is at 10 K. Therefore a cooling system is also
required.

2.2.2 Laser-driven Sources

Optical Rectification using Lithium Niobate and Organic Crystals

When a laser beam passes through a nonlinear crystal, the electric field of the laser in-
duces a second-order polarization in the nonlinear crystal. The frequency of the input
laser beam is rectified by the induced polarization, resulting in an output laser beam with
a lower frequency. This process is called optical rectification (OR) [33]. THz radiation
based on the OR technique using lithium niobate (LiNbO3) [34] and organic crystals [35]
were experimentally demonstrated. The radiation has a broadband frequency with a max-
imum pulse energy of a few hundreds µJ at a repetition rate of 10 Hz. Demonstration of
OR in laser-induced gas plasma was also demonstrated in [36]. The pulse energy is below
1 µJ with a repetition rate of 1 kHz.
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Difference Frequency Generation

The configuration of Difference Frequency Generation (DFG) is similar to OR but with
two input laser beams. Both laser beams, with a frequency difference of a few THz,
interact through a nonlinear crystal inducing the polarization to oscillate. The polarization
oscillates at the sum and difference frequencies which the latter one being the source
of a THz laser beam [8]. THz generation based on DFG in the LiNbO3 crystal was
experimentally demonstrated [37]. The frequency of the output THz pulses is tunable
between 10 and 72 THz with maximum pulse energy up to 19 µJ. DFG using an organic
nonlinear crystal was experimentally demonstrated in [38]. The output laser is tunable
between 4 and 18 THz with pulse energy of 1.9 µJ.

Photoconductive Switch

A photoconductive switch or photoconductive emitter is made of a photoconductive semi-
conductor substrate attached to metal electrodes. When the substrate absorbs the pump
laser pulses, electron-hole pairs are produced and then accelerated by a bias voltage from
the electrodes and radiate electromagnetic radiation. By using the pump pulse with a short
pulse duration of sub-ps, the generated output pulse is as short as the pump pulse and its
Fourier transformation is a broadband spectrum covering the THz frequency range. Gen-
eration of THz pulse using a photoconductive switch was demonstrated in [39]. The THz
pulse has pulse energy of about 6 nJ with a repetition rate of 250 kHz.

2.3 Accelerator-Based THz Sources
A simple accelerator-based radiation source consists of an electron beam source and a
radiator. The electron beam is generated and accelerated by an electron gun and then
in some cases is accelerated again to higher energy by an electron accelerator. Finally,
the electron beam is injected into the radiator and emits the radiation. The radiators
can be an area with electric or magnetic fields, a boundary between two media, or an
inhomogeneous medium.

When a relativistic electron beam travels through an area with the existence of mag-
netic fields, the beam is accelerated (or bent) by the magnetic fields and emits synchrotron
radiation. A simple radiator for synchrotron radiation is a bending magnet with a uniform
magnetic field. This radiation is explicitly called as bending magnet radiation. Since
actual dipole magnets have a fringe field on their edges, therefore, the electron beam ex-
periences a rapid change of the magnetic field from a uniform field area to a non-uniform
field area (or area without field). The emission spectrum from the dipole edge is modi-
fied in a characteristic way called edge radiation [40]. By an arrangement of many short
dipole magnets with alternating polarity, the electron beam is bent periodically and emits
radiation. The set of arranged magnets is called an undulator, and the emitted radiation is
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called undulator radiation [41]. With suitable conditions, the electron beam interacts with
the self-emitted radiation during passing through the undulator resulting in amplification
of the total output radiation. This process is called Free-Electron Laser (FEL) [25].

When the electron beam travels through a boundary between two media with differ-
ent dielectric constants, it emits transition radiation. The diffraction radiation is emitted
when the electron beam travels in the neighborhood of an inhomogeneous medium [42].
Radiators of diffraction radiation can be an aperture in a metallic plate [43], a diffraction
grating [44], or a corrugated pipe [45].

This section gives a brief review of some methods of THz radiation generation based
on electron accelerators including the bending magnet radiation, edge radiation, undulator
radiation, Free-electron lasers (FELs), transition and diffraction radiation. In the end, an
overview of THz vacuum electronic devices is given.

2.3.1 Bending Magnet Radiation

When a relativistic electron moves in curved trajectories the bending magnet radiation
is generated. Assuming an electron moving under the influence of uniform dipole fields
with the bending radius R, the spectral intensity of the emitted radiation can be described
by [40]

d2I
dΩdω

=
3e2γ2

16π3ε0c

(
ω

ωc

)2

(1+ γ
2
θ

2)2
[

K2
2/3(ξ )+

γ2θ 2

1+ γ2θ 2 K2
1/3(ξ )

]
, (2.1)

where I is the radiation intensity, Ω is the solid angle from the radiation source, ω is the
radiation frequency, e is the charge of an electron, γ is the Lorentz factor of the electron,
ε0 is the electrical constant, c is the speed of light in vacuum, ωc = 3γ3c/2R denotes the
critical frequency that divides the spectrum in two halves of equal integrated intensity, θ

is the observation angle of the radiation, K1/3 and K2/3 are modified Bessel functions and
ξ ≡ ω(1+ γ2θ 2)3/2/2ωc.

The generated radiation is mostly concentrated into a small cone with an observation
angle of∼ 1/γ towards the direction of motion of the bunch, where γ is the Lorentz factor
of the electron bunch.

For the emission from an electron bunch, the emitted radiation is obtained by the
superposition of the radiation fields from each electron within the bunch. For a relativistic
electron bunch, when the wavelength of the emitted radiation is longer than or comparable
to the electron bunch length, the radiation waves add up in phase, leading to temporal
coherence of the radiation. By neglecting the transverse distribution, the spectral intensity
of an electron bunch becomes [40]

dI
dω

= Ne
dI0

dω
+Ne(Ne−1)F̀ (ω)

dI0

dω
, (2.2)
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where

F̀ (ω) =

∣∣∣∣∫ +∞

−∞

ρ`(z)exp(−iωz)dz
∣∣∣∣2 (2.3)

is the longitudinal form factor of the electron bunch, ρ`(z) is a function that describes
the longitudinal distribution of the electron bunch, Ne is the number of electrons in the
bunch, dI

dω
is the total radiation of the electron bunch and dI0

dω
is the radiation of a single

electron. The first term on the right side of Eq. (2.2) expresses the incoherent radiation
which is proportional to Ne while the second term expresses the coherent radiation which
is proportional to N2

e .

2.3.2 Edge Radiation

Edge radiation (ER) can be observed when radiation wavelengths are longer compare to
the dimension of the fringe field. By assuming the size of the fringe field region is zero,
the spectral intensity in the far-field can be calculated by [40]

d2I
dΩdω

=
e2

16π3ε0c
β 2 sin2

θ

(1−β cosθ)2 , (2.4)

where β = v/c is the electron speed in units of c, and θ is the observation angle of the
radiation. The spatial distribution is ringlike with a peak intensity at the observation angle
of∼ 1/γ . When the distance of the observer to the edge is less than λγ2, a near-field edge
radiation can be observed and its spectral intensity can be calculated by [40]

d2I
dΩdω

=
e2

π3ε0c
sin(rωθ 2/4c)

θ 2 , (2.5)

The spatial distribution of the near-field case is still ringlike with a maximum intensity at
θ ∼ 1/

√
c/πωr. Note that the far-field spectral intensity in Eq. (2.4) is independent of

frequency while the near-field spectral intensity in Eq. (2.5) depends on frequency.
In case of a straight section of length L with two bending magnets at its ends, the

observed radiation is usually the superposition of ER from from the entrance and the exit
edges. By assuming the zero-edge model, the spectral intensity in the far-field can be
expressed as [40]

d2I
dΩdω

= 4sin2
[

ωL
4cγ2 (1+ γ

2
θ

2)

]
·
[

e2

16π3ε0c
β 2 sin2

θ

(1−β cosθ)2

]
, (2.6)

The edge radiation is cylindrical symmetric with radial polarization [40, 46]. The
spectral intensity from an electron bunch can also be calculated by using Eq. (2.2).
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2.3.3 Undulator Radiation
An undulator magnet is a long periodic arrangement of many short dipole magnets with
alternating polarity producing a periodic magnetic field along the undulator with a period
length of λu. There are two basic types of undulator magnet based on their transverse
magnetic field components; the planar undulator with transverse magnetic fields existing
only in one axis (vertical or horizontal) and the helical undulator where transverse mag-
netic fields exist in both vertical and horizontal axes. The undulator parameter K of an
undulator magnet can be calculated by [25]

K =
eB0λu

2πmec
, (2.7)

where B0 is the peak magnetic field of the undulator, and me is the electron rest mass.

Figure 2.2: Configuration of undulator radiation.

Figure 2.2 illustrates electron motion in a planar undulator and emission of the undu-
lator radiation. When the electron travels through the undulator, the transverse motion of
the electron is periodically oscillating by the influence of the magnetic field and it emits
radiation. The emitted radiation waves overlap with each other and so interference ef-
fects occur. The interference of undulator radiation is constructive at some wavelengths
while it is destructive at other wavelengths leading to the appearance of a harmonics spec-
trum [41, p.1]. The wavelength of the mth harmonics (λm) of the undulator radiation in
forward direction is [25, p.21,60]

λm =
1
m

λu

2γ2

(
1+K2

RMS
)
, m = 1, 3, 5, ... . (2.8)

whrer γ is the Lorentz factor of the electron. Note that KRMS = K for the helical undulator
and KRMS = K/

√
2 for the planar undulator. This equation shows that the radiation wave-
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length can be tuned by varying the undulator period length, the electron beam momentum,
and the undulator parameter.

For undulator radiation from a planar undulator, the spectral energy density per elec-
tron of the radiation emitted in the forward direction for the mth harmonics is [25, p.22]

d2I
dΩdω

∣∣∣∣
undulator

=
e2γ2m2K2

4πε0c(1+K2/2)2 ·
sin2(πNu(ω−ωm)/ω1)

sin2(π(ω−ωm)/ω1)
· |JJ|2 (2.9)

where

|JJ|2 = Jn

(
mK2

4+2K2

)
− Jn+1

(
mK2

4+2K2

)
, m = 2n+1, (2.10)

ωm is the angular frequency of the mth harmonic, Jn are the Bessel functions of integer
order (n = 0, 1, 2, ...), K is the undulator parameter, Nu is the number of periods of the
undulator.

The observation angle of the undulator radiation cone is narrower than those of the
bending magnet and edge radiations by a factor of

√
Nu. By observing on-axis of the

planar undulator, the first-harmonic radiation is linearly polarized in the same axis as
the electron oscillation plane [41]. The spectral intensity from an electron bunch can be
calculated by Eq. (2.2) as well.

2.3.4 Free electron laser (FEL)
Similar to the undulator radiation, the FEL process happens when an electron beam trav-
els through an undulator. However, the FEL process has a feedback mechanism to the
electron beam. An FEL can be operated either with setups of a low-gain FEL and a
high-gain FEL. Configurations of both setups are shown in Fig. 2.3.

Low-gain FEL

The FEL oscillator as shown in Fig. 2.3 (top) consists of an undulator and an optical cav-
ity. When the electron beam travels through the undulator, the spontaneous radiation is
emitted. The optical cavity is set up around the undulator in order to reflect the radia-
tion back into the undulator. The reflected-back radiation can enable the lasing process
if of each radiation round-trip a further electron bunch is arriving synchronously, thus
overlapping with the radiation inside the undulator field. After each passage, the radia-
tion intensity is slightly increased by a few percents. However, with a sufficient number
of turns, the output radiation power can be very high, even reaching gigawatts level at
saturation [25].

Qualitative treatment for the low-gain FEL is described in Ref. [25]. An electron
beam with a bunch length much longer than the fundamental wavelength is assumed
to propagate through the undulator together with a plane electromagnetic wave with an
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Figure 2.3: Configurations of a low-gain FEL or an FEL oscillator (top) and a high-gain
FEL (bottom).

electric field amplitude of E0. The FEL gain function G is defined as the relative growth
of the radiation intensity during one passage through the undulator G = ∆I`/I` with I` =
cε0E2/2. This gain function can be expressed by

G(η) =−
πe2K̂N2

U λ 2
u Ne

4ε0mec2γ3
r

d
dξ

(
sin2

ξ

ξ

)
,with (2.11)

ξ = 2πNu

(
γ− γr

γr

)
, (2.12)

where Nu is the number of undulator periods, Ne is the number of electrons per unit
volume, γ is the Lorentz factor of the electron, γr is the Lorentz factor of the resonance
condition and K̂ is a modified undulator parameter

K̂ = K
[

J0

(
K2

4+2K2

)
− J1

(
K2

4+2K2

)]
. (2.13)

The optical cavity length must be equal to the spacing between electron bunches in
order to make the optical pulses overlap with the electron bunches. However, the spacing
between electron bunches at the European XFEL is about 222 ns (4.5 MHz operation).
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This condition leads to a cavity length of about 66.67 m which is not practical for the
IR/THz FEL oscillator, especially since each of the x-ray pulses should have its corre-
sponding THz pulse.

High-gain FEL

The setup of a high-gain FEL is shown in Fig. 2.3 (bottom). The electron beam travels
through the undulator with a sinusoidal trajectory. The input radiation (seeding) propa-
gates colinear with the electron beam and then interacts with it. Some electrons that lose
energy travel on a sinusoidal trajectory with a larger amplitude than other electrons that
gain energy. This process results in a modulation of the longitudinal velocity which leads
to the concentration of electrons in slices with a period of the fundamental wavelength,
known as the so-called microbunching process. Since the length of each microbunch
(each slice) is equal to or shorter than the fundamental wavelength, the radiation is emit-
ted coherently from each slice [25].

The theory of the high-gain FEL developed in Ref. [47] presents methods to calculate
the FEL parameters. For the case of an electron beam which has Gaussian distributions in
transverse phase space and energy spread, the gain parameter (Γ) for the high-gain FEL
with a helical undulator is defined as [47]

Γ =

[
I0ω2θ 2

s
IAc2γ2

z γ

]1/2

, (2.14)

where I0 is the beam current, ω is angular frequency of the FEL wavelength, θs is an
angle of electron rotation in a helical undulator, IA '17 kA is the Alfven current, γz is the
longitudinal relativistic factor in a helical undulator and γ is the relativistic factor. From
Γ, the gain length (Lg) can be calculated from the following relation

Lg = Γ
−1 , (2.15)

and the efficiency parameter ρ of the high-gain FEL [47] can be calculated by

ρ =
cγ2

z Γ

ω
. (2.16)

The gain length and the efficiency parameter relate to the FEL efficiency. For the high-
gain FEL, the undulator length (LU) is required to be much longer than the gain length
(LU � Lg) and the efficiency parameter is required to be much smaller than 1 (ρ � 1).

Some important physical effects can be included in the FEL calculation via the di-
mensionless FEL parameters which define the power of the effects. For the high-gain
FEL with an axisymmetric electron beam, these dimensionless parameters are [47]:
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• The diffraction parameter (B)

B = Γ
2σ2ω

c
, (2.17)

where σ is the transverse RMS size of the electron beam

• The space charge parameter Λ̂p

Λ̂
2
p =

2c2

θ 2
s σ2

z ω2 , (2.18)

• The energy spread parameter (Λ̂T)

Λ̂
2
T =

〈
(∆E)2

〉
(
E2

0 ρ2
) , (2.19)

where σz is the RMS bunch length,
〈
(∆E)2

〉
is the energy spread in the electron bunch

and E0 is the central energy of the electron bunch.
For the case of the high-gain FEL with a planar undulator, the gain parameter, the effi-

ciency parameter, and the dimensionless FEL parameters are redetermined as follow [47]:

Γ =

[
A2

JJI0ω2θ 2
`

4IAc2γ2
` γS

]1/2

, (2.20)

ρ =
cγ2

` Γ

ω
, (2.21)

B = Γ
r2

0ω

c
, (2.22)

Λ̂
2
p =

(
8c2

ω2r2
0θ 2

` A2
JJ

)
, (2.23)

Λ̂
2
T =

Λ2
T

Γ2 =

〈
(∆E)2

〉
(
E2

0 ρ2
) , (2.24)

where AJJ is a factor specifying the interaction of an electron with the EM field in a planar
undulator, θ` is the maximal angle of electron oscillation in a planar undulator, γ` is the
longitudinal relativistic factor in a planar undulator, S is the transverse area of the electron
beam, and r0 is the radius of the electron beam.
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Since the electron bunch travels slower than the emitted FEL radiation, the FEL radia-
tion moves away from the bunch head. The magnitude of the radiation part that slips away
from the bunch will remain steady because it is not overlapping with the electron bunch,
therefore, no FEL gain. The effect of this process is called slippage effect. Slippage ef-
fects prevent to use the steady-state approach in the FEL theory and require to include
the time-domain of the FEL process in the analysis. However, the slippage effects can be
neglected when the following condition is fulfilled

ρωT � 1 , (2.25)

where T is the bunch duration.
Another important issue is the waveguide effect. For the high-gain FEL operating

in the IR and THz wavelength ranges, the size of the vacuum chamber is comparable to
the radiation wavelength. Therefore, the vacuum chamber could act as a waveguide and
has an influence on the FEL amplification process. For a circular waveguide with radius
R, effects of the waveguide on the FEL process can be represented by the waveguide
diffraction parameter Ω [47]:

Ω =
ΓωR2

c
. (2.26)

The power gain of the high-gain FEL G is defined as the ratio between the output
power Wout and the external input power Wext:

G =
Wout

Wext
. (2.27)

When the undulator length is long enough, the FEL power gain grows exponentially as a
function of the undulator length (G ∝ exp(zu)). The exponential growth continues until
the electron beam is completely bunched and starts to overmodulate. At this point, the
power gain reaches its saturation.

The high gain FEL amplification process still exists without the external seed laser.
Current density fluctuations in the electron beam, which exists in the electron beam due
to the effect of shot noise, serve as the input signal in the amplification process. This
high-gain FEL process is called Self Amplified Spontaneous Emission (SASE) FEL [47].
Since the SASE FEL starts from shot noise, it exhibits significant shot-to-shot fluctua-
tions in pulse energy and spectrum. A way to overcome this problem is to use seeding
options [25].

Reference [47] presents methods to calculate the FEL characteristics analytically. The
effects of the dimensionless FEL parameters are taken into account. However, many ideal
conditions are assumed, and many approximations are used. Moreover, including more
conditions into the analysis introduces more complicated mathematical problems. There-
fore, numerical simulation codes such as GENESIS [48], FAST [49], MINERVA [50], or
SIMPLEX [51] have been used to assess complicated FEL processes.
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2.3.5 Transition Radiation

Transition Radiation (TR) occurs whenever an electron passes the boundary between two
media with different dielectric constants. Typically, a thin metal plate (foil) is used as
a radiator for the TR. Figure 2.4a illustrates an electron arriving at a TR radiator in a
direction normal to the radiator plane which then emits transition radiation in backward
and forward directions. Analytical treatments of TR based on the assumption that the
self-field of the electron is converted into real photons by reflection at the radiator surface
are presented in Refs. [43, 52]. When the radiator is a perfectly conducting metal disc
foil, the spectral intensity of TR in the far-field can be expressed by

d2I
dΩdω

∣∣∣∣
TR

=
d2I

dΩdω

∣∣∣∣
GF

[1−T (ωa/c,θ)]2 . (2.28)

where I is the radiation intensity, ω is the radiation angular frequency, Ω is the solid
angle, a is the radius of the radiator, c is the speed of light, θ is the observation angle,

d2I
dΩdω

∣∣∣∣
GF

=
e2

4π3ε0c
β 2 sin2

θ

(1−β 2 cos2 θ)2 , (2.29)

is the TR spectral intensity from the Ginzburg-Frank formula for an infinite radiator size,
β is the ratio between the electron velocity and the speed of light,

T (ωa/c,θ) =
ωa
cβγ

J0

(
ωasin2

θ

c

)
K1

(
ωa
cβγ

)
+

ωa
cβ 2γ2 sinθ

J1

(
ωasin2

θ

c

)
K0

(
ωa
cβγ

)
.

(2.30)

is the correction function for the finite radiator size, J0, J1, K0, and K1 are Bessel func-
tions. TR is radially polarized and shows a ringlike radiation. Its radiation intensity is
peaked at the observation angle of 1/γ [40]. For TR from an electron bunch, the spectral
intensity can also be calculated by using Eq. (2.2).

2.3.6 Diffraction Radiation

Diffraction Radiation (DR) occurs when an electron travels in the neighborhood of an
inhomogeneous medium or a border. Figure 2.4b illustrates an electron that arrives at the
DR radiator in a direction normal to the radiator plane. The DR radiator is similar to the
TR radiator except that it has an aperture in the radiator plane. When the electron passes
through this aperture, the DR is emitted in backward and forward directions. Analytical
treatments of DR are also presented in Refs. [43, 52]. When an electron passes through a
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Figure 2.4: Configurations of (a) transition radiation and (b) diffraction radiation.

circular aperture of radius b on a perfectly conducting disc foil of a radius a as shown in
Fig. 2.4b, the spectral intensity of DR in the far-field can be expressed by

d2I
dΩdω

∣∣∣∣
DR

=
d2I

dΩdω

∣∣∣∣
GF

[T (ωb/c,θ)−T (ωa/c,θ)]2 . (2.31)

Characteristics of DR for this case are quite similar to TR. It is radially polarized and dis-
plays a ringlike radiation pattern. The advantage of DR is that the beam is less disturbed
when compared with TR.

Not only a metal sheet with an aperture but various devices can also be used as the DR
radiators. Another well-known device is a diffraction grating. The radiation is emitted
when an electron travels close to the surface of a diffraction grating. This process is called
Smith-Purcell Radiation [44]. Another device that becomes interesting recently for THz
radiation generation is a pipe with small corrugations [45].

2.3.7 Other Vacuum Electronic Devices

Vacuum Electronics Devices (VEDs) for the generation of THz radiation may be consid-
ered as accelerator-based THz sources which are built purposely to use as the stand-alone
devices for generation of THz radiation. A simple vacuum electronic device consists of
an electron source, an interaction circuit, magnets to control electron beam trajectory,
an electrons collector, and an output radiation port. It converts input electrical energy
into the kinetic energy of the electron beam. Then the kinetic energy is converted into
the output radiation by using the interaction circuit [5]. THz VEDs can be categorized
as compact devices and gyro device. Their details are described in Ref. [53] and [54],
respectively.
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2.4 Calculations of THz Sources Based on PITZ Electron
Beam Parameters

In order to evaluate the capability of the PITZ accelerator to be used as a accelerator-
based THz source, radiation intensities from various methods mentioned in Section 2.3
were calculated based on PITZ electron beam parameters. The calculations were done for
two cases: the radiations from a single electron and the radiation from an electron bunch.

For the case of an electron, the electron momentum was assumed to be 22 MeV/c
which is close to the maximum beam momentum available at the PITZ accelerator. For
the case of an electron bunch, a simulated beam distribution was used as an example
beam. It was simulated based on the PITZ accelerator by using the ASTRA program [55].
More details about beam dynamics simulations will be presented later in Chapter 4. This
beam has bunch charge of 100 pC, an RMS bunch length of 200 fs FWHM, an RMS
transverse size of 0.25 mm and a mean momentum of 22 MeV/c.

For calculation of the bending magnet radiation, the bending radius R was assumed
to be 300 mm which is taken from the dipole magnet in the HEDA1 section of the PITZ
beamline (see Fig. 3.1).

For calculation of the transition radiation, the radiator size was assumed to be infinite
(a→ ∞). For calculation of the diffraction radiation, the radiator was assumed to be an
infinite metallic plate with a circular hole with a radius of 1 mm.

For calculation of the FEL radiation, only SASE FEL was considered. A 5 m-long
helical undulator with a period length of 40 mm and a 4 nC simulated electron beam were
used for the calculation. The Genesis1.3 code [48] was used for simulation of the FEL
process and calculation of the output radiation. Details about the FEL simulation will be
presented later in Chapter 4, only results of the output radiation are presented here for
comparison with other THz radiation sources.

The calculated results of radiation intensity generated by five methods for the case of
a single electron are shown in Fig. 2.5. The undulator radiation has the highest spectral in-
tensity at various harmonic frequencies from 5 to 50 THz with narrow-band spectra. The
intensity of the bending magnet radiation drops when the frequencies are below 0.1 THz
and above 1 THz while the intensity of the edge radiation is constant at all frequencies.
The intensities of the transition radiation and diffraction radiation are lowest when com-
pared to the other sources. The intensity of the diffraction radiation significantly drops
when the frequencies are above 1 THz.

Figure 2.6 shows the calculation results for the case of an electron bunch. The relative
intensity levels from various sources are similar to those for a single electron. The coher-
ent parts cover frequency range up to 0.6 THz. These coherent parts relate to the bunch
form factors.

The FEL simulation results, including the energy gain curve, the temporal and spectral
profiles of the FEL pulse at the undulator exit are shown in Fig. 2.7. The output FEL
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Figure 2.5: Calculated radiation intensity of a single electron as a function of radiation
frequency for various accelerator-based THz sources based on PITZ electron beam pa-
rameters. Here, SR mean synchrotron radiation, ER means edge radiation, TR means
transition radiation, and DR means diffraction radiation.

radiation has pulse energy of 2 mJ, a temporal pulse duration of about 20 ps and a central
wavelength of about 100 µm.
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Figure 2.6: Calculated radiation intensity for an electron bunch as a function of radia-
tion frequency for various accelerator-based THz sources based on PITZ electron beam
parameters. Here, SR means synchrotron radiation, ER means edge radiation, TR means
transition radiation, and DR means diffraction radiation.
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Figure 2.7: Results of SASE FEL simulations using the GENESIS code based on PITZ
electron beam parameters. The left plot shows the FEL pulse energy as a function of
the position along the undulator (Zu). The temporal and spectral profiles of the radiation
pulse at Zu = 5 m are shown in the upper right and the bottom right plots, respectively.
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2.5 Comparison of THz Sources
This section aims to collect and compare the characteristics of various modern THz ra-
diation sources. Only THz sources which can be operated in pulse-mode are of interest,
therefore the thermal sources are omitted here. Major characteristics of the laser-based
and the accelerator-based THz sources obtained from representative references are listed
in Table 2.1. Most of the information was collected from several review papers concern-
ing modern THz radiation sources [5, 6, 12, 40] and several overview papers concerning
modern accelerator-based radiation sources [56, 57]. All information in this table is ob-
tained or calculated from experimental data except the calculations of PITZ-based THz
sources.

Figure 2.8 shows the plot of pulse energy versus the repetition rate of the pulses from
various THz radiation sources as listed in Table 2.1. The red line in the plot represents
the repetition rate of 27,000 pulses/second which is the number of the X-ray pulses per
second at the European XFEL. Note that; BB means broadband, NB means narrow band,
Epulse is the maximum pulse energy, and Tpulse is the radiation pulse duration in Table 2.1.
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Table 2.1: Summary of pulsed THz sources. The second column presents labels of the
THz sources used in Fig. 2.8. Note that; BB means broadband, NB means narrow band,
Epulse is the maximum pulse energy, Tpulse is the radiation pulse duration, QCL means
quantum cascade laser, OR means optical rectification, and DFG means difference fre-
quency generation

Source type Label Frequency [THz] Tpulse [ps] Epulse [µJ] Rep.rate [Hz] Ref.
Conventional lasers

CO2 laser CO2 NB, 28.3 109 106 102 [29]
Germanium laser Code Name NB, 1.2 - 2.8 0.3 - 3 ∼ 667 15 [30]

QCL QCL NB, ∼3.4 2×103 2×10−3 103 [32]
Laser-driven sources

OR, LINbO3 OR,LINbO3 BB, 0 - 0.4 few 436 10 [34]
OR, organic crystals OR,OH1 BB, 0.1 - 10 N/A 62 - 270 10 [35]

OR,DSTMS
OR,DAST

OR, gas plasma OR,Plasma BB, 0.5 - 12 < 2 1.9 103 [36]
DFG, LINbO3 DFG NB, 10 - 72 < 0.2 < 19 103 [37]

Photoconductive switch PC-switching BB, 0 - 3 < 2 6×10−3 250×103 [39]
Acc.-based sources

(vacuum electronics)
Bending magnet BR BB, 0.1 - 0.5 1 0.07 10 [58]
Edge radiation ER BB, 0.1 - 1.5 1 0.07 10 [59]

Undulator radiation UR NB, 0.1 - 3 0.5 100 5×103 [60]
FEL, optical cavity FEL-O NB, 0.5 - 12 < 2 1.9 103 [61]

FEL, SASE FEL-SASE NB, 4.3 3×106 ∼500 30 [62]
Transition radiation TR BB, 0.1 - 1 0.5 400 10 [63]
Diffraction radiation DR BB, 0.1 - 1 0.5 400 10 [63]

Smith-purcell SMR NB, 0.2 - 0.4 0.3 N/A N/A [64]
Corrugated structure C-DR NB, 0.45 0.4 0.4 10 [65]
PITZ-based sources

Bending magnet PITZ-BR BB, 0 - 1 < 1 0.73 2.7×103 -
Edge radiation PITZ-ER BB, 0 - 1 < 1 0.89 2.7×103 -

FEL, SASE PITZ-SASE 3 20 2×103 2.7×103 -
Transition radiation PITZ-TR BB, 0 - 1 < 1 2.19×10−3 2.7×103 -
Diffraction radiation PITZ-DR BB, 0 - 1 < 1 2.19×10−3 2.7×103 -
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Figure 2.8: Plot of pulse energy as a function of pulse repetition rate for various THz
sources as listed in Table 2.1. Information of each label can be found in Table 2.1.
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2.6 Concluding Remarks
Advantages of accelerator-based THz sources over the laser-based source are

• Tunability - From various means of radiation generation and possibilities of elec-
tron beam manipulations, THz radiation with widely-tunable characteristics (e.g.,
frequency, pulse energy, field pattern, and polarization) can be generated using an
electron accelerator.

• No crystals - Optical crystals are not used in the mechanisms of radiation genera-
tion, therefore no problems from degradation or damage of the crystals by thermal
effects.

• In vacuum process - The mechanisms of radiation generation happen in the ultra-
high vacuum environment, therefore no significant problems from unwanted ioniz-
ing radiation and intensity attenuation from air-absorption.

Additionally, THz sources based on the PITZ accelerator have a specific advantage.
Since the time structure of the electron pulse train at PITZ can be identical to that at the
European XFEL, therefore the time structure of the generated THz pulse train is identical
to that of the X-ray pulse train as shown in Fig. 2.8. This allows providing high power,
tunable THz pulse for every x-ray pulse.

Since the PITZ-based SASE FEL provides the highest pulse energy compared to the
other methods, this method was selected to study further in the next chapters. Other meth-
ods which were selected for further studies are the transition radiation and the diffraction
radiation using a hole on a metallic plate. Their pulse energies are quite low, but ex-
perimental setups are quite simple by modifying an existing screen station in the PITZ
beamline.
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Chapter 3

Overview of the PITZ Facility

The Photo Injector Test facility at DESY in Zeuthen (PITZ) has been established to de-
velop, study and optimize high brightness electron sources for modern linac-based short-
wavelength FELs like FLASH and the European XFEL as already mentioned in Chap-
ter 1. The PITZ beamline was originally designed for the detailed characterization and
optimization of the electron beams. Early versions of the beamline layout and their de-
tails can be found in references (sorted chronologically) [15], [16] and [66]. Recently,
it was modified for applications of electron beams including Plasma Wakefield Accel-
eration (PWA) experiments [67–69], electron diffraction experiments [70, 71] and THz
generation experiments using CTR and CDR which is a part of work in this thesis. A
schematic layout of the recent PITZ beamline including the location of the station for
THz CTR/CDR generation experiments is shown in Fig. 3.1.

This chapter gives an overview of PITZ. All important components shown in the
layout are described including the photocathode laser system, the RF gun section, CDS
booster, screen stations, magnets, charge measurement devices, emittance measurement
systems, RF deflector, CTR/CDR station and other components. More details of the PITZ
accelerator can be found in [15]. Here only details of components related to generation,
optimizations and measurements of electron beams for the THz generation studies are
presented.

The organization of sections in this chapter is presented in Table 3.1. The components
are categorized into two groups. The first group is components for electron beam gen-
eration, acceleration and transport. The second group is components for electron beam
diagnostics.
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Table 3.1: List of components of the PITZ accelerator and their corresponding sections
which are presented in this chapter.

Components Sections Notes
Electron beam generation, acceleration and transport
Photocathode laser system 3.1.1 Electron beam generation
RF gun section 3.1.2 Electron beam generation
CDS booster 3.1.3 Electron beam accelerating
Quadrupole and steerer magnets 3.1.4 and 3.1.5 Electron beam transport
Electron beam diagnistics
Faraday cups (FCs) and integrating
current transformers (ICTs)

3.2.1 Bunch charge

Screen stations 3.2.2 Transverse distribution
Dispersive sections 3.2.3 Longitudinal momentum
Emittance Measurement SYstems
(EMSYs)

3.2.4 Transverse emittance

RF deflector (TDS) 3.2.5 Time resolved measurement

3.1 Components for Electron Beam Generation, Acceler-
ation and Transport

3.1.1 Photocathode Laser System

The photocathode laser system at PITZ was designed, built and developed by the Max-
Born Institute, Berlin [72]. The UV laser pulses with a wavelength of 258 nm are gen-
erated by this laser system, then transported to the Cs2Te photocathode inside the gun
cavity in order to produce the electron beam by using the photoelectric effect with quan-
tum efficiency (QE) of about 10 % [73]. A detailed description of this laser system can
be found in Refs. [74, 75].

The laser system uses a Yb:KGW-based pulse train oscillator. The oscillator generates
laser pulses with a wavelength of 1032 nm. Then, the wavelength is converted from
1032 nm to 516 nm by a Lithium triborate (LBO) crystal and finally converted to 258 nm
by a beta-Barium Borate (BBO) crystal.

The temporal distribution of the laser pulse can be manipulated by using the laser
pulse shaper. It consists of a set of 13 birefringent crystals. It is used to change the short
Gaussian temporal shape of the pulses generated by the oscillator to be a comb-like or a
flattop shape [76]. Another way for pulse shaping is by using a Lyot filter. The Gaussian
pulse duration can be lengthened up to 12 ps FWHM without using the pulse shaper.

The nominal pulse repetition rate of the laser system is 1 MHz in burst mode as pre-
sented in Fig. 3.2. The UV laser pulses which are transported to the photocathode have
a maximum pulse energy of about 2 µJ. The pulse energy can be reduced by using the
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attenuator which is a polarizer and a half wave plate on a rotational stage. The transverse
size of the laser can be adjusted by using a Beam Shaping Aperture (BSA) which is a
variable-size circular aperture.

Figure 3.2: Time structure of the photocathode laser pulse train operating with a repetition
rate of 1 MHz.

The transverse profile of laser pulses is monitored by using the so-called virtual cath-
ode camera. This is a UV-sensitive CCD camera, for which the distance from the BSA
to its location is equal to the distance from the BSA to the photocathode. The temporal
profile of the laser pulses is measured by the optical sampling system (OSS) [74] which
has a resolution of about 1 ps. The OSS is based on the principle of a cross correlator -
scanning short probe laser pulses over the UV laser pulses by changing the relative timing
between them. More detail of the OSS can be found in [74].

Examples of the measured temporal and transverse profiles of a laser pulse are shown
in Fig. 3.3. The transverse profile was measured by the virtual cathode camera with the
BSA diameter size set to 3.2 mm. In-homogeneity of the transverse profile is related
to imperfection in frequency conversions in the photocathode system. Three temporal
profiles measured by the OSS are shown here including a short (non-stretched) Gaussian
profile with duration of 2.4 ps FWHM which is the laser profile without pulse shaping; a
long Gaussian profile with duration of 12 ps FWHM which is the laser profile when using
one of the Lyot filters and a flattop profile with duration of 22 ps FWHM which is the
profile generated by using the pulse shaper.
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Figure 3.3: Photocathode laser pulse transverse distribution (left plot) and temporal pro-
file (right plot).

3.1.2 RF Gun Section
The RF gun section consists of an L-band RF cavity, main and bucking solenoids as its
3D-model shown in Fig. 3.4. The RF cavity, called the RF gun, is a 1.6 cell normal
conducting copper cavity with a Cs2Te photocathode located at the wall of the first cell.
Note that the cathode plane is defined as the zero position of the beamline coordinate
Z = 0 used in this thesis. The RF gun is surrounded by solenoids as their locations can
be seen in Fig. 3.4. The main solenoid is used to focus the electron beam which naturally
expands due to the space-charge force. Since the magnetic field from the main solenoid
on the photocathode can induce an angular momentum to the extracted electron bunch,
the bucking solenoid is installed behind the photocathode and used to eliminate the field
from the main solenoid on the photocathode [77]. Important parameters of the RF gun
are listed in Table 3.2. The normalized longitudinal electric field profile inside the RF
gun is shown in Fig. 3.5 together with the normalized longitudinal magnetic field profile
of the main and bucking solenoids.

From Table 3.2, the RF gun operates with RF pulse trains at a repetition rate of 10 Hz,
and each RF macropulse has a pulse length of 650 µs. Electron bunches are generated
from the laser pulses (see Fig. 3.2) which overlap with the RF pulse train. The time
structure of the electron bunch train generated by the RF gun and the photocathode laser
are presented in Fig. 3.6.
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Figure 3.4: 3D-layout of the PITZ gun section. The red-dashed arrow shows the direction
of the electron beam.

Table 3.2: Important parameters of the RF gun

Parameters Values
Operating RF frequency 1.300 GHz
Peak power of RF pulse 6.5 MW
Maximum operating RF pulse length 650 µs
RF pulse repetition rate 10 Hz
Maximum accelerating gradient 60 MV/m
Maximum momentum gain ∼7 MeV/c
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Figure 3.5: Normalized longitudinal electric field profile inside the RF gun (red line) and
normalized longitudinal magnetic field profile of the main and bucking solenoids (blue
line). Z = 0 is the position of the photocathode.

Figure 3.6: Time structure of the electron bunch train generated by the RF gun and the
photocathode laser.
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3.1.3 CDS Booster

The second L-band RF accelerating cavity in the PITZ beamline is a Cut Disk Structure
(CDS) linac called CDS Booster. It is made of normal conducting copper like the RF
gun and consists of 14 cells. It was developed by the Institute for Nuclear Research
of the Russian Academy of Sciences (INR-RAS) [78]. With a combination of the RF
gun and the CDS booster, the electron beam can be accelerated to reach a maximum
mean momentum of about 24.5 MeV/m. Important parameters of the CDS booster are
presented in Table 3.3. The simulated normalized longitudinal electric field profile inside
the booster is presented in Fig. 3.7

Table 3.3: Important parameters of the CDS booster

Parameters Values
Operating RF frequency 1.300 GHz
Peak power of RF pulse 3 MW
Operating RF pulse length 200 µs
RF pulse repetition rate 10 Hz
Maximum accelerating gradient 14 MV/m
Maximum momentum gain 20 MeV/c

Figure 3.7: Simulated normalized longitudinal electric field profile inside the CDS
booster. Z = 0 is referenced as the position of the photocathode.
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3.1.4 Quadrupole Magnets

Quadrupole magnets are used for focusing the electron beam. Generally, at least two
quadrupole magnets, called quadrupole doublet, have to be used in order to focus the
beam in both transverse axes.

Quadrupole magnets are installed at different locations along the beamline for beam
transport and focusing. All quadrupole magnets in the straight section are identical and
are manufactured by Danfysik [79]. Figure 3.8 presents a plot of the measured quadrupole
gradient as a function of the applied current and a plot of the normalized measured trans-
verse magnetic field as a function of the longitudinal position along the quadrupole mag-
net. Based on these two plots, the quadrupole magnet can provide a maximum magnetic
gradient of 8.4 T/m with an effective length of ∼40 mm. Figure 3.9 shows positions of
the quadrupole magnet along the straight section of the PITZ beamline.

Figure 3.8: The left plot shows measured quadrupole gradient as a function of the applied
current, and the right plot shows the normalized measured transverse magnetic field as a
function of the longitudinal position along the quadrupole (0 position is the center of the
magnet).

3.1.5 Steerer Magnets

A steerer magnet is a small dipole magnet used for controlling the beam trajectory. Air
coil steerer magnets are distributed along the PITZ beamline as can be seen from their
locations in Fig. 3.1. Generally, the steerer magnets provide a maximum magnetic field
of few mT with an effective length of up to 100 mm. More details about the steerer
magnets can be found in Ref. [80].
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Figure 3.9: Plot of positions of the quadrupole magnets along the straight section of
the PITZ beamline. Here, TDS is the RF deflector (see section 3.2.5); Low.Dipole,
DISP1.D1, DISP2.D1, and DISP3.D1 are dipole magnets.

3.2 Components for Electron Beam Diagnostics

3.2.1 Charge Measurement Devices
There are two types of charge measurement devices at PITZ, Faraday cups (FCs) and
integrating current transformers (ICTs). Locations of the charge measurement devices
along the straight section of the PITZ beamline are listed in Table 3.4.

Table 3.4: Charge measurement devices and their location along the straight section of
the PITZ beamline

Name Type Middle position [m]
LOW.FC1 Faraday cup 0.803
LOW.FC2 Faraday cup 1.379
LOW.ICT1 ICT 0.903
HIGH1.ICT1 ICT 5.117
HIGH2.ICT1 ICT 17.080

A Faraday cup is a copper block designed to collect electrons which impact the block.
Then, the collected charges create a corresponding current. There are two FCs, LOW.FC1
and LOW.FC2, installed between the RF gun and the CDS booster. The Faraday cups are
suitable for low charge measurements (up to 0.2 nC).

An ICT is a non-destructive charge measurement device by using the principle of
electromagnetic induction. There are ICTs (products of Bergoz Instrumentation [81])
installed in the straight section of the PITZ beamline: LOW.ICT1 used for measuring the
bunch charge of the beam that exits from the RF gun, HIGH1.ICT1 used for measuring
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the bunch charge of the beam that exits from the CDS booster, and HIGH2.ICT1 used for
measuring the bunch charge at the ending part of the beamline. The ICTs are mainly used
to measure the bunch charge higher than 0.2 nC.

3.2.2 Screen Stations
Many screen stations are distributed over the beamline to measure the transverse distri-
bution of the electron beam at different locations. Inside each screen station, there is a
Cerium-doped Yttrium aluminum garnet (Ce:YAG) powder screen, or called shortly as a
YAG screen, that is attached to a movable linear stage so that the screen can be moved
in and out from the beamline. The light output from the YAG screen is monitored and
readout with a 12-bit CCD camera (product model Prosilica GC 1350 of Allied Vision
Technologies GmbH [82]). Table 3.5 shows positions and resolutions of the screen sta-
tions in the straight section of the PITZ beamline. A plot of their positions w.r.t. the
position of the cathode is shown in Fig. 3.10.

Table 3.5: Positions and typical resolutions of the screen stations in the straight section
of the PITZ beamline. Various values of resolution at the same screen station means that
the station has an option to use different camera lenses.

Screen station name Position [m] Resolution [mm/pixel]
LOW.Scr1 0.803 0.040
LOW.Scr2 1.379 0.017
LOW.Scr3 1.708 0.014
HIGH1.Scr1 5.277 0.015, 0.009
HIGH1.Scr3 7.125 0.020, 0.007
HIGH1.Scr4 8.41 0.036, 0.019, 0.006
HIGH1.Scr5 8.92 0.036, 0.020, 0.007
PST.Scr1 12.278 0.038, 0.022
PST.Scr2 13.038 0.037, 0.022
PST.Scr3 13.798 0.036, 0.022
PST.Scr4 14.558 0.037, 0.022
PST.Scr5 15.318 0.037, 0.022
HIGH2.Scr1 16.303 0.035
HIGH2.Scr2 18.262 0.064

3.2.3 Dispersive Sections
Based on the Lorentz force equation, by assuming that the magnetic field vector ~B is
normal to the velocity vector ~v, the trajectory of the electron motion in a region with
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Figure 3.10: Plot of position of the screen station along straight section of the PITZ
beamline. Here, TDS is the RF deflector (see section 3.2.5); Low.Dipole, DISP1.D1,
DISP2.D1, and DISP3.D1 are dipole magnets.

uniform dipole magnetic field can be described by [83]:

ρ[m] =
p

eB
= 0.2998

p[GeV/c]
B[T]

, (3.1)

where ρ is the bending radius, p is the particle momentum and B is the component of the
magnetic field vector that is normal to the velocity vector. Equation (3.1) can be written
in terms of the momentum as

p[MeV/c] =
ρ[m] ·B[T]

0.2998×10−3 , (3.2)

This equation means that electrons with different momenta are bent by a dipole magnet to
different curves. By placing a screen after the dipole magnet, the transverse distribution
measured by this screen represents the momentum distribution of the electron beam. A
setup including a dipole magnet and a monitor screen can be called a momentum spec-
trometer.

There are three dispersive sections used as momentum spectrometers in the PITZ
beamline (see Fig. 3.1), Low Energy Dispersive Arm (LEDA), the first High Energy Dis-
persive Arm (HEDA1) and the second High Energy Dispersive Arm (HEDA2). LEDA is
used to measure the longitudinal momentum distribution of the beam that is accelerated
by the RF gun while HEDA1 and HEDA2 are used for the beam that is accelerated by the
booster [84]. Furthermore, HEDA2 together with the RF deflector (see Section 3.2.5) can
be used for longitudinal phase space measurements [85].
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3.2.4 Emittance Measurement Systems
(EMSYs)

There are three Emittance Measurement SYstems (EMSYs) installed in the PITZ beam-
line: EMSY1, EMSY2 and EMSY3, as their locations can be seen in Fig. 3.1. Tungsten
slits are installed inside these systems in order to use the single slit scan technique for the
transverse emittance measurements. Only EMSY1 was used for transverse phase space
measurements in this thesis. Details concerning specifications of EMSY1, the principle
and the procedure of the emittance measurements are explained in [86] and [16]. They
will be reviewed later in Chapter 5.

3.2.5 RF Deflector (TDS)
An RF deflector, also known as a Transverse Deflecting Structure (TDS), is a compo-
nent that generally is used for time-resolved measurements of an electron bunch includ-
ing the longitudinal profile, the slice transverse emittance, and the longitudinal phase
space. When an electron bunch passes through the TDS, the bunch is deflected by a
time-dependent transverse kick. Electrons within the bunch gain transverse momentum
linearly dependent on their longitudinal coordinates. By imaging the transverse profile of
the deflected bunch, the longitudinal distribution can be derived by using the correlation
of the longitudinal positions to the transverse momentum [85].

The TDS of PITZ was designed and built by INR-RAS [85,87]. It consists of 16 cells
with a total length including the vacuum flanges of 0.7 m. The structure is designed to be
a traveling-wave cavity and has an RF field mode with a vertical deflecting electric field.
Important parameters of the TDS are summarized in Table 3.6.

Table 3.6: Important parameters of the TDS [85]

Parameter
Operating RF frequency 2.997 GHz
Deflecting voltage 0.2 - 1.7 MV
Operating RF pulse length 0.7 - 3.1 µs
Filling and decay time < 200 ns

When an electron travels on the axis of the TDS, the Lorentz force from the transverse
electric and magnetic fields interacts with the electron. The magnitude of the force (F)
can be described by

F = A · cos(φ +ωt), (3.3)

where A is the total transverse deflecting force amplitude, φ is the transverse deflecting
force phase, and ω is the angular frequency of the RF field. Profiles of A and φ along the
TDS operating at PITZ are plotted in Fig. 3.11
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Figure 3.11: Plots of calculated total transverse deflecting force amplitude (top) and cal-
culated transverse deflecting force phase (bottom) as a function of the position along the
TDS.

During operation of the TDS, an electron bunch that passes through the TDS expe-
riences a constant phase of the transverse deflecting force. This means each part of the
bunch always experiences a nearly constant deflecting force along the TDS. By propa-
gating the longitudinal center part of the bunch through the TDS at the zero RF phase,
the center part will go through the TDS witout any deflection while the deflecting angle
of other parts depends linearly on the distance from the center part. This relation can be
used for the bunch length calculation which will be reviewed later in Chapter 5.
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Chapter 4

Start-to-End Simulations of THz
sources based on PITZ accelerator

Start-to-end (S2E) simulations of THz radiation sources based on the PITZ accelerator
were performed in order to ensure that the radiation can be generated practically and
to prepare experiments. The S2E simulations include beam dynamics simulations for
optimization and transport of the electron beam starting from the cathode to the point
where the radiation is generated and calculations of the THz radiation parameters.

This chapter presents and discusses S2E simulations of THz radiation generation
based on the PITZ accelerator for two scenarios: (i) Self-Amplification of Spontaneous
Emission Free-Electron Lasers (SASE FELs) using an uncompressed high charge elec-
tron bunch and (ii) Coherent Transition Radiation (CTR) and Coherent Diffraction Ra-
diation (CDR) using a short electron bunch. Figure 4.1 shows the schematic layout of
the PITZ beamline including radiation stations for simulation studies. For SASE FEL, an
extension part including quadrupole magnets and an undulator was assumed to be added
to the end of the beamline. For CTR/CDR, an existing screen station (PST.Scr2) located
at Z =13.038 m is assumed to be modified to use as a CTR/CDR station.

Figure 4.1: Schematic layout of the PITZ beamline including radiation stations for sim-
ulations studies. Here QM, DM, and Screen represent quadrupole magnets, dipole mag-
nets, and screen stations, respectively.
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4.1 S2E Simulations for the SASE FEL option

Before performing the S2E simulations for the SASE FEL option, the first task is to
consider design parameters of the undulator. Then, the beam dynamics simulations using
A Space charge TRacking Algorithm (ASTRA) [55] code were performed for electron
beam optimization and transport to the assumed undulator entrance. Finally, the THz
SASE FEL process simulations based on the optimized electron beams were performed
using Genesis 1.3 code [48].

4.1.1 Design Considerations for Undulator

The objective of this section is to determine the undulator type and undulator parameters
for generating FEL radiation with tunable resonance wavelength (λrad) between 20 µm
and 100 µm. An APPLE-II type undulator is an undulator that can vary the horizontal and
vertical magnetic field components by moving the magnet arrays and yields the ability
to vary polarization of the generated radiation [88]. The model of an APPLE-II type
undulator from the conceptual design report of the FERMI FEL facility [89] was decided
to be used for the simulations. The peak magnetic field B0 of the undulator for variable
polarization mode can be calculated by using the following equation [89]:

B0 = a · exp

(
−b

g
λu

+ c
(

g
λu

)2
)
, (4.1)

where g is the undulator gap and λu is the undulator period length. a,b and c are the
coefficients for various polarization modes of the undulator where (a,b,c) = (1.76, 2.77,
-0.37), (1.54, 4.46, 0.43) and (2.22, 5.19, 0.88) for horizontal, circular and vertical polar-
ization modes, respectively. Relations among B0, λu, g, undulator parameter K, radiation
wavelength λrad and electron beam momentum can be calculate by using equations 4.1
2.5 and 2.6.

Several constraints were considered for the design of the undulator. The minimum
gap of the undulator is assumed to be 10 mm for sufficient space for the beam pipe and
electron beam transport. The maximum electron beam momentum is limited at 22 MeV/c
which is barely below the maximum momentum accessible at PITZ. Figure 4.2 presents
the calculated beam momentum as a function of the undulator gap for various radia-
tion wavelengths, undulator period lengths and polarization modes. Under the above-
mentioned conditions, the proper period length of the undulator is 40 mm as all plots for
this case are collected in Fig. 4.2d. By considering all three polarization mode together,
the radiation wavelengths between 20 µm and 100 µm can be generated with beam mo-
menta between 14 MeV/c and 22 MeV/c, and gap widths between∼10 mm and∼22 mm.
These parameter ranges fit perfectly to the initial constraints.
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(a) Horizontal mode (b) Vertical mode

(c) Circular mode (d) λu = 40 mm, all modes

Figure 4.2: Electron beam momenta for radiation wavelengths of 20 µm and 100 µm as
a function of the undulator gap for various period lengths and polarization modes of the
APPLE-II type undulator.

In further studies, only the helical mode of the APPLE-II type undulator was used for
the SASE FEL simulations. The process of S2E simulation studies for the helical mode
can be repeated for the studies of the horizontal and vertical modes with almost similar
routines and strategies. The difference is matching and transport of electron beam into
the undulator. An example of S2E simulation studies using the LCLS-I undulator which
is a planar undulator is presented in Appendix A.
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4.1.2 Calculation of FEL Parameter Space

An analysis of the FEL parameter space including the saturation power and the saturation
length of the SASE FEL at PITZ was performed for two cases of radiation: 100 µm and
20 µm wavelengths. It is performed by using the Genesis1.3 code. The helical undulator
with a period length of 40 mm as considered in the previous section was used as the FEL
radiator. Electron beams with beam momenta of 15 MeV/c and 22 MeV/c are used for
the cases of 100 µm and 20 µm, respectively. The longitudinal current distribution was
assumed to have a parabolic shape with a FWHM length of about 7.5 mm. The energy
spread of 0.5 % and the transverse slice emittance were assumed to be constant along the
bunch.

Figures 4.3, 4.4, and 4.5 show an overview of the simulated saturation characteristics
of the SASE FEL versus peak current and emittance. Little dependence of the satura-
tion characteristics on the emittance is observed. Analyzing the influence of the peak
current shows that operation at higher currents is preferable for a reduction of the satura-
tion length and for an increase of the peak radiation power. By using an electron beam
with 4 nC bunch charge which corresponds to a peak current of 160-180 A, saturation
lengths up to 3.5 m and 5.5 m can be expected for the cases of λrad = 100 µm and 20 µm,
respectively.

Figure 4.3: Contour plot for the saturation power [MW] versus peak current [A] and
normalized emittance [mm mrad]. Left and right plots correspond to the cases of 100 µm
using a 15 MeV/c electron beam and 20 µm using a 22 MeV/c electron beam, respectively.
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Figure 4.4: Contour plot for the saturation length [m] versus peak current [A] and normal-
ized emittance [mm-mrad]. Left and right plots correspond to the cases of 100 µm using
a 15 MeV/c electron beam and 20 µm using a 22 MeV/c electron beam, respectively.

Figure 4.5: Contour plot for the saturation pulse energy [mJ] versus peak current [A] and
normalized emittance [mm-mrad]. Left and right plots correspond to the cases of 100 µm
using a 15 MeV/c electron beam and 20 µm using a 22 MeV/c electron beam, respectively.

4.1.3 Electron Beam Dynamics Simulations

In order to verify the feasibility of the electron beam parameters assumed in Section
4.1.2, beam dynamics simulations using the ASTRA code were performed with 2× 105

macro-particles. The simulations include generation and optimization of the space charge
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dominated 4 nC electron beams and then transport of the beams to the undulator entrance.
The beam transport line layout used in these simulations follows the schematic diagram
in Fig. 4.1. Photocathode laser pulses with a flattop temporal profile (FWHM duration
of 21.5 ps) were used. In order to ensure that the RMS laser spot size is big enough for
generating 4 nC bunch charge, the RMS laser spot size was set to 1.25 mm which is close
to the maximum size from the practical point of view (the cathode has a diameter of 5
mm). The peak electric field of the gun cavity was fixed at 60 MV/m and the phase of
maximum mean momentum gain (MMMG) was used. For the booster cavity, the peak
electric fields were set to 9.8 MV/m and 17.2 MV/m for the beam momenta of about
15 MeV/c and 22 MeV/c, respectively. The booster phase and the main solenoid current
were tuned for compromising between low momentum spread and high peak current at
the position of the first monitoring screen after the booster called High1.Scr1 located at
Z = 5.277 m (see Fig. 3.1).

Figure 4.6 shows the contour plots of the energy spread, the peak current and the
transverse normalized emittance as a function of the main solenoid current and the booster
phase (w.r.t. MMMG) of the 15 MeV/c beam at High.Scr1. The red circles in the plots
indicate the booster phase and solenoid current for the optimized beam. With the booster
phase of −18◦ (w.r.t. MMMG) and the main solenoid current of 381 A, the beam has a
RMS momentum spread of 55.38 keV/c, a peak current of about 170 A and a transverse
normalized emittance of 2.84 mm mrad.

Similarly, figure 4.7 shows the contour plots of the energy spread, the peak current
and the transverse normalized emittance as a function of the main solenoid current and
the booster phase (w.r.t. MMMG) of the 22 MeV/c beam at High.Scr1. The red circles
in the plots indicate the booster phase and solenoid current for the optimized beam. With
the booster phase of −10◦ (w.r.t. MMMG) and the main solenoid current of 383 A, the
beam has a RMS momentum spread of 62.09 keV/c, a peak current of about 170 A and
an transverse normalized emittance of 2.74 mm mrad.

The next step is to transport the optimized electron beams from the High1.Scr1 to
the assumed undulator entrance at Z = 22.500 m (see Fig. 4.1). The quadrupole magnets
along the beamline were used for beam transport and matching. A fast space charge
tracking code Space Charge Optimizer (SCO) [90] was used to optimize the quadrupole
magnet gradients, then solutions of the optimized gradients obtained from SCO were
plugged into the ASTRA code. Since the FEL radiator is a helical undulator, the matching
goal is to have transverse symmetric beam size and emittance at the undulator entrance.
Furthermore, the matching strategy is to slightly focus the beam transversely during the
transport in order to have a compromise between the smallest beam size and the weakest
beam divergence at the undulator entrance.

Figure 4.8a and b shows the evolution of RMS beam sizes and the transverse emit-
tance values of the 15 MeV/c beam transport from the cathode position (Z = 0) to the
undulator entrance (Z = 22.50 m). Black bars in the plots represent the quadrupole mag-
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Figure 4.6: Contour plots of the transverse normalized emittance (left), the peak current
(middle) and the RMS momentum (right) as function of the main solenoid current and
the booster phase (w.r.t. MMMG) of the 4 nC, 15 MeV/c beam at High.Scr1.

Figure 4.7: Contour plots of the transverse normalized emittance (left), the peak current
(middle) and the RMS momentum (right) as function of the main solenoid current and
the booster phase (w.r.t. MMMG) of the 4 nC, 22 MeV/c beam at High.Scr1.

net positions and this length represents the relative gradients used for the beam transport.
The transverse RMS beam sizes were slightly reduced from about 3 mm at Z = 6 m to
below 0.5 mm at the undulator entrance (Z = 22.5 m) while the transverse focusing has
no impact to the longitudinal beam size. For the transverse emittance evolution, the emit-
tance values are increased from the optimized values at High1.Scr1 (Z = 5.277 m) during
beam transport. However, this issue is not critical since the saturation characteristics of
the SASE FEL only little depends on the transverse emittance as studied in Section 4.1.2.
Phase spaces and longitudinal profiles of the 15 MeV/c beam at the undulator entrance
are shown in Fig. 4.9.

Figure 4.8c and d shows the evolution of RMS beam sizes and the transverse emit-
tance values of the 22 MeV/c beam transport from the cathode position (Z = 0) to the un-
dulator entrance (Z = 22.5 m). Behaviors of beam parameter evolution are similar to the
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15 MeV/c beam case. Transverse phase spaces and longitudinal profiles of the 22 MeV/c
beam at the undulator entrance are shown in Fig. 4.10. Important parameters of the beam
are summarized in Table 4.1 for both cases of the beam momenta, 15 and 22 MeV/c.
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(a) Evolution of the RMS sizes of the 15 MeV/c beam

(b) Evolution of the transverse normalized emittances of the 15 MeV/c beam

(c) Evolution of the RMS sizes of the 22 MeV/c beam

(d) Evolution of the transverse normalized emittances of the 22 MeV/c beam

Figure 4.8: Evolution of the RMS sizes (σx, σy, σz) and the transverse normalized emit-
tances ( εn,x, εn,y) of the 4 nC, 15 MeV/c beam and the 4 nC, 22 MeV/c beam from the
cathode to the undulator entrance. Black bars present applied quadrupole strengths and
black circles present zero quadrupole strengths (not use).
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(a) Horizontal phase space (b) Vertical phase space

(c) Slice emittance (d) Beam current

(e) Slice momentum spread (f) Longitudinal phase space

Figure 4.9: Phase space distributions ans longitudinal slice profiles of the 4 nC, 15 MeV/c
beam at the undulator entrance.
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(a) Horizontal phase space (b) Vertical phase space

(c) Slice emittance (d) Beam current

(e) Slice momentum spread (f) Longitudinal phase space

Figure 4.10: Phase space distributions ans longitudinal slice profiles of the 4 nC,
22 MeV/c beam at the undulator entrance.
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Table 4.1: The simulated beam parameters at the undulator entrance

Paramaters 15 MeV/c case 22 MeV/c case
Horizontal RMS size (σx) [mm] 0.36 0.31
Vertical RMS size (σy) [mm] 0.36 0.30
Longitudunal RMS size (σz) [mm] 2.29 2.22
Normalized horizontal emittance (εn,x) [mm mrad] 5.04 5.28
Normalized vertical emittance (εn,y) [mm mrad] 4.44 5.65
Mean momentum [MeV/c] 14.81 21.44
Uncorrelated momentum spread [keV/c] 129.21 135
Peak current (I) [A] 173 172
Average slice εn,x [mm mrad] 2.44 1.81
Average slice εn,y [mm mrad] 2.47 1.74
Average slice uncor. momentum spread [keV/c] 5.79 4.90

4.1.4 SASE FEL Simulations

The final step of the S2E simulations is to calculate the FEL radiation from the optimized
electron beams. Simulations of the FEL radiation were performed using the Genesis 1.3
code [48]. Several features in the code including time-dependent mode and space-charge
effects were used in the simulations. In order to demonstrate the fluctuation due to the
SASE FEL process which starts from the shot-noise, the input seed number (IPSEED) for
the random particle generator of the Genesis 1.3 code was scanned from 1 to 100.

Parameters and slice profiles of the matched electron beams from the previous section
were used as input beams and helical undulator with a period length of 40 mm was used
as the FEL radiator. The 15 MeV/c beam (with precise mean momentum of 14.81 MeV/c)
was used for the SASE FEL with radiation wavelength of 100 µm which corresponds to
the undulator parameter of 1.79. The 22 MeV/c beam (with precise mean momentum
of 21.44 MeV/c) was used for the SASE FEL with radiation wavelength of 20 µm which
corresponds to the undulator parameter of 0.87.

Figures 4.11 and 4.12 present the pulse energy gain curves along the undulator length
for both cases of radiation wavelengths. Grey curves refer to single shot realizations using
various seed numbers. The black curves correspond to the average of all one-hundred grey
curves while the blue dash-line presents the percentage of standard deviation. Properties
of the simulated THz SASE FEL are summarized in Table 4.2. The temporal and spectral
profiles of the FEL radiation at saturation position of the 100 µm case are presented in
Fig. 4.13. Those of the 20 µm case are presented in Fig. 4.14. Similar to Fig. 4.11 and
Fig. 4.12, grey lines refer to single-shot realizations using various IPSEED and the black
lines corresponds to their average.
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Figure 4.11: Output peak power (left) and pulse energy (right) along the undulator axis
for the radiation wavelength of 100 µm using the 4 nC, 15 MeV/c electron beam.

Figure 4.12: Output peak power (left) and pulse energy (right) along the undulator axis
for the radiation wavelength of 20 µm using the 4 nC, 22 MeV/c electron beam.

Figure 4.13: Temporal (left) and spectral (right) profiles of the radiation pulses at the
undulator exit (Z = 7 m) for the radiation wavelength of 100 µm using 15 MeV/c electron
beam.
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Figure 4.14: Temporal (left) and spectral (right) profiles of the radiation pulses at the
undulator exit (Z = 7 m) for the radiation wavelength of 20 µm using 22 MeV/c electron
beam.

Table 4.2: The simulated THz SASE FEL radiation properties

Paramaters 100 µm 20 µm
Saturation length [m] 2.94 5.56
Pulse energy at saturation [mJ] 0.78 0.79
Peak power at saturation [MW] 95 93
Pulse energy at the undulator exit [mJ] 2.51 1.46
Peak power at the undulator exit [MW] 188.7 186.6
Pulse duration (FWHM) [ps] 18 22
Central wavelength 106.4 20.4
Spectral width (FWHM)[µm] 10 0.5

4.1.5 Conclusion Remark for S2E simulations of the SASE FEL

The SASE FEL of a THz source based on the PITZ setup was studied by S2E simulations.
An APPLE-II type undulator with a period length of 40 mm in helical mode was assumed
to be added to the end of the PITZ beamline and used for producing the FEL radiation.
With this undulator parameters, it is possible to produce FEL radiation with wavelengths
between 20 µm and 100 µm by using 4 nC electron beams with mean momenta in the
range of 15 MeV/c to 22 MeV/c.

Analysis of the FEL parameter space for the radiation wavelengths of 20 µm and
100 µm was done by using the Genesis 1.3 code. It shows that a saturation length up
to 6 m can be expected. Beam dynamics simulations using the ASTRA code starting
from the cathode to the undulator entrance were performed. The simulations show that
the PITZ setup can generate electron beams with reasonable parameters for the SASE
FEL and transport the beam to the undulator entrance which was assumed to be located at
the end of the current beamline. The FEL simulations using the Genesis 1.3 code based
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on the simulated beam parameters show that the FEL process reaches saturation within
the undulator length of about 3 m and 6 m for the 100 µm and 20 µm cases, respectively.
At the undulator exit, pulse energies of more than 1.4 mJ can be expected from both cases.

The radiation pulses from the SASE FEL have high pulse energies and are suitable to
be used for THz field-driven dynamics studies. However, due to the SASE process, the
radiation pulses have strong fluctuation which is not suitable for time-resolved dynamics
studies. In order to improve the radiation pulse stability, seeding FEL methods have to be
implemented. Studies of FEL seeding options will be performed in the future.

4.2 S2E Simulations for the CTR and CDR options

This section presents S2E simulations of the THz CTR and CDR source based on the
PITZ accelerator. As described in Chapter 2, the coherent part of CTR relates to the lon-
gitudinal form factor which is derived from the Fourier transformation of the longitudinal
shape of the electron bunch. Shorter bunch length transforms to a broader form factor
in the frequency domain. Therefore, electron bunch compression is necessary to broaden
the coherent part of the CTR spectral distribution. Since there is no magnetic bunch com-
pressor in the PITZ beamline, an alternative way to compress the bunch is by mean of
velocity bunching.

The velocity bunching process happens when the electron bunch has an energy chirp.
The head part of the bunch should have lower energy than the tail part and therefore
has slower velocity. When the chirped bunch travels through a drift space, the tail part
is moving closer to the head part and therefore bunch compression happens [91]. This
energy chirp can be introduced to the bunch by accelerating the bunch off-crest in an
accelerating cavity [92]. For this study, the CDS booster cavity was used for this purpose.

This section is organized as follows. First, the important parameters of a typical
CTR station are introduced. Then, an overview of the CTR pulse energy based on the
conditions of the CTR station and the beamline is calculated. After that, beam dynamics
simulations of velocity bunching are presented followed by calculations of the expected
CTR and CDR properties. Finally, calculations of CTR generation based on a comb-beam
are presented.

4.2.1 Parameters of the CTR station

A screen station named PST.Scr2 located at Z =13.038 m (see Fig. 3.1) was modified to
be a CTR station which will be described in detail later in Chapter 6. Figure 4.15 shows
a simplified principle layout of the CTR station together with important parameters for
the CTR calculations. To simplify the calculation, the radiator is assumed to be a circular
metallic screen with a radius of 13.5 mm. The diameter of the circular vacuum window
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is 60 mm and the distance between the center of the radiation and the window is 71 mm.
This allows an radiation acceptance angle (θmax) of about 0.4 rad.

Figure 4.15: Simplified layout of the CTR station.

4.2.2 Calculation of CTR Parameter Space

In order to get an overview of pulse energy of the CTR, the CTR pulse energy for various
bunch charges and bunch RMS duration are calculated. The generalized Ginzburg-Frank
formula (Eq. (2.28)) was used for the calculations. The electron beam is assumed to have
a Gaussian temporal shape and the mean momentum is assumed to be 15 MeV/c (γ = 30).
The total pulse energy is integrated over the frequency range of 0.05 to 5 THz and over the
observation angle range of 0 to 0.4 rad. Fig. 4.16 shows the contour plot of the CTR pulse
energy in the logarithmic scale as a function of the bunch charge and the bunch RMS
duration. The plot shows that a CTR pulse energy of about a few tens µJ is achievable
when the electron bunch has a bunch charge of 1 nC and an RMS duration of 500 fs. The
plot also shows that the pulse energy is more dependable on the bunch charge than the
bunch RMS duration.
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Figure 4.16: Calculated CTR pulse energy as a function of bunch charges and RMS bunch
lengths.

4.2.3 Electron Beam Dynamics Simulations

The electron bunch charge needs to be maximized and the bunch length needs to be
minimized in order to increase the CTR intensity and to broaden the spectral bandwidth.
A popular way to compress a relativistic electron bunch is to use a magnetic chicane [93].
However, the PITZ beamline doesn’t have a chicane section that is designed specifically
for bunch compression. Another way to compress the bunch is to use velocity bunching.
For velocity bunching, the bunch is accelerated off-crest in such a way that the head part
of the bunch has energy lower than the tail part after exiting the cavity. Then, the tail
part will move closer to the head part when the bunch propagates through a drift distance
which means the bunch compression happens [91].

There are two accelerating cavities at PITZ, the RF gun and the CDS booster. Both
cavities can be used for bunch compression by velocity bunching. A method to use a
photoelectron gun and a buncher cavity to perform linearization of the longitudinal phase
space is presented in [94]. However, changing the RF gun phase can have effects on
the processes of electron emission for high charge bunch and reduce the emitted bunch
charge. Therefore, electron bunch compression for this study was done by using only the
CDS booster for velocity bunching.

The ASTRA code was used for tracking the electron beams from the cathode to the
CTR station which is located at Z =13.038 m downstream from the cathode as shown in
Fig. 4.1. A photocathode laser with Gaussian temporal shape (pulse FWHM duration of
2.43 ps) and bunch charges of 250 pC, 500 pC, 750 pC, and 1 nC were used as input for the
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simulations. The RF launch phase in the gun was fixed to Maximum Mean Momentum
Gain (MMMG) and only the booster phase was tuned for the velocity bunching. The
booster phase was scanned with a step of 10 degrees from 0 to -80 degree with respect
to (w.r.t.) the MMMG. For each case of bunch charge, the main solenoid current was
tuned to focus the beam on High1.Scr1 (Z = 5.277 m) when the RF launching phases are
at MMMG from both cavities. Important input parameters for the ASTRA simulations
are listed in table 4.3.

Table 4.3: Input parameters for ASTRA simulations of velocity bunching

Paramaters Values
Laser spot diameter on the cathode [mm] 2
Zstart to Zend [m] 0 to 13.038
Bunch charge [pC] 250, 500, 750 and 1000
Peak electric field at the cathode [MV/m] 60.5
Peak electric field in the booster [MV/m] 17.2
Gun phase w.r.t. MMMG phase [degree] 0
Booster phase w.r.t. MMMG phase [degree] -80 to 0
Main solenoid current [A] 383 to 389

Figure 4.17 presents the simulation results including bunch RMS duration and longi-
tudinal momentum as a function of the booster phase (w.r.t. MMMG) for various bunch
charges at Z = 13.038 m. More off-crest of booster phase delivers shorter bunch RMS
duration. When the booster phase is at -80 degree, the values of bunch RMS duration
are about 1 to 1.5 ps which is reduced by about 50 % from the bunch duration when the
booster phase is at 0 degree. The longitudinal momentum of the beam is dependent only
on the booster phase and is independent of the bunch charge. With the booster phase of
-80 degree, the beam momentum is about 10 MeV/c which is reduced by about 12 MeV/c
from the momentum at MMMG phase.

4.2.4 Calculations of CTR
Calculations of CTR based on the simulated bunch properties in Section 4.2.3 and the
CTR station parameters in Section 4.2.1 were performed by using the generalized Ginzburg-
Frank formula (Eq. (2.28)). Figure 4.18 presents the total CTR pulse energy as a function
of booster phase (w.r.t. MMMG) for various bunch charges. The values of pulse energy at
each case of bunch charge are almost constant between the phase range of 0 to -50 degree
and then slightly increase until -70 degree. At the booster phase of -80 degree, the values
of pulse energy are increased significantly. This behavior corresponds to the prediction in
Fig. 4.16 where the form factor of the bunch starts to play a role in the total pulse energy
when the bunch RMS duration is shorter than 1.5 ps. This means that the coherent part
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Figure 4.17: Simulated bunch RMS duration (left) and longitudinal momentum (right) as
a function of booster phase w.r.t. the MMMG phase for various bunch charges.

of the CTR radiation plays a major contribution to the total pulse energy as revealed in
Eq. (2.2).

Figure 4.18: Calculated total CTR pulse energy as a function of booster phase w.r.t. the
MMMG phase for various bunch charges.

The values of pulse energy are maximized when the booster phase is at -80 degree
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(w.r.t. MMMG). Plots of the form factors and spectral distributions at this booster phase
for each case of bunch charge are presented in Fig. 4.19. The plots of form factors cover
the frequency range up to 0.6 THz. For the plots of spectral distribution, as expected, the
spectral distribution of 1 nC has the highest intensity due to the highest bunch charge.
The plots also show suppression in the low-frequency part due to finite size of the CTR
radiator as predicted by the generalized Ginzburg-Frank formula (Eq. (2.28)).

Figure 4.19: Plots of form factors of the bunch (left) and CTR spectral distributions (right)
when the booster phase is -80 degree (w.r.t. MMMG) for various bunch charges.

4.2.5 Calculations of CDR
The CDR station setup is similar to the one of the CTR station except the CDR radiator
has a circular hole with a diameter of 2 mm as its layout is shown in Fig. 4.20. Calcula-
tions of CDR based on the simulated bunch properties in Section 4.2.3 were performed
by using Eq. (2.31). Figure 4.21a shows plots of total CDR pulse energy as a function of
booster phase w.r.t. the MMMG phase for various bunch charge. The CTR pulse energy
for each case of bunch charge and booster phase is also plotted together for compari-
son. The plots show that CDR pulse energy is only slightly lower than the CTR pulse
energy for each case. The corresponding relation can also be observed in plots of spectral
distribution as shown in Fig. 4.21b.

4.2.6 S2E simulation of CTR Generated by Using Comb Beam
A comb beam is a beam with a microbunch structure. The form factor of the comb
beam shows peaks at higher harmonic frequencies [95]. Therefore, it is interesting to
use a comb beam for CTR generation. In this study, the comb beam is produced by a
longitudinally modulated photocathode laser pulse. The study process is similar to the
S2E simulations using a short Gaussian laser pulse. A comb laser pulse distribution with
four micro-pulses as shown in Fig. 4.22a was used as an input laser distribution for the
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Figure 4.20: Simplified layout of the CDR station.

(a) (b)

Figure 4.21: (a) total CTR and CDR pulse energy as a function of booster phase w.r.t. the
MMMG phase for various bunch charge. (b) Plots of CTR and CDR spectral distribution
when the booster phase is -80 degree (w.r.t. MMMG) for various bunch charges.

ASTRA code. The input parameters in Table 4.3 were also used in this study except the
bunch charge was fixed at 1 nC and the booster phase was fixed at the MMMG phase.

The temporal distribution of the simulated 1 nC comb beam at the location of the
CTR station is shown in Fig. 4.22b. The distribution of the 1 nC short Gaussian bunch at
the booster phase of -80 degree (w.r.t. MMMG) is also shown together for comparison.
Current peaks of the comb beam distribution are smeared out by space charge effects and
velocity de-bunching due to momentum spread of the electron beam.
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Plots of the calculated form factor for the comb bunch and the short Gaussian bunch
are presented in Fig. 4.23. The form factor of the comb beam has narrow-band high
harmonics frequencies with central frequencies of 0.06 THz, 0.10 THz and 0.15 THz. The
plots of spectral distribution in Fig. 4.23 show that the CTR from the comb bunch has
lower spectral intensity than the short Gaussian bunch but provides several of narrow-
band frequency peaks. By integrating the spectral distribution, the CTR generated by the
comb bunch has pulse energy of 1.63 µJ.

(a) (b)

Figure 4.22: (a) Temporal distribution of the comb photocathode laser pulse with four
micro-pulses together with the distribution of the short Gaussian laser pulse. (b) Longi-
tudinal distribution of the 1 nC comb electron bunch (booster phase of MMMG phase)
together with the distribution of the 1 nC short Gaussian bunch (booster phase of -80 de-
gree w.r.t. MMMG phase) at Z = 13.038 m.
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Figure 4.23: Plots of form factor (left) and spectral distribution (right) of CTR for the
comb bunch and CTR for the short Gaussian bunch.

4.2.7 Concluding Remarks for S2E Simulations of
the CTR and CDR Options

S2E simulations of the THz radiation generated by means of CTR and CDR were per-
formed. By using a short Gaussian photocathode laser pulse and an electron bunch charge
up to 1 nC, a CTR radiation pulse energy up to 10 µJ and frequencies covering up to
0.2 THz can be expected. CDR calculations for several cases were also performed. The
pulse energy is slightly lower than for the CTR case. S2E simulations of CTR generated
by using a comb beam were also performed. The spectral distribution of the comb bunch
has several narrow-band frequency peaks.

As seen from the simulation results, the RMS bunch duration can only be compressed
down to about 1 ps by velocity bunching using the CDS booster. In order to compress the
bunch more, another approach is needed like using a chicane bunch compressor, using
shorter photocathode pulses or using an additional buncher cavity.
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Chapter 5

Experimental Optimization and
Characterization of Electron Beams for
Generating the SASE FEL Radiation

In Chapter 4, start-to-end (S2E) simulations of the THz SASE FEL based on the APPLE-
II undulator in its helical mode and the PITZ accelerator for a radiation wavelength of
20 µm and 100 µm were performed. In order to demonstrate that such electron beams
with the required parameters for the SASE FEL radiation can be obtained practically,
experimental optimization and characterization of electron beams with bunch charges of
4 nC for such purpose were performed.

This chapter presents details of electron beam measurements, follow-up beam dy-
namics simulations, and SASE FEL simulations for these beam parameters. Sections 5.1
to 5.6 present step-by-step the 4 nC electron beam characterization. Then, Section 5.7
presents the follow-up beam dynamics simulations with the same machine conditions as
used in the measurements. Finally, details of the SASE FEL simulations based on the
measured beam parameters are discussed in Section 5.8.

5.1 Photocathode Laser Characterization
The electron beam optimization tried to follow the strategy established in Chapter 4.
However, the PC laser with a flattop temporal shape used in Chapter 4 was not avail-
able during the experiments. Therefore, a Gaussian temporal shape with ∼11 ps FWHM
pulse duration as its measured profile is shown in Fig. 5.1 was used instead. Initially, the
photocathode (PC) laser with a diameter of 5 mm on the cathode was used. However, its
transverse distribution measured by the virtual cathode camera (VC2) was extremely non-
uniform and radially asymmetric. Therefore, the PC laser diameter on the photocathode
was reduced to 3.7 mm for a reasonable transverse distribution. The PC laser transverse
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distribution with a diameter of 3.7 mm measured by the VC2 camera is shown in Fig. 5.2.

Figure 5.1: Longitudinal PC laser distribution measured by OSS. The profile is Gaussian
with a FWHM pulse duration of 11 ps.

Figure 5.2: Transverse PC laser distribution measured by the virtual cathode camera
(VC2) when the laser BSA was set to 3.7 mm. The right plots present projection his-
tograms of each transverse axis. The black hair-line and dots in the left plot are dust in
the VC2 optics.
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5.2 Charge Production
The emission area homogeneity plays a significant role in electron beam generation and
thus, in the measured electron beam properties, especially the beam emittance as studied
experimentally in [16]. Therefore, it is important to know the status of the emission area
homogeneity by measuring the quantum efficiency (QE) map of the photocathode. The
QE map was measured by scanning a laser spot with a diameter of 0.2 mm with 0.2 mm
steps around the cathode area. Note that the gun was run with 6.5 MW RF peak power
(equivalent to a peak electric field at the cathode of 60.5 MV/m) and the RF phase was
set to about the MMMG phase. The measured QE map is shown in Fig. 5.3. The cathode
has a QE in-homogeneity especially in the rim area. The green circle presents the border
within the photocathode laser with a diameter of 3.7 mm illuminates on the cathode. The
QE in-homogeneity is also visible in this area. It increases from about 10 % at the center
to about 15 - 20 % at the rim.

Figure 5.3: QE map of the Cs2Te photocathode.

Another important issue for charge production is the dependence of the produced
charge on the laser pulse energy. This issue is important to determine the emission model
used in beam dynamics simulations. An inaccurate model can significantly cause discrep-
ancies between simulated and measured beam parameters.

Unfortunately, a dependence of the produced charge on the laser pulse energy was
not measured with the laser diameter of 3.7 mm but with 3.5 mm instead. However, the
dependencies of the produced charge on the laser pulse energy for both cases are not ex-
pected to be much different. Further investigations will be done in follow-up simulations.
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Figure 5.4 shows the produced charge measurement as a function of the laser transmis-
sion using the laser diameter of 3.5 mm. The red dashed line shows a linear fit which is
expected in the quantum efficiency limited emission regime [96]. This linear dependence
happens only at low laser pulse energies (i.e., low transmission through the attenuator of
the laser system). In order to produce the beam with a 4 nC bunch charge, the laser trans-
mission of about 21 % is needed. It is obviously in the saturation regime of the emission
curve.

Figure 5.4: Measured charge using Low.ICT1 as a function of laser transmission. A laser
spot diameter of 3.5 mm was used for this measurement.

5.3 Beam Momentum Measurement
LEDA is used for measurements of electron beam momentum after the gun and HEDA1 is
used for measurements of the electron beam momentum after the booster. As in Chapter 4,
two electron beam momenta after the booster are expected, 15 MeV/c and 22 MeV/c.
The gun was run with its maximum RF peak power of 6.5 MW (equivalent to a peak
electric field at the cathode of 60.5 MV/m). The MMMG phase of the gun was derived
by measuring the average beam momentum using LEDA as a function of the gun phase.
The measurement results are shown in Fig. 5.5a. The plot shows that the MMMG phase
is at the gun phase setpoint of −131 degree. The measured momentum distribution at the
MMMG phase is shown in Fig. 5.5b. At the MMMG phase, the average momentum is
6.46 MeV/c and the momentum spread is 54.1 keV/c.

For the 15 MeV/c beam, the booster was run with an RF peak power of 1 MW (equiv-
alent to a peak electric field of 10 MV/m). The average beam momentum and the mo-
mentum spread were measured as a function of the booster phase by using HEDA1 and
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(a) Measurements of mean momentum and
momentum spread as a function of the gun
phase

(b) Measured momentum distribu-
tion at the gun phase setpoint of
−131 degree (MMMG phase)

Figure 5.5: Momentum measurement using LEDA. The gun RF peak power is 6.5 MW.

the measurement results are presented in Fig. 5.6a. The minimum momentum spread
(MMS) phase is at the booster phase setpoint of -148 degree. The measured momentum
at this phase setpoint is shown in Fig. 5.6b. At the MMS phase, the average momentum
is 15.15 MeV/c and the momentum spread is 65 keV/c.

For the 22 MeV/c beam, the booster was run with RF peak power of 3 MW (equivalent
to peak electric field of 17.4 MV/m). The measurement procedure is similar to the case
of the 15 MeV/c beam. Results of the booster phase scan are shown in Fig. 5.7a and the
MMS phase is at the booster phase setpoint of -164 degree. The measured momentum at
this phase setpoint is shown in Fig. 5.7b. At this MMS phase, the average momentum is
21.72 MeV/c and the momentum spread is 84.6 keV/c.
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(a) Measurements of mean momentum and
momentum spread as a function of the
booster phase

(b) Measured momentum distribu-
tion at the MMS phase

Figure 5.6: Momentum measurement using HEDA1. The booster RF peak power is
1 MW.

(a) Measurements of mean momentum and
momentum spread as a function of the
booster phase

(b) Measured momentum distribu-
tion at the MMS phase

Figure 5.7: Momentum measurement using HEDA1. The booster RF peak power is
3 MW.
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5.4 Bunch Current Profiles

5.4.1 Bunch Length Measurement Procedure
The bunch length can be measured using the RF deflector (TDS). When the electron
beam passes through the TDS, the electrons are deflected vertically in linear dependence
on their longitudinal coordinates within the bunch. The deflected electrons travel fur-
ther through a drift space and are finally imaged on an observation screen. The vertical
position on the screen is proportional to the longitudinal position within the bunch as:

y = S · z , (5.1)

where y is the vertical position, z is the longitudinal position and S is the TDS shear
parameter [85]. The S parameter can be measured experimentally by performing a linear
fit of the measured vertical mean position as a function of the varied TDS phase. The
linear fit will result in the S parameter as [85]:

S = K
360◦ · f

βc
, (5.2)

where K is the first order term (or slope) of the linear fit, and f is the RF frequency of the
TDS.

5.4.2 Current Profile Measurements
The current profiles of the optimized beam are measured by using the TDS. Two quadrupole
magnets, HIGH1.Q9 and HIGH1.Q10, are used for the beam focusing. The screen station
PST.Scr2 (located at Z = 13.04 m) is used for monitoring the streaked beam. The principle
and procedure of current profile measurement at PITZ are described in Section 5.4.1.

Figure 5.8 shows examples of the beam distributions while the TDS is switched off
and on at PST.Scr2. If the TDS phase is set to the zero-crossing phase, therefore, the beam
is streaked vertically while the beam center is not moved. Then by scanning the TDS
phase, the beam center is moved accordingly. Plots of measured beam center position as
a function of the TDS phase are presented in Fig. 5.9. By fitting and using Eq. (5.2), the
shear parameters for the cases of 15 MeV/c and 22 MeV/c are 2.98 and 2.96, respectively.

The measured current distributions derived from the streaked profiles and the shear
parameters are presented in Figure 5.10. For the case of 15 MeV/c beam, the measured
FWHM bunch length is 24.50 ps with the measurement resolution of 2.23 ps and the peak
current of 160 A. For the case of 22 MeV/c beam, the measured FWHM bunch length is
17.23 ps with the measurement resolution of 1.27 ps and the peak current of 230 A.

The measured profile of the 22 MeV/c case has a shorter bunch length compared to
the measured profile of the 15 MeV/c case. A possible reason for this result is that space
charge effects have a stronger influence on the lower energy beam.
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Figure 5.8: Example of the beam profiles at PST.Scr2 while the TDS is switched off (left)
and switched on (right) .

Figure 5.9: Measured center positions of the beam at PST.Scr2 as a function of TDS
phase setpoint for the 15 MeV/c case (left) and the 22 MeV/c case (right). The red lines
are linear fits to the data.
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Figure 5.10: Measured beam current distributions of the optimized 4 nC beams with the
beam momenta of 15 MeV/c (the black line) and 22 MeV/c (the red line).
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5.5 Longitudinal Phase Space Measurement

The longitudinal phase space measurement is similar to the bunch length measurement,
but the observation screen is placed downstream from a horizontal bending magnet (the
first dipole magnet of HEDA2). The deflected bunch is transported through a dipole
magnet called Disp3.D1 and then is imaged on the observation screen Disp3.Scr1. Two
quadrupole magnets, PST.QT5 and PST.QT6, were used for transporting the streaked
beam from TDS to HEDA2. The distance from the TDS entrance to the dipole entrance is
6.4 m and the distance from the dipole exit to the observation screen is 0.7 m. The dipole
magnet has a bending radius of 0.6 m and a bending angle of 60◦.

Disp3.D1 of HEDA2 bends the beam horizontally. Therefore the longitudinal mo-
mentum distribution is imaged as the horizontal projection of the image on Disp3.Scr1.
The beam deflected by TDS shows longitudinal position distribution as the vertical pro-
jection of the image. Therefore, the beam image on Disp3.Scr1 is the longitudinal phase
space of the beam. Figure 5.11 presents the measured longitudinal phase spaces for the
cases of 15 MeV/c and 22 MeV/c. Both longitudinal phase spaces show strong curvature
which means there are higher-order space-charge effects on the bunches.

Figure 5.11: The measured longitudinal phase space of the 15 MeV/c beam (left) and
the 22 MeV/c beam (right). The gray lines present projections on the time scale of each
distribution.

Evaluation of Slice Momentum Spread

The slice momentum spread can be derived from the measured LPS by slicing the LPS
into slices with equal time (or position) step size, then calculating the momentum spread
of each slice. The number of slices is selected to be 9 slices in order to be consistent with
the number of slices from slice emittance measurements (next section). The measured
profiles of slice momentum spread are presented in Fig. 5.12. The Average slice mo-
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mentum spreads calculated by weighting with the current distribution are 20 keV/c and
39 keV/c for the cases of 15 MeV/c and 22 MeV/c, respectively.

Figure 5.12: Slice momentum spread profiles of the optimized beams which are evaluated
from the distributions in Fig. 5.11.

5.6 Transverse emittance Measurements

5.6.1 Emittance Measurement Using Slit Scan Technique

Review of Single Slit Scan Technique Procedure

The emittance measurement systems (EMSYs) are designed for transverse emittance
measurement by using the slit-scan technique. Each EMSY consists of horizontal and
vertical actuators supplied with a YAG screen and slit masks made of 1 mm thick tung-
sten. There are slit masks with two gap sizes: 10 µm and 50 µm. Each EMSY has two
actuators: one moving horizontally and another one moving vertically. The slit mask
converts a space-charge dominated electron beam into an emittance dominated beamlet
which is characterized at a screen downstream. The EMSY1 station (HIGH1.Scr1) which
is located at Z = 5.277 m was used for transverse emittance measurements in this thesis.
Only the slit masks with an opening width of 10 µm were used during the measurements.
The beamlets from EMSY1 are characterized at HIGH1.Scr4 which is located 3.133 m
downstream from the slit. By moving the slit mask transversely over the beam spot, one
obtains local divergence profiles of the electron beam, yielding transverse phase space.
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The transverse phase space (x,x′) can be reconstructed from the slit-scan data and the
geometrical emittance (εgeo,x) can be calculated as

εgeo,x =

√
〈x2〉〈x′2〉−〈xx′〉2. (5.3)

By assuming that tails of the phase space distribution are lost during the measurement,
due to low particle density and limited sensitivity of the screen, the measured emittance
can be scaled to the 100 % emittance by using the scaling factor σx√

〈x2〉
where σx is the

RMS size of the whole beam measured by a YAG screen at the EMSY1 position and√
〈x〉2 is the RMS size of the beam obtained from the slit scan.
The 100 % RMS normalized projected emittance used at PITZ can be defined by using

Eq. (5.3) with the scaling factor and can be expressed in the form

εn,x = βγ
σx√
〈x2〉

εgeo,x, (5.4)

where the factor β =
√

γ2−1 can be calculated from the relativistic Lorentz factor γ of
the beam. More details on this emittance measurement procedure at PITZ can be found
in [86].

Optimization of Transverse Projected Emittance

The transverse projected emittances were measured by using EMSY1. Machine and elec-
tron beam parameters used during the measurements are listed in Table 5.1. The first step
of the optimization for minimizing the projected transverse emittance was done by mea-
suring emittance as a function of the main solenoid current. The measured results of this
dependence are presented in Figure 5.13. The measured vertical emittances are higher
than the measured horizontal emittances, especially for the case of the 15 MeV/c beam.
This difference is possibly caused by the impact of multipole fields inside the gun cavity
system as investigated in [97].

Table 5.1: Machine and electron beam parameters used during the experimental optimiza-
tion of transverse projected emittance

Parameters Values
PC laser pulse duration [ps] 11 (FWHM), gaussian shape
PC laser diameter on the cathode [mm] 3.7
Peak electric field at the cathode [MV/m] 60.5
Peak electric field in the booster [MV/m] 10 and 17.4
Gun phase w.r.t. MMMG [degree] 0
Booster phase [degree] for minimum momentum spread
Bunch charge [nC] 4
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Figure 5.13: Measured transverse normalized emittances as a function of the main
solenoid current for the case of 15 MeV/c (left) and for the case of 22 MeV/c (right).
Other relevant machine and beam parameters are listed in Table 5.1.

The second step of optimization was to use the quadrupole magnets installed at the
gun exit to symmetrize the optimized horizontal and vertical emittances from the first
step. The results of projected emittance optimizations are summarized in Table 5.2. The
optimized transverse phase spaces measured by EMSY1 for the case of 15 MeV/c and
22 MeV/c are presented in Fig. 5.14 and Fig. 5.15, respectively. The measured emittances
for the case of 15 MeV/c still show a strong x-y asymmetry which cannot be improved
even when the gun quadrupole magnets were used.

Table 5.2: Results of transverse normalized projected emittance of the 4 nC beams us-
ing the solenoid current scan and gun quadrupoles. Other relevant machine and beam
parameters are listed in Table 5.1.

Parameters 15 MeV/c 22 MeV/c
Im for optimized emittance [A] 376 379
σx for optimized emittance [mm] 1.657 0.865
σy for optimized emittance [mm] 1.633 0.930
σxy for optimized emittance [mm] 1.645 0.897
Optimized εn,x [mm.mrad] 8.640±0.079 6.400±0.050
Optimized εn,y [mm.mrad] 11.049±0.039 6.282±0.050
Optimized εn,xy [mm.mrad] 9.770±0.062 6.344±0.036
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Figure 5.14: Measured horizontal (left) and vertical (right) transverse phase spaces at
Z =5.277 m for the case of 15 MeV/c beam as shown in Table 5.2.

Figure 5.15: Measured horizontal (left) and vertical (right) transverse phase spaces at
Z =5.277 m for the case of 22 MeV/c beam as shown in Table 5.2.
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5.6.2 Emittance Measurement Using Quadrupole Scan Technique

Quadrupole Scan Technique

The principle of emittance measurement using the quadrupole scan technique is described
in [98, 99]. The beam matrix (see Appendix A) in terms of statistical properties of the
horizontal phase space can be expressed by

σ =

(
σ11 σ12
σ21 σ22

)
= ε

(
β −α

−α γ

)
=

( 〈
x2〉 〈xx′〉
〈xx′〉

〈
x′2
〉 ) . (5.5)

Definitions of all variables can be found in Appendix A.
Transformation of the beam matrix transported from position z0 to position z f can be

derived by
σ z f = Rσ z0R

T , (5.6)

where R is the transport matrix and RT is its transpose [83]. According to Eq. (5.5) and
Eq. (5.6). The term

〈
x2〉, which is the square of the RMS beam size, can be written as〈

x2
f
〉
= R2

11
〈
x2

0
〉
+R2

12
〈
x′20
〉
+2R11R12

〈
x0x′0

〉
. (5.7)

By applying different transformation matrices R and using the chi-square (χ2) method
for fitting of the measured data, the elements of the beam matrix at the initial position can
be derived by solving the following matrix equation

a = (BT B)−1BT b. (5.8)

Here

a =

 〈
x2

0
〉〈

x0x′0
〉〈

x′20
〉
 , (5.9)

b =



〈
x2
(1)

〉
σ〈

x2
(1)

〉
〈

x2
(2)

〉
σ〈

x2
(2)

〉
...〈

x2
(n)

〉
σ〈

x2
(n)

〉


(5.10)

and

81



B =



R(1)
11

2

σ〈
x2
(1)

〉 2R(1)
11 R(1)

12
σ〈

x2
(1)

〉 R(1)
12

2

σ〈
x2
(1)

〉
R(2)

11
2

σ〈
x2
(2)

〉 2R(2)
11 R(2)

12
σ〈

x2
(2)

〉 R(2)
12

2

σ〈
x2
(2)

〉
...

...
...

R(n)
11

2

σ〈
x2
(n)

〉 2R(n)
11 R(n)

12
σ〈

x2
(n)

〉 R(n)
12

2

σ〈
x2
(n)

〉


, (5.11)

where σ〈
x2
(n)

〉 is the error of
〈

x2
(n)

〉
in the nth measurement. By solving Eq. (5.8), the

geometrical horizontal transverse emittance (εx) can be calculated from elements of the
resulting vector a (Eq(5.9)), using εx =

√
detσ .

The error of the fitted parameters was estimated in [98], by introducing the function f

f =

 αx0

βx0

εx0,RMS

=


a1/
√

a1a3−a2
2

−a2/
√

a1a3−a2
2√

a1a3−a2
2

 , (5.12)

where a1,a2 and a3 are elements of the vector a. The square error of the parameters (σ2
βx0

,

σ2
αx0

and σ2
εx0,RMS

) can be calculated by solving the following equation

(∇a f )T (BT B)−1(∇a f ) =

 σ2
βx0

· · · · · ·
· · · σ2

αx0
· · ·

· · · · · · σ2
εx0,RMS

 . (5.13)

Slice Emittance Measurement

Slice emittance is measured by using a combination of the quadrupole scan technique,
which is described in Section 5.6.2, and the TDS. Two quadrupole magnets, High1.Q9
and High1.Q10, right before the TDS are used for the measurement. The experimental
setup is similar to the one used for the bunch current profile measurement. The bunch
is deflected by the TDS and is observed by the screen station PST.Scr2. Then, gradients
of the quadrupole doublet are scanned and consequential deflected distributions are mea-
sured. By horizontally slicing the deflected distributions, Twiss parameters and emittance
of each slice can be calculated from fitting the horizontal RMS size of each slice as a
function of the quadrupole gradients.
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An example of slicing the deflected distributions into nine slices is shown in Fig. 5.16.
Figure 5.17 shows horizontal transverse RMS sizes of slice number 4, 5 and 6 for ten dif-
ferent setups of quadrupole gradients. From data in this plot, the geometrical emittance of
each slice can be calculated by solving Eq. (5.8). Profiles of the measured slice emittance
are shown in Fig. 5.18. The average values of slice emittance are 8.44 mm.mrad and 5.39
mm.mrad for the cases of 15 MeV/c and 22 MeV/c beam momenta, respectively. Error
bars plotted in the figure are derived from Eq. (5.13).

Figure 5.16: An example of slicing the measured deflected distribution into 9 slices

Figure 5.17: Horizontal transverse RMS sizes of slice number 4, 5 and 6 for ten different
setups of quadrupole gradients.
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Figure 5.18: Measured profiles of horizontal slice emittance for the cases of the 15 MeV/c
beam and the 22 MeV/c beam.
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5.7 Follow-up Beam Dynamics Simulations
In order to understand details of space-charge dominated beam dynamics in the proposed
photo-injector setup, corresponding simulations have to be performed to reproduce exper-
imental results. Follow-up beam dynamics simulations with the same machine conditions
used in the measurements were performed. Machine parameters used in the simulations
are listed in Table 5.3.

Table 5.3: Machine and electron beam parameters

Parameters Values
PC laser pulse duration [ps] 11 (FWHM), gaussian
PC laser diameter on the cathode [mm] 3.7
Peak electric field at the cathode [MV/m] 60.5
Peak electric field in the booster [MV/m] 10 and 17.4
Gun phase w.r.t. MMMG [degree] 0
Booster phase [degree] for minimum momentum spread
Bunch charge [nC] 4

5.7.1 Photocathode Laser Modelling
There are some machine parameters used in the experiments which are different from
those in the ideal S2E simulations. Furthermore, there are some practical factors which
were not included in the S2E simulations. One of the important factors is that the PC
laser transverse distribution has in-homogeneity of the radial profile. The modulation
rings and decaying tails at the edge can be seen in the distribution (see Fig. 5.2). In
ASTRA simulations, the cylindrical grid algorithm must be used in order to take mir-
ror charges at the cathode into account and this algorithm treats the input distribution
as a rotational symmetric distribution [55]. The radial profile including the core and
the halo parts (core+halo), as shown in Fig. 5.19, derived from the measured laser dis-
tribution is applied into ASTRA simulations in order to include effects from the laser
in-homogeneity. Figure 5.20 show the transverse profile of the core+halo distribution
used in further ASTRA simulations. The uniform distribution is also shown in the same
figure for comparison.
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Figure 5.19: Illustration of the radial profile derived from the measured distribution, and
the uniform radial profile normally used in ASTRA simulations.

(a) Core+halo distribution (b) uniform distribution

Figure 5.20: The core+halo distribution (a) used in the ASTRA simulations. A uniform
distribution (b) is also shown here for comparison. Both distributions have the same
transverse RMS size of 0.864 mm.
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5.7.2 Simulation of Charge Production
As discussed in Section 5.2, the dependence of the accelerated charge on the laser pulse
energy is important to determine the emission model used in beam dynamics simulations.
In order to evaluate the accuracy of the emission model used in ASTRA, a simulation of
charge production was performed. The core+halo distribution as shown in Fig. 5.20a was
used as an initial distribution. The simulations were done with two sizes of laser diameter,
3.5 mm and 3.7 mm.

Figure 5.21 shows curves of output charge as a function of input charge from the mea-
surement with a laser diameter of 3.5 mm and from the simulations with laser diameters
of 3.5 mm and 3.7 mm. For the measured curve, the output charge means charge mea-
sured by a current transformer (LOW.ICT1 located at z = 0.903 m) and the input charge
(Qinput) is calculated by

Qinput = Elaser ·m,

where Elaser is the measured laser energy and m is the slope of the linear part of the
measured curve. For the simulated curves, the input charge is the initial input charge in
ASTRA and the output charge means the bunch charge at z = 0.903 m. All curves show a
linear dependence at low input charges (laser pulse energies) as expected in the quantum
efficiency limited emission regime [96]. However, the curves reach their saturation point
differently. The difference between the measured curve and the simulated curve with the
laser diameter size of 3.5 mm means that the emission model implemented in ASTRA
is close to its systematic limitation for these space-charge densities at the photocathode.
Formations of beam phase space at the cathode could cause discrepancy in final beam
parameters.

Figure 5.21: Measured charge as a function of the input charge.
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5.7.3 Simulated Beam Momenta

In order to reproduce the measured values of average beam momentum and RMS mo-
mentum spread in ASTRA simulations, the simulations were done for different booster
peak fields and booster phases. Then the momentum distributions after the booster were
monitored.

The contour plots of simulated beam momentum and RMS momentum as a function
of the booster peak field and the booster phase are shown in Fig. 5.22. Gray circles in the
figure present the optimized booster peak field and booster phase for the case of 15 MeV/c
where the average momentum is about 15 MeV/c and the RMS momentum is minimized.
The red circles are the optimized parameters for the case of 22 MeV/c. Optimized beam
momenta and corresponding settings are summarized in Table 5.4.

Figure 5.22: Simulated average beam momentum (left) and momentum spread (right) as
a function of the booster peak field and the booster phase.

Table 5.4: Simulated optimized beam momenta and corresponding settings of booster
peak fields and booster phases

Parameters 15 MeV/c 22 MeV/c
Average momentum [MeV/c] 15.13 21.69
Momentum spread [keV/c] 28.08 41.35
Booster peak field [MV/m] 10 17.4
Booster phase w.r.t MMMG [degree] -15 -9
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5.7.4 Simulated Beam Current Profiles
Simulated beam distributions were transported to PST.Scr2 (see Fig.3.1). High1.Q9 and
High1.Q10 were used for focusing the beam at the PTS.Scr2. The current profiles de-
rived from ASTRA distributions for the cases of 15 MeV/c and 22 MeV/c are shown in
Fig. 5.23. Both current profiles are almost identical with a peak current of 160 A and an
FWHM pulse duration of about 25 ps.

The simulated current profiles in Fig. 5.23 show discrepancies when compared to the
measured current profiles in Fig. 5.10. The measured current profile of the 22 MeV/c case
is shorter than one of the 15 MeV/c case. A possible reason for this difference could be
an artifact from measurement resolutions. Another reason could be discrepancies which
arise already in the photoemission modelling (Section 5.7.2).

Figure 5.23: Simulated current profiles for the 15 MeV/c beam and 22 MeV/c beam.
Relevent machine and beam parameters are listed in Table 5.3

.

5.7.5 Simulated Longitudinal Phase Spaces
The simulated beam distributions were transported to a distance of 18.47 m from the pho-
tocathode which is equivalent to the distance from the photocathode to a YAG screen
in Disp3.Scr1. Similar to the longitudinal phase space measurement, two additional
quadrupole magnets, PST.QT5 and PST.QT6, were used for beam transport and focus-
ing. In order to investigate the effects of TDS fields on the longitudinal phase space, the
simulations were done for two cases, without TDS fields (TDS off) and with TDS field
(TDS on).
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Figure 5.24 shows longitudinal phase space distributions of the 15 MeV/c beam with
TDS on and TDS off while Fig. 5.25 shows those of the 22 MeV/c beam. It is obvious
from the plots in both figures that TDS fields induce an increase of momentum spread.
Evaluations of longitudinal phase spaces are presented in Fig. 5.26. For the 15 MeV/c
case, the average slice momentum spread increases from 20 keV/c to 50 keV/c when
TDS is on. For the 22 MeV/c case, the average slice momentum spread increases from
18 keV/c to 35 keV/c when TDS is on.

When TDS is on, the average slice momentum spread of the 22 MeV/c case is lower
than one of the 15 MeV/c case. This behavior contradicts to the measured results in
Fig. 5.12. A major cause of this contradiction could be the limitations of the measurement
resolution. The values of beam projected emittance are quite high. They limit the trans-
verse focusability of the beams and therefore limit the minimum achievable momentum
resolution [85]. Imperfections of the beam transport could also cause beam dispersions
and spoil the beam momentum spread.

Figure 5.24: Simulated longitudinal phase space of the 15 MeV/c beam while the TDS is
off (left) and while the TDS is on (right)
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Figure 5.25: Simulated longitudinal phase space of the 22 MeV/c beam while the TDS is
off (left) and while the TDS is on (right)

Figure 5.26: Slice momentum profiles for the cases of 15 MeV/c (left) and 22 MeV/c
(right) from the simulations of measurements.
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5.7.6 Simulation of Transverse Emittance Optimization

Similar to the procedure in Section 5.6.1, the projected transverse emittance was opti-
mized by monitoring the emittance values at EMSY1 (Z = 5.277 m) as a function of the
main solenoid current. Plots of simulated normalized emittance as a function of the main
solenoid current are presented in Fig. 5.27. The results of projected emittance optimiza-
tions are summarized in Table 5.5.

Figure 5.27: Simulated normalized emittance as a function of the main solenoid current
for the cases of 15 MeV/c and 22 MeV/c.

Table 5.5: Optimized transverse normalized projected emittance of the 4 nC beams using
ASTRA with the core plus halo distribution

Parameters 15 MeV/c 22 MeV/c
Im for optimized emittance [A] 386 387
σxy for optimized emittance [mm] 2.150 1.486
Optimized εn,xy [mm.mrad] 4.956 4.631

By comparing the values in Table 5.5 to the values derived from measurements in
Table 5.2, the emittance values from simulations are smaller than those from the mea-
surements. For the case of 15 MeV/c, the measured value is higher by a factor of 2 than
one from the simulation. For the case of 22 MeV/c, the simulated value is smaller than
the one from the measurement by about 40 %.

Discrepancies between measured emittance values and those from the ASTRA simu-
lations for the same laser diameter on the cathode were already observed in [16] and [100],
especially for bunch charges above 250 pC. This difference is increasing with the bunch
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charge and becomes more significant for the 4 nC case. The main reason for this discrep-
ancy is that mechanisms of the space charge dominated photoemission is more complex
than it is implemented in the ASTRA code. Another reason is that the gun quadrupole
magnets do not fully compensate the asymmetry kick in the gun region.

5.7.7 Simulation of Slice Emittance Measurement
Since space charge effects are neglected in the slice emittance reconstruction from the
quadrupole scan, the obtained experimental emittance values can deviate from the real
values. Simulations of the slice emittance measurement using the quadrupole scan were
performed in order to estimate possible errors from this measurement procedure.

The simulation of measurements using the quadrupole scan method follows the pro-
cedure of the real experiments. High1.Q9 and High1.Q10 were used with ten different
gradient setup. Then the streaked beams were monitored on PST.Scr2 and used for slice
emittance evaluations. Figure 5.28 shows profiles of horizontal slice emittance from the
ASTRA simulations and from the simulation of measurements using the quadrupole scan
method for both cases of beam momentum. The average values of slice emittance for all
cases are listed in Table 5.6. According to the simulations for the case of 15 MeV/c, the
value of the average slice emittance is overestimated by 87 %. For the case of 22 MeV/c,
it is overestimated by 54 %. This difference can be explained by significant space charge
effects that are neglected in the slice emittance reconstruction from the quadrupole scan.

Figure 5.28: Comparison of horizontal slice emittance profiles from the ASTRA simu-
lations and the simulations of measurements. The left plot is for the case of 15 MeV/c
beam momentum and the right plot is for the case of 22 MeV/c.

5.8 SASE FEL Simulations
Measured electron beam parameters including beam current (Fig. 5.10), slice emittance
(Fig. 5.18), and slice momentum spread (Fig. 5.12) were used for FEL simulations with
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Table 5.6: Average horizontal slice emittance of the 4 nC beams from ASTRA simulations
and simulations of measurements

Parameters 15 MeV/c 22 MeV/c
ASTRA simulation [mm.mrad] 3.00 2.81
Simulations of measurements [mm.mrad] 5.61 4.32

the GENESIS 1.3 code [48]. Parameters for the case of 15 MeV/c beam were used for the
simulations with λrad = 100 µm while those for the case of 22 MeV/c momentum were
used for the simulations with λrad = 20 µm. The helical undulator with period length of
40 mm is used as the radiator. The Twiss parameters of the beams were assumed to be
matched for beam transport along the undulator.

Figure 5.29 presents the results of the simulated FEL pulse energy along the undulator.
The values of pulse energy at the undulator exit (Z = 7 m) are 854 µJ and 687 µJ for the
case of λrad =100 µm and λrad =20 µm, respectively. These pulse energy values are lower
than those from optimized S2E simulations by a factor of 2.

Figure 5.29: Pulse energy along the undulator from the FEL simulations with GENE-
SIS code based on measured electron beam parameters. The left plot is for the case of
λrad =100 µm using 15 MeV/c beam. The right plot is for the case of λrad =20 µm using
22 MeV/c beam
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5.9 Concluding Remarks
Experimental optimization and characterization of 4 nC electron beams were done at
PITZ including transverse distributions and time-resolved measurements. SASE FEL
simulations based on the measured beam profiles were performed for the radiation wave-
lengths of 20 µm and 100 µm. The results show that radiation pulse energies close to the
mJ level can be achieved within undulator lengths up to 7 m.

Follow-up beam dynamics simulations with the same machine conditions used in the
measurements were performed. Discrepancies between simulations and measurements
are observed. Possible causes of these discrepancies are space-charge effects, mismatch
beam transports, and poor measurement resolutions.

Experiments using a flattop photocathode laser are planned to be performed in order
to have the same conditions as implemented in the optimized S2E simulations. Beam
measurement procedures and beam dynamics simulation methods have to be improved
in order to understand and reduce discrepancies between simulation and measurement
results.
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Chapter 6

First Experimental measurements of
CTR and CDR at PITZ

Based on the calculation results in Chapter 4, a radiation pulse with maximum pulse en-
ergies up to 20 µJ and peak frequency around 0.1 THz can be expected from the coherent
transition radiation (CTR) and coherent diffraction radiation (CDR) using PITZ electron
beams. In order to demonstrate such results experimentally, a screen station in the tomog-
raphy section in the PITZ beamline (see Fig. 3.1) was modified to be the experimental
station for generating CTR and CDR or called shortly as the CTR/CDR station.

This chapter starts with details concerning the design of the CTR/CDR station and the
THz diagnostic system. Then, experimental generation and characterization of CTR gen-
erated from short electron bunches and from longitudinally modulated electron bunches
are presented and discussed. After that, experiments of CDR generation are presented.
Finally, concluding remarks are given as a closure.

6.1 The CTR/CDR Station
In order to perform experimental generation and characterization of CTR and CDR, the
first CTR/CDR station was designed and installed in the PITZ beamline. Since the space
of the beamline is limited, the screen station PST.Scr2 located at 13 m downstream from
the cathode (see Fig. 3.1) was modified to be the CTR/CDR station. The reasons for
selecting this screen station are:
• There is enough space around the screen station for additional devices.
• There is already an electron beam imaging system consisting of a YAG screen, a

vacuum viewport, and a CCD camera at this screen station.
• There is a TDS upstream and can be used for longitudinal beam diagnostics.

The YAG screen is carried by a screen holder that is attached to a linear stepper motor. In
order to modify it to be the CTR/CDR Station, CTR/CDR radiators and a viewport that is
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transparent in the THz frequency range (THz viewport) are additionally installed.

Figure 6.1: 3D model of the CTR/CDR station. The new screen holder includes (a) a
YAG screen, (b) a gap for beam transport, (c) a CTR radiator, and (d) CDR radiators
(more details are explained in the text). The holder is attached to a linear stepper motor.
The top viewport is a THz viewport for transporting THz radiation to the THz diagnostic
system while the bottom viewport is a silica viewport for transporting the light from the
YAG screen to the CCD camera.

Figure 6.1 shows the 3D model of the THz station. The vacuum viewport and the
CCD camera for the beam imaging were kept the same as before. A z-cut single-crystal
quartz vacuum viewport transparent in the THz frequency range (manufactured product,
model BVPZ64NQZ of Torr Scientific Ltd. [101]) was installed on the top for transporting
the generated CTR/CDR to a THz diagnostics system. The old YAG screen holder was
replaced with a new modified one that includes:
• a YAG screen with a size of 36 mm×55 mm which is monitored by a CCD camera

from the bottom viewport,
• a gap with a size of 36 mm in the horizontal axis for undisturbed electron beam

transport,
• a CTR radiator made of an Aluminium sheet with a size of 27 mm×55 mm×1 mm,
• a CDR radiator made of an Aluminium sheet with a size of 27 mm×55 mm×1 mm

with a hole in the middle (φ = 2 mm),
• a 2 mm gap between two aluminium plates to use as a CDR radiator.
The YAG screen is tilted by 45◦ with respect to the longitudinal axis of the beamline
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in order to observe the electron beam transverse distribution at the CCD camera via the
bottom viewport. The radiators are also tilted by 45◦ with respect to the longitudinal
axis of the beamline in order to have the directions of the backward CTR/CDR radiations
towards the top viewport.

When each radiator is located at its operational position, the distance between its
center and the THz viewport is 71 mm while the vacuum viewport has a radius size of
30 mm. The acceptance angle of this station, therefore, can be calculated from these two
parameters and it is equal to 0.42 rad.

6.2 THz Diagnostics System
The THz CTR/CDR that exits the THz viewport is transported to the THz diagnostic
system. Properties of the radiation planned to be measured by this system are spectral
distribution and the total pulse energy. Different setups are required for measuring each
of the properties.

6.2.1 THz Detector: Pyroelectric Detector
A room-temperature pyroelectric detector was used to measure the THz radiation inten-
sity. When the THz radiation falls on a pyroelectric detector, it heats up the detector.
Then the pyroelectric crystal inside the detector is expanded and generates a polarization
current. This polarization current accumulates a surface charge at electrodes inside the de-
tector. The output signal from the circuit of these electrodes is proportional to the change
of the crystal temperature which is determined by the THz radiation pulse energy [26].

The pyroelectric detector used in the system is a manufactured product, model THz20
of SLT Sensor- und Lasertechnik GmbH [102]. The output signal from the sensor is
amplified by a signal amplifier with an adjustable gain of 10, 102, 103 and 104. The
relaxation time for the heated sensor temperature to the ambient temperature is called the
thermal time constant. The thermal time constant of the detector used in the experiment
is 300 ms which is much longer than an electron bunch length and also an electron bunch
train. Therefore, this detector was used to measure the intensity of a pulse train with
10 Hz repetition rate. At least 50 electron bunches per macro-pulse were used for the THz
generation in order to have high enough intensity for the detector. The results of some
measurements will be presented in terms of pulse energy, where appropriate. Otherwise,
they will be presented in terms of the voltage unit.

6.2.2 Setup for Spectral Distribution Measurement
The THz diagnostics system was set up to be a Michelson interferometer for the spectral
distribution measurement. A simplified schematic layout of a Michelson interferometer
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is shown in Fig. 6.2. It consists of a beam splitter, a fixed mirror, a movable mirror, and
a THz detector arranged as shown in the layout. The radiation that enters the Michelson
interferometer is split into two parts by the beam splitter. Then both parts travel to the
mirrors and are reflected back to the beam splitter. After that, the two parts are combined
and transported to the detector. Principles and equations in this section are revised from
Ref. [42]. More detailed explanations and mathematical treatments can be found in the
reference.

Figure 6.2: A schematic diagram of a Michelson interferometer.

The movable mirror can create a variable optical path difference δ between the two
arms which is equal to δ/c in time. The radiation pulse from the fixed arm Efixed and the
radiation pulse from the movable arm Emovable which are transported to the detector can
be expressed in the time domain as

Efixed(t) = R ·T ·E(t) and (6.1)

Emovable(t +
δ

c
) = T ·R ·E

(
t +

δ

c

)
, (6.2)

respectively. Here E(t) is the radiation pulse that enters the Michelson interferometer, R
and T are the reflection and transmission coefficients of the beam splitter, respectively.
The radiation pulse energy measured at the detector (Udetector) is then
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Udetector(δ ) ∝

∫ ∣∣∣∣Efixed(t)+Emovable(t +
δ

c
)

∣∣∣∣2 dt

∝

∫
|Efixed(t)|2 +

∣∣∣∣Emovable(t +
δ

c
)

∣∣∣∣2 +2Re
[

Efixed(t)E∗movable(t +
δ

c
)

]
dt

∝ 2Re
∫

Efixed(t)E∗movable(t +
δ

c
)dt +2

∫
|Efixed(t)|2 dt

∝ 2Re
∫
|R ·T |2 E(t)E∗(t +

δ

c
)dt +2

∫
|R ·T ·E(t)|2 dt.

(6.3)

The first term is an autocorrelation of the radiation pulse and the second term determines
its baseline. An interferogram (Uinterferogram) is a representation of the radiation autocor-
relation [42],

Uinterferogram(δ ) ∝ 2Re
∫
|R ·T |2 E(t)E∗(t +

δ

c
)dt. (6.4)

The radiation power spectrum is the Fourier transformation of the interferogram

Uinterferogram(ω) ∝

∫
∞

−∞

Uinterferogram(δ )exp
(
−iωδ

c

)
dδ . (6.5)

The top plot in Fig. 6.3 shows an example of an ideal interferogram measured by a
Michelson interferometer. The spectral distribution derived by taking the Fourier trans-
form of the interferogram is presented in the bottom plot.
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Figure 6.3: An example of an ideal interferogram (top) measured by a Michelson interfer-
ometer and corresponding spectral distribution (bottom) calculated by taking the Fourier
transform of the ideal interferogram.
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Figure 6.4 shows the actual setup of the Michelson interferometer used in measure-
ments. The main components include 90◦ off-axis goal-coated parabolic mirrors, gold-
coated flat mirrors, a THz beam splitter, a copper collector cone, and a THz pyroelectric
detector. The role of each component is as follows:
• The first parabolic mirror (90◦ off-axis, φ = 101.6 mm, f = 152.4 mm) is used to

convert the divergent radiation from the CTR or CDR to be a collimated (parallel)
radiation.
• The second parabolic mirror (90◦ off-axis, φ = 101.6 mm, f = 152.4 mm) is used to

focus the collimated radiation from the first parabolic mirror to the third parabolic
mirror.
• The third parabolic mirror (90◦ off-axis, φ = 50.4 mm, f = 50.4 mm) is used to

collimate the focused radiation from the second parabolic mirror and then transport
the radiation to the beam splitter.
• The THz beam splitter (φ = 50.4 mm) is used to split the radiation into two parts,

then transmit and reflect it to the fixed and the movable flat mirrors. Note that the
beam splitter is made of HRFZ-Silicon with a thickness of 3.5 mm (manufactured
product, model BS-HRFZ-Si of TYDEX [103]).
• There are two flat mirrors (φ = 50.4 mm) in the setup, a fixed flat mirror and a

movable flat mirror. The movable one is attached to a translation stage which is
movable in 1D by the linear stepper motor.
• The copper collector cone (φ = 50.4 mm) is used to collected the combined radia-

tion from the beam splitter for measurements by the pyroelectric detector.
• The pyroelectric detector is used to measure the radiation pulse energy. Its details

are already explained in section 6.2.1.
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Figure 6.4: The Michelson interferometer setup
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6.2.3 Setup for Total Radiation Pulse Energy Measurement

Figure 6.5 shows the setup for the total radiation pulse energy measurement. The first
half of the setup is similar to the one for the spectral distribution measurement until the
third parabolic mirror. For this setup, the copper collector cone and the THz pyroelectric
detector were placed directly after the third parabolic mirror in order to collect all the
radiation for measurement by the detector.

Figure 6.5: The setup for total CTR/CDR radiation pulse energy measurement.

6.3 Characterization of CTR Generated from
Short Electron Bunches

By inserting the CTR radiator (an Aluminum plate) into the beam path, the CTR is gen-
erated and then transported through the top viewport to the THz diagnostic system. This
section presents and discusses characterization results of CTR generated from short elec-
tron bunches. These short bunches are generated by using the photocathode laser pulses
with a short Gaussian temporal shape (∼2.4 ps FWHM). Then, the bunch is compressed
by velocity bunching using the booster cavity as described in the S2E simulations in
Chapter 4. Machine parameters used during the experiments are listed in Table 6.1. Due
to beamtime limitation, scanning steps of the bunch charge and the booster phase are not
as detailed as in the S2E simulations.
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Table 6.1: Machine and electron beam parameters for experimental characterization of
CTR

Parameters Values
Photocathode FWHM Gaussian laser pulse duration [ps] 2.43
Photocathode laser diameter on the cathode [mm] 2
Number of laser pulses 1 to 150
RF power in the gun [MW] 6.4
RF power in the booster [MW] 3.0
Gun phase w.r.t. MMMG phase [degree] 0
Booster phase w.r.t. MMMG phase [degree] -80, -60, -30 and 0
Bunch charge [pC] 250 , 500 and 1000

The mean of electron beam momentum was measured as a function of the booster
phase by the HEDA1 section. The measured momentum results shown in Fig. 6.6 are
useful for calculating the radiation intensity. The TR spectral intensity from an electron
can be calculated by the Ginzburg-Frank formula (Eq. (2.29))

d2I
dΩdω

∣∣∣∣
GF

=
e2

4π3ε0c
β 2 sin2

θ

(1−β 2 cos2 θ)2 ,

The pulse energy per frequency unit can be derived by integration this equation over the
solid angle

dI
dω

∣∣∣∣
GF

=
∫ 2π

0

∫
θa

0

d2I
dΩdω

∣∣∣∣
GF

dθdφ = 2π

∫
θa

0

d2I
dΩdω

∣∣∣∣
GF

dθ , (6.6)

where θa is the acceptance angle of the measurement system.
The radiation energy at various acceptance angles can be calculated by using Eq. (6.6).

The maximum acceptance angle is limited at π/2 rad for integration over one hemisphere.
The collection efficiency of each acceptance angle is defined as a ratio between the tran-
sition radiation pulse energy within the acceptance angle and the TR pulse energy within
the acceptance angle of π/2 rad. Figure 6.7 presents the collection efficiency as a function
of the acceptance angle for various beam momenta as presented in Fig. 6.6. The vertical
dashed line represents the acceptance angle of the station, 0.42 rad. It indicates that this
station has a collection efficiency range of about 40 - 60 % for the beam momentum range
of 9.13 to 22.67 MeV/c.

6.3.1 Total Energy Measurement
The setup in Section 6.2.3 was used for the total radiation pulse energy measurement. The
backward transition radiation is generated while using various electron beam parameters
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Figure 6.6: Measured mean momentum of the electron beam as a function of booster
phase.

Figure 6.7: TR collection efficiency as a function of the acceptance angle (θa) for various
electron beam momentum (booster phase).

as presented in Table 6.1. Measurement results of average TR energy per a radiation
pulse (generated by an electron bunch) as a function of the booster phase are presented in
Fig. 6.8. The range of measured average TR energies per pulse span from 50 nJ to 1.85 µJ
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which are lower than the simulated pulse energies in Chapter 4. In practical, the radiation
pulse energy loss is due to various reasons including diffraction loss during radiation
beam transport, absorption loss at the vacuum viewport and absorption loss by water in a
humid air environment.

Figure 6.8: Average pulse energy of the CTR as a function of booster phase

Effect of the Beam Size

Based on the generalized Ginzburg-Frank formula, the beam size also has effects on the
transition radiation intensity. In order to demonstrate and investigate these effects, the
CTR intensity was measured as a function of electron beam RMS sizes which are mea-
sured by using the YAG screen. For this demonstration case, the electron bunch charge
of 500 pC and the booster phase fixed at the MMMG phase were used.

The results of transition radiation intensity as a function of the beam RMS size are
displayed in Fig. 6.9. Note that the halo part of the beam was filtered out during each of
the beam size evaluations. The horizontal error bar represents the transverse asymmetry
of the beam RMS sizes which could contribute to the discrepancy between the measured
and calculated results. The error bar is determined to be the following range: ± |σx+σy|

2 ,
where σx and σy are the horizontal and vertical transverse RMS sizes of the beam, respec-
tively. The vertical error bar represents the statistical error of the intensity measurement.
The transition radiation intensities based on the experimental conditions were calculated
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and are presented together with the measured results as a red curve. They are in good
agreement with the measured results.

Figure 6.9: Measured transition radiation intensity from various electron beam RMS sizes
and corresponding calculations based on the experimental conditions. The intensities are
normalized to the measured maximum intensity.

6.3.2 Spectral Distribution Measurements
The spectral distributions of transition radiation are measured by using the Michelson
interferometer setup as shown in Fig. 6.4. This setup measures the interferogram of the
transition radiation and its Fourier transformation represents the spectral distribution of
the radiation as explained in Section 6.2.2. For each interferogram measurement, the
moving mirror position is scanned between the range of −10 mm to 10 mm w.r.t the posi-
tion with zero path difference. The step of the scanning is 0.02 mm.

The measured interferograms of the CTR are presented in Fig. 6.10. The results from
the cases with a booster phase of −80◦ and bunch charges of 250 pC and 1 nC are selected
here. Both measured interferograms have left-right asymmetry and oscillations along the
optical path difference.

The left-right asymmetry is caused by optical diffraction losses during the interfero-
gram measurements. In order to investigate this effect, propagation of transition radiation
through this Michelson interferometer setup was simulated by the THzTransport [104]
software. A simple model of the setup was used in the simulation. Only mirrors and the
realistic optical path were included, while effects from the THz viewport and the beam
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splitter were neglected. The simulations were performed for two cases of the optical
path, the longest optical path (middle optical path + 10 mm) and the shortest optical path
(middle optical path - 10 mm). The collection efficiency of the setup is defined as the
ratio between the radiation intensity at the entrance of the copper collector cone and the
radiation intensity at the first parabolic mirror. The simulated collection efficiency as a
function radiation frequency is presented in Fig. 6.11. The collection efficiency is up to
56 % for all frequencies below 1.9 THz and strong suppression happens for frequencies
below 0.7 THz. The curve of the shortest optical path case is slightly higher than the other
curve. This means the total intensity collected by the copper cone is in first-order propor-
tional to the optical path difference and could be a reason for the left-right asymmetry.

Another issue is the oscillations. A possible cause of the small oscillations is water
absorption, while effects from the beam splitter and the pyroelectric detector could be the
causes of the bigger oscillations. Detailed discussion on this issue can be found in [42].

Figure 6.10: Measured interferograms of the CTR from electron bunches with bunch
charges of 250 pC (top) and 1 nC (bottom) where a booster phase of 80 degree w.r.t.
MMMG phase was used for velocity bunching.

By performing Fourier transformations of the measured interferograms in Fig. 6.10,
corresponding spectral distributions are derived and presented in Fig. 6.12. Figure 6.12a
shown the normalized spectral distributions. The 1 nC distribution has a peak intensity
at the frequency of 0.18 THz and covers a frequency range up to 0.6 THz. The 250 pC
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Figure 6.11: Calculation of diffraction loss of the interferometer setup in form of the
collection efficiency as a function of radiation frequency.

distribution covers a broader frequency range between 0.18 THz and 1.1 THz. These fre-
quency ranges indicate the temporal coherent characteristic of the radiations. In order to
get more information concerning the coherent characteristics of the spectral distributions,
the distribution is scaled with a square of the number of electrons within the bunch and
presented in Fig. 6.12b. The scaled 1 nC distribution shows significantly higher spec-
tral intensity in the low-frequency part while the scaled 250 pC distribution starts to have
higher intensity at the frequency of about 0.5 THz.

6.4 Characterization of CTR Generated from
Longitudinal Modulated Electron Bunches

A modulated electron bunch is an electron bunch where its temporal current distribution
is modulated to have at least two micro-bunches. The form factor of the modulated beam
shows peaks at higher harmonics frequency [95]. Therefore, it is interesting to perform
an experiment on CTR generation by using a modulated beam in order to verify this
characteristic.

The longitudinally modulated beam is produced by a longitudinally modulated cath-
ode laser pulse. Such a laser pulse can be produced by using the laser pulse shaper in the
MBI laser system as explained in Chapter 2. However, the optical sampling system (OSS)
used for measurements of the laser temporal profile was not available. Therefore, results
of the pulse shaper adjustments were monitored directly from the longitudinal electron
beam profiles which are measured by using TDS.

For this experiment, the RF power in the gun and the booster are the same as for ex-
periments in the previous section. The gun and booster phases were fixed at the MMMG
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(a) Spectral distributions, normalized to maximum

(b) Scaled spectral distributions. Note that the vertical axis has a logarithmic scale.

Figure 6.12: Spectral distributions calculated by taking the Fourier transform of the In-
terferograms in Fig 6.10

phases (corresponding mean momentum of ∼22 MeV/c) and the electron beam with a
bunch charge of 1 nC was used. The measured profile of a modulated beam with 1 nC
bunch charge used for the CTR generation is shown in Fig. 6.13. The profile of the
compressed beam (-80 degree booster phase off-crest) with 1 nC bunch charge is also
presented together for comparison. Note that the comb beam was accelerated with the
MMMG phases of the gun and the booster. The modulated-beam profile has 4 peaks with
maximum peak current of ∼50 A while the compressed beam has peak current of ∼330
A. The bunch length of each peak of the modulated-beam profile is difficult to estimate
since the peaks are not so obvious while one of the compressed profile is about 2.5 ps
FWHM. However, both profiles were difficult to focus and transport through the TDS.
Therefore the measurement resolutions are quite poor. The measurement resolutions of
the comb-beam and the compressed beam profiles are 5.8 ps and 3.4 ps, respectively.

Figure 6.14 shows the measured interferogram of the modulated beam. The inter-
ferogram is different from the short bunch case. Higher-harmonic oscillations can be
observed. The left-right asymmetry is still remaining as same as observed in previous
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Figure 6.13: Longitudinal distribution of the 1 nC modulated bunch together with the 1 nC
short-bunch distribution compressed by velocity bunching (booster phase of -80 degree).
Both distributions were measured using the TDS.

measurements.

Figure 6.14: Measured interferograms of the CTR from the modulated electron bunch
with 1 nC bunch charge.

Corresponding spectral distribution from the interferogram of the modulated-beam
are presented in Fig. 6.15a together with the distribution of the 1 nC short bunch case
(booster phase of −80◦) for comparison. The modulated-beam spectral distribution shows
a narrow band frequency with peak intensity at 0.26 THz and FWHM width of about
0.3 THz. The higher harmonic frequencies cannot be seen from this figure. They can be
seen from the scaled distribution (with plotting in logarithmic scale). The higher-order
frequencies at 0.26, 0.53, 0.79 and 1.1 THz can be seen.
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(a) Spectral distributions of the 1 nC short gaussian beam and the 250 nC comb beam

(b) Scaled spectral distributions of the 1 nC short gaussian beam and the 250 nC comb beam.
Note that the vertical axis has a logarithmic scale.

Figure 6.15: Spectral distributions calculated by taking the Fourier transform of the In-
terferograms in Fig. 6.14.

6.5 Characterization of CDR Generated from
Short Electron Bunches

The diffraction radiation is generated by an electron beam passing through the circular
hole aperture in an aluminum plate or the gap between two aluminum plates as shown in
Fig. 6.1. All parameters listed in Table 6.1 were used. Only the bunch charge was fixed at
500 pC. Similar to the CTR experiments, total pulse energy and the spectral distribution
of the CDR were measured.

6.5.1 Total Energy Measurement
The backward diffraction radiation intensity as a function of the booster phase w.r.t.
MMMG phase is measured. The result is shown in Fig. 6.16 together with the measured
result of transition radiation from the aluminum plate for comparison. Comparisons of

114



intensity from CDR and CTR for different cases are presented in Table 6.2. Note that
the intensity drop in the table is the ratio of the CDR intensity subtracted by the CTR
intensity to the CTR intensity, and the charge loss means charge loss at the Al-plate when
the beam is passing through the aperture.

Figure 6.16: CTR (Al-plate as the radiator) and CDR (Al-plate hole and Al-plate gap as
the radiators) intensity as a function of the booster phase

Table 6.2: Intensity drops and charge losses for each case of CDR compared to CTR

Booster phase Al-plate hole Al-plate hole Al-plate gap Al-plate gap
Intensity drop Charge loss Intensity drop Charge loss

0 −8.95 % 18.78 % −17.02 % 12.29 %
30 −9.04 % 16.12 % −15.90 % 3.14 %
60 −9.13 % 27.76 % −17.32 % 10.42 %
80 −11.17 % 26.67 % −35.52 % 26.22 %

6.5.2 Spectral distribution measurement
The spectral distributions were measured by using the Michelson interferometer. The
booster phase was fixed at MMMG phase in order to be able to focus the beam to the
smallest beam size and to minimize the charge loss in the CDR process. The measured
interferograms from CTR and CDR are displayed in Fig. 6.17. Shapes of interferograms
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of all 3 cases are almost identical. Corresponding calculated spectral distributions pre-
sented in Fig. 6.18 are also almost identical.

Figure 6.17: Interferograms of the CTR from Al-plate (top) the CDR from Al-plate with
a circular hole (middle) and the CDR from Al-plate with a gap (bottom).
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(a) spectral distributions

(b) Scaled spectral distributions

Figure 6.18: Spectral distributions of the CTR and the CDR calculated by taking the
Fourier transform of the Interferograms in Fig. 6.17

.
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6.6 Conclusion Remark
The CTR/CDR station has been designed, fabricated, and commissioning. The first ex-
perimental generations of CTR and CDR at PITZ were conducted successfully. Average
pulse energies up to 1.85 µJ and coherent frequencies up to 1.5 THz were measured. By
generating CTR using the comb beam, the spectral distribution shows narrow-band fre-
quencies in its spectral distribution.

The next step to improve the THz diagnostics system is to use a THz camera. This will
allow measuring polarization and the transverse distribution of the radiation and can help
with the THz optics alignment. Re-design of the optical layout and setup in an extremely
low humidity environment should be considered as well. In order to further investigate
differences between CTR and CDR, better signal to noise ratio during the measurements
and more sizes of the CDR radiators are required.

The setup for THz radiation diagnostics used in these experiments can be a prototype
radiation measurement system for other methods of radiation generation.
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Chapter 7

Summary and Outlook

The accelerator-based PITZ facility can be considered an ideal machine for the develop-
ment of a prototype THz source for pump and probe experiments at the European XFEL.
The capabilities of THz production at the PITZ Facility are investigated in this thesis.

7.1 Overview studies of PITZ-based THz sources

THz radiation based on the PITZ accelerator using various mechanisms of radiation gen-
eration including bending magnet radiation, edge radiation, undulator radiation, SASE
FEL radiation, transition radiation, and diffraction radiation were calculated and pre-
sented in Chapter 2. A PITZ-based THz source can provide THz pulse trains which have
identical repetition rate as the X-rays pulse trains at the European XFEL. By comparing
the PITZ-based THz source to other laser-based and accelerator-based sources, the SASE
FEL based on the PITZ accelerator shows remarkably high pulse energy at the mJ level
for an FEL radiation wavelength of 100 µm at 27000 pulses per second.

7.2 Studies of the THz SASE FEL Option

S2E Simulations

S2E simulations of the SASE FEL using an APPLE-II type undulator with a period length
of 40 mm in the helical mode were performed and discussed in Chapter 4. The ASTRA
code was used for beam dynamics simulations, the Genesis 1.3 code was used for sim-
ulations of the FEL process. The simulations using a flattop photocathode laser with a
temporal duration of 22 ps FWHM show that the FEL process reaches saturation within
an undulator length of about 3 m and 6 m for the 100 µm and 20 µm cases, respectively.
Pulse energies of sub-mJ to mJ level are achievable.
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Radiation pulses from SASE FEL have strong fluctuations which are not favorable for
many pump-probe experiments. To improve the radiation pulse stability, more suitable
FEL options, like a seeded THz FEL, have to be implemented. Studies of THz FEL
seeding options will be performed in the future.

Electron Beam Characterizations

Experimental optimization and characterization of electron beams with a high bunch
charge of 4 nC using a Gaussian photocathode laser with a temporal duration of ∼11 ps
FWHM for the SASE FEL option were performed and presented in Chapter 5. Parameters
of the beam which are required as input for the FEL simulations were measured includ-
ing slice emittance, slice energy spread and current distribution. The measurements were
conducted for two cases of electron beam momentum, 15 MeV/c and 22 MeV/c, which is
corresponding to the FEL radiation wavelength of 100 µm and 20 µm, respectively. SASE
FEL simulations based on the measured beam profiles were performed. The results show
that a radiation pulse energy close to the mJ level can be achieved within a saturation
length up to 7 m. The FEL pulse energies are lower than those from the S2E simulations
in Chapter 4 by a factor of ∼2.

7.3 Studies of THz CTR and CDR

S2E Simulations

S2E simulations of the THz radiation generation by means of CTR and CDR were also
performed and discussed in Chapter 4. By using a short-Gaussian photocathode laser
pulse and the electron bunch charge up to 1 nC, a CTR radiation pulse energy up to
10 µJ and frequencies covering up to 0.2 THz can be expected. CDR calculations for
several cases were also performed. Their pulse energies are slightly lower than those
of the CTR case. S2E simulations of CTR generated by using a comb beam were also
performed. The spectral distribution of the comb bunch has several peaks of more narrow-
band frequencies.

As seen from the simulation results, the RMS bunch duration can only be compressed
down to about 1 ps by velocity bunching using the CDS booster. In order to compress the
bunch more, another approach is needed like using a chicane bunch compressor, using a
shorter photocathode pulse or using an additional buncher cavity.

Experimental Generations of CTR and CDR

First experimental generation of CTR and CDR at PITZ was performed successfully and
presented in Chapter 6. The average pulse energy of up to 1.85 µJ and the coherent fre-
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quency of up to 1.8 THz were measured. By generating CTR using the comb beam, the
spectral distribution shows narrow-band frequencies in its spectral distribution.

7.4 Next step of THz Generation Studies at PITZ
As mentioned in Section 7.2, the THz SASE FEL is one of the most interesting options of
PITZ-based THz sources. The next step is to perform first proof-of-principle experiments
of THz SASE FEL generation at PITZ. In the S2E simulation studies, an APPLE-II type
undulator was used as the radiator. However, building a new APPLE-II type undulator
is quite expensive. Another interesting option of the undulator is the LCLS-I undula-
tor modules which are available on loan from the Stanford Linear Accelerator Center
(SLAC), USA [105].

Figure 7.1 shows the top-view drawing of the PITZ tunnel including tunnel annex and
the possible location of the LCLS-I undulator. Preliminary S2E simulation studies of a
THz SASE FEL based on an LCLS-I undulator and the PITZ accelerator are presented
and discussed in Appendix B.

Figure 7.1: Top-view drawing of the PITZ tunnel including tunnel annex and possible
location of the LCLS-I undulator.

For the next few years, proof-of-principle experiments on THz SASE FEL generation
based on an LCLS-I undulator and the PITZ accelerator have the highest priority for THz
research activities at PITZ. Studies on seeding FEL options will be performed in parallel
in order to be ready to upgrade the FEL facility after finishing the proof-of-principle
experiments.
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Appendix A

Transportation Matrices and Electron
Beam Parameters

PITZ accelerator consists of two RF accelerating sections; a RF photoelectron gun (called
shortly as a RF gun) and a RF linear accelerator called CDS booster. Electrons are gener-
ated by photoelectric emission from a photocathode inside the RF gun using external laser
pulses, then accelerated by the RF gun and the CDS booster. More details about PITZ
accelerator are explained in Chapter 3. Since the electrons are generated by laser pulses,
therefore the electrons also have pulse-like longitudinal density. A pulse (or a group) of
electrons is called an electron bunch and a train of electron bunches is called an electron
beam.

This appendix aims to introduce transverse phase space of an electron bunch, trans-
portation Matrices for an electron dynamics which are also applicable for transformation
of the phase space, and definition of important electron beam parameters.

A.1 Transverse Phase Space
Principles and equations in this section are summarized from Ref. [83]. More detailed
explanations and mathematical treatments can be found in the reference.

Concept of phase space is popularly used for describing status of an electron bunch.
Each electron in the bunch is represented by a point in six-dimensional (6D) phase space
with coordinates (x, px,y, py,z, p) where x and y are the transverse coordinates, z is the

longitudinal coordinate, px and py are the transverse momenta, and p =
√

p2
x + p2

y + p2
z

where pz is the longitudinal momenta. In accelerator physics, using of the relative mo-
mentum coordinates instead of the momentum coordinates is much more convenient.
Therefore, the original 6D-coordinates are often used as (x,x′,y,y′,z,δ p) where x′ ≈
px/p0, y′ ≈ py/p0, and δ p = (p− p0)/p0 where p0 is the average momentum of the
electron bunch.
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By neglecting coupling among three planes, the 6D phase space can be split into three
independent 2-dimensional (2D) planes of phase space. For the transverse planes, the
electron beam motion can be represented separately into the horizontal x,x′ phase space
and the vertical y,y′ phase space. An ellipse surrounding all electrons in phase space is
called the phase ellipse. The horizontal phase ellipse is described by

γx2 +2αxx′+βx′2 = ε, (A.1)

where α,β ,γ and ε are ellipse parameters or also called Twiss parameters. The plot of
Eq. (A.1) is shown in Fig. A.1. The area of phase ellipse called the geometrical emittance

−� �/� tan 2
 = 2�/(� − 
)




−� �/
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Figure A.1: Horizontal phase ellipse plotted from Eq. (A.1) [83].

ε is defined by ∫
ellipse

xx′ = πε. (A.2)

The other Twiss parameters determine shape and orientation of the ellipse and also have
correlation as

γβ −α
2 = 1. (A.3)

For a 2D phase space, the beam matrix (σ ) is defined with the Twiss parameters as

σ =

(
σ11 σ12
σ21 σ22

)
= ε

(
β −α

−α γ

)
. (A.4)

124



From definition of the beam matrix and by assuming a Gaussian particle distribution in
the phase space, relations of the Twiss parameters to statistical properties of the particle
distribution in the horizontal plane are:

〈x2
i 〉= εβ , (A.5)

〈x′2i 〉= εγ, (A.6)

〈xix′i〉=−εα. (A.7)

By using Eq. (A.3) to Eq. (A.7), the beam geometrical emittance, or called RMS emit-
tance (εRMS) in this context, can be expressed by

εRMS =

√
〈x2

i 〉〈x′
2
i 〉−〈xix′i〉2. (A.8)

By following Liouville’s theorem, the density of the electron beam in phase space remains
constant. When the beam is accelerated, the emittance has to be scaled according to the
beam momentum in order to keep consistency with Lioville’s theorem. Therefore, the
scaled emittance called a normalized RMS emittance is introduced as

εn,RMS =
p̄z

m0c
εRMS, (A.9)

where m0 is the mass of an electron [106].
All principles and equations in this section are also applicable for the vertical plane,

therefore, the symbol x in all equations in this section can be replaced by the symbol y for
the case of the vertical plane.

A.2 Transportation Matrices
By neglecting the space-charge effects and assuming that trajectories of electrons in the
bunch are independent from one another, a way to calculate electron motions under an
influence of the Lorentz force analytically is to use the matrix formalism [83]. The general
solutions of electrons transport from position z0 to position z f can be presented in matrix
formulation by

x
x′

y
y′

z
δ p


z f

=


R11 R12 R13 R14 R15 R16
R21 R22 R23 R24 R25 R26
R31 R32 R33 R34 R35 R36
R41 R42 R43 R44 R45 R46
R51 R52 R53 R54 R55 R56
R61 R62 R63 R64 R65 R66




x
x′

y
y′

z
δ p


z0

, (A.10)

125



or in a simplified form as
Xz f = RXzi, (A.11)

where 6×6 matrix R is the transport matrix, Xzi is the initial coordinate vector and Xz f is
the final coordinate vector of the electron [107], By assuming that the motion in x,y and
z planes are independent from each other (uncoupling motion), all elements in R those
concerning to coupling between two planes can be set to 0 and the matrix formulation can
be expressed in form of 2×2 transport matrices for each motion plane as(

x
x′

)
z f

=

(
R11 R12
R21 R22

)(
x
x′

)
z0

, (A.12)

(
y
y′

)
z f

=

(
R33 R34
R43 R44

)(
y
y′

)
z0

, (A.13)

(
z

δ p

)
z f

=

(
R55 R56
R65 R66

)(
z

δ p

)
z0

. (A.14)

Next, 2× 2 transportation matrices of a drift space and quadrupole magnets are in-
troduced. The mathematical treatments using hard edge model magnets to derive these
matrices can be found in Ref. [83]. At the end, a formula for the beam matrix transfor-
mation matrices is presented.

A.2.1 Drift Space
For a drift space of length `= z f − z0, the transportation matrix for the motion in a trans-
verse plane is

Rdri f t,transverse =

(
R11 R12
R21 R22

)
=

(
R33 R34
R43 R44

)
=

(
1 `
0 1

)
, (A.15)

and one for the motion in the longitudinal plane is

Rdri f t,long =

(
R55 R56
R65 R66

)
=

(
1 `

γ2

0 1

)
, (A.16)

where γ = 1/
√

1− v2

c2 is the Lorentz factor of the electron.

A.2.2 Quadrupole Magnet
An electron beam is focused by a quadrupole magnet in one transverse plane and defo-
cused in the other one. For a quadrupole magnet with an effective length of ` and focusing
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strength of k, the transportation matrix in the focusing plane is

RFQ =

(
cos
√

k` 1√
k

sin
√

k`

−
√

k sin
√

k` cos
√

k`

)
, (A.17)

while one for the motion in the defocusing plane is

RDQ =

(
cosh
√

k` 1√
k

sinh
√

k`√
k sinh

√
k` cosh

√
k`

)
, (A.18)

and since quadrupole fields have no effects to the longitudinal motion, the transformation
matrix for the motion in the longitudinal plane is similar to one of the drift space case as
presented in Eq. (A.16).

A.2.3 Transformation in Phase Space
In order to use the transportation matrices with phase ellipse transformation, a phase
ellipse can be represented by a beam matrix. Then, transformation of the beam matrix
transported from position z0 to position z f can be derived by

σ z f = Rσ ziR
T , (A.19)

where R is the transport matrix and RT is its transpose [83].

A.3 Electron Beam Parameters
Properties of an electron beam can be represented in forms of statistical parameters such
as root mean square (RMS) or standard deviation values. Definitions of some parameters
which are frequently used in this thesis are given in this section.

A.3.1 Beam size
The RMS beam size in the horizontal plane (xRMS) can be calculated by

xrms =

√
∑(xi− x̄)2

n
, (A.20)

where n is a number of electrons. Accordingly, the RMS beam size in the vertical plane
(yRMS) can be calculated by

yRMS =

√
∑(yi− ȳ)2

n
, (A.21)
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and the RMS beam size in the longitudinal plane (zRMS), called RMS bunch length, can
be calculated by

zRMS =

√
∑(zi− z̄)2

n
. (A.22)

Note that zRMS is often presented as a time duration of the bunch (RMS bunch duration;
tRMS) by

tRMS ∼=
zRMS

c
. (A.23)

where c≈ 3×108 m/s is the speed of light in vacuum.

A.3.2 Beam momentum
Each electron has momentum components in all directions px, py and pz. In case of a
relativistic electron beam (pz >> px, py), the transverse components are negligible when
calculating a mean momentum of the electron beam

p̄≈ p̄z =
∑ pz,i

n
. (A.24)

The RMS momentum, or also called momentum spread, can be calculated by

pz,RMS =

√
∑(pz,i− p̄z)2

n
. (A.25)

A.3.3 Beam emittance
The definition of geometrical emittance and normalized emittance are already given in
Eq. (A.8) and Eq. (A.9), respectively.

128



Appendix B

S2E Simulations of THz SASE FEL
based on PITZ Accelerator and the
LCLS-I Undulator

The LCLS-I undulator module is a planar hybrid-permanent magnet undulator [9], and its
important parameters are presented in Table B.1. LCLS-I undulators are available for loan
from SLAC [105]. A re-usage of them for the proof-of-principle experiments of the THz
SASE FEL at PITZ is quite interesting and understudies. This appendix presents S2E
simulations from the photocathode to the THz SASE FEL generation in the undulator
section.

Table B.1: Important parameters of the LCLS-I undulator module [9]

Parameter Detail
Nominal gap 6.8 mm
Period length 30 mm
K-value 3.49
Total length 3.4 m
Number of period / a module 113 periods
Vacuum chamber sizes 11 mm × 5 mm

The ASTRA code [55] was used for beam dynamics simulations including generation
of electron bunches in the RF gun, further acceleration by the CDS booster, further trans-
port of the electron beam and matching into the undulator section, and simulations of the
beam transport through the undulator section. Then, the best-obtained matching solution
was used to simulate THz SASE FEL with a radiation wavelength of ∼100 µm using the
Genesis 1.3 code [48].
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B.1 Modeling of the LCLS-I Undulator Field
A measured field profile of a typical LCLS-I undulator [105] is presented in Fig. B.1a.
This field profile was used to reconstruct a 3D magnetic field map used for simulations
of the beam transport through the undulator section. Details about modeling of the undu-
lator field by applying Fourier transformation to the measured field profile can be found
in [108]. Figure B.1b shows the reconstructed magnetic field profile used in ASTRA
simulations.

(a) Measured vertical magnetic field (By) along the beam direction

(b) Reconstructed vertical magnetic field (By) on the horizontal plane (xz-plane)

Figure B.1: Measured and reconstructed magnetic field profiles of the LCLS-I undulator.

In order to simulate electron beam dynamics along the undulator, ASTRA simulations
were performed by using an ideal model electron distribution with a flattop temporal (7
mm FWHM) and Gaussian transverse phase spaces (projected emittance of 4 mm mrad).
Twiss parameters of the input beam were tuned to minimize the beam size along the
undulator and to have a beam waist at the center of the undulator length. Transverse phase
spaces of the optimum setup are shown in Fig. B.2 and corresponding RMS sizes of the
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matched electron beam in the undulator simulated by ASTRA are shown in Fig. B.3).
The results of this matching will be used as a benchmark for the optimization of beam
dynamics simulations.

Figure B.2: Horizontal (left) and vertical (right) transverse phase spaces of the model
beam matched into the undulator.

Figure B.3: RMS sizes of the matched electron beam in the undulator simulated by AS-
TRA.
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B.2 Beam Dynamics Simulations
Simulations of Beam Generation and Acceleration by the Gun
and the Booster Cavities

Beam dynamics simulations were performed using the ASTRA code [55] with 200000
macroparticles. The PITZ RF gun with a peak cathode field of 60 MV/m operated at the
launch phase of maximum mean momentum gain (MMMG) is used to generate 4 nC elec-
tron bunches. Photocathode laser pulses with a flattop temporal profile (21.5 ps FWHM)
and with a radially homogeneous transverse distribution were used. The diameter of the
laser spot size was set to 5 mm. Beam mean longitudinal momentum of ∼16.7 MeV/c
required for generating THz radiation with ∼100 µm radiation wavelength is achieved
using a booster cavity. The booster cavity gradient and phase were tuned in order to yield
the required mean beam momentum and a small correlated energy spread (〈zE〉 → 0)
of the electron beam close to the undulator (z = 29 m). This optimization resulted in a
peak booster field of 12.85 MV/m and a phase of -26 deg w.r.t. MMMG. The main gun
solenoid was tuned to control electron beam size and emittance.

Transverse and longitudinal phase spaces of the optimized electron beam at the first
emittance measurement station (EMSY1 at z = 5.277 m) are shown in Fig. B.4. This
beam setup was used as a starting point for studies on the space charge dominated beam
transport towards the undulator section.

Figure B.4: Transverse (left) and longitudinal (right) phase spaces of the optimized elec-
tron beam at z = 5.277 m.

Simulations of Beam Transport to Undulator

Installation of LCLS-I undulators is foreseen in the PITZ tunnel annex for a proof-of-
principle SASE THz experiment. The concrete wall between main and annex tunnels is
1.5 m thick and starts at ∼24 m downstream from the photocathode plane. This space is
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considered for the electron beam to drift only without any focusing elements inside and
assuming a standard beam pipe (φ = 35 mm). Then, the beam has to transport through
the undulator vacuum chamber (a racetrack profile with 5×11 mm cross-section and 3.4
m length [9]). In order to test the feasibility of such transport, a fast space charge track-
ing code Space Charge Optimizer (SCO) [90] was used. The results of ASTRA tracking
till EMSY1 position (5.277 m) were used as an input for the SCO by applying a corre-
sponding interface. Three triplets of quadrupole magnets were involved in optimization.
First two of them were chosen from the magnets available in the present PITZ beamline,
and the last one was assumed to be installed at the end of the main tunnel. The solution
obtained from the optimized SCO tracking was plugged into the ASTRA input lattice.
Results of the final ASTRA simulation are shown in Fig. B.5. Transverse and longitu-
dinal phase spaces of the electron beam, as well as its slice parameters at the undulator
entrance, are shown in Fig. B.6.

Figure B.5: Beam transport in the PITZ linac, including wall and undulator section (AS-
TRA simulations).
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(a) Horizontal phase space (b) Vertical phase space

(c) Slice emittance (d) Beam current

(e) Slice momentum spread (f) Longitudinal phase space

Figure B.6: Phase space distributions ans longitudinal slice profiles of the matched beam
at the undulator entrance.
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B.3 THz SASE FEL Simulations
Electron beam parameters as shown in Fig. B.6 were used to simulate THz SASE FEL
with the GENESIS 1.3 code [48]. Only one LCLS-I undulator was used and only the
fundamental wavelength λu of the undulator field was included. The number of undulator
periods was set to 113; no end cell features were included.

Results of GENESIS 1.3 simulations using the optimized input beam are shown in
Fig. B.7. Grey curves refer to single-shot realizations, and the black curve corresponds
to the average over a hundred realizations (simulation seeds). The main parameters of
THz pulses obtained from the statistical analysis of hundred realizations are summarized
in the Table B.2. The average THz pulse at the undulator exit has average pulse energy
of 440 µJ (see black curve in the top plot of Fig. B.7) and has peak power of 32 MW
with the RMS pulse duration is 6 ps (see black curve in the bottom-left plot of Fig. B.7).
The average spectrum has a centre at ∼107 µm and a FWHM width of ∼5 µm (see black
curves in the bottom-right plot of Fig. B.7).

Table B.2: Simulated THz radiation properties

Paramaters Values
Pulse energy [mJ] 0.44±0.11
Peak power [MW] 43.0±10.2
Pulse RMS duration [ps] 5.6±0.7
Centre wavelength [µm] 106.5
Spectrum width FWHM [µm] 4.5

Simulations of the THz SASE FEL for the PITZ setup with APPLE-II type undu-
lator in Chapter 4 yielded rather high level of the radiation pulse energy (up to ∼3 mJ
at 100 µm wavelength). Current start-to-end simulations of the proof-of-principle exper-
iment resulted in a reduction of this level by a factor of 5. This can be related to the
planar type of the LCLS-I undulator in contrary to the helical undulator APPLE-II used
in Chapterr 4. The planar undulator assumes asymmetric beam matching and therefore
less efficient interaction of electrons with the radiated field, whereas for the helical undu-
lator the focusing in both transverse planes makes this interaction more homogeneous and
efficient. Another source of the reduced THz power output is space charge effect, which
should be taken into account by matching and transport of 4 nC and 16 MeV electron
bunches in the narrow undulator gap.

B.4 Conclusion Remarks
Start-to-end beam dynamics simulations have been performed for the proof-of-principle
experiment on THz SASE FEL generation at PITZ by using an LCLS-I undulator. Space
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Figure B.7: Results of THz SASE FEL simulations with GENESIS code for the 100 µm
case. Pulse energy along the undulator for the nominal (a) and tuned (b) beams. The blue
dotted line shows the fluctuation of the pulse energy along the undulator axis. Radiation
pulse profile at the undulator exit for the nominal (c) and tuned (d) beams. Corresponding
spectra at the undulator exit for the nominal (e) and tuned (f) beams.

charge dominated electron beam transport through the PITZ accelerator was optimized
by combining and iterating ASTRA and SCO codes. Obtained electron beam 6D phase
space at the undulator entrance was used as an input for the THz SASE FEL simulations
by means of GENESIS 1.3. The simulated THz pulse has an average pulse energy of
440 µJ at the center wavelength of ∼100 µm.

Several effects are still not considered in the simulations: the possible impact of the
narrow vacuum chamber of the undulator (wakefield of electron bunch and waveguide
effect of the FEL process). The space charge model used in ASTRA and GENESIS sim-
ulations inside the undulator has limited applicability. The impact of possible undulator
imperfections onto beam transport and FEL radiation has still to be estimated as well.
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