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Abstract

High gain free electron lasers (FELs) generate radiation of unprecedented bright-
ness and unique properties and have proven to be a useful tool for applications in a
wide range of studies in physics, biology, medicine and chemistry. External seeding
techniques have been experimentally demonstrated and aim to improve the intrin-
sically poor temporal coherence of a high-gain FEL starting from shot noise. Seeded
schemes, like the high gain harmonic generation (HGHG), are based on frequency
up-conversion and generate fully coherent radiation thanks to the external seed laser
that initiates the process in the FEL. However, the dependence of the properties of
the seeded radiation on those of the seed laser is at the same time a limiting fac-
tor. The repetition rate of the state-of-the-art seed lasers used in external seeding
is incompatible with the repetition rates of modern high-gain FELs based on super-
conducting technology. In addition, seeded radiation is a harmonic of the seed laser
wavelength, a feature that limits the output wavelength to above a few nanometers
and restricts its tunability. To overcome these limitations it is necessary to search for
new possibilities in FELs.

The scope of this cumulative thesis is to introduce novel ideas that allow us to
achieve high repetition rate and fully coherent radiation at an extended and tunable
wavelength range. The three proposals of this thesis aim to reduce the dependence
of external seeding schemes on the seed laser source and at the same time, main-
tain the full coherence of seeded radiation. The first proposal is an optical klystron-
based HGHG, which modifies the conventional HGHG beamline in a way that re-
laxes the stringent requirements on the seed laser power by several orders of magni-
tude. This way, the repetition rate of the seed laser source can be increased, or seed
laser sources of shorter wavelengths can be used instead. The second proposal is an
HGHG seeded oscillator-amplifier setup: an optical cavity captures a conventional
low repetition rate seed laser pulse and stores it to seed electron bunches at a high
repetition rate. The third proposal is an HGHG oscillator-amplifier that eliminates
the dependence on external seed lasers. Instead of the external laser, the electrons
generate the light pulse themselves, starting from shot noise, and the radiation is
stored in the optical cavity to seed electron bunches at high repetition rates. In ad-
dition to the high repetition rate, this scheme allows shorter and tunable seeded
radiation. This type of radiation has never been possible in the past and can greatly
benefit already existing experiments and support new experiments and more dis-
coveries by accelerating the ongoing science at FELs.
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Zusammenfassung

High Gain Freie Elektronen Laser (FEL) erzeugen Strahlung von noch nie dagewe-
sener Brillanz und einzigartigen Eigenschaften und haben sich als niitzliches Instru-
ment fiir eine Vielzahl von Studien in Physik, Biologie, Medizin und Chemie er-
wiesen. Externe Seeding-Techniken wurden experimentell demonstriert und zielen
darauf ab, die inhdrent geringe zeitliche Kohédrenz eines aus dem Schrotrauschen ini-
tiierten High-Gain-FEL zu verbessern. Seeding Konzepte wie High Gain Harmonic
Generation (HGHG) beruhen auf der Aufwirtskonversion der Fequenz eines exter-
nen Seedlasers, der den Prozess im FEL initiiert und die Erzeugung vollstandig ko-
harenter Strahlung ermoglicht. Die Abhéngigkeit der Eigenschaften der geseedeten
Strahlung von denen des Seedlasers ist jedoch geleichzeitig ein begrenzender Fak-
tor. Die Repetitionsrate der beim externen Seeding verwendeten Seedlaser ist mit
den Repetitionsraten moderner high gain FELs, die auf supraleitender Technologie
basieren, nicht kompatibel. Dartiber hinaus ist die geseedete Strahlung eine hohere
Harmonische der Wellenldnge des Seedlasers, sodass die Ausgangswellenldange auf
wenige Nanometer begrenzt und ihre Durchstimmbarkeit eingeschrankt ist. Zur
Uberwindung dieser Einschrankungen ist es notwendig nach neuen Moglichkeiten
tir FELs zu suchen.

Im Rahmen dieser Arbeit werden neue Ideen vorgestellt, die es uns ermoglichen
eine hohe Repetitionsrate und vollstindig kohdrente Strahlung in einem erweit-
erten und durchstimmbaren Wellenldngenbereich zu erreichen. Die drei Vorschldge
dieser Arbeit zielen darauf ab, die Abhingigkeit externer Seeding-Systeme von der
Seedlaserquelle zu verringern und gleichzeitig die volle Kohdrenz der geseedeten
Strahlung zu erhalten. Der erste Vorschlag ist ein HGHG, welches auf einem optis-
chen Klystron basiert, und die konventionelle HGHG-Strahlfithrung so modifiziert,
dass die strengen Anforderungen an die Seedlaserleistung um mehrere Grofsenord-
nungen reduziert werden. Auf diese Weise kann die Repetitionsrate der Seedlaser-
quelle erhoht werden, oder es konnen stattdessen Seedlaserquellen mit kiirzeren
Wellenldngen verwendet werden. Der zweite Vorschlag ist ein HGHG-geseedeter
Oszillator-Verstarker-Aufbau: Ein optischer Resonator fangt einen herkémmlichen
SeedLaserpuls mit niedriger Repetitionsrate ein und speichert ihn, um Elektronen-
pakete mit hoher Repetitionsrate zu seeden. Der dritte Vorschlag ist ein HGHG-
Oszillator-Verstdrker, der die Abhéngigkeit von externen SeedLasern eliminiert. An-
stelle des externen Lasers erzeugen die Elektronen, ausgehend vom Schrotrauschen,
den Laserpuls selbst, welcher im optischen Resonator gespeichert wird , um Elek-
tronenpakete mit hoher Repititionsrate zu seeden. Neben der hohen Repetitionsrate
ermoglicht dieses System eine kiirzere und durchstimmbare geseedete Strahlung.
Diese Art von Strahlung war in der Vergangenheit noch nie moglich und kann fiir
bereits bestehende Experimente von groflem Nutzen sein und neue Experimente
sowie weitere Entdeckungen unterstiitzen, indem sie die laufende Forschung beschle-
unigt.
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Chapter 1

Introduction

1.1 Motivation

Synchrotron radiation was demonstrated for the first time in 1947 in General Elec-
tric’s research laboratories when accelerated electrons to 70 MeV generated visible
light [1]. Initially, it was seen as an effect contributing only to energy losses and
thus, as a limiting factor for high-energy physics experiments. As a result, for the
first-generation synchrotron light sources, only parasitic operation at accelerators
built for high-energy physics experiments was allowed. However, the science com-
munity soon realized that the light produced has extraordinary potential for studies
of matter, resulting in the second-generation light sources that appeared in the 1970s
[2]. These light sources were storage rings and were dedicated sources of radiation
that used bending magnets and undulators/wigglers for the generation of light. In
the third generation of light sources, the storage rings were designed with dedi-
cated straight sections to insert undulators and wigglers (insertion devices) [2] and
improve the properties of the generated radiation. Currently, we exploit the fourth-
generation light sources that are diffraction-limited storage rings, such as MAX IV
[3] and PETRA 1V [4]. Free electron lasers (FELs) are linear-accelerator-based light
sources and are by some people perceived as a different class of synchrotron light
source and by others as a 4th generation synchrotron light source together with the
diffraction-limited storage rings.

The concept of the FEL was first introduced in 1971 by John Madey and was
demonstrated soon after that by Madey and colleagues [5, 6]. In most of the initial
experiments, oscillators were used to generate light that was amplified in consecu-
tive passes in an undulator enclosed in an optical cavity as the power gain of the
light per pass was rather low. Present high-gain FELs are based on the idea that
high gain can be achieved in a single-pass. To achieve this, long undulators and high
quality electron beams are utilised to reach saturation independently of an optical
cavity and mirror availability. This idea was first introduced by Kondratenko and
Saldin [7] and soon after that, Bonifacio, Pellegrini, and Narducci [8, 9] described the
FEL as a collective instability and formulated a theoretical base to describe it. This
new concept opened the possibility to reach shorter wavelengths and to introduce
the x-ray FEL (XFEL). FLASH was the first XFEL to start operation in 2005 and cov-
ered the XUV /soft x-ray spectral range [10]. Currently, there are several more XFEL
user facilities worldwide such as LCLS [11], SACLA [12], FERMI [13], the PAL-FEL
[14], the European XFEL [15] and the SwissFEL [16]. Additionally, there are many
research and development (R&D) projects for future generations of light sources [17,
18].

A significant figure of merit that characterizes the radiation generated by light
sources is the brightness: it describes the number of photons per unit time (flux), per
0.1% bandwidth and per unit phase space area. The radiation generated by FELs
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provides peak brightness that is up to ten orders of magnitude higher compared to
third-generation storage rings, as shown in Fig. 1.1. The FEL radiation is tunable in
a wide wavelength range (from millimetre to Angstrém), reaches high peak powers
(of tens of GW) and ultra-short pulse durations (towards attosecond), and has high
purity in terms of transverse coherence, but also longitudinal coherence (transform-
limited pulses) under certain conditions .
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FIGURE 1.1: Comparison of peak brightness of existing FEL sources
and synchrotron light sources. Graph taken from [19].

In the most common case of a high-gain FEL, the radiation is generated by a
process called self-amplified spontaneous emission (SASE) [9]. SASE depends on
the stochastic nature of the synchrotron radiation generated by an electron beam at
the upstream part of an undulator and is in detail described in Chapter 2. The initial
radiation is amplified along the undulator and as a result, the final FEL radiation has
a poor longitudinal coherence. This is reflected in a broad spectrum with various
spikes. To improve the longitudinal coherence, several methods are proposed and
demonstrated such as the self-seeding [20] and the high brightness SASE [21], for
instance. One of the most promising candidates is a family of methods that depend
on external seed laser sources and are described under the term external seeding.

With direct external seeding [22], x-ray wavelength range is not accessible since
there are no seed laser sources available at this wavelength because of the limitations
of the nonlinear up-conversion process of available sources to the extreme ultravio-
let (XUV) spectral range [23]. External seeding can alternatively be combined with
harmonic generation within the FEL process to achieve shorter wavelengths [24]. In
such a scheme, the electron bunch is pre-shaped in one or more short undulators -
called modulators - with the help of an intense seed laser pulse before entering a
second undulator - called radiator. At the radiator, it emits coherent radiation at a
harmonic of the seed laser wavelength, therefore, the high degree of coherence held
by lasers is transferred to the final FEL radiation. Two of the most common exter-
nal seeding schemes are the high gain harmonic generation (HGHG) [24] and the
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echo enabled harmonic generation (EEHG) [25, 26] and are described in more de-
tail in Chapter 2. In addition to the full coherence of seeded radiation, seeded FELs
guarantee synchronization between the seeded FEL and external sources for pump-
probe experiments and shot to shot stability due to the deterministic nature of the
process. These significant and unique features of seeded radiation have allowed
interesting experiments [27, 28] to take place at FERMI, the first fully seeded FEL.
In addition to FERMI, more facilities have devoted resources to external seeding re-
search, such as the SDUV-FEL [29], LCLS [30], the Dalian Coherent Light Source [31],
SXFEL [32] and FLASH [33]. To take advantage of the opportunities offered with
seeded radiation, FLASH is currently undergoing an upgrade, known under the
name FLASH2020+ project, that aims at simultaneous operation of a SASE beamline
and a seeded beamline that takes advantage of the high repetition rate of supercon-
ducting radiofrequency (RF) technology for the first time [34, 35].

Even though external seeded radiation has already considerably increased the
opportunities in high gain FELs due to its full coherence and stability, its properties
suffer from several limitations that the seed laser introduces:

1. The repetition rate of the seeded FEL radiation cannot be higher than the rep-
etition rate of the seed laser source.

2. The output wavelength of the seeded FEL radiation is a harmonic of the seed
laser wavelength, typically limited to a maximum of 100. This limits the:

(a) Shortest wavelength that can be achieved.
(b) The tunability of the seeded FEL radiation.

Since with the seeding schemes introduced so far the harmonic conversion is
limited, it is desirable to start with a seed laser source of a short wavelength as
long as it provides sufficient peak power and stability. For this reason, ultraviolet
(UV) lasers are commonly used for external seeding. Current state-of-the-art laser
sources fulfilling all requirements in terms of tunability and peak power are typically
providing only repetition rates of some tens of Hz. With FLASH2020+, DESY plans
to increase this number to up to 6000 pulses per second with a unique burst-mode
operation [34, 35]. This is currently the upper limit for the overall repetition rate
of external seeding. In addition, the upper limit in wavelength conversion from
the seed laser to the output FEL is in the order of 1%, so the shortest possible FEL
radiation wavelength is above 2nm [36]. Finally, these UV sources offer limited
wavelength tunability which is typically less than 10% and this implies a limitation
in the continuous variation of the seeded FEL wavelength.

Currently, accelerators based on superconducting RF technology can provide
electron bunches at MHz repetition rates- a repetition rate that is higher by roughly
four orders of magnitude compared to normal conducting accelerators. Burst mode
operation, such as the one at FLASH [37] and at the European XFEL [15], provides
thousands of electron bunches per second and continuous wave (CW) operation pro-
vides million bunches per second. The FELs LCLS II [38] and SHINE [39], currently
under-construction, aim at CW operation, showing that there is a clear direction for
increased repetition rate in future FELs. In such machines, most of the available
electron bunches remain unused in seeded beamlines due to the considerably lower
repetition rate of seed lasers.

In order to push the limits of the capabilities of FELs and improve them even
further to accommodate the needs of multiple experiments of different purposes,
we need to consider that the longitudinal coherence is not always sufficient by itself
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even though it is an important figure of merit of the FEL radiation for many scien-
tific experiments. The average brightness, which depends on the number of photon
pulses generated per second, can be crucial too. Molecular movies benefit from the
properties of seeded radiation (purity, intensity, phase and time stability) but re-
quire high repetition rate. Similarly, spectroscopic techniques, which aim to resolve
the electronic structure of samples, require the high purity that seeding techniques
offer but also depend on statistics. In that case, neither SASE nor external seeding
can offer a good amount of statistics before, for example, the sample degrades: SASE
radiation needs to be monochromatized, which leads to flux reduction and intensity
fluctuations, and seeded radiation is currently only available at a low repetition rate
despite the MHz repetition rates of electrons bunches. In addition to the repetition
rate, extending the wavelength range to shorter than 2 nm would allow new types of
experiments that require higher resolution, such as imaging and diffraction, to take
advantage of the unique properties of seeded radiation.

In this cumulative thesis, the main goal is to address the limitations described
above and propose novel schemes that aim to combine the unique properties of
externally seeded radiation with the high repetition rate of superconducting-based
FELs. Some of the proposed schemes aim to extend the wavelength range and the
wavelength’s tunability provided to the experiments, and ultimately the variety of
the experiments they address. FEL radiation with these characteristics can signifi-
cantly accelerate and expand the science taking place at FELs.

1.2 Organization and scope of the thesis

This cumulative thesis is based on three first-author publications. The common
thread is the effort to increase the repetition rate of external seeding schemes to make
fully coherent x-ray FEL radiation at high repetition rates available for the first time.
Additional goals addressed in these schemes are the extension of the wavelength
range and its tunability.

I start with the theoretical framework (Chapter 2) needed to understand the re-
sults shown in this thesis. In addition to the theory, in Appendix A, I discuss the
main simulation codes that have been used to understand the complexity of the
physics behind these simulations which is connected to long computational times,
and the limitations that may arise based on the mathematical approximations used.

After all the necessary information is introduced, I move on to the main chapters
where the publications are presented. I follow an order of ascending complexity of
the proposals done in this thesis. Since we have identified the seed laser source to be
the main limitation to achieve high repetition rates with seeding schemes, I try step
by step to eliminate this dependence with different setups of different complexities.
Until now, the weight has been put solely on the seed laser side: seed laser systems
are required to become more and more complex and precise. Here, I take a different
approach and I act on the FEL scheme itself to eliminate this strong dependence.

In Chapter 3, I present an external seeding scheme, called high gain harmonic
generation (HGHG), with the addition of an optical klystron [40]. The optical klystron
takes advantage of a low power seed laser source that prepares the electron bunch
to be further self-modulated without the need for a high peak power seed laser.
This new setup requires much lower seed laser power than conventional seeding
schemes. When the seed laser power can be decreased by 2 to 3 orders of magni-
tude, it is possible to do one of the following;:
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1. Increase the repetition rate as the optics can withstand these lower power den-
sities.

2. Use seed laser sources of shorter wavelengths which are typically available
only at lower powers.

This setup is rather straightforward; the design still depends on a seed laser source
and requires a seed pulse for every electron bunch, but the power is much lower so
the repetition rate can be increased or the shortest wavelength can be decreased.

Taking one more step away from the dependence of seeding schemes on the seed
laser systems, while increasing the complexity, I move on to Chapter 4. Here, I
present an HGHG setup based on an oscillator FEL. A low repetition rate external
seed laser pulse is first injected into the cavity where it is overlapped with an electron
bunch traversing a modulator. Now two processes occur:

1. The electron bunch gets energy-modulated by the laser pulse.

2. The laser pulse gets amplified due to the interaction with the wiggling electron
bunch.

While the modulated electron bunch can now be extracted from the cavity, the am-
plified laser is recirculated to the entrance of the modulator. The following electron
bunches are then overlapped with the recirculated light pulse and they maintain the
light pulse intensity constant over the bunch train while they are seeded. In this
case, we still need a seed laser source to initiate the seeding process, however, this
seed laser may:

1. Have a lower intensity since the initial signal can be amplified along the mod-
ulator in the cavity.

2. Operate at a low repetition rate since it only needs to initiate the FEL process.

After the initiation, the radiation field is captured and stored in the cavity, enabling
high repetition rate seeding.

In the last step in Chapter 5, a scheme completely independent of external seed
laser sources is proposed. In this case, I still study an HGHG setup based on an
oscillator FEL, but this time, the process starts from shot noise. The electrons them-
selves in the in-cavity undulator emit radiation which is amplified over the passes
in the cavity. When sufficient power is reached, the amplification per pass must
be reduced and be replaced by an equilibrium. The advantages are twofold; being
completely independent of external seed laser sources we can increase the repetition
rate of seeding and reduce the FEL wavelength, in principle with no limitations ex-
cept for mirror availability. However, in this oscillator starting from shot noise, we
have the additional complexity of controlling the power in the cavity to transition
from power amplification to power stability, and a monochromator must be used to
suppress the initial SASE spectrum.

In the last Chapter 6, I summarize the results shown in the publications and
I offer an overview of what has been done, and what else needs to be done and
verified before moving to the realization of the studied setups.






Chapter 2

Theory

2.1 Accelerator physics

The field of accelerator physics treats the dynamics of relativistic charged particles
experiencing electric and magnetic fields. Since the exact motion of the particles can
typically not be solved analytically, it is common to use Taylor-expansions and work
with different assumptions and statistical properties of ensembles. This way we can
separate the study of linear optics from more complicated nonlinear dynamics and
collective effects. Here, I restrict myself to topics that are useful to understand the
main results presented in the following chapters. Since we are interested in FELs,
we discuss the specific case of electrons and we focus on the main aspects of linear
accelerators. For high-gain FELs, it is very important to have high electron density
and as a result, the requirements on beam size, divergence and bunch length (which
is directly associated to the peak current) are stringent. The control of the beam
size and divergence is treated in the transverse beam dynamics, while the bunch
compression concept is treated in the longitudinal beam dynamics.

2.1.1 6D phase space

At any position, we can describe an electron in a 6D phase space: (x, X', y, i/, 9, s).
The coordinates x and y are the transverse horizontal and vertical displacements re-
spectively, and together with s, the longitudinal intra-bunch coordinate along the
trajectory, they define the 3D space. The coordinates x’ and i’ are the transverse an-
gular displacements and ¢ is the relative momentum offset. In classical mechanics
the conjugate variables are used and we refer to the planes (x, px), (v, px) as the
transverse phase space, where p,/, is the momentum. However, a modified phase
space is more common in accelerator physics: (x, x’), (y, ¥') and (s, 6) are the hor-
izontal, vertical, and longitudinal phase space, respectively. In this 6D phase space,
we can define a reference particle that has all coordinates set to zero, (x = 0, x’ =
0,y=09y =00=0,5=0), as it always stays on the design trajectory and has
the nominal energy. Following, we summarize the 6 coordinates in a vector, show-
ing the transition from the momentum (canonical conjugate variables) to transverse
angular displacements:

b
pYNdlﬂ— /
P S dtd =X
y
Py~ dydt _ g (2.1)
P =dtdz =Y
_ by
(5—po




8 Chapter 2. Theory

where p is the reference momentum and ¢ is the time coordinate.

2.1.2 Transverse beam dynamics

In an accelerator, the electron bunch should follow the nominal trajectory. However,
the individual electrons diverge within an electron bunch. In order to steer them to
the nominal trajectory, we are using transverse magnetic fields. While the Lorentz
force accounts for both the electric (Y) and magnetic fields (B) as:

F=e(Y+uxB), (2.2)

we rewrite the Lorentz force as F, = —eu,B, for an electron of charge e moving
with a velocity u that has only a longitudinal component u, and is experiencing a
magnetic field which has only a vertical component B,. We assume an equilibrium
with the centrifugal force F, = meu?/R., where R, is the radius of curvature of the
trajectory and m, the electron rest mass, and by equating these forces we get the
magnetic rigidity [41]:

ByR. = L. 2.3)

Taking only the example of a horizontal deflection, we expand the magnetic field
in the vicinity of the nominal trajectory under the assumption that the transverse
displacements are very small, and we get a series of multipoles [41]:

oB, 19°B, , .

Dividing all the terms in Eq. 2.4 with p/e gives:

By(x) _ By | 9B, x 10°B, x> 19°By »°

—_ —_—— —_— e — 4 =
p/e  ByR. 0dx p/e 2 0x2 p/e 3! 0x3 p/e+ (%)

1 1 1 2.5
= T Cx + va2 + g%x3 +0(x*) (25)
c SN~ .
~~ quadrupole field v. R/_/
dipole field sextupole field  octupole field

Each of the multipoles appearing in Eq. 2.5 serves a different purpose in an ac-
celerator; when perfectly aligned, dipoles steer the trajectory of all electrons inde-
pendently of their position, quadrupoles focus and defocus transversely the beam
and sextupoles are used to compensate for the so-called chromaticity (referring to
the change of linear optics with the beam energy) and for field correction. Linear
beam optics deal with the two first multipoles; dipoles and quadrupoles.

We can use a matrix formalism to describe how each electron’s six coordinates
are affected along a transport line in a linear approximation. The coordinates of
each electron evolve from an initial set of coordinates (x;, X/, yi, y., i, s;) to a new
one (x £ x}, Yy, y}, df, 8 f), which can be calculated with the transfer matrix of the el-
ements along the transport line that caused this change. Each of the transfer matrix
elements, R;j, describes the correlation between two coordinates and, for instance,
Rse is the longitudinal dispersion and denotes the correlation between the longitu-
dinal position and the energy of the electrons. These linear matrices are not suitable
for non-linear elements such as sextupoles. It is possible to use Taylor expansions
to describe higher order terms [42]. For second order terms, the map Tj;x is used
and for third order terms the map Uy, is used and i, j, k, 1 can take values from 1
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to 6, representing the coordinates of the discussed 6D phase space. Nonlinear op-
tics are out of the scope of the thesis, and readers are encouraged to look for more
information in [42, 43, 44].

In linear optics, a transfer matrix M describes the transport line and is defined as
[41]:

Ri1 Ry Riz Ris Ris Ry
Ry1 Ry Roz3 Ry Rys Rog
R31 Rz R3z Rzs Rszs Rz

M= 2.6
Ryt Ry Ryz Ras Rys Ry (2.6)
Rs1 Rs2 Rs3 Rsy Rss  Rse
Re1 Rez Re3 Res Res  Re.

Xf Xi
X !
f Xi
Tl=m|Y]. 2.7)
Y Yi
5f 51
Sf 5i

Each element in the accelerator has its characteristic transfer matrix. A number
of consecutive elements can be described by a single transfer matrix Miqt,, which
is the product of the matrices that describe k¥ independent elements, with element 1
being upstream of element 2:

Miotat (1 = €) = My - My_1... - My - M. (2.8)

Apart from the single electron trajectories, we are interested in the evolution of
the electron bunch so it is useful to define some parameters that characterize the
electron bunch as an ensemble instead, when taking a snapshot at a certain longitu-
dinal position z. We define as emittance, €, the area covered by the bunch in the phase
space divided by 7t. Based on the Liouville’s theorem, the emittance is a constant of
motion when conservative forces are considered. With conservative fields such as
the dipole and quadrupole magnetic fields, the emittance remains constant along z.
It is useful to express the bunch properties as moments of the particle distribution in
phase space. We define the squared rms beam size 02,(z) = (x2), the squared rms
beam angular divergence 02 (z) = (x'?) and the rms beam correlation (xx'). Based
on them we define the rms emittance [45], which is a statistical property and is also
known as geometric emittance:

&y = \/(x2>(x’2) — (xx’)?, (2.9)

Since the geometric emittance describes the area in the phase space, we can de-
fine its equation in phase space:

e = v(2)x*(z) + 2a(2)x(2)x'(z) + B(z)x?(z). (2.10)

From Eq. 2.10 we can define the Twiss parameters, which describe the shape and
orientation of the ellipse formed in the phase space:
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B(2),

x(2) = —3H/(2) o)
~ 1+a(z)?
v(z) = “Be)

The beta function, B(z), is the position-dependent part of the amplitude of the trans-
verse oscillations that each electron performs along the accelerator. Based on the
parameters we can define the rms electron beam size ¢, and divergence o,/, as illus-
trated in Fig. 2.1:

Or = exbr(z) 2.12)

Oy = £/ €xYx(2)
X
_2
A K tan2<p—W
Vg X
Area = e

FIGURE 2.1: Beam ellipse in the horizontal phase space at a certain
fixed longitudinal position. Here, ¢ is the orientation angle.

Finally, it is common in many cases to refer to the normalized emittance ey,
which is simply normalized to the factor .y, en = €B,ey and is conserved during
acceleration. Overall, the emittance is a property of the beam that determines the
electron beam quality and is very important for the FEL successful operation. The
Twiss parameters together with the emittance determine the size and divergence of
the electron beam.

2.1.3 Longitudinal beam dynamics and bunch compression

For high gain FELs that aim at generation of short-wavelength radiation the electron
beam quality plays an important role. A figure of merit of the quality of the elec-
tron beam is the 6D electron beam brightness [46], which is defined as the electron
bunch charge divided by the product of the rms horizontal, vertical and longitu-
dinal emittances. Looking at the contribution of the longitudinal component, this
means that the electron bunches need to be compressed longitudinally to achieve a
high peak current. A high peak current is associated with a larger conversion fac-
tor from the beam power to the output FEL radiation power which is in addition
obtained in shorter distances (shorter power gain length), as it will be discussed in
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detail in Section 2.3 that covers the FEL theory. As a result of this longitudinal com-
pression, short electron bunches of 10-100 fs length are achieved [47]. The electron
bunch length is in addition, directly associated with the output FEL pulse duration
in several FEL schemes.

Magnetic bunch compressors are commonly used in FELs for longitudinal com-
pression. They consist of dipole magnets that deflect the electrons with an energy-
dependent angle. For an effective compression the electron bunch needs to traverse
the bunch compressor with a linear energy chirp, &, meaning that the energy and
longitudinal position of electrons are linearly correlated. An electron bunch with a
linear energy chirp is shown in the longitudinal phase on the top right and left cor-
ners of Fig. 2.3. For any electron it is possible to express its energy offset  before the
bunch compression as a function of its initial longitudinal intra-bunch coordinate s;
[48]:

5 =60+ hsi +1's?+ O(s%), (2.13)

where é) denotes the uncorrelated energy offset. The linear energy chirp is defined
as:

dE1
"= HE
where E is the electron beam energy. In this thesis, we define a positive chirp when
the head of the electron bunch has lower energy and the tail has higher energy as
shown in Fig. 2.3. A linear energy chirp can be introduced in the linac during the
RF acceleration process. The energy gain AEg,in of the electrons by the RF wave is
described with the following equation:

(2.14)

AEgain = €VRFCOS(kRFS + QDRF)/ (2.15)

where Vir is the amplitude of the RF voltage, kgr is the RF wavenumber and ¢rr
is the RF phase. Maximum acceleration occurs when ¢rr = 0 and the beam is "on
crest”, for ¢rr = 71 the beam is "in trough" where maximum deceleration occurs and
finally, for ¢rr = 7w/2 the beam is at "zero crossing". A schematic representation can
be seen in Fig. 2.2. Counter-intuitively, it is not preferred to accelerate the electron
bunch when the energy gain is at maximum. Instead, an "off crest" acceleration is
needed to get a chirped electron bunch as shown in Fig. 2.3. The possible phases that
result in an energy-chirped electron bunch, while it is still accelerated, are either in
the region —71/2 < ¢prr < 00r 0 < ¢prp < /2.

In a four dipole chicane illustrated in Fig. 2.3, the electrons of higher energy in
the beam travel along the shortest trajectory as they are more "rigid" (see Eq. 2.3). For
a bunch chirped properly in the linear accelerator (linac) section before the chicane
entrance in which more energetic particles are in the tail of the bunch, an overall
bunch compression can be achieved.

An electron of an energy offset § exits a bunch compressor of a longitudinal dis-
persion Rs¢ with a new longitudinal coordinate s [48]:

Sf=5;i+ Rse0. (2.16)
Subtituting Eq. 2.13 into Eq. 2.16, we get:
Sf= Si(l + hR56) + Rsg0p. (2.17)

After differentiating, we get the linear compression factor:
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V,

RF

A

on crest
Pre=0

at zero crossing
Pre=TT/2
\ / .

in trough
Qr=TT

FIGURE 2.2: The electron bunch distribution in the longitudinal phase

space is affected by the phase of the RF wave during acceleration. In

accordance with Eq. 2.15, maximum acceleration occurs on crest and
maximum deceleration occurs in trough.

E Particle with lower energy

tail Reference Particle tail
@ Particle with higher energy X
® e
® :
i head @ head
H H ‘\ ; - S

i lbunch,f

FIGURE 2.3: Schematic view of bunch compression in a magnetic chi-
cane. An energy-chirped electron bunch transverses the chicane, and
the electrons follow different paths based on their energy. The result
is that the lower energy electrons follow a longer path and fall behind,
while the higher energy electrons follow a shorter path and catch up,
reducing the overall length of the bunch. On top left and right I show
the electron bunch distribution in the longitudinal phase space. On
the left, we can see the linearly chirped electron bunch before com-
pression, and on the right, after compression. The distribution is ro-
tated clockwise, and as a result, the electron bunch gets shorter.

= Asi_ Dounehi g gy, (2.18)

Cpr = — =
pe ds f lbunch,f

where lpynch i and lyunch ¢ are the initial and final electron bunch length, respectively.
From Eq. 2.18 we see that in order to reduce the bunch length longitudinally, we
need an energy chirp and an Rse of different signs. The exact signs are a matter
of sign convention. In reality, higher order terms are important for RF acceleration
and bunch compression. It is possible to use a (decelerating) harmonic cavity [49] or
optics linearization with sextupole magnets in arc type bunch compressors to reduce
them. This study is out of the scope of the thesis and readers are encouraged to look
for more information at Reference [48].

Typically, more than one stages of bunch compression are preferred in FELs be-
cause they reduce the sensitivity to RF jitter, they give the possibility to apply the first
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stage of compression at relatively low electron beam energies, and the second stage
at higher energies where the effect of the Coherent Synchrotron Radiation (CSR) on
the transverse emittance is less important and space charge forces are minimised.
On the other hand, single-stage compression is in favour of minimizing some of the
collective effects, such as the microbunching instability [50]. For this reason, even
though most FELs operate with two-stage bunch compression, FERMI [13] has been
operating in the past with only one bunch compressor in order to minimize the effect
of the microbunching instability [51] which plays an important role in seeding [52,
53].

2.2 Synchrotron Radiation

Synchrotron radiation is the radiation emitted by charged particles in the forward
direction and tangential to their orbit when their momentum vector is altered. This
means that both linear acceleration and circular motion force the charged particle
to lose energy in a form of an electromagnetic wave. The power loss of accelerated
and non-relativistic charges is described by the so-called Larmor formula which is
known since 1897 [41]:

I (@
6710 m3c3 " dt

)2, (2.19)

where g is the charge of the particle, €¢ is the vacuum permittivity, m is the rest mass
of the particle and c is the speed of light. From Eq. 2.19 and for typical accelerator
gradients in linear acceleration, such as 60 MV /m, the power loss is negligible so we
are going to focus on the generation of synchrotron radiation by relativistic particles,
emitted when there is a transverse force with respect to their orbit.

2.21 Synchrotron radiation: bending magnets and insertion devices

From Eq. 2.19 it is possible to derive [54] the power loss for circular motion and
relativistic particles, known as the Liénard formula [41]:

€2 1 E*

= c - - 2.20
671eg (moc?)* R? (2.20)

In Eq. 2.20 it is clear that it is advantageous to use electrons in light sources instead
of protons of the same energy since Pelectron/ Pproton = 10'3. For the same reason,
protons are preferred in circular colliders. For ultra-relativistic electrons and in the
laboratory frame, the synchrotron radiation forms a cone, whose angle is energy-
dependent as & = 1/ so the higher the electron energy, the more collimated the
emitted radiation.

A simple method to obtain synchrotron radiation is to bend an electron in a bend-
ing magnet, also known as a dipole. The dipole radiaton’s spectrum is broad and it
can be described by the critical frequency w., which splits the spectrum into two parts
of equal integrated power [55]:

3 3
We = all .
2R,

In order to achieve higher photon density, after the second generation of syn-
chrotrons, undulators took the main role in the generation of synchrotron radiation

(2.21)
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instead of dipoles. Undulators are magnetic devices and they belong to the family
of insertion devices. They consist of several short dipoles placed one after the other
in an alternating polarity with a periodicity of one undulator period A, and they
consist of two girders facing each other as shown in Fig. 2.4. In such a device, the
overall deflection of the electrons is zero.

A

—
EEEEERN
—/\/\/\/\/\/\/—Igap
EEEEERN

FIGURE 2.4: Simplified schematic representation of an undulator. The

undulator period A, is the distance between two poles of same polar-

ity and the gap is the distance between the two girders. The black

line shows the trajectory of the electrons, which is shown in the same

plane as the magnetic field for simplicity, but in reality it lies on the
transverse plane of the magnetic field.

In the case of a planar undulator, the vertical field, for instance, varies sinu-
soidally along z as [56]:

B, = Bosin(kyz), (2.22)
where k, is the wavenumber calculated as 27t/A,. The transverse velocity of an

electron experiencing this magnetic field can be calculated after integration of the
equation of motion with the Lorentz force from Eq. 2.2:

K
Uy = ae cos(kyz). (2.23)
i
Then the longitudinal velocity can be calculated as u, = \/u? — uZ:
1 K? cK?
U, = <1 — 27’)/2 <1 + 2>> Cc— 47,)/2 COS(ZkuZ). (224)

Due to the small amplitude of the sinus-like path, the radiation cones emitted in
each period overlap and constructive interference is possible [2]. The wavelength A,
of the radiation emitted by a relativistic electron following this motion is [56]:

Au 1:2 2n2
! 27172 ( + 2 +7 ( )

where 6 is the observation angle and K = mi]:c}%u = 0.934By[T|Ay[cm] is the dimen-
sionless undulator parameter. Constructive interference happens not only at the fun-
damental wavelength (n = 1), but for higher harmonics (n > 1) as well which are
typically generated with less intensity.




2.3. FEL theory 15

2.3 FEL theory

FELs provide tunable, fully coherent and high peak brightness radiation compared
to other types of light sources. The energy exchange between the emitted radiation
and the co-propagating electron in an undulator are the baseline of the working prin-
ciple of FELs. In the undulator, the electromagnetic radiation overpasses the electron
bunch by A; (the fundamental wavelength radiated in the undulator) for each undu-
lator period A, that the electron traverses. This effect is called slippage. Depending
on the relative phase of the electrons and the electromagnetic wave, an energy ex-
change takes place between them. Under favourable conditions, the net energy is
transferred from the electron bunch to the co-propagating wave and the latter is am-
plified. It is possible to divide the FELs into a few main categories based on: the
power gain in an undulator (high gain and low gain FELs) and the initial conditions
(prebunched electron bunch, external co-propagating field or none of these).

2.3.1 Low-gain FELs (Oscillator FEL)

If the energy gain of the electromagnetic wave propagating with the electron beam
is relatively small in the order of few per cent in a single-pass in an undulator, then
the FEL falls into the category of a low-gain FEL. In this case, optical cavities are em-
ployed in an FEL oscillator (FELO) in order to amplify and store the initially small
signal during several passes. A common way of defining the power gain in oscillator
FEL physics in one pass is gain = (Pout — Pin) / Pin- This is the definition I adopt in
the presentation of my results in the following chapters. Oscillator FELs are limited
in the wavelength range that they can support because, for sustainable operation,
the power gain in a single pass must exceed the cavity power losses. This puts strin-
gent requirements on the reflectivities of the mirrors. As a result, the FEL oscillators
are very common in the THz, infrared (IR), visible and ultraviolet (UV) wavelength
range with ELETTRA achieving the shortest recorded wavelength of 190 nm with
standard mirrors [57]. Some other examples of well established FEL oscillators are
FELIX [58] and the DUKE FEL [59]. An exception for low-gain FELs is the x-ray
FEL oscillator (XFELO) [60] which is planned to generate hard x-rays, using crys-
tals (instead of mirrors) which are efficient reflectors at this wavelength range. At
the same time, multi-layer mirrors can be considered in shorter wavelength applica-
tions as they provide relatively high reflectivities in an extended wavelength range.
A simplified sketch of a FELO is shown in Fig. 2.5.

> co-propagating field

sl electron beam

= undulator
H B B EEmE /‘ -
A dipole magnet
H B B EEm

[ focusing element

FIGURE 2.5: A simple sketch of an FEL oscillator. An undulator is en-
closed in an optical cavity which, in this case, consists of two focusing
mirrors. The orange color refers to the stored radiation field which is
recirculated in the cavity and it is synchronised to overlap with the
electron bunches. With black lines I show the electron bunch path.
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In the following, I discuss the low-gain FEL in a more quantitative way, based
on references [19, 55]. The fundamental process in FELs is the energy exchange
between the electrons and the co-propagating field and here we assume that the
co-propagating field is a plane electromagnetic wave [19]:

Yx<Z, t) =Yg cos (kjz — w;t + l/)()), (2.26)

where k; = wj/c is the wavenumber of the co-propagating wave. With E = ym,c?
being the electron energy, its derivative is associated with the incremental work:

T u-F= —eu,Y(t). (2.27)

For a negative derivative the light wave gains energy. We consider that the electrons
follow a sinusoidal path in an undulator and in addition, their average longitudinal
speed is u, < cis:

_ 2+ K?
U, =¢c (1 — 172 > . (2.28)

As a result, the electrons slip behind with respect to the light (slippage). For a sus-
tainable energy transfer from the electrons to the light wave, the electron velocity
component that is parallel to the electric field, and the electric field vector have to
point in the same direction, and this happens when the light wave moves ahead of
the electrons by one optical wavelength for each undulator period.

We can rewrite Eq. 2.27, using Eq. 2.26. We use the approximation that the lon-
gitudinal speed of the electrons is constant and equal to the average speed from
Eq. 2.28 and get:

dE ecKY ecKYy

G 2y cosp — 2
Y = (kj+ky)z—wit+ o
x = (ki —ku)z — wit + 1,

0s X,
(2.29)

where 1y is an arbitrary initial phase. The argument ¥ of the first cosine function
of the energy derivative is known as the ponderomotive phase. For sustainable and
significant energy transfer, we require the ponderomotive phase to be constant. For
dy/dt = 0 it leads to (k; + k)1, — w; = 0. Inserting in Eq. 2.28 leads to a resonance
condition:

Ay K2
= — — . 2.30

The condition for sustained energy transfer from the electrons requires radiation of
a wavelength that is the same as the spontaneous undulator radiation of Eq. 2.25.
Hence, this radiation can be used as seed radiation in an FEL amplifier. Based on
the resonance condition, the exact wavelength of the radiation in an FEL can be
tuned either by changing the electron beam energy or by changing the undulator
parameter K for fixed undulator period A,. The type of polarization can be freely
chosen by varying the magnetic field in an undulator. For instance, a sinusoidal
trajectory of the electrons in one plane will result in linear polarization and a helical
path will 