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Abstract
The design of a photoinjector, in particular that of the electron source, is of central importance for Free Electron Laser (FEL) machines where a high brightness of the electron
beam is required in order to achieve an efficient lasing process.
In addition to the brightness of the electron beam, other quantities like the bunch length
and the mismatch parameter determine the performance of a photoinjector. The starting
point of this work is represented by the rigorous definition of a suitable figure of merit
for the optimization of an FEL photoinjector, taking into consideration the tight relation
between the electron and the photon beam.
A 5.6-cell RF standing-wave photocathode gun operating at C-band (5.712 GHz) is proposed as the first option for a future upgrade of the SwissFEL injector, whose reference
setup foresees a state-of-the-art RF standing-wave gun operating at S-band (2.998 GHz).
The aim of the higher RF frequency is to increase the initial accelerating gradient applied
to the electron bunch in order to reach a faster relativistic suppression of the space-charge
forces. The proposed C-band gun design allows one to halve the bunch length and to slightly
increase the brightness before the first bunch compressor compared to the reference design.
After recognizing the limitations related to the presence of resonant modes other than the
accelerating mode in standard RF standing-wave guns, an RF traveling-wave photocathode
gun operating at C-band is proposed as a more innovative upgrade option for SwissFEL.
To the author’s knowledge, this is the first time that a complete RF traveling-wave gun
design is presented. A brightness improvement up to a factor 3 is achieved together with
a double gun output energy compared to the reference design. The higher brightness is
mainly given by a (at least) halved bunch length before the first bunch compressor, which
brings benefits also for the beam dynamics in the main linac.
The optimization of the gun designs is achieved by the integration of RF and machine
parameters into a single optimization loop. In particular, the cell lengths of the RF cavity
are optimized based on the simulated beam quality before the first bunch compressor.
Both proposed C-band gun designs are characterized by a novel coaxial RF coupling of
the accelerating cavity, which allows a solenoid with integrated bucking coil to be placed
around the cathode in order to provide the necessary focusing right after the emission of
the electron bunch.
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Riassunto
Il design di un fotoiniettore, e in particolare quello della sorgente di elettroni, è di centrale
importanza per le macchine laser a elettroni liberi (Free Electron Laser, FEL), nelle quali
un’alta brillanza del fascio di elettroni è necessaria per ottenere un processo di emissione
efficiente.
Oltre alla brillanza del fascio di elettroni, altre quantità, quali la lunghezza del pacchetto
di elettroni e il parametro di mismatch, determinano la prestazione di un fotoiniettore.
Il punto di partenza di questo lavoro è rappresentato da una definizione rigorosa di una
figura di merito adatta all’ottimizzazione di fotoiniettori per macchine FEL, che prenda in
considerazione la stretta relazione tra il fascio di elettroni e quello di fotoni.
Un cannone RF a onda stazionaria su 5.6 celle con fotocatodo, operato ad una frequenza in banda C (5.712 GHz), è proposto come prima opzione per un potenziamento
futuro dell’iniettore di SwissFEL, la cui configurazione di riferimento prevede un cannone
RF a onda stazionaria operato ad una frequenza in banda S (2.998 GHz). L’aumento di
frequenza ha lo scopo di incrementare il gradiente di accelerazione iniziale applicato al
pacchetto di elettroni, cosı̀ da raggiungere più velocemente lo smorzamento relativistico
delle forze dovute alla carica spaziale. Rispetto al design di riferimento, quello proposto in
banda C permette di dimezzare la lunghezza del pacchetto di elettroni e di incrementarne
leggermente la brillanza prima del primo compressore longitudinale.
La presenza di modi risonanti oltre a quello di accelerazione è una caratteristica intrinseca
dei cannoni RF a onda stazionaria che comporta delle limitazioni. Una volta riconosciute
queste ultime, un cannone RF a onda viaggiante con fotocatodo, operato in banda C, è
proposto come opzione più innovativa per il potenziamento di SwissFEL. A conoscenza
dell’autore, si tratta della prima volta in cui viene presentato un design completo di un
cannone RF a onda viaggiante. Un miglioramento della brillanza fino a un fattore 3 è
ottenuto in contemporanea a un raddoppio dell’energia rispetto al design di riferimento.
L’incremento di brillanza è dovuto principalmente al dimezzamento, come minimo, della
lunghezza del pacchetto di elettroni prima del primo compressore longitudinale. Ciò comporta dei benefici anche per la dinamica del fascio lungo il linac principale.
L’ottimizzazione del design del cannone è ottenuta grazie all’integrazione di parametri
RF e parametri di macchina all’interno di un unico ciclo di ottimizzazione. Nello specifico,
la lunghezza delle celle che compongono la cavità RF sono ottimizzate in base alla qualità
del fascio di elettroni risultante dalle simulazioni.
Entrambi i designs di cannone in banda C proposti, sono caratterizzati da un innovativo
accoppiamento RF coassiale della cavità accelerante, che permette di posizionare attorno al
catodo un solenoide con spira di compensazione integrata, in modo da fornire la necessaria
focalizzazione immediatamente dopo l’emissione del pacchetto di elettroni.
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1. Introduction
Free Electron Lasers (FELs) are a recent tool of science which enables the study of matter at
new combinations of temporal and spatial resolution. Present FEL user facilities provide
coherent light with wavelengths from few hundreds of nanometers (vacuum ultraviolet
and longer) down to one Ångstrom (hard X-rays) in pulses that can be as short as few
femtoseconds with an energy as high as few millijoules. These values place FELs in a new
region of the photon brightness plot for light sources reported in Figure 1.1. The gap in peak
photon brightness from the third generation synchrotron light sources motivates the new
denomination of fourth generation light sources for the X-ray FELs. Regarding the study
of the structure and function of matter, FEL machines enable the investigation not only of
the static equilibrium of atomic structures but also of fast dynamics and non-equilibrium
states of matter [1]. There are also proposals to study very fundamental physics subjects
with the FEL radiation, like e.g. vacuum magnetic birefringence [2].
The Swiss Free Electron Laser (SwissFEL) [4], currently under construction at Paul
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Figure 1.1.: Peak photon brightness as a function of the photon energy for X-ray FELs and third generation synchrotron light sources. Adapted from Reference [3, p. 167].
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Scherrer Institut (PSI), definitely belongs to the category of fourth generation light sources.
This user facility aims at the production of hard X-ray pulses with a compact, 800 m
long design. The scientific case of SwissFEL includes ultrafast magnetization dynamics
on the nanoscale, catalysis and solution chemistry, coherent diffraction by nanostructures,
ultrafast biochemistry and time-resolved spectroscopy of correlated electron materials [5; 6].

1.1. Background
A necessary requirement to enable the lasing process of free electrons is a small ratio
between the normalized transverse emittance εx,n and the relativistic gamma factor γ (i.e.
the energy) of the electrons compared to the desired radiation wavelength λph of the photon
pulse [7]:
λph
εx,n
<
.
γ
4π

(1.1)

The feasibility of FEL machines has been enabled by the development of low emittance
injectors, based on a continuously improved implementation of the emittance compensation
principle [8]. State-of-the-art injectors provide emittances εx,n < 1 µm for electron bunches
with charges in the range Qb = 100–1000 pC. This reduces the required electron energy
to few GeV in order to provide photon pulses in the hard X-ray regime. The control of
the generation and initial acceleration of the electron bunch is of fundamental importance
to preserve a low transverse emittance, because the repulsive forces between the electrons
can cause an emittance growth only at low energies. The Coulomb repulsion is naturally
damped by the acceleration to higher energies due to relativistic effects. For these reasons,
a strong focus was put in the last three decades on the design of the first part of electron
linear accelerators (the injector) [9, pp. 1–6].
The SwissFEL Injector Test Facility (SITF) [10] was already in operation at PSI from
2010 to 2014 with the aim of experimentally demonstrate the feasibility of a compact FEL,
as predicted by simulations. Excellent results were obtained with the SITF, in particular
regarding the extremely low measured projected normalized transverse emittance εx,n =
0.28 µm with a Qb = 200 pC bunch [11]. To the author’s knowledge, this is the lowest value
ever measured with this standard amount of charge.

1.2. Aim of this Thesis
The main goal of this thesis is to investigate the margins of improvement related to the
electron source of SwissFEL. More specifically, new designs of the electron source should
be proposed for a future upgrade of the SwissFEL injector. Since this study is related to a
preexisting facility, the idea is to only upgrade the current RF gun (and relative solenoid)
without modifying the rest of the injector.
The very low transverse emittance values measured at the SwissFEL Injector Test Facility were provided by an RF S-band standing-wave photocathode gun [12; 13], which
represents the state-of-the-art photoinjector technology. Simulations indicate that this already excellent performance might be further improved [14] by recent designs of the RF gun
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and focusing solenoid [15]. Starting from these results, this work intends to explore other
solutions which might represent a further step in the direction of an ideal photoinjector.
It must be emphasized that the state-of-the-art injector designs are the result of many
years of intense research including analytical models and numerical optimizations. A deep
understanding of the problem was achieved and the available technology was correspondingly pushed to its limits. Further improving this established technology therefore represents a very challenging task.

1.3. Structure of this Thesis
In Chapter 2 the basic working principles of an FEL machine are introduced together with
the rigorous mathematical definition of the relevant quantities. The analysis of the relation
between the electron beam and the generated photon beam ends in Section 2.3.3 with
the definition of the brightness as a suitable figure of merit for the injector optimization.
Having introduced the main concepts of an FEL, the design of the SwissFEL facility is
summarized in Section 2.4 focusing on the photoinjector and on the RF photocathode gun.
These are finally compared with the other state-of-the-art facilities worldwide.
Chapter 3 focuses on the injector, the most relevant part of the FEL machine for this
work. First, the necessary theoretical fundamentals are discussed, also mentioning their
limitations. In view of these limitations, numerical simulations become an essential tool
to study and optimize the design of an FEL injector. The simulation and optimization
methods are briefly summarized concentrating on the novelties introduced in this work.
The results obtained by the application of these methods are found in Chapters 4 and
5. A solution involving an RF C-band standing-wave photocathode gun is presented in
Chapter 4. This design already improves the performance of the SwissFEL injector, but is
limited by the known issues related to the undesired resonant modes(other than the accelerating mode) in the RF cavity. These limitations just do not exist for the design presented
in Chapter 5 because the traveling-wave nature of this innovative RF gun naturally removes
the presence of any undesired mode. An additional improvement of the SwissFEL injector
performance is demonstrated.
Chapter 6 ends this thesis with the summary of the main achievements of this work,
their discussion and an outlook on possible future studies.
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2. Electron Sources for Free Electron Lasers
The relevant quantities for the description and comparison of electron beams in a photoinjector and their relation to the photon beam are introduced in this chapter. This is done
after an initial, general orientation about an FEL machine, which is important to get a
global picture of the framework in which this study is inserted.
The main focus of this chapter is represented by the Section 2.2, which gives a detailed
description of the electron beam parameters used later for the optimization of the photoinjector. The basics of the FEL radiation process are introduced in Section 2.3, where the
important connection between electron and photon beam parameters are emphasized. In
particular, the relation between the brightness of the electron beam and the power of the
generated FEL radiation is explained. This justifies the optimization of the electron beam
before the first bunch compressor with the purpose of improving the FEL process, which
is a key point of the whole work. In addition to this direct relation, the advantages of a
brighter electron beam before the first bunch compressor for the beam dynamics in the rest
of the linac must not be underestimated, since these might be as beneficial as an increase
in FEL power. This point is touched repeatedly in the whole work, but particularly in the
section dedicated to the bunch compression.
Finally, after having introduced the necessary tools to understand different solutions,
in Section 2.4 the current design of the SwissFEL injector and that of other existing or
proposed facilities are discussed. The review of the state-of-the-art is the common starting
point to develop a new, improved solution. About this topic, it is worth emphasizing how
difficult the comparison of different photoinjectors is. As already mentioned, FEL machines
are complex and, more importantly, no standard design exists. Every institute develops
its own design based on the selected science case. The main target parameters are usually
photon wavelength and wavelength tunability, pulse energy and duration, and repetition
rate. Their choice sets many physical, technological and cost constraints, making the
adoption of a photoinjector design from one facility to another very difficult and inefficient.

2.1. FEL Machines in a Nutshell
The simplest picture of an FEL is shown in Figure 2.1: An electron beam is accelerated by
the electric fields of radio-frequency (RF) cavities and sent into an undulator line where the
radiation of X-rays is induced by a sequence of dipole magnets with alternating polarity.
From this very rough picture it is already possible to imagine a strong relation between
the parameters of the linear accelerator providing the electron beam and those of the
undulator providing the photon beam. It is the aim of Sections 2.2 and 2.3 to understand
these relations between the two main parts of the machine.
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Electrons

Accelerator

Undulator

X-rays

Figure 2.1.: Schematic view of a Free Electron Laser (FEL) machine: An electron linear accelerator is
followed by an undulator line where the electrons radiate X-rays in a coherent way. The
electrons are dumped after the end of the undulators, while the X-rays continue toward the
experimental stations. Adapted from Reference [1, p. 5].

2.1.1. Injector: Low Emittance
The length of the linear accelerator is about ∆s = 400 m in the case of SwissFEL [1,
p. 8], but it is during the generation and initial acceleration of the electron bunch in
the injector where the main beam parameters are determined. This takes place within
the first ∆s = 100 m of the machine, which are denoted as injector. Before the first
bunch compressor, i.e. at an energy of few hundreds of MeV, the transverse emittance
should be as low as possible since it is not possible to decrease it at higher energies with
standard methods. The bunch length can be reduced at higher energies by means of bunch
compression. However, a short bunch length already at the injector end is very beneficial
in order to relax the compression scheme of the main linac (see Section 2.2.4).
The electron gun, the device which first generates the electron bunch and accelerates it,
is clearly a key component of the injector and requires a careful design. It is worth to stress
already at this point that the optimization of the gun can not be performed independently
of the rest of the injector. It is indeed the beam dynamics along the whole injector which
reveals the different qualities of different gun designs.

2.1.2. Main Linac: Acceleration and Bunch Compression
The injector outputs an electron beam with well-defined parameters. The following main
linac then has two major tasks. On one hand, the RF accelerating structures boost the
energy to that required to generate the desired photon wavelength. On the other hand, the
bunch compressors increase the bunch peak current to a level at which the lasing process
can efficiently take place.
The need for a high electron energy (several GeV) for short photon wavelengths is a
direct consequence of the fundamental FEL equations (1.1), (2.55) and (2.56). Due to
technological reasons, λu ≈ 1 cm is the smallest possible period for a classical(1) undulator
still allowing for a magnetic field Hu ≈ 1 T in order to get an undulator parameter K ≈ 1.
1
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Used here to indicate undulators with static magnetic fields and not RF undulators.

2.1. FEL Machines in a Nutshell
The undulator parameter K is defined in Equation (2.56) and can be interpreted as the
momentum kick induced on the electrons normalized to the undulator period λu . A value
in the order of K ≈ 1 is necessary to reach the superradiance regime, intended here in its
most general definition, i.e. as a more than linear scaling of the emitted radiation with
the total number of electrons. Plugging these (optimistic) values in Equation (2.55) and
requiring a photon wavelength λph = 1 Å with a planar undulator results in an electron
kinetic energy Ekin ≈ 4.5 GeV.
The requirement of a high peak current Ipeak (few kA) at the entrance of the undulators
is dictated by two main desires on the photon pulse: a high power and a short duration.
For the second property the relation with a short electron bunch is evident, while for the
first a detailed explanation is given in Section 2.3.2.

2.1.3. Accelerator: Linac or Storage Ring?
As already mentioned, the length of the linear accelerator is about ∆s = 400 m in the
case of SwissFEL [1, p. 8] but it is even longer, up to more than ∆s = 2 km, in the
case of the European XFEL [2, p. 4]. This raises the question about the choice of a
linear accelerator instead of a circular accelerator (synchrotron). The main motivation
is found in the need of a small transverse emittance and a high peak current, i.e. a high
brightness, to enable an efficient lasing process. A nice comparison between the parameters
of state-of-the-art linear and circular machines is found in Reference [3]. It is interesting
to compare two of its examples found in Tables 1 and 3 which are characterized by the
same beam energy. The theoretical highest brightness of the electron beam in the APS
II synchrotron (a third generation, diffraction limited storage ring under design) is in the
order of Bn ≈ 2.6 × 1014 A/m2 with a horizontal projected emittance εx,n ≈ 0.6 µm for a
Qb = 15 nC bunch of length σt ≈ 50 ps [4]. The brightness at the end of the SwissFEL linac
is in the order of Bn ≈ 1.2 × 1016 A/m2 with a horizontal projected emittance εx,n ≈ 0.5 µm
for a Qb = 200 pC bunch of length σt = 20 fs [1, p. 20]. Therefore, regarding the electron
beam brightness, a linac is about two order of magnitude better than a synchrotron, mainly
because of the shorter bunch lengths which can be achieved using the multi-stage bunch
compression schemes. This corresponds to a difference of seven orders of magnitude in
peak photon spectral brightness between FEL machines and storage rings (see Figure 1.1).
Even if state-of-the-art storage rings cannot compete with linacs for the generation of
FEL radiation, it is worth mentioning their advantages. Due to their circular shape, they
allow one to have tens of experimental stations arranged around the whole circumference,
served by beam lines which exit the storage ring tangentially. In principle, all experimental
stations can work simultaneously thanks to the high average photon flux provided by the
typical CW operation of storage rings. A common RF frequency of the accelerating cavities
is fRF = 500 MHz which, in CW operation, corresponds to the electron bunch frequency
at a given point on the ring circumference.(2) This is much more efficient than a normal
conducting linac, where the repetition rate is in the order of only νrep ≈ 100 Hz.
The energy-recovery linac (ERL) is a third type of machine whose purpose is to combine
the advantages of linacs, i.e. small emittance and short pulses, in a straight accelerating
2

One could also say that the repetition rate of the machine is νrep = 500 MHz.
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section and those of storage rings, i.e. the possibility of having several beam lines at one
bend, in a following circular section. Nowadays, only small test facilities running at low
electron energy exist, while the construction of an ERL user facility still seems to be
far. There are still many challenges to be solved in order to make such machines really
attractive: A high repetition rate is required to reach an acceptable average flux and an
efficient energy recovery of the used electron beam to accelerate the fresh electron beam is
necessary to reduce the overall power consumption to acceptable levels.
The considerations above are just a summary of the fundamental differences between
synchrotron, FEL and ERL light sources. For a more exhaustive discussion see Reference [3].

2.2. The Electron Beam
The important physical quantities used to monitor and judge the quality of the electron
beam throughout the linac are introduced in Section 2.2.1. These quantities are also used
to characterize the initial electron bunch generated at the cathode via the photoemission
process, which is treated in Section 2.2.3.

2.2.1. Elements of Beam Dynamics
The main goal of this section is to rigorously define the quantities which are used to describe the electron beam in a photoinjector. Most important are peak current, transverse
emittance and electron brightness. Fundamental concepts of beam dynamics are also introduced in order to give a solid basis enabling a better understanding of the topic. A good
understanding of these notions is very important to follow the discussions about the FEL
machine setup and the simulation results in the following sections.
Phase Space
From the beam dynamics point of view, a particle beam is well described in a six dimensional Euclidean space. Three dimensions define the particle position (x, y, z) and the
remaining three dimensions define the particle momentum (px , py , pz ). The orthogonal,
right-handed reference system (x̂, ŷ, ẑ) is attached to the design trajectory of the accelerator and therefore moves relative to the laboratory frame. This reference system can be
curvilinear, as for example inside bending magnets (dipoles) where the design trajectory
forms an arc.(3) The commonly adopted convention is such that x̂ and ŷ specify the horizontal and vertical direction, respectively, forming the transverse plane. The coordinate ẑ
specifies the beam propagation direction, forming the longitudinal plane.
In the Hamiltonian formulation, s is chosen as the independent variable and corresponds
to the path length of the reference particle along the beam line trajectory. A set of canonical
transformations allows one to write the Hamiltonian with the canonical variables:
ũ ≡ x(s), px (s), y(s), py (s), z(s), pz (s) ,


3
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(2.1)

For a more detailed description of the Frenet-Serret coordinate system see Reference [5, pp. 22–23].

2.2. The Electron Beam
where (x, y, z) is the position relative to the reference particle, (px , py ) is the momentum
relative to it and pz is the longitudinal momentum. The reference particle then always
has coordinates x(s) = y(s) = z(s) = 0 and px (s) = py (s) = 0 (design trajectory), as well
as pz (s) = p0 (design energy) at every position s. The vector space ũ, where the particle
coordinates are given by canonical variables, is denoted as phase space.
Normalizing all of the momentum components to the longitudinal momentum is also
very common: x0 ≡ px /pz and y 0 ≡ py /pz are sometimes called the beam divergence in
the horizontal and vertical plane, respectively. When the paraxial approximation px , py 
pz ≈ p0 holds, x0 corresponds to the angle (in rad) in the xz-plane with respect to the
reference trajectory and y 0 corresponds to the angle in the yz-plane. As for the longitudinal
momentum, the relative momentum deviation is defined as δ ≡ (pz − p0 )/p0 . Summarizing,
the state of a particle using the normalized momenta is specified by:




u = x(s), x0 (s), y(s), y 0 (s), z(s), δ(s) .

(2.2)

Regarding the Hamiltonian formulation, x0 and y 0 are not canonical momenta in the presence of magnetic fields with non-vanishing components Ax or Ay of the magnetic field vector
potential A(s). Therefore, the vector space u is denoted as trace space (instead of phase
space). To have a complete picture, the actual absolute position s and the momentum p0
of the reference particle should be specified in addition to the vector u.
Phase Subspaces Very often the 6D trace (or phase) space is subdivided in three 2D
trace spaces, namely the horizontal (x, x0 ) and vertical (y, y 0 ) transverse trace spaces, and
the (z, δ) longitudinal trace space. This is very useful not only for displaying reasons but
mainly because these different planes are often decoupled in the linear approximation. For
example, in a drift space or in a quadrupole all planes are decoupled, in a dipole the
coupling is only between horizontal and longitudinal plane, and in a solenoid only the two
transverse planes are coupled.
Cylindrical Coordinates The rotational symmetry of the system around the beam axis can
often be assumed, e.g. within RF accelerating cavities, focusing solenoids and drift spaces.
In this case, the cylindrical coordinates (r, θ, z) represent the most convenient reference
system. The known relation with the Cartesian coordinates is x = r cos θ and y = r sin θ,
from which r is denoted as radial position and θ as azimuthal angle.
Linear Dynamics
The representation of the beam as an n-dimensional ellipse in phase space is widely used
in beam dynamics because its evolution along an ideally linear beam line can be described
very elegantly. This is sketched in this and the next two sections by summarizing the much
wider discussion found e.g. in Reference [5, ch. 4–5]. The simple 1D case is chosen here for
illustrative purposes, but it can be easily generalized to n arbitrary dimensions.
First of all, the concept behind ideally linear is that the equations of motion in the
homogeneous case are of the form:
x00 (s) + kx (s)x(s) = 0 ,

(2.3)
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where kx (s) is a function describing the focusing of the beam line arrangement and the
d
prime 0 ≡ ds
indicates the derivative with respect to the independent variable s.(4) The
solution of Equation (2.3) is:

p

√


x(s) = εx,sp βx (s) cos ψx (s)

 √

βx0 (s)
1
0 (s) = √ε

p
x
cos ψx (s) − εx,sp p
sin ψx (s)

x,sp

2 βx (s)
βx (s)

.

(2.4)

The Courant-Snyder invariant or action (5) εx,sp and the starting phase ψx,0 are integration
constants, while there is a well-known relation between the phase advance function ψx (s)
and the betatron function βx (s):
ψx (s) =

Z s
0

ds̃
+ ψx,0 .
βx (s̃)

(2.5)

The knowledge of the betatron function is enough to determine the particle trajectory in
the trace space. Its relation with kx (s) is expressed by the following differential equation:
1
1
2
βx (s)βx00 (s) − βx0 (s) + kx (s)βx (s)2 = 1 .
2
4

(2.6)

Defining αx (s) ≡ −βx0 (s)/2 and γx (s) ≡ (1+αx2 (s))/βx (s) leads to the important relation:
γx x2 + 2αx xx0 + βx x02 = εx,sp .

(2.7)

On the left-hand side there are only functions of s whose combination results in a constant
of motion on the right-hand side. The functions αx , βx and γx are known in the literature
as Courant-Snyder parameters, Twiss parameters or betatron functions, while the variables
(εx,sp , ψx,0 ) are also denoted as action-angle variables from the Hamiltonian formalism.
The trace space vectors (x, x0 ) fulfilling Equation (2.7) lie on an ellipse whose size and
rotation are determined by the Twiss parameters as shown in Figure 2.2. This means that
a single particle in a linear system described by Equation (2.3) lies on an ellipse of constant
area πεx,sp in the trace space. The ellipse changes shape along the beam line according to
the Twiss parameters αx (s), βx (s) and γx (s), which only depend on s, i.e. they are the same
for every particle at a given position along the beam line. Therefore, all particles which
lie inside (or outside) a certain ellipse at a certain position along the beam line will always
stay inside (or outside) that ellipse. This is a direct consequence of Liouville’s theorem
whose general version is stated below.
In the presence of coupling with e.g. the vertical plane, additional terms lx (s)y(s) would appear on the
left-hand side of Equation (2.3).
5
Sometimes also called single-particle emittance from which the symbol choice comes from. This terminology can however lead to confusion with the more important beam emittance, reason for which it is
avoided here.

4
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√
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tan 2φ =
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ε/β
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−α ε/β
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p
−α ε/γ

φ

p

ε/γ

√

εβ

−α
β

x

Figure 2.2.: The trace space ellipse with area A = πε and the geometric meaning of the Twiss parameters.

Transformation Matrix Always staying in the framework of linear dynamics, it can be
shown that ki (s) = const. (i ∈ x, y, z) in the 3D equivalent of Equation (2.3) inside standard
beam line elements (like dipole and quadrupole magnets, drift spaces and solenoids). It
is therefore possible to derive a transformation matrix M of the trace space vectors u for
every beam line element by integrating the equation of motion (2.3) from the entrance
position sin to the exit position sout of that element:
u(sout ) = M · u(sin ) .

(2.8)

For decoupled planes, the transformation matrix has the following block diagonal form:











x
x0
y
y0
z
δ





 

 Mx



=
 0














0

0  

My

0

0

Mz

0

 
 
 
·
 
 
 
 

sout

x
x0
y
y0
z
δ












.

(2.9)

sin

The matrix notation for the horizontal plane (1D) is then:
x
x0

!

=
sout

|

Mxx Mxx0
Mx0 x M x0 x0

!

{z

}

Mx

·

x
x0

!

,

(2.10)

sin

and analogously for the vertical (y) and longitudinal (z) planes. The matrix M only
depends on the characteristics of the beam line element such as length and field strength.
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Combining a sequence of elements e = 1, · · · , Ne to compute the trace space evolution
from the beginning sstart to the end send of a beam line section is then straightforward:
u(send ) = MNe · · · M2 M1 ·u(sstart ) .
|

{z

≡Mtot

(2.11)

}

The transformation matrix Mtot of the whole section is obtained by ordering the single
element transformation matrices in reversed order (from the right to the left), so that M1
is applied before M2 and so on till MNe .
Up to now, only the dynamics of single particles has been addressed by the matrix
formalism. In practice, the computation of the phase space trajectory of every particle
in the beam (N = 1.25 · 109 in the case of the Qb = 200 pC bunch of SwissFEL) is very
unpractical due to the often limited computational resources. Fortunately, the principle of
Liouville’s theorem comes into play and enables a very elegant and efficient description of
a beam through a single (6 × 6) beam matrix (see Equation 2.13).
Liouville’s Theorem
Liouville’s theorem is a fundamental principle of statistical mechanics. It is of particular
interest in beam dynamics because it is strongly related to the concepts of emittance conservation and emittance growth. The general form of the theorem states that the states’
density near to a given state in the phase space is constant in time for a system which can
be described by Hamilton’s equations (i.e. an appropriate Hamiltonian can be found) [6,
pp. 9–10; 7, pp. 399–402]. Note that the theorem is always valid for conservative forces but
this is not a necessary condition for its validity (see Reference [7, pp. 58–61,323–324]).
Two instructive proofs of the theorem with focus on electromagnetic fields are given
in Reference [5, pp. 155-158], where the invariance of the phase space density is derived
independently of general principles of classical(6) mechanics. In its general form, Liouville’s
theorem is valid only for non-interacting particles. It is still applicable in the presence of
self fields arising from the charged beam particles, as long as these fields can be represented
by time-averaged scalar and vector potentials [8, p. 58].
From Single-Particle to Beam Dynamics
Liouville’s theorem is the fundamental principle that provides an elegant and efficient transition from the single-particle dynamics to the dynamics of an ensemble of particles which
has been denoted as beam.(7) It has already been emphasized that particles travel along the
beam line staying on a trace space ellipse with constant area given by the Courant-Snyder
invariant εsp (in the case of a linear system with fully decoupled trace spaces). This implies
that particles lying inside (or outside) an ellipse corresponding to a given εsp at a certain
position s0 will remain inside (or outside) that ellipse for every s. In the case of coupled
planes, this is still valid by considering the 6D ellipsoid. Reducing the description of a
beam (ensemble of particles) to that of a single particle is therefore natural and physically
meaningful; it is not just a mathematical convenience, as it could appear at first glance.
Intended here as non-quantistic. The mentioned proofs are therefore valid in the framework of special
relativity.
7
See Reference [5, ch. 5] to have a general introduction on this topic.
6
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Beam Matrix A beam is nothing else than an ensemble of N particles (in this specific
case electrons) having a certain position ui (i = 1, . . . , N ) in the trace space (or ũi in
the phase space). This ensemble is characterized by a certain distribution whose first
order moments are the position of the beam centroid (hxi, hyi, hzi) and the beam average
momentum (hx0 i, hy 0 i, hδi) with respect to the reference particle. The notation using angle
brackets indicates the average of a given quantity q over all N particles in the bunch:


N
X
1 
hqi ≡
qi  .

N

(2.12)

i=1

Because particle beams are typically designed to be symmetric with respect to the xz- and
yz-plane (when not even rotationally symmetric), the first order moments are vanishing
in the ideal case, i.e. the beam is centered on the reference trajectory. In fact, the second
order
are more important since they represent the rms beam
, σz ) =
p moments
p
p
p sizep(σx , σy p
( hx2 i, hy 2 i, hz 2 i) and the rms beam divergence (σx0 , σy0 , σδ ) = ( hx0 2 i, hy 0 2 i, hδ 2 i)
in all three directions. Note that the last two identities represent simplified definitions which
are only true when the first order moments are vanishing. The term σδ is nothing else than
the fractional energy spread.
The n × n beam matrix or sigma matrix σ is very generally defined by the second order
moments of the particle distribution:
(σ)kl ≡ h(uk − huk i)(ul − hul i)i = huk ul i − huk ihul i ,

k, l = 1, 2, · · · , n .

(2.13)

The previously defined beam size (σx , σy , σz ) and beam divergence (σx0 , σy0 , σδ ) are nothing
else than the square roots of the diagonal elements (σ)kk in the case that huk i = 0.
An n-dimensional ellipsoid can be defined with the sigma matrix as:
uT σ −1 u = 1 .

(2.14)

Depending on the situation, the trace space might be u = (x, x0 ) for decoupled planes
(n = 2) or u = (x, x0 , y, y 0 , z, δ) for the full trace space (n = 6). Taking again the 1D case
for illustrative purposes and comparing Equation (2.14) with (2.7) provides:
σ=

σ11 σ12
σ21 σ22

!

=

σx2 σ12
σ12 σx20

!

= εx

βx −αx
−αx γx

!

,

(2.15)

where the Courant-Snyder invariant εx,sp has been replaced by the beam emittance εx .
This new quantity has the purpose of representing the particle distribution of the beam
and not a single particle anymore. Recalling that βx γx − αx2 = 1 by definition and assuming
vanishing first order moments, the definition of rms emittance is basically obtained:
2

2
det σ = σ11 σ22 − σ12
= h∆x2 ih∆x0 i − h∆x ∆x0 i = ε2x ,

(2.16)

with the definitions ∆x ≡ x − hxi and ∆x0 ≡ x0 − hx0 i. It has to be emphasized that
the use of the Twiss parameters in the sense of the second identity in Equation (2.15) is
only meaningful in the linear approximation. In view of the origin of the Twiss parameters
presented above, this is not surprising at all.
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Transformation of the Beam Matrix Inserting the transformation given in Equation (2.8)
for the single particle into the definition of the beam matrix σ of Equation (2.13), one can
easily derive the transformation of the beam matrix:
σ(sout ) = M σ(sin )M T .

(2.17)

The potential of the linear picture is concentrated in this equation: The computation of
the beam evolution along a beam line boils down to sequential multiplications of (n × n)
matrices.
Bunched Beams and Longitudinal Slicing
Differently from a continuous beam, a bunched beam has a limited longitudinal extension
∆zb within which the bunch charge Qb is confined. The current profile is determined by
the charge distribution along the bunch, i.e. the longitudinal particle density. Figure 2.3
sketches how the current profile is usually determined: The bunch is longitudinally cut in
a chosen number Ns of slices whose charge and length can be measured. Depending on
∆zb
Qb
vz = βc

Qs
r
s=
z

1

2

···

∆zs

···

Ns

Figure 2.3.: Sketch of the electron bunch (red) cut in slices s = 1, 2, · · · , Ns (light/dark blue) in the
longitudinal z-direction. The bunch of total charge Qb moving at velocity vz = βc generates
a mean current Ib ≡ Qb · βc/∆zb , while the longitudinal current profile is determined by the
slice charges Qs and lengths ∆zs in the same way.

the analysis which must be performed, Ns can vary considerably. For the purpose of this
work, i.e. of evaluating the slice emittance, the bunch peak current and the slice mismatch
parameter (see next sections), typical used values are Ns = 10, 20.(8) Two main slicing
methods are usually adopted: One possibility is to slice the bunch keeping a constant slice
charge Qs across all slices, while the second possibility is to keep a constant slice length ∆zs .
Below, quantities defined on the individual slices are averaged along the bunch, like e.g.
in Equations (2.20) and (2.31). In these cases, the slicing method which keeps a constant
slice charge is preferred in order to give the same weight to every particle in the averaged
slice quantities.
8

A second example might be the study of the microbunching instability, where the required slicing is
usually much finer in the order of Ns & 1000.
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Transverse Emittance
The emittance, as it has already been pointed out in the previous section, is an indicator of
the beam quality. In the linear picture with no coupling between the different planes (see
Equation (2.9)), the emittances corresponding to the horizontal, vertical and longitudinal
planes are three independent constants of motion. In a photoinjector, the horizontal εx
and vertical emittance εy are almost identical.(9) Therefore, the term transverse emittance
and the symbol εx are very often used to indicate both values in the rest of this work. The
relevance of the longitudinal emittance εz is discussed later.
The rms (or stochastic) transverse (horizontal) emittance is defined as:
εx ≡

q

h∆x2 ih∆x02 i − h∆x ∆x0 i2 ,

(2.18)

with ∆x ≡ x − hxi and ∆x0 ≡ x0 − hx0 i, as it was already defined for Equation (2.16). The
rms transverse vertical emittance εy is defined analogously. The main problem associated
with this definition is that the particles in the outer region of the trace space (what is often
denoted as the beam halo) contribute more to the emittance value than those in the inner
region (the beam core) [8, pp. 52–53]. A relatively large rms emittance value might mask a
beam with very small emittance in the core region and a spread halo composed of only a
small fraction of the beam particles. Considering the rms emittances for reduced fractions
of particles (e.g. 90 %, 80 % and 70 %), removing the outermost particles in the trace space,
is a common practice to have a better understanding of the beam quality.
When the beam is accelerated the emittance value computed from Equation (2.18)
changes, since the angle x0 ≈ px /p0 gets smaller due to the higher reference momentum
p0 .(10) For this reason, the normalized rms transverse emittance is introduced:
εx,n ≡ βγεx =

1 q
h∆x2 ih∆p2x i − h∆x ∆px i2 ,
mc

(2.19)

where β and γ are the relativistic factors. This is probably the most useful quantity for
particle accelerators because it is a constant of motion in the ideal case of linear forces and
no coupling between the different planes.
Projected Vs. Slice Emittance Taking the average over all particles in the bunch in
Equation (2.19) provides what is usually denoted as projected emittance. Based on the
longitudinal slicing of the bunch depicted in Figure 2.3, the so-called slice emittance εx,n,s
is computed by taking the average only over the particles belonging to the given slice s.
Moreover, a mean slice emittance is often computed by averaging over the slice emittance
values along the bunch:
ε̄x,n ≡ mean εx,n,s .
s

(2.20)

This does not indicate a rotational symmetry of the beam line. As an example, quadrupoles typically
have no effect on εx and εy but they affect the betatron functions such that e.g. βx 6= βy , which reflects
the broken symmetry.
10
The approximation sign is due to the normalization of px to p0 , while the definition of trajectory slope is
x0 ≡ px /pz . This is justified as long as the paraxial approximation px,y  pz holds.
9
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The averaging can be taken over the whole length of the bunch (s ∈ {1, 2, · · · , Ns }) or
might be restricted to the central part of the bunch (e.g. s ∈ {3, 4, · · · , Ns − 2}) in order
to neglect the halos at the head and tail. The most meaningful slicing procedure is to
subdivide the bunch in slices with constant charge. This ensures that every particle in the
bunch is summed with the same weight in the averaging procedure leading to the mean
slice emittance.
It is worth mentioning here that the term core emittance is sometimes used to indicate
the slice emittance εx,n,s0 of the central slice s0 .
Other Definitions The definitions above are those consistently used throughout this work,
but are just some of several different definitions non-uniformly used in the literature. Therefore, it is important to clarify some points which often lead to confusion, also regarding
units. In standard text books like e.g. in References [5, pp. 158–159; 8, pp. 51–55], the
transverse emittance εx,g is defined as the area Ax occupied by the beam in the trace space
(divided by π):
εx,g ≡

Ax
,
π

(2.21)

The subscript “g” was introduced here to denote the term geometric emittance, which is
used throughout this work to distinguish between this last definition of emittance and the
rms emittance defined in Equation (2.18).(11)
The emittance definition as in Equation (2.21) is a very useful picture in the linear
approximation, where a beam in the 2D trace space can be represented by an ellipse with
constant area. Traveling along the beam line, the ellipse is stretched and tilted according to
the transfer matrices corresponding to the encountered beam line elements but it is always
characterized by the same value of εx,g . For this special case with linear transverse forces
the following relation between geometric and rms emittance holds [8, pp. 53,320–322]:
εx,g = 4 · εx .

(2.22)

Appendix B presents a detailed derivation of this identity giving a deeper insight to better
understand the definition of the sigma matrix in Equation (2.13) and its relation to the
Twiss parameters given in Equation (2.15).
Non-Linearities and Emittance Growth The definition of emittance as an area in the
trace space can be misleading, in particular in the presence of non-linear focusing terms
in the equations of motion. This non-linear terms usually deteriorate the beam quality
by distorting the particle distribution in the trace space as sketched in Figure 2.4, where
the beam degrades by passing through a periodic channel of lenses presenting spherical
aberrations.
The area Ax represented by the contours which enclose all particles in the beam remains
constant, since the system is still Hamiltonian and Liouville’s theorem holds. Using the
11

In other literature, one has to pay attention that geometric emittance might be used to indicate the rms
emittance εx as opposed to the normalized rms emittance εx,n .
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Figure 2.4.: Trace space degradation of a beam passing through a periodic channel of lenses with spherical
aberrations. The number of traversed lenses is given by Nl . Adapted from Reference [8,
p. 421].

definition of Equation (2.21) for the geometric emittance would result in a constant emittance among the different cases shown in Figure 2.4. However, it is clear that the beam is
deteriorating with the number of passes trough the optical element. The description with
an ellipse of a beam with such a distorted distribution is not meaningful anymore. Computing the rms emittance as defined in Equation (2.18) would show an increasing value.
For this reason the rms emittance is considered to be a better measure for the beam quality
than the geometric emittance [8, p. 52].
Figure 2.4 is a typical example of the phenomenon which is generally denoted as emittance
growth. There are many sources for it. The most important for this work are non-linearities
in the applied forces (e.g. from RF and space-charge) and chromatic aberrations (e.g. from
solenoids). For a complete discussion about this topic see Reference [8, ch. 6].
Peak Current
As it has been done for the transverse plane, an rms longitudinal emittance can also be
defined:
εz ≡

q

h∆z 2 ih∆δ 2 i − h∆z ∆δi2 ,

(2.23)
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with ∆z ≡ z − hzi and ∆δ ≡ δ − hδi, as well as a normalized rms longitudinal emittance:
1 q
h∆z 2 ih∆p2z i − h∆z ∆pz i2 .
mc

εz,n ≡ βγεz =

(2.24)

In the linear picture and with no coupling between transverse and longitudinal plane, this
last quantity is a constant of motion. The bunch current is not a constant of motion but it
is nevertheless a more essential quantity for the purposes of this work than the longitudinal
emittance. In fact, as it will be emphasized later in Section 2.3.3, the bunch (peak) current
is directly related to the generated FEL power.
It is clear that a moving bunch of charged particles generates a certain current across
the transverse plane. The current I in a linac can be defined as the time derivative of the
charge Q traveling across a given transverse plane: I(t) ≡ dQ/ dt. A general definition of
mean bunch current Ib is then:
1
Ib ≡
∆tb

Z
∆tb

|

I(t) dt ,
{z

≡Qb

(2.25)

}

where the time interval ∆tb is that in which the total bunch charge Qb is expected to pass
by the observation point. This quantity is not very relevant for the FEL process since a
long halo composed of a few particles can mask a compact core with high peak current.
Just for completeness, the mean machine current Im is defined as:
Im ≡ Qb · νrep ,

(2.26)

where νrep is the repetition rate of the machine, i.e. the frequency at which the bunches
are emitted from the cathode.
The slice current Is can be defined analogously to the mean bunch current by changing
the integration interval in Equation 2.25 to be the slice length ∆zs The peak current Ipeak
of the bunch is then simply the maximum value of the longitudinal current profile:
Ipeak ≡ max Is .
s

(2.27)

Brightness
In the two previous sections some figures of merit for both the transverse and the longitudinal plane have been defined. The normalized rms emittance defined in Equation (2.19) and
the mean bunch current defined in Equation (2.25) can be combined to form the normalized
brightness:
Bn ≡

Ipeak
.
εx,n εy,n

(2.28)

Equation (2.28) represents one of the many definitions of brightness found in literature.
As discussed in Reference [8, pp. 55–57], it is therefore important to always specify which
definition is used when providing a value of the brightness. In particular, the definition
might contain the factor 2/π 2 ≈ 0.2 or the geometric emittance εx,g might be used instead
18
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of the rms emittance εx , providing an additional factor (1/4)2 ≈ 0.06 in the case of a
uniform phase space distribution (see Equation (2.22)).
For the specific purpose of evaluating the beam quality with respect to the FEL process,
a definition of brightness B̄n based on the slice values defined in Equations (2.20) and (2.27)
is more indicative because the FEL amplification process independently takes place within
the individual slices:
B̄n ≡

Ipeak
.
ε̄x,n ε̄y,n

(2.29)

In Section 2.3.3 it is clarified how a higher brightness directly relates to higher FEL saturation power and shorter FEL saturation length.
Mismatch Parameter
The definition of the mismatch parameter is based on the concept of an elliptical beam in
the trace space which has been outlined above. Its control is very important to facilitate
the transport and compression of the beam in the main linac after the injector. More
specifically, the mismatch parameter ζ gives an indication of how a particular trace space
ellipse described by the Twiss parameters (α, β, γ) is mismatched with respect to a reference
ellipse defined by (α0 , β0 , γ0 ):
1
ζ ≡ (β0 γ − 2α0 α + γ0 β) ≥ 1 .
2

(2.30)

The reference ellipse is usually the one representing the design optics of the beam line. The
term mismatched is used to indicate that the shape of the two ellipses differs, regardless
of
p their area (emittance). More precisely, the beta mismatch parameter M = 1/2(2ζ +
(2ζ)2 − 4) was originally defined to be the length of the major semi-axis of the ellipse
(α, β, γ) in the space (u, v) = S(x, x0 ) where S(α0 , β0 , γ0 ) is defined so that it maps the
reference ellipse (α0 , β0 , γ0 ) to the unit circle [9]. Since ζ is positively defined itself, the
square root term in M can be neglected and ζ can be interpreted as a measure of how much
the two ellipse are rotated with respect to each other in the trace space. The minimum
value is ζ = 1, for a perfectly matched beam. It can grow to infinity for a completely
mismatched beam.
Similarly to the slice emittance, also a slice mismatch ζs can be defined by inserting
the slice Twiss parameters (αs , βs , γs ) instead of those for the whole bunch (α, β, γ) in
Equation (2.30). For the reference Twiss parameters (α0 , β0 , γ0 ) there are two meaningful
choices: either those representing the whole projected bunch (α, β, γ) or those representing
the central slice (αs0 , βs0 , γs0 ). The mean slice mismatch will also be used in this work:
ζ̄ ≡ mean ζs .
s

(2.31)

As in the case of the mean slice emittance, the averaging can be taken over all of the slices
or be restricted to the central part of the bunch.
In the specific case of SwissFEL, the dependence of the single shot energy of the FEL
radiation as a function of the betatron functions has been studied in Reference [10], from
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which it is possible to derive a constraint for the mismatch value before the first bunch
compressor. According to this study ζ < 1.3 is still acceptable in terms of FEL shot energy,
while an excellent mismatch value is considered to be ζ < 1.05. As a rule of thumb for this
work, a mismatch parameter ζ̄ < 1.2 is set as goal.

2.2.2. Space-Charge Forces
The beam dynamics picture developed in Section 2.2.1 is very useful to model the interaction of a charged particle beam with electromagnetic fields generated by external elements
like magnets and RF structures. However, depending on the beam energy and particle
density in the beam, forces arising from the self-interaction between the individual particles must be considered. These are commonly denoted as space-charge (SC) forces and can
act on the transverse (x- and y-planes) as well as on the longitudinal (z-plane) dynamics.
Starting from Gauss’s law [11, pp. 25–27] and Ampère’s law [11, pp. 174–176], which are
still valid for ultrarelativistic particles, it is easily demonstrated that space-charge effects
are non-relativistic in nature. As it is shown in Figure 2.5, the force lines (in the laboratory
frame) tend to condensate perpendicularly to the direction of motion for increasing energy
(γ > 1) and are purely perpendicular in the ultrarelativstic case (γ → ∞). Following
γ=1

γ>1

γ→∞

r

r

r

s

s

s

Figure 2.5.: Electric field distribution generated by a single charged particle at rest (left), at relativistic
velocity (center) and at speed of light (right). Force lines are depicted in red (solid). Right:
The profiles of the cylindrical volume for the application of Gauss’s law (dashed red) and of
the circular path (dashed white) for the application of Ampère’s law are also sketched.

Reference [12, pp. 4–7], a single particle with charge q moving at speed of light v → c,
i.e. γ → ∞ and an infinitesimally long (∆s → 0) pillbox of radius r is considered (see
Figure 2.5, right). It is possible to check with Gauss’s law(12) that the transverse electric
field Er is:
Er (r, θ, s) =
12

q δ(s − ct)
,
2πε0
r

Perform the surface integral
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−∆s/2

(2.32)
Er r dθ ds = q/ε0
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in polar coordinates (r, θ, s). Similarly, Ampère’s law(13) gives:
Bθ (r, θ, s) =

µ0 cq δ(s − ct)
.
2π
r

(2.33)

The resulting transverse Lorentz force on a test particle of charge q 0 then vanishes:
Fr = q 0 (Er − vBθ ) =

q 0 qδ(s − ct)
2πr



1
− µ0 c2 = 0 .
ε0


(2.34)

In the last step the identity c2 = 1/ε0 µ0 was used. Due to the Lorentz contraction,
longitudinal forces are not present either. Therefore, every particle of an ideal beam moving
at speed of light in s-direction does not see the field carried by the other particles.
In the next two sections, the relativistic suppression of self-field forces scaling as F ∝ γ −2
in both, transverse and longitudinal, directions is stated starting from very simple beam
models. For more detailed derivations or more advanced beam models see References [12,
pp.13–27; 8, pp. 289–301; 5, pp. 642–662].
Transverse Effects
A beam of radius a composed of a continuous stream of particles with charge q traveling
at speed v in the s-direction is considered. A rotationally symmetric particle distribution
with density n(r) > 0 for r ≤ a and n(r) = 0 for r ≥ a is assumed (see Figure 2.6).
Analogously to the derivation which led to Equations (2.32) and (2.33), the radial electric
r
λ(z)

b

λ = const.

a
r

∆z → 0

v
s

∆z → 0

Figure 2.6.: Sketch in the longitudinal plane of the simple continuous beam (blue) model with radius
a inside the beam pipe (gray) with radius b. This model is used to study the principles
of space-charge effects. The profile of the integration volume (red) for Gauss’law, which
provides the transverse self fields, as well as the integration surface (green) for Faraday’s
law, which provides the longitudinal self fields, are indicated.

13

R 2π

Perform the line integral 0 Bθ dθ = cqδ(s − ct). Remember that the units of a delta function is that of
the inverse of its argument. It can be checked that the correct units for electric and magnetic field and
for current are recovered.
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Er and azimuthal magnetic Bθ self fields are given by:


 q r n(r 0 )r 0 dr 0 =
v
Er = 2 Bθ = ε0qr R0a
0 0
0

c
ε r 0 n(r )r dr =
R

0

qλ
·
2πε0 a2
qλ
1
2πε0 · r

r

,r≤a

,r≥a

(2.35)

.

In the last step, the special case of a uniform distribution n = λ/πa2 with linear density
λ = Ib /qv was taken. Plugging in these fields in the definition of transverse Lorentz force
(2.34) and using the relativistic equations of motion [11, pp. 539–543] for the particles in
the beam (r ≤ a) results in:
Fr =

d(mγ ṙ)
qEr
= 2
dt
γ

γ=const.

=⇒

d2 r
qEr
= r00 (s) = 3 2 2 .
ds2
γ β mc

Note that the given equation of motion for r(s) was obtained by substituting ṙ =
0
βc dr
ds = βcr and assuming that the beam is not changing energy, i.e. dγ/ dt = 0.

(2.36)
dr
dt

=

Longitudinal Effects
For a continuous beam with uniform linear distribution λ =
n(r0 )r0 dr0 dθ, like in the
previous derivation, it is clear that longitudinal self fields vanish due to symmetry. These
fields appear when a longitudinal dependence of the linear charge density is introduced,
i.e. λ = λ(z). Applying Faraday’s law [11, pp. 204–207] to the integration area (and
corresponding integration path) depicted in Figure 2.6 leads to a longitudinal self field
Ez (r, z) given by:
RR



1 q ∂ λ(z) 1 + 2 ln ab −
Ez (r, z) = Eb,z − 2
γ 4πε0 ∂z 2 ln rb

r2
a2

r≤a
,
r≥a

(2.37)

where Eb,z is the longitudinal field at the wall of the beam pipe with radius b. For the ideal
case of a perfectly conducting beam pipe, one can set Eb,z = 0. Similarly to Equation (2.36),
an equation of motion for the longitudinal direction with a damping of the self fields scaling
as γ −3 is obtained:
Fz =

d(mγ ż)
1
= qEz ∝ 2
dt
γ

γ≈const.

=⇒

d2 z
qEz
1
= z 00 (s) =
∝ 3.
2
2
2
ds
γβ mc
γ

(2.38)

In the last step, it was assumed that the energy change γ is negligible.
This analysis breaks down when b  γlb is not satisfied anymore [12, pp. 21–23]. The
condition b  γlb requires the longitudinal spread of the field at the wall to be small
compared with the distance over which the longitudinal particle distribution changes appreciably. Letting b → ∞ in Equation (2.37) leads to a logarithmic divergence which is
physically not correct. In Reference [12, p. 23] it is shown that Ez (r, z) ∝ γ −2 holds also
in free space, without assuming the presence of a beam pipe.
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2.2.3. Electron Bunch Generation
The most frequently used technology for the generation of electron bunches in FEL injectors
is based on the photoemission process (or photoelectric effect).(14) As the name suggests,
the electrons are emitted from a bulk material, the cathode, with the aid of a laser pulse
with photons of energy φlaser = ~ω. These are absorbed by the electrons, which are then
able to overcome the potential barrier between bulk material and vacuum. Once in vacuum,
the electrons are suddenly accelerated by the RF electric field of the accelerating cavity in
which the cathode is placed. The process can be described by the three step model that was
first introduced by Spicer [13]: Electrons (1) are optically excited by the laser photons, (2)
migrate to the surface, eventually scatter with other electrons or phonons, and (3) escape
across the surface potential barrier if their energy is large enough. This model is valid for
metallic, semiconductor and insulating materials.
In Figure 2.7 the photoemission process from metals is depicted according to the three
step model picture. In the absence of an externally applied electric field, the energy needed
by an electron in the bulk to overcome the potential barrier and to be emitted is denoted
as work function φw (usually given in eV). It is a specific characteristic of every material.
In a photoinjector, the potential barrier is lowered by the RF electric field Ec of the gun at
the cathode surface via the Schottky effect [14]. The corresponding potential is indicated
with φSch and contributes to the resulting effective potential barrier:
s

φeff ≡ φw − φSch = φw − e

eβE Ec
.
4πε0

(2.39)

The field enhancement factor βE is introduced e.g. in Reference [15] in order to include
possible local modifications of the electric field induced by the surface characteristics, like
surface roughness. This field enhancement factor is involved in a photoemission process and
one should be careful in comparing it with the one used in the case of a pure field emission
process typically characterized by the Fowler-Nordheim equation (see e.g. References [16;
17]).
In the case of an FEL photoinjector, the electron bunch is emitted in a time interval in the
order of ∆t0 ≈ 10 ps, corresponding to an RF phase interval in the order of ∆ϕRF ≈ 10◦ .
The RF electric field at the cathode surface in the middle of the laser pulse is denoted
as extraction gradient Ec,0 , but it is important to remember that the effective potential
φeff (t) = φw − φSch (t) is time-dependent, since the electric field at the cathode Ec (t) ∝
cos(ωRF t) oscillates at the RF frequency ωRF . Furthermore, the extracted amount of charge
is in the order of Qb ≈ 100 pC, making space-charge effects important: Both the already
extracted electrons and the corresponding image charge contribute to an increase of the
potential barrier, which limits the achievable brightness [18]. This phenomenon can be well
observed by measuring the extracted charge as a function of the laser pulse energy. After
a linear regime indicating a constant QE, the extracted charge saturates to a maximum
value [19].
14

Also thermionic emission has been demonstrated to work (see Section 2.4.2), but the focus is here on the
technology used in SwissFEL.

23

2. Electron Sources for Free Electron Lasers
E
Metal

Vacuum
Image charge pot.

Emax

Field pot.

φexc

Evac
(2)

φlaser

(3)

φw

φSch
Epot
φeff

EF
(1)

fFD
f (E)

λopt
Occupied states

Resulting potential

s

Figure 2.7.: Sketch of the Spicer three-step model of photoemission in a metal: Electrons (1) are optically
excited, (2) migrate to the surface, eventually scatter with other electrons or phonons, and
(3) escape across the surface potential barrier if their energy is high enough. Right-hand side:
Applied field potential (dashed), image charge potential (dotted) and resulting potential
(solid) are shown (blue) as a function of the distance from the surface s. Left-hand side:
The density of states fFD (E) following a Fermi-Dirac distribution is depicted (red). All
involved energy levels and potentials are indicated.

Thermal Emittance vs. Quantum Efficiency (QE)
In Reference [20], the relation between thermal emittance (15) , and quantum efficiency (QE)
for metal photocathodes is investigated. The excess energy:
φexc ≡ φlaser − φeff ,

(2.40)

is the energy transferred to the electrons (at the Fermi energy EF ) during photoemission.
It can be tuned by selecting the laser wavelength λlaser = 2πc/ω [21]. A larger laser photon
energy allows one to bring more electrons above the vacuum energy Evac , increasing the QE.
At the same time, this increases the excess energy resulting in a larger thermal emittance.
The choice of the laser wavelength is therefore often a compromise dictated by the wish of
a low thermal emittance together with a high QE.
Thermal Emittance The total transverse emittance (defined in Equation (2.18)) at the
exit of the gun can be interpreted as the sum of several uncorrelated contributions [22; 23]:
15

The term intrinsic emittance is also used to indicate this quantity. Even if this is probably a better
denomination since the considered photoemission process is independent of thermal effects, the term
thermal emittance is used in the rest of the work to be consistent with the main literature.
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εx =

q

ε2x,th + ε2x,other ,

ε2x,other = ε2x,SC + ε2x,RF + ε2x,opt .

(2.41)

In addition to the thermal component εx,th , there are other components εx,other among
which the contribution due to non-linear space-charge forces εx,SC , the contribution due to
the curvature of the RF fields εx,RF and the contribution arising from the aberrations in the
focusing solenoid optics εx,opt . The thermal emittance is the consequence of a non-vanishing
initial transverse momentum of the emitted electrons due to the excess energy φexc . This
value depends on the material work function and the applied RF gradient, but is definitely
less than φexc < 1 eV for common operating conditions in FEL photoinjectors. Comparing
this value with the initial RF and space-charge fields, whose electric fields are in the order
of Eother ≈ 10–100 MV/m, suggests that the particle trajectories are completely dominated
by these fields. Since the particle trajectories mainly determine the contribution εx,other ,
it is safe to assume no correlation between εx,other and the thermal component εx,th . On
the contrary, one must be very careful when assuming no correlation between the several
components contributing to εx,other .
Assuming an isotropic emission into a half sphere, one finds the relation for the normalized
thermal emittance [20]:
εx,th
=
σx,0

s

φexc
,
3me c2

(2.42)

where σx,0 is the rms laser spot size, i.e. the initial rms transverse size of the electron bunch
at s = 0 m. The value of εx,th /σx,0 is usually given in units of µm/mm.
An important detail is that the average kinetic energy of the electrons extracted from
the metallic cathode is given by Ekin = φexc /2, due to the statistical averaging of the electrons’ density of final states. For metals at room temperature T ≈ 300 K, the Heaviside
step function Θ centered at the Fermi energy EF is a very good approximation for the
Fermi-Dirac distribution governing the electron’s density of states f (E) ∝ Θ(EF − E) [24].
Assuming that the laser photon energy φlaser simply offsets the distribution to an energy
above the potential barrier Epot = EF + φeff , the final density of states that escape the barrier is constant in the range [Emax , Epot ], corresponding to a kinetic energy Ekin ∈ [0, φexc ].
Therefore, Equation (2.42) perfectly agrees with the independently derived Equation (10)
in Reference [25], which is used for beam dynamics simulations e.g. by ASTRA [26]. Very
importantly, Reference [25] shows that the formula is also valid for semiconductors.
Assuming that cathode material, laser wavelength, applied RF gradient and extracted
charge are given, the excess energy φexc is fixed. From Equation (2.42) it is then possible
to conclude that a smaller thermal emittance contribution can simply be obtained with a
smaller laser spot size. This is true but does not necessarily coincide with a smaller transverse emittance at the exit of the gun, since the space-charge contribution εx,SC increases
as σx,0 decreases. The same is valid for the bunch length σz ∝ 1/Ipeak at the exit of the
gun which is increased by the larger space-charge forces. The conclusion is that the best
compromise for the laser spot must be chosen, since space-charge forces tend to make the
brightness smaller.
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Quantum Efficiency By definition, the quantum efficiency is the ratio between the number
of extracted electrons and incident photons. For a metal photocathode it can be expressed
in terms of the excess energy as:
QE ≈

1 − R(ω)

1+

λopt (ω)
λe- −e- (ω)

φ2exc
,
8φeff (EF + φeff )

(2.43)

where R(ω) is the reflective index of the surface, λe- −e- the electron-electron mean free path
and λopt (ω) the photon absorption length.
A key aspect of the parameters’ choice for an FEL machine emerges here for the first
time in relation to the laser wavelength. To have an efficient FEL process, a large charge (in
short time) and a low transverse emittance are desired (see Section 2.3.3). Unfortunately,
these two requirements compete against each other. This is evident from Equations (2.42)
and (2.43), where the first identity suggests to increase the laser wavelength (i.e. to decrease
the excess energy) to get a lower thermal emittance, while the second one does exactly the
contrary to get a higher QE. It is also true that a lower QE can be compensated by a larger
laser pulse energy, but only to a certain extent determined by the maximum laser pulse
energy. In order to extract the required bunch charge, a lower bound for the QE (i.e. an
upper bound for the laser wavelength) is set either by the maximal available laser pulse
energy or by the ablation limit of the cathode material.
Cathode Material
Many different types of material can be used inside a photocathode RF gun as cathode material, but only few of them are suitable for a routine operation requiring high performance
(thermal emittance and QE) and high reliability (good tolerance of RF and ultra-high vacuum environment, long lifetime). This section is intended to mention the most important
points for SwissFEL regarding photocathodes and does not pretend to give a complete
insight in the wide field of photocathode research. Basically, two options are under consideration for SwissFEL: a standard bulk polycrystalline copper cathode (metal) and the same
bulk copper cathode covered by few hundreds of Ångstroms of cesium-telluride (semiconductor). In the past, a setup based on field emitter arrays (FEA) and an initial electrostatic
acceleration has also been considered [27].
For semiconductor materials, Equation (2.42) is still valid by defining the work function
as φw ≡ φg + φa , where the energy gap φg is the difference between the conduction band
minimum energy ECBM and the valence band maximum energy EVBM , while the electron
affinity φa is the energy distance between the vacuum energy level Evac and ECBM . The
excess energy is then defined similarly to metals as φexc ≡ φlaser − φw − φ̃Sch , where a
Schottky-like effect (φ̃Sch ) observed with semiconductors [28; 29] must also be taken into
account.
The average kinetic energy of the emitted electrons depends on the assumption about
the density distribution of the final states. In Reference [25] a Dirac-delta distribution is
assumed, centered at the energy where the density of states of the first conduction band is
maximal. In the picture of Figure 2.8 this would lie above ECBM , somewhere in the region
denoted with magic window. The kinetic energy is then simply Ekin = φexc . Compared to
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the one for metals, a factor 1/2 is missing because there a Heaviside step function centered
at Emax was assumed.
E
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+
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Figure 2.8.: Comparison of the band diagram for metals (left) and semiconductors (right). In metals,
excited electrons can scatter off a second bulk electron forming a pair with energy below
Evac , which is therefore not emitted. In semiconductors, the formation of pairs is only
allowed when the initially excited electron has energy above ECBM + φg . For this reason a
“magic window” exists, where all electrons reaching this energy range are emitted.

The Magic Window for Semiconductors The much higher QE provided by certain semiconductors with respect to that of metals is due to what is sometimes denoted as magic
window, depicted in Figure 2.8 as the energy range [Evac , ECBM +φg ]. The electrons excited
into this energy level are not allowed to form an electron pair via scattering because the
energy of the pair would most likely fall into the prohibited energy range [EVBM , ECBM ].
Therefore, electron-electron scattering, which is lowering the QE of metals, is not a dominant process in semiconductors since almost all of the electrons excited into the magic
window are emitted [30]. The formation of pairs is again possible starting from an electron
excited to an energy larger than EVBM + 2φg , since it can then form a pair with an energy
above the band gap.
Copper Normal conducting RF guns are usually made of copper due to its high electric
conductivity, its relatively easy machining and assembling capabilities, and its relatively
moderate cost. Copper (Cu) is therefore the most natural choice for the cathode material,
as demonstrated by its use in several facilities [31; 32; 33]. The values found in the literature
for the work function of copper in its polycrystalline form, as it is used in electron guns,
range at least from φw = 4.13 eV [15] up to φw = 4.8 eV [34]. This wide range is the
consequence of a high sensitivity of cathodes on the surrounding environment determined
for example by the vacuum level and the presence of contaminant elements (e.g. carbon).
Nevertheless, in Reference [35] a mean work function for polycrystalline copper is computed
from values coming from different sources and perfectly agrees with the “literature value”
reported in Reference [36] of φw = 4.65 eV. Therefore, this value can be considered as an
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indicative reference value in the field of photoinjectors, keeping in mind that there might
be important variations from case to case.
The laser wavelength used with copper photocathodes is typically around λlaser ≈ 260 nm
(UV), providing a quantum efficiency QE ≈ 10−5 . This is already a critical value because of
the limited pulse energy for a UV laser with stringent requirements on the spatial profile and
on the stability, as those for an FEL photoinjector. The many studies regarding monitoring,
surface characterization [37; 19; 38] and cleaning techniques [35; 39; 40] are a demonstration
of this criticality. Higher QE values might be achieved using single-crystal copper surfaces.
For example, the work function of copper (110) φw = 4.5 eV is lower than the work function
of polycrystalline copper φw = 4.65 eV [36]. Moreover, a copper cathode covered by a
nanomesh of boron nitride [41] has been fabricated for PSI but could unfortunately never
be tested in an RF gun. This layer reduces the copper work function and, at the same
time, potentially stabilizes the surface characteristics, in particular avoiding oxidation and
contamination of other small molecules.
Cesium-Telluride The semiconductor material cesium-telluride (Cs2 Te) has been tested
and routinely used since many years, showing initial QE values QE > 20 % and a lifetime
of few days at QE > 1 % under conditions of ultra-high vacuum and high-gradient RF
operation [42; 43; 44; 45]. It is usually employed with the same UV laser wavelength as
for copper because its work function is reported to be between φw = 3.5 eV and φw =
4.1 eV [29].(16) Assuming the reference work function (which actually represent the worst
case scenario for the emittance) φw = 3.3 eV + 0.2 eV = 3.5 eV [25], no field at the cathode
and the laser wavelength λlaser = 260 nm, from Equation (2.42) a higher normalized thermal
emittance εx,th (Cs2 Te)/σx,0 = 0.91 µm/mm by about a factor 3 is expected for cesiumtelluride in comparison to that of copper εx,th (Cu)/σx,0 = 0.28 µm/mm.(17) Experimental
results show that the QE of cesium-telluride is more than three orders of magnitude (a
factor 1000) higher than that of copper.
Another interesting property of cesium-telluride is the retarded emission of the electrons
due to the dominance of the electron-phonon scattering over the electron-electron scattering, which increases the emission path length. According to the three step model, for
metals there is almost no time delay (∆t < 10−14 s) between the incoming photons and
the extracted electrons. For semiconductors like cesium-telluride there is a non-negligible
time delay in the order of ∆t = 0.1–1 ps [30]. Specific Monte Carlo simulations for cesiumtelluride predict a time response of ∆t = 0.4 ps [46].
Measurements at the SwissFEL Injector Test Facility Recent studies [33; 47] at the
SwissFEL Injector Test Facility (SITF) reported a copper work function very close to the
reference value φw = 4.65 eV. The UV laser pulse with wavelength λlaser = 260 nm corresponding to a photon energy φlaser = 4.77 eV, as it will be in the SwissFEL User Facility,
is injected in the cavity when the electric field at the cathode is Ec,0 = |Eacc,c sin(ϕRF )| =
The above discussion regarding the high sensitivity on the surrounding environment is valid also here.
Moreover, the deposition procedure has a big influence on the final properties inside the RF gun.
17
The purpose of this value is just the comparison between the limited (theoretical) emittance increase and
the much more important gain in QE. In the next paragraph, recent studies will be mentioned which
show the negligible difference between the measured thermal emittance of copper and cesium-telluride.
16
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49.9 MV/m, resulting from the nominal maximum electric field at the cathode Eacc,c =
86 MV/m and the injection phase ϕRF = 215.33◦ .(18) Inserting the values in Equation (2.39)
gives an effective work function φeff = 4.65 eV − 0.33 eV = 4.32 eV. The excess energy of the
electrons leaving the cathode is then φexc = 4.77 eV − 4.32 eV = 0.45 eV, which corresponds
to a normalized thermal emittance εx,th (Cu)/σx,0 = 0.54 µm/mm, well within the range of
the measured values [33]. It is worth mentioning that an experimental value very near to
the one predicted by theory [20] has been measured for the first time. This value is about
a factor 2 smaller than εx,th (Cu)/σx,0 = 0.91 µm/mm [48] which was previously considered
to be the reference value from the FEL community.
For cesium-telluride, the measured value of thermal emittance is insignificantly larger
(few %) than that of copper [29]. This is up to a factor 2 lower than the theoretical
expectations without taking into account the Schottky-like effect and a possible reduction
of the initial kinetic energy due to the repeated electron-phonon scattering in the second
step of the photoemission process. Possible explanations for this smaller value might be
the effectiveness of the electron-phonon scattering in reducing the initial kinetic energy
and the presence of contaminants on the cathode surface which might increase the work
function [38].
For the first time, a comparison between copper and cesium-telluride (i.e. between metal
and semiconductor) photocathodes under identical conditions (same laser, gun and following beam line) has been performed. The conclusion was that the degradation of the thermal
emittance of cesium-telluride in comparison to that of copper is essentially negligible [29],
compared to a gain in QE of orders of magnitude (as it was already known).
A certain non-uniformity (along the cathode surface) and instability (in time) of the QE
for both cesium-telluride and copper were also reported [38]. They are attributed to the
surface atomic composition and the surface morphology, both of which are influenced by
the preparation procedure and the activity in the gun (vacuum, laser and RF). Several
studies have been performed to recognize the points with the strongest influence on the
cathode performance. Regarding copper, there is a correlation between regions with low
QE and the abundance of carbon (C) [19]. The presence of these contaminants cannot be
avoided since they are mainly coming from residual gases in the gun, but a standardized invacuum preparation procedure based on annealing can at least efficiently remove water and
hydrocarbons from the cathode surface, potentially improving the QE performance [49].
As for cesium-telluride, a non-uniform emission along the cathode surface characterized
by hotspots was observed and attributed to the tendency of cesium to grow by islands on
specific nucleation sites instead of spreading over the whole surface, as it is the case for
telluride [38].
As a last remark, it is worth mentioning that the delayed emission of cesium-telluride is
very attractive for SwissFEL since it might smooth out an imperfect flat-top longitudinal
intensity profile of the laser. In fact, the presence of few intensity peaks is usual for a flattop profile obtained by the stacking (with some temporal delay) of several short Gaussian
pulses [50], while the issue is not present when using a dazzler, as it is the case in the
18

Due to the particular design of the CTF2 Gun 5 the maximum field at the cathode does not correspond
to the maximum on-axis field, whose nominal value is Eacc,0 = 100 MV/m. Note that the SwissFEL
User Facility will use the SwissFEL Gun 1.
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majority of the other facilities.

2.2.4. Basics of Bunch Compression
In Section 2.1.2 it was anticipated that the compression of the electron bunch length (zdirection) is a key element of FEL machines. Its basic concepts are introduced here taking
advantage of the matrix formalism introduced in Section 2.2.1. A short summary about this
topic is found in Reference [51]. Three methods are available for a longitudinal compression
of the electron bunch:
Ballistic Bunching occurs for non-ultrarelativistic particles (β < 1), when an energy
chirp is imparted along the bunch so that particles in the tail of the bunch have a larger
velocity than those in the head. The compression can then take place in a drift space.
In an FEL photoinjector this should happen in the gun and in the following drift space,
before the first booster structure.
Velocity Bunching is a process analogous to ballistic bunching but taking place within
an accelerating structure, when velocity differences are still enough to result in an appreciable variation of the relative position between particles of the same bunch. This was
experimentally demonstrated to work in References [52; 53].
Magnetic Bunch Compression is the standard solution adopted by the hard X-ray FEL
user facilities reported in Figure 1.1. In this scheme, particles can already be ultrarelativistic (β ≈ 1) when they get an energy chirp so that particles in the tail of the bunch
have a larger energy than those in the head. The compression then occurs within a
magnetic chicane. Due to their larger momentum, particles at the tail are bent less and
travel a shorter distance than those at the head, which are therefore approached.
In this work, only the magnetic bunch compression is considered because start-to-end
simulations of the beam dynamics through the SwissFEL linac showed that it is not possible
to control the vertical emittance after the bunch compressors when a ballistic or a velocity
bunching is applied [54]. The key elements of magnetic bunch compression are found in
Reference [55]. As a starting point of the analysis in the longitudinal trace space (z, δ), a
beam with no correlation between longitudinal position z and energy deviation δ is assumed:

σin =

2
σz,in
0
2
0
σδ,in

!

(2.44)

,

where σz and σδ represent the bunch length and the fractional energy spread, respectively.
There are two minimal ingredients to achieve a compression of the bunch, i.e. a shorter
final bunch length σz,out < σz,in . First, a z-δ correlation, also denoted as energy chirp,
must be introduced e.g. by an energy chirping cavity with transfer matrix:
Mz,chirp =

30
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,

(2.45)

2.2. The Electron Beam
which denotes an acceleration/deceleration from an input energy E0,in to an output energy
E0,out = E0,in + ∆E1 cos ϕ1 of the reference particle.(19) The energy gain ∆E1 cos ϕ1 is
provided by the RF field in the cavity, where k1 = 2π/λ1 and λ1 are its wave number and
wavelength, respectively. The RF phase at which the reference particle enters the cavity
is denoted by ϕ1 . For ϕ1 = 0 the maximum available energy gain ∆E1 is obtained but
no chirp is inferred since R65 = 0 in this case. In a second step, the induced energy chirp
that is clearly visible in the longitudinal trace space sketch of Figure 2.9 (top center) must
be rotated to an upright ellipse (top right) to achieve the compression. This is done in
Initial
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δ

δ

δ

z

z
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Magnetic chicane
s
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Figure 2.9.: The different stages of the bunch compression process. Top: Longitudinal phase space of
initial (left), chirped (middle) and compressed (right) beam. Bottom: Corresponding sketch
of the beam path going through an RF chirping structure and a magnetic chicane.

the bunch compressor, which is nothing else than a magnetic chicane with total transfer
matrix:
Mz,BC =

1 R56
0 1

!

,

(2.46)

where R56 > 0 is usually denoted as (first order) momentum compaction factor.(20) The
beam matrix at the end of the compression is computed with Equation 2.17 after applying
The indices 65 and 66 indicate that the transfer matrix Mz,chirp is part of a 6 × 6 transfer matrix as in
Equation (2.9). The same is valid for the tensor entries T566 and T655 introduced later.
20
Often, a convention with inverted z-axis is used. A negative z < 0 then indicates particles at the head of
the bunch and z > 0 particles at the tail. The sign of the compression parameter for a magnetic chicane
R56 < 0 is then negative.
19
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Equation 2.11 to compute the total transformation matrix of the process:
2
σz,out
σ12
2
σ12 σδ,out
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!

= Mz,BC Mz,chirp

2
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(2.47)
When the longitudinal matching condition 1 + R65 R56 = 0 is satisfied at high energy, i.e.
with R66  1 due to E0,out → ∞, one usually speaks of full compression.
The linear compression factor C is defined as:
C≡

1
1 + R65 R56

R66 1

≈

σz,in
.
σz,out

(2.48)

An alternative definition could be based on the ratio between the peak current (instead of
the beam size) before and after compression.
Preserving a Linear Bunch Compression
In practice, quadratic terms in the trace space transformation of the bunch compression
must be considered, complicating the treatment of the beam dynamics. The first quadratic
component arises considering an additional term T655 in the Taylor approximation of the
energy gain provided by the RF chirping cavity. The relation between (z, δ)in and (z, δ)chirp ,
expressed by the transformation matrix of Equation (2.45) in the linear approximation, is
then updated to:

zchirp = zin ,
δchirp = R65 zin + T655 z 2 + R66 δin ,
in

∆E k2

1 1
T655 ≡ − 2E0,out
cos ϕ1

.

(2.49)

Similarly, a second quadratic component T566 is added to the linear relation between
(z, δ)chirp and (z, δ)compr expressed by the transformation matrix of Equation (2.46):

z

compr

δcompr

2
= zchirp + R56 δchirp + T566 δchirp
,
= δchirp

T566 ≈ −3R56 /2 ,

.

(2.50)

T566 ≈ −3R56 /2 is valid for a typical magnetic chicane [55]. Inserting Equation (2.49) into
Equation (2.50) and neglecting O(z 3 ) and O(δ) terms, results in:
∆E1 k1
sin ϕ1 zin
E0,out
∆E1 k12
∆E 2 k 2
2
2
−R56
cos ϕ1 zin
+ T566 2 1 1 sin2 ϕ1 zin
.
2E0,out
E0,out

zcompr = zin − R56

|

32

{z

≡Z2

}

(2.51)

2.2. The Electron Beam
Since T566 ≈ −3R56 /2, it is impossible to make the quadratic term Z2 vanish for an RF
accelerating phase ϕ1 ∈ [0, π/2] that provides the desired energy chirp R65 < 0 and a
positive energy gain ∆E1 > 0.
The quadratic chirp can be tuned with an additional term introduced by a decelerating
structure with wave number k2 = 2π/λ2 operated on-crest, i.e. with an RF phase ϕ2 = π,
which provides a negative energy gain −∆E2 < 0. After recomputation with this additional
term, Equation (2.51) becomes:
∆E1 k1
sin ϕ1 zin
E0,out
∆E1 k12
∆E2 k22 2
∆E 2 k 2
2
2
−R56
cos ϕ1 zin
+ R56
zin + T566 2 1 1 sin2 ϕ1 zin
, (2.52)
2E0,out
2E0,out
E0,out

zcompr = zin − R56

|

{z

}

≡Z̃2

with the new output energy E0,out = E0,in + ∆E1 cos ϕ1 − ∆E2 . The voltage of the
decelerating structure required for a linear compression is determined by setting [55]:
Z̃2 = 0
k2
T566 ∆E12 sin2 ϕ1
⇒ ∆E2 = 12 ∆E1 cos ϕ1 − 2
R56
E0,out
k2
"



=

E0,out 1 −

2 T566
3
k12 R56



k2
k1

2



σz,out
σz,in

−1



−1

#

(2.53)

.

From this identity, a key element of an FEL machine is inferred. The energy E0,out at
the bunch compressor, the chicane setup R56 (and related T566 ) and compression factor
C ≈ σz,in /σz,out are assumed to be fixed by a nominal design optics. It follows that a
shorter wavelength λ2 < λ1 (i.e. a higher RF frequency) of the decelerating structure is
desired in order to minimize the deceleration ∆E2 . A higher harmonic structure is more
efficient to preserve linearity of the beam dynamics during bunch compression. Intuitively,
the stronger the curvature of the function cos(k2 z + ϕ2 ) appearing in the decelerating term,
the smaller the deceleration ∆E2 required to compensate the quadratic term from the
function cos(k1 z + ϕ1 ) appearing in the main chirping term.
Before concluding, it is worth mentioning that also the RF fields in the gun contribute
to the curvature of the longitudinal phase space. It must always be checked that this can
be compensated with the available booster structures before the first compression.
Limits of Bunch Compression
A brief summary of the main limiting effects for the bunch compression process through
a magnetic chicane are given for example in Reference [51] and are briefly summarized in
the next paragraphs.
Coherent Synchrotron Radiation (CSR) The main limiting element associated to magnetic bunch compression is recognized in synchrotron radiation, the radiation emitted by
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electrons moving on a curved trajectory induced by a centripetal force. In particular, a
coherent regime can be established in magnetic chicanes, in which the radiation emitted
from the tail of the bunch overtakes the head of the bunch resulting in a significant selfinteraction between photons and electrons. This phenomenon is commonly denoted as
coherent synchrotron radiation (CSR).
Microbunching Instability A second very important issue that can arise during a magnetic bunch compression is the microbunching instability [56]. This instability originates
from an initial small density modulation along the longitudinal direction induced by an imperfect flat-top longitudinal intensity profile of the photocathode laser. The phenomenon
is therefore only related to injectors based on the photoemission process, like SwissFEL,
but does not concern e.g. the SACLA machine described in Section 2.4.2. The mentioned
density modulation leads to an initial energy modulation as a consequence of longitudinal
space charge forces (see Section 2.2.2). Within a magnetic chicane, where a path length
dependence on the energy is introduced (dispersion), CSR, longitudinal space-charge forces
and linac wakefields can dramatically amplify this density and energy modulations. A direct consequence can be an important increase in transverse emittance, which finally harms
the FEL process (see Section 2.3.2). The issue can be mitigated by introducing an additional uncorrelated energy spread through a laser heater [57], which must however remain
below a certain threshold, since a small energy spread is also a fundamental requirement
for an efficient FEL lasing process.(21)
Space-Charge Forces The bunch length reduction after compression corresponds to a
larger charge density in the real space. This generates stronger space-charge forces, as
demonstrated by Equations (2.35) and (2.37). On one hand, a too strong bunch compression
at a moderate energy can induce a regime where space-charge forces can induce emittance
growth and cannot be neglected anymore. On the other hand, a full compression at the
maximum energy is too sensitive to the time and energy jitter of the machine. For this
reason, a multi-stage bunch compression at different energies is commonly adopted [51].
The overall layout of the SwissFEL machine sketched in Figure 2.12 is a typical example
of this approach.
The Advantage of Short Bunches from the Gun
After having discussed several limitations of magnetic bunch compression, it is evident that
a shorter bunch at the exit of the gun brings several advantages. The Liouville’s theorem
introduced in Section 2.2.1 also holds in the longitudinal plane. Therefore, the normalized
rms longitudinal emittance εz,n defined in Equation (2.24) is conserved along the beam
line. Assuming upright phase space ellipses before the first bunch compressor (inj) and at
the undulator entrance (und), one can write:
εz,n ∝ σz,inj · σδ,inj p0,inj = σz,und · σδ,und p0,und = const. ,
21

(2.54)

To get an idea of the orders of magnitude, an additional uncorrelated energy spread in the order of
cp0 σδ,uncorr = 1 keV is imprinted to the electron bunch with an energy in the order of Ekin ≈ 100 MeV.
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where p0 denotes the absolute momentum of the reference particle. Aiming at a given
peak current Ipeak,und ∝ 1/σz,und and energy spread σδ,und values at the entrance of the
undulator line, is equivalent to aiming at a given longitudinal emittance εz,n,und at that
location.(22) With a shorter bunch length σz,inj,short from the gun and remembering the
conservation expressed by Equation 2.54, the uncorrelated energy spread σδ,inj,short can be
increased by a factor σz,inj,long /σz,inj,short in comparison to the case with a longer bunch
length σz,inj,long . This larger allowed uncorrelated energy spread reduces the gain curve of
the microbunching instability. Equivalently, one can state that shorter bunches allow for a
higher brightness at the undulator entrance for the same gain curve of the microbunching
instability.

2.3. The Photon Beam
It has already been emphasized at the beginning of this chapter that the ultimate goal of an
FEL machine is to provide a photon beam to the users. After having discussed in detail the
most important parameters which characterize the electron beam, their relation with the
photon pulse characteristics must still be clarified. In order to focus on the fundamentals
principles, simple equations expressing the results of idealized models, mainly of the 1D
model describing the self-amplified spontaneous emission (SASE), will be presented. An
excellent source for a first approach with the FEL design parameters is Reference [58]. It
also represents the main source of the following discussion. Reference [59] provides a more
complete insight into this topic, considering several important details.

2.3.1. FEL Amplification Process
The principle of FEL operation is based on a resonant energy exchange between the electron
bunch and the generated photon wave. In order for this resonance to take place, a key role
is played by the undulator depicted in Figure 2.1, as expressed by the FEL resonance
condition [58]:
λph = λu

1 + a2u
.
2γ02

(2.55)

This identity relates the photon wavelength λph to the undulator quantities λu and au ,
and the electron bunch average energy Ekin expressed by the relativistic gamma factor γ0 .
The undulator wavelength λu is simply the distance after
√ which the on-axis magnetic field
repeats itself, while au = K for a helical and au = K/ 2 for a planar undulator. K is the
important dimensionless undulator parameter:
K≡

λu eBu
= 0.934 × Bu [T] × λu [cm] ,
2πme c2

(2.56)

where Bu is the maximum on-axis magnetic field. The second identity provides practical
units.
22

As it will be shown in Section 2.3.3, the brightness defined in Equation (2.28) is the value which matters
for the FEL process, not the peak current alone. However, comparing two cases with the same emittance,
one considers Bn,und ∝ Ipeak,und .
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The resonance condition can also be expressed by a more intuitive, but equivalent identity [60, p. 6]:
λph
λu
=
.
vz
c − vz

(2.57)

This expresses the synchronization taking place between the electron bunch traveling at a
speed vz and the photon wave traveling at the speed of light c. The latter advances the
electron beam, whose velocity stays near to the speed of light vz ≈ c for K ≈ 1, by one
wavelength every undulator period.

2.3.2. FEL Power
In the SASE process the emitted FEL radiation scales more than linearly with the number
of electrons in the bunch:
(2.58)

Pγ ∝ N 4/3 .

The exponent 4/3 is a consequence of the coherent emission within the coherence length
Lc ≡ ~σx /me cεx,n of the electron bunch, indicating that the process is not an instantaneous
coherent emission of the electron which would otherwise provide an exponent 2.(23)
The SASE process is based on a longitudinal electron density modulation at the radiation wavelength scale known as microbunching. The microbunching is initially induced
by the spontaneous emission of the electron bunch entering the undulator. As a result,
the spontaneous radiation emitted by the electrons within the coherence length sums up
coherently in the rest of the undulator, when the resonance condition of Equation (2.55) is
valid. This results in an exponential growth along the undulator distance s, up to a certain
saturation power Psat [58]:
s

Pγ = αPn e Lg < Psat .

(2.59)

The ideal 1D model of SASE assumes an electron beam with uniform transverse spatial
distribution and zero energy spread. In this model, the proportionality constant α, the
effective input shot noise power Pn , the saturation power Psat and the power gain length
Lg are given by:
α=

1
,
9

Pn ≈

ρ2 cEkin
,
λph

Psat ≈ ρPb ,

λu
Lg,1D = √
.
4 3πρ

(2.60)

In the third identity, the beam power is given by Pb = Ekin [GeV] × I[kA] (in practical
units). More importantly, all identities contain the important Pierce parameter ρ, which
is defined as:


Ipeak
ρ≡
IA
23

!

λ u Au
σx

!2

1
2γ0

!3 1/3


,

(2.61)

The more-than-linear scaling where P ∝ N c with 1 < c ≤ 2 can be denoted as superradiance. However, it is often useful to make a distinction between weak superradiance where 1 < c < 2 and strong
superradiance where c = 2 [61].
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with the beam current Ipeak and the Alfvén current IA ≡ 4πε0 mc3 /q ≈ 17 kA, Au = au
for a helical and Au = au [J0 (ξ) − J1 (ξ)] for a planar undulator (J0,1 being the Bessel
functions of the first kind and ξ ≡ a2u /2(1 + a2u )).(24) It is important to note that the Pierce
parameter is proportional to the cubic root of the current density |J |, which was replaced
in Equation (2.61) by the peak value Jpeak = Ipeak /σx2 for a (transverse) uniform beam.
Ipeak = Ib is the bunch current in the case of an ideal flat-top longitudinal profile. The
exponential behavior predicted by the 1D model of SASE can be observed in Figure 2.10.
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Figure 2.10.: FEL radiation power Pγ as a function of the reduced length ŝ ≡ 4πs/λu on resonance.
Note the logarithmic scale on the ordinate axis. The low and high (exponential) gain
regimes were computed with the formula for the FEL gain G(ŝ) from Reference [60, p. 25]
assuming a typical input shot noise Pn = 1 kW. The behavior in the saturation regime was
approximately sketched according to the plot in Reference [62, p. 39] and the saturation
power Psat is indicated by the dashed line.

2.3.3. Motivation for High Brightness
A careful inspection of Equations (2.60) and (2.61) reveals the strong relation between
the brightness of the electron beam and the photon pulse generation. Considering first
Equation (2.59), it is clear that one wants to maximize Pn and Psat and minimize Lg at
the same time in order to have a more intense photon pulse from a shorter undulator line.
The identities in Equation (2.60) nicely demonstrate that both goals can be simultaneously
pursued by maximizing the Pierce parameter.
It is exactly in its definition of Equation (2.61) where the normalized brightness can be
recognized:
ρ∝
24

Ipeak
σx2 γ03

!1/3

∝

Ipeak
βx εx,n γ02

!1/3

∝

Ipeak
ε2x,n γ0

!1/3

∝

Bn
γ0

!1/3

.

(2.62)

The provided numerical value of the Alfvén current is specific for electrons and was obtained by setting
m = me and q = e. In general, the Alfvén current can be defined for every type of particle.
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√
In the second step, the expression for the beam size σx = βx εx from Equation (2.15) and
the definition of normalized transverse emittance from Equation (2.19) have been used. To
recover the quadratic dependence on the emittance in the third step, the discussion is more
subtle. First of all, it must be noted from the second step that βx in the undulator should
be minimized in order to increase the electron density for a more efficient FEL process.
This should be done till the small beam size starts to affect the effective energy spread
harming the FEL process. The effective energy spread during the FEL process is given
by the initial energy spread σδ plus the contribution from the transverse motion in the
undulator arising from a non-vanishing transverse emittance [62, p. 42]:
εx λu
4βx λph

2
σδ,eff
= σδ2 +

!2

(2.63)

.

This can be interpreted as a sort of Landau damping, where the FEL process is optimized
when the first and the second term on the right-hand side are equal. It follows that the
optimum beta function scales as βx ∝ εx,n . Finally, the brightness definition of Equation (2.28) is used in the last step, setting εx,n = εy,n implied by the rotational symmetry
of the 1D model.
Brilliance Is the Conserved Quantity
Evidently, the brightness Bn (s) is not a conserved quantity along the beam line, since it
can be further increased after the gun by means of bunch compression (see Section 2.2.4).
Denoting Ipeak,inj and Ipeak,und as the peak current before the first bunch compressor and
at the entrance of the undulator line, respectively, the definition (2.48) of the compression
factor is equivalent to C = Ipeak,und /Ipeak,inj e.g. for a Gaussian beam where Ipeak ∝ 1/σz .
The brightness value which matters in Equation (2.62) is the one at the undulator entrance
given by Bn,und = C · Bn,inj .
The Pierce parameter can be related to the longitudinal energy spread at the exit of the
gun:
(2.64)

ρ & σδ,und ∝ C · σδ,inj .

The first relation is required in order for the FEL process to work efficiently, while the
second one is the consequence of the longitudinal emittance conservation along the accelerator (see Equation (2.54)). In the optimal case, the equality can be assumed in Equation (2.64). Inserting the brightness dependence of Equation (2.62) with the definition of
Equation (2.29) results in:
#1/3

"

⇒

C · Ipeak,inj
∝ C · σδ,inj
ε2x,n γ0
1
2
∝ C 2 · σδ,inj
2
εx,n γ0 σz,inj σδ,inj

|

⇒ ρ∝
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p
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}

|

{z

∝ρ2

}

(2.65)
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In the second last step the definition of Equation (2.24) for the normalized longitudinal
emittance εz,n and Ipeak,inj ∝ 1/σz,inj were used. The electron brilliance:
Bn ≡

Qb
,
εx,n εy,n εz,n

(2.66)

was introduced in the last step, assuming again a rotational symmetry.(25) In addition
to the brightness, this new quantity takes also the overall energy spread along the bunch
into account and basically measures the charge density in the 6D phase space of beam
dynamics. Therefore, a direct relation was finally found between the efficiency of the FEL
photon pulse generation, measured by the Pierce parameter ρ, and a conserved quantity of
motion describing the electron beam, the electron brilliance Bn . The fact that the value of
Bn is generated before the first bunch compressor and is then conserved along the whole
accelerator, also during bunch compression, is particularly important.
Brightness Is Enough
In the rest of this work, the brightness as it is defined in Equation 2.29 will be used as
one of the figures of merit for the optimization of the photoinjector. However, in view
of the previous derivation where it has been shown that the constant of motion through
the accelerator is the electron brilliance and not the brightness, a clear motivation for the
choice of the brightness as the leading value is required.
It has already been mentioned that brilliance is also accounting for the energy spread,
while brightness is not. Therefore, the maximization of brilliance would tend to minimize
the energy spread, which is also a key element for a successful lasing process. However,
a small energy spread before the bunch compression is the main precondition for the microbunching instability to develop. As explained in Section 2.2.4, this issue is mitigated by
means of a laser heater which provides an additional uncorrelated energy spread to that
provided by the gun. Such an additional amount will depend on the bunch length (i.e.
peak current) provided by the gun: A higher peak current will require more energy spread
to control the gain of the instability. On the other hand, a too large energy spread arms
the efficiency of the FEL process.
Therefore, considering all of the presented aspects, the use of brightness as figure of merit
for the photoinjector optimization is reasonable, unless the uncorrelated energy spread
from the gun is larger than the optimal value which would be selected by the laser heater.
Furthermore, the benchmarked state-of-the-art codes used to simulate photoinjectors do
not implement the intra-beam scattering, which is a source of uncorrelated energy spread
at low energies. This is an additional point motivating the use of brightness.
Optimal Betatron Function
The dependence between Pierce parameter and brightness derived in Equation (2.62) is
based on the existence of an optimal betatron function for the optimization of the FEL
25

Note that a different terminology is used for example in Reference [59]: the terms 4D and 6D brightness
(B4D and B6D , respectively) are used, which correspond to the brightness Bn and the brilliance Bn ,
respectively.
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process, whose existence can only be demonstrated by a 3D treatment of the problem. This
is tackled in the next two paragraphs from two different points of view, which will lead to
the same conclusion.
Landau Damping It is instructive to understand the validity of Equation (2.63), which
has been mentioned to be the consequence of a sort of Landau damping occurring during
the FEL process. Solving Equation (2.57) for v ≡ |v| = |(vx , vy , vz )| at the place of vz
results in:
β≡

λph
v
1
.
=
≈1−
λph
c
λu
1 + λu

(2.67)

It has been reasonably assumed that λph /λu  1, since Equation (2.55) holds, K ≈ 1
and γ0 & 1000 in a typical FEL machine. Making use of Equation (2.55) with a general
relativistic gamma factor γ ≡ γ0 + ∆γ at the place of γ0 , gives for a planar undulator:
β =1−

1 + K 2 /2
1 + K 2 /2
∆γ
≈
1
−
(1 − 2
).
2
2
2(γ0 + ∆γ)
γ0
2γ0

(2.68)

In the last step an energy deviation ∆γ  γ0 has been assumed. The longitudinal relativistic factor βz ≡ vz /c is obtained by subtracting the transverse velocity components vx
and vy from v:
v
1q 2
v − vx2 − vy2 =
βz =
c
c
1
≈β 1−
2
"



vx
c

2

1
−
2

s

1−


vy
c



vx
v

2

−



vy
v

2

(2.69)

2 #

.

In the last step a Taylor expansion of the square root has been performed after assuming
vx,y /v ≈ vx,y /c  1. Combining Equations (2.69) and (2.68), neglecting the higher order
terms, and inserting back Equation (2.55), finally gives:
1 + K 2 /2
∆γ
βz ≈ 1 −
1−2
2
γ0
2γ0
λph
λph ∆γ
=1−
+2
−
λu
λu γ0
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2

1
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2
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(2.70)

.

In the last step the rotational symmetry of the system, i.e. vx = vy , has been used. At
this point, it is useful to make the connection between transverse velocities vx ≈ x0 c, vy ≈
y 0 c and Courant-Snyder parameters βx (s), βy (s) (not to be confused with the relativistic
beta factors) and εx,sp , εy,sp recalling Equation (2.4). Inside a constant focusing channel
αx (s) = βx0 (s) = 0 holds, implying that βx (s) = βx = const. inside the undulator. The
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transverse velocity is then given by x0 2 = εx,sp sin2 (ψx (s))/βx , resulting in:
βz = 1 −

λph
λph ∆γ εx,sp sin2 (ψx )
+2
−
λu
λ u γ0
βx

λph
λph
λu εx,sp sin2 (ψx )
=1−
+2
δ−
λu
λu
λph
2βx
"

"

=1−

λph
λph
λu εx,sp
+2
δ−
λu
λu
λph 4βx

| {z }

|

≡β0

{z

#

(2.71)

#

.
}

≡δeff

The only term depending on the longitudinal position s was the phase advance function
ψx (s). It has been averaged out in the third step by replacing the term sin2 (ψx (s)) with
the factor 1/2, since every particle goes through several betatron oscillations inside the
undulator.
From Equation (2.71) it is possible to recognize an effective energy deviation δeff for
the longitudinal dynamics in the undulator, which is the sum of two contributions. The
expected momentum deviation δ comes from the incoming electron beam, while the additional term is a contribution due to the transverse velocities inside the undulator. The fact
that this term is related to the transverse emittance becomes even more clear when the
effective fractional energy spread is defined. This takes the average over the whole particle
distribution:
*

σδ2eff

2

≡ h δeff − hδeff i i =

λu εx,sp,i
δi −
λph 4βx

= hδi2 i − 2
=

σδ2

+

!2 +

λu hδi · εx,sp,i i
λ2 hε2x,sp,i i
+ 2u
λph
4βx
λph 16βx2

λ u εx
λph 4βx

(2.72)

!2

.

In the first step a vanishing resonance shift hδeff i = 0 has been assumed, as well as no
correlation between the fractional energy deviation and the action in the third step. For
clarity the variables depending on the phase space distribution of the particles have been
highlighted with the index i.
Alternative Treatment The existence of an optimal beta function value compromising
between high electron density and low effective energy spread can also be seen by looking
at the results of a more rigorous analysis than that of the 1D model. The FEL gain length
can be expressed by a universal scaling function η from the gain length of the 1D model [58]:
Lg = 1 + η(ηd , ηε , ηγ ) Lg,1D ,


(2.73)



with the scaling parameters defined as:
ηd ≡

Lg,1D
,
LR

ηε ≡

Lg,1D 4πεx
,
βx λph

ηγ ≡ 4πσδ

Lg,1D
,
λu

(2.74)
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and representing, respectively, the gain reduction due to diffraction (a 3D effect) and due
to electrons’ longitudinal velocity spread caused by emittance and by energy spread. The
Rayleigh range is defined by LR ≡ 4πσx2 /λph . More precisely, the scaling function is given
by η = a1 ηda2 + a3 ηεa4 + a5 ηγa6 + O(ηi2 ) where all of the constants ai are positive. On one
hand, a smaller βx improves the Pierce parameter ρ but, on the other hand, it enlarges
the undesired contribution ηε to the gain length. The existence of an optimal beta value is
demonstrated again.

2.4. Facilities
After the previous general description of the main physical principles on which FEL machines are based, this is a good point to learn about the most important elements and
parameters of the different FEL facilities distributed worldwide. The focus will mainly be
on the photoinjector, i.e. on the first part of the machine where the electron source plays a
fundamental role. First of all, the SwissFEL project is briefly introduced in Section 2.4.1,
since it represents the framework in which this work is inserted. All developed solutions are
strongly influenced by its design parameters and constraints. In Sections 2.4.2 and 2.4.3,
the peculiarities of injectors and electron sources of other facilities that are of interest for
this work are presented.

2.4.1. The Swiss Free Electron Laser (SwissFEL)
Based on the scheme presented in Section 2.1 and sketched in Figure 2.1, the Swiss Free
Electron Laser (SwissFEL) [1] is currently being built at the Paul Scherrer Institut (PSI)
in Switzerland. The first user operation is scheduled for 2017. The current status of the
project is summarized in Figure 2.11, which presents a model drawing of the facility (top),
an aerial picture of the tunnel location after the completion of the building construction
(middle) and another picture showing the first components of the accelerator installed in
the tunnel (bottom).
One of the major goals of SwissFEL is to produce both hard and soft X-ray pulses with
a compact (∆s ≈ 800 m long) design of the FEL machine. The compactness of the design
is mainly enabled by the very low emittance injector, the high gradient acceleration in the
normal conducting RF C-band main linac and the two-stage bunch compression. In a first
phase, SwissFEL aims at the generation of hard X-ray pulses (in the so-called Aramis beam
line) with a photon wavelength λph = 1–7 Å, corresponding to a photon energy Eγ = 12.4–
1.77 keV, to be provided at a maximum repetition rate νrep = 100 Hz to two experimental
stations. In a second phase, a soft X-ray beam line (Athos) for larger photon wavelengths
λph = 7–70 Å, corresponding to Eγ = 1.77–0.177 keV, will be installed. The accelerator
has the possibility to run in the double-bunch operation mode to feed both beam lines at
the maximum repetition rate (see the next section for more details about the frequency
synchronization).
Regarding the hard X-ray generation, the self-amplified spontaneous emission (SASE)
scheme represents the baseline of the project. In order to fulfill different user requirements,
two main operation modes are considered: a long-pulse and a short-pulse option. The first
option is based on the acceleration of an electron bunch of Qb = 200 pC extracted with a
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Figure 2.11.: Top: Exploded model of the SwissFEL facility. The beam line is in the bottom floor, the
technical galleries with power supplies and RF sources are placed in the top floor and the
whole tunnel is covered to provide two places for the wild game crossing. Bottom left:
An aerial picture of the real situation on 21.07.2015. Bottom right: The first components
being installed in the tunnel.

photocathode laser pulse length ∆t0 = 9.9 ps, which results in a peak current Ipeak = 20 A
at the exit of the gun. A compression factor C = 125 along the main linac reduces the
bunch length down to σt = 21 fs at the entrance of the undulators. The large charge
provides an X-ray pulse of Eph = 150 µJ with a saturation power up to Pph = 2.8 GW. The
short-pulse operation mode is based on a lower bunch charge Qb = 10 pC extracted with
a laser pulse length ∆t0 = 3.7 ps, which provides a peak current Ipeak = 3 A at the exit of
the gun. The reduced electron density corresponds to smaller space-charge and coherent
synchrotron radiation effects during the bunch compression (see Section 2.2.4), allowing one
to set a stronger compression factor up to C = 533 while keeping the transverse emittance
within the tolerable limits. This results in a very short bunch length of only σt = 2 fs at
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the entrance of the undulators, which provides a photon pulse energy and saturation power
of Eph = 3 µJ and Pph = 0.6 GW, respectively. Considering the electron source in this
context, the high-charge, long-pulse operation mode is the most challenging mode because
space-charge forces at low energies are stronger and tend to decrease the brightness. For
this reason, new possibilities to better control the undesired effects of initial space-charge
forces are studied in this work.
Overall Layout
The key elements of an FEL machine have been introduced in Section 2.1 and can be easily
recognized in the SwissFEL layout of Figure 2.12. Electron bunches are extracted at a
repetition rate νrep = 100 Hz with a UV laser [50] (not drawn) from a copper or cesiumtelluride photocathode inside the 2.6-cell RF S-band (fRF,S = 2.9988 GHz) standing-wave
gun, which accelerates them up to an energy p0 = 7.1 MeV/c.(26) Two ∆s = 4 m long Sband traveling-wave structures boost the energy to about Ekin = 130 MeV before the beam
enters the laser heater (LH). In the laser heater, the uncorrelated energy spread of the beam
is increased in order to damp the microbunching instability [56]. Four additional S-band
structures further boost the energy up to Ekin = 330 MeV before the first bunch compressor
(BC1). The curvature inferred to the correlated energy spread of the bunch is compensated
with the two following X-band (fRF,X = 11.9952 GHz) structures, which preserve linearity
during the bunch compression process, as explained in Section 2.2.4. An S-band transverse
deflecting cavity (TDC1) is placed at the end of the injector after BC1 in order to better
diagnose the generated electron bunch by measuring its longitudinal profile. This device
enables e.g. the measurement of the slice emittance. It follows the main linac of SwissFEL,
which is based on a sequence of C-band (fRF,C = 5.712 GHz) modules [63] composed of
four ∆s = 2 m long structures each. Every module is fed by a common klystron amplifier,
whose RF pulse is compressed by a barrel open cavity (BOC) [64]. LINAC1 denotes the nine
C-band modules between the first (BC1) and the second (BC2) bunch compressor, while
LINAC2 denotes the four modules between BC2 and the switch yard (SY), where a kicker
magnet [65] will allow one to send the electron bunches also to the future Athos beam line.
The acceleration in the Aramis beam line is completed by the thirteen C-band modules of
LINAC3, which increase the beam energy up to Ekin = 5.8 GeV. Similarly to the end of the
injector, two C-band transverse deflecting cavities (TDC2) are foreseen at the end of the
acceleration for the diagnostic of the longitudinal bunch profile (see e.g. Reference [66]).
Finally, an energy collimator (EC) for the fine tuning of the bunch compression is placed
right before the undulator beam line [67]. The latter is composed of twelve ∆s = 4 m long
undulators (U) with variable gap [68], which enables the tuning of the undulator parameter
K (see Equation (2.56)). A bending magnet after the undulator beam line ensures that
the electron beam is dumped before reaching the first element of the photon beam line.
Frequency Synchronization Different RF frequencies are employed for acceleration in
the SwissFEL machine. The S-band fRF,S = 21fb = 2.9988 GHz, the (American) C-band
fRF,C = 40fb = 5.712 GHz and the X-band fRF,X = 84fb = 11.9952 GHz frequencies are
26

Details and references about the SwissFEL Gun 1 are given below.
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Figure 2.12.: Schematic drawing with the main elements of the SwissFEL electron beam line. RF accelerating structures, laser heater (LH), bunch
compressors (BC1 and BC2), energy collimation (EC) and undulators (U) are drawn. Above the drawing, the number before the
× symbol indicates the number of klystrons, while the number after the × symbol gives the number of structures fed by each of
these klystrons. The RF frequency band of each section is specified in parentheses. Below the drawing, the kinetic energy Ekin , the
relativistic β factor, the bunch length σz (in length units) and σt (in time units), and the peak current Ipeak of the electron bunch
are given at selected trajectory positions s (first value on top) along the beam line for the high-charge case of Qb = 200 pC.
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all a multiple of the base frequency fb = 142.8 MHz. With this choice, the same relative
RF phase offset between the different frequencies is recovered every 1/fb = 7 ns. This
synchronization enables the double-bunch operation mode which consists in the acceleration
of two bunches separated by only ∆tbunch = 4/fb = 28 ns, i.e. by four periods of the base
frequency fb .
The C-band accelerating structures of the main linac are designed to work at the nominal
temperature T = 30 ◦C, but even the most advanced manufacturing procedures require
a certain tolerance that is larger than the one required for operation. Therefore, the
temperature of the accelerating structures is controlled with a water cooling system in
order to reach the nominal working frequency. The temperature of the water system can
be set in the range T = 25–35◦ and allows one to correct for frequency offsets in the range
∆f = fRF,C ± 500 kHz (in C-band).
Stability The stability of parameters like the wavelength, the arrival time, the length and
the energy of the photon pulse provided to the users represents a key point of any FEL
machine. This is mainly determined by the amplitude and phase stability of the high power
RF signals input into the accelerating structures. To get a feeling about the involved orders
of magnitude, a relative rms amplitude stability of 1.8 · 10−4 and an rms phase stability of
0.036◦ are required for the C-band modules of the main linac of SwissFEL [69]. To reach
these values, the low level RF (LLRF) system was designed such that pulse-to-pulse (i.e.
νrep = 100 Hz) feedback loops can be implemented [70].
Injector Layout
It has already been explained in Chapter 1 that the main goal of this work is to develop
a new electron gun design that can further increase the performance of SwissFEL. Such
performance and its relation to the brightness before the first bunch compressor have been
carefully defined in Section 2.3. Having understood these points, it becomes clear that the
study can be mainly restricted to the injector. In Figure 2.13 a more detailed version of its
layout is presented with a correct scaling of the longitudinal s-axis.
The section commonly simulated in this work includes the RF photocathode gun, the
relative solenoid and two S-band booster structures surrounded by four solenoids each (gray
dotted box). At the end of this section, roughly around s = 12–15 m depending on the
optimal distance between gun and first booster structure, the brightness and the mismatch
parameter are optimized (see Section 3.4.1 for the exact definition of the penalty function).
Still, other constraints must be taken into account, among which the beam energy at the
entrance of the laser heater, whose tunability is limited to the energy range Ekin = 120–
160 MeV [71].
The Electron Source
The SwissFEL Gun 1 is an RF standing-wave photocathode gun. It represents the baseline
for the initial operation of the SwissFEL User Facility. Figure 2.14 reports a picture of
the different implementation stages of this gun. After the RF and the mechanical design
are completed (left), the device is constructed and its RF properties are measured by
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Figure 2.13.: Zoom of Figure 2.12 on the injector part, with the addition of the focusing solenoids
(green). The length and position of the elements on the longitudinal s-axis are scaled
according to reality (except for the laser heater, which is only ∆s ≈ 200 mm long). The
elements contained in the gray dotted box represent the setup that is usually simulated.
Below the drawing, the kinetic energy Ekin , the relativistic β factor, the bunch length σz
(in length units) and σt (in time units), and the peak current Ipeak of the electron bunch
are given at selected trajectory positions s (first value on top) along the beam line for the
high-charge case of Qb = 200 pC.

means of low power (or cold) measurements (center). Finally, the gun is installed in the
accelerator, put under vacuum and operated at high power to accelerate the electron beam
up to p0 = 7.1 MeV/c. The electron bunch is extracted from the cathode via photoemission
by means of a UV laser, which is injected into the cavity at the right time when the RF
electric field at the cathode is oriented such that it accelerates the electrons along the beam
line (i.e. towards s > 0).(27) The coupling of the laser beam into the gun cavity is achieved
by an optical in-vacuum mirror placed at s ≈ 1 m off-axis, with the nearest edge being at
r > 10 mm from the beam axis in order to avoid undesired emittance contributions due to
asymmetric electromagnetic fields [72].
The mechanical design of the gun shows only one arm of the 3 dB RF splitter that
allows one to input the RF power from opposite sides of the middle (the first full) cell
of the gun. This symmetric feeding can be visualized in Figure 2.15 (top right). It is
important to avoid dipole components of the RF fields that can have undesired effects on
the beam dynamics, as e.g. RF-induced emittance contributions (see Equation (2.41)).
The remaining quadrupole components are compensated by a racetrack geometry of the
middle cell itself, which consists of an offset of the virtual cell center for the right and left
27
28

See Section 2.2.3 for more details about the photoemission process.
See Section 3.3.1 for more details about RF simulations (with Superfish).
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Design

Measurements

Operation

Figure 2.14.: Cut 3D view of the mechanical design (left), picture of the cold measurements in the clean
room (middle) and of the installation, with the clearly visible solenoid, in the SwissFEL
Injector Test Facility (right) of the SwissFEL Gun 1.

part of the cavity relative to the coupling slots, as it is sketched in Figure 2.15 (middle
right).
An important and necessary requirement for this cavity was the ability of providing
a peak on-axis accelerating gradient of at least Eacc,0 = 100 MV/m at a repetition rate
νrep = 100 Hz. Like all of the accelerating cavities in SwissFEL, the gun is operated in
a pulsed mode. The high power RF pulse used to operate the gun has an amplitude
in the order of PRF ≈ 18 MW and a duration ∆tRF = 1–3 µs. This can cause important
temperature rises at particular locations of the gun, a phenomenon known as pulsed heating,
which can substantially reduce the achievable accelerating gradient as well as the lifetime
of the device. In the extreme case, it can even result into melting and/or sputtering of
copper [74]. In order to minimize these local temperature gradients, the coupling slots
extend to the whole cell length (s-direction) and the radius connecting waveguide and
cell was optimized [73]. This solution is known as z-coupling and is again well visible in
Figure 2.15 (top right). Furthermore, in order to operate at νrep = 100 Hz, also the average
dissipated power in the gun must be kept under control. This was done by optimizing
the input RF pulse shape, reducing the average dissipated power down to Pdiss = 0.9 kW,
and by carefully designing the cooling system [73], whose numerous water pipes are clearly
visible in Figure 2.14.
The cavity geometry of the SwissFEL Gun 1 is based on the rescaling of the PHIN
Gun [75] from the European S-band frequency f¯RF,S = 2.997 912 GHz to the slightly higher
SwissFEL S-band frequency fRF,S = 2.9988 GHz. An elliptical shape of the irises with a
thickness ∆s = 20 mm was chosen in order to keep the ratio between the surface electric
field at the iris and that at the cathode below unity and, at the same time, enlarge the minimum mode separation between accelerating and adjacent modes up to ∆f = 15 MHz [73].
Regarding the first aspect, the mentioned ratio is kept below unity so that the maximum
achievable accelerating gradient is limited by the electric field at the cathode and not at
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Figure 2.15.: Left: Top half of the 2D cavity volume (blue) of a longitudinal cut of the SwissFEL
Gun 1 (top) and of the CTF2 Gun 5 (bottom). The red arrows indicate the electric field
E (x) ≡ E0 cos(ωRF t + ϕ0 ) of the accelerating mode with frequency fRF = ωRF /(2π) =
2.9988 GHz at an RF phase ωRF t for which | cos ωRF t| = 1.(28) The field lines are drawn
in magenta. The corresponding envelope of the on-axis (r = 0) longitudinal electric field
Eacc (s) = Ez,0 (r = 0, s) of the two guns is compared (middle). Right: Cut of the 3D cavity
volume of the SwissFEL Gun 1 with coupling (top, Source: [73]) and corresponding sketch
of the racetrack geometry (bottom), where the blue lines of the two pictures coincide.
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other undesired locations. As for the second aspect, in standing-wave cavities other resonant modes than the accelerating mode displayed in Figure 2.15 exist. These are usually
undesired since they complicate the beam dynamics in the gun. Therefore, the cavity is
designed to reach a mode separation which keeps the excitation of the adjacent mode below the level at which the beam dynamics is critically affected. The bandwidth of the RF
source and the RF pulse shape determine the amplitude of the excitation.
First Experimental Results at the SwissFEL Injector Test Facility
A SwissFEL Injector Test Facility (SITF) was operating from August 2010 till October
2014 with the aim of benchmarking the results of the simulation codes and experimentally
demonstrate the feasibility of a compact FEL [76]. Its layout was a simplified version of that
of Figure 2.13, where the section with the first two S-band structures and the laser heater
was missing. A relatively long diagnostic section was available for the characterization of
the electron beam at about Ekin = 250 MeV after the gun, four S-band structures, the
X-band structures and the S-band transverse deflecting cavity.
The main achievements of the SITF operation concerning the beam quality were the
measurements of very low projected and core slice emittance values for the nominal bunch
charge Qb = 200 pC. The core emittance is the emittance of the central slice s0 and
could be measured thanks to the availability of the transverse deflecting cavity. A record
value of εx,n,s0 = 0.19 µm for this relevant quantity was measured for an uncompressed
beam [77]. In addition to this excellent value, also a low normalized thermal emittance
εx,th /σx,0 = 0.55 µm/mm was measured for copper and cesium-telluride cathodes [29], as
already mentioned in Section 2.2.3.
Concerning the first compression stage, the SITF revealed that a careful setup of the
machine, mainly of the optics before the compression and the deflection angle used in the
magnetic chicane, is required in order to reach the design compression factor CBC1 = 9 with
an acceptable dilution of the emittance. Providing a shorter bunch before the first bunch
compressor can bring strong benefits for the overall compression scheme. For example, a
double peak current at the exit of the gun could reduce the required compression factor to
about CBC1 = 5, a value which could be routinely reached during the SITF operation with
a limited emittance dilution.
SwissFEL Gun 1 Vs. CTF2 Gun 5 Two different S-band standing-wave photocathode
guns, the CTF2 Gun 5 and the previously described SwissFEL Gun 1, were in operation
at the SITF from August 2010 to May 2014 and from June to October 2014, respectively.
Despite they were designed for different purposes, the experience at the SITF could not
demonstrate any significant difference between the two guns in terms of peak current and
transverse emittance. Beam dynamics simulations predict a mean slice emittance improvement of 30 % with the SwissFEL Gun 1 [54], without considering the additional advantage
due to the racetrack geometry. One has to consider that there was a limited time period
to optimize the injector setup with the SwissFEL Gun 1 as compared to the CTF2 Gun 5.
The fifth version of the gun for the CLIC Test Facility 2 (CTF2) was already in operation
at CERN before being installed for the initial operation of the SITF [78]. It was designed for
a high intensity operation characterized by bunch trains with a total charge in the order of
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Qb ≈ 1 µC (i.e. three orders of magnitude more than SwissFEL) [79; 80]. This requirement
led to a particular topology of the first half cell where a TM020-like mode is excited, as it is
clear by carefully looking at the field distribution of Figure 2.15. The longitudinal electric
field profile Ez,0 (r) along the radial r-direction is qualitatively identical to that of a perfectly
cylindrical cavity which can be analytically computed to be Ez,0 (r) ∝ J0 (p02 ·r/rcell ), where
J0 is the first order Bessel function, p02 the abscissa of its second zero and rcell the outer
radius of the cell [81, pp. 49–52]. A much more common solution, adopted for example
in the SwissFEL Gun 1, is the excitation of a TM010-like mode, which is characterized
by only half oscillation along the radial direction. Regardless of the different topology of
the first cell, the resulting on-axis electric field Eacc (s) is very similar for the two guns, as
reported in Figure 2.15 (left middle).
In the SITF, the CTF2 Gun 5 was operated at νrep = 10 Hz repetition rate and a peak
on-axis accelerating gradient Eacc,0 = 100 MV/m. Due to the particular topology of the
first cell, this gradient is slightly higher than the peak cathode gradient Ec,0 ≈ 90 MV/m.
The measurements of dark current, the undesired charge extracted due to field emission
during the RF pulse, gave a worrisome value of Qdark = 1.35 nC with the CTF2 Gun 5 [82].
The SwissFEL Gun 1 showed an important improvement with an extracted charge per
pulse of only Qdark = 50 pC [83]. Since the design of the cathode plug and of the cathode
itself are identical for the two guns, the larger dark current from the CTF2 Gun 5 might
be due to an additional RF focusing provided by its oblique back plane (note the field lines
in Figure 2.15, left bottom). In addition, a copper surface with lower roughness in the area
around the cathode plug might be an additional explanation for the reduced dark current in
the newer SwissFEL Gun 1. The latter hypothesis is reinforced by the observation of a very
fast conditioning required by the SwissFEL Gun 1, which reached the nominal operating
point in few days [83].

2.4.2. Other Facilities
The key points of the electron source and the injector of other facilities that are relevant
for the present study are mentioned in the following. There are several operating FEL
(test) facilities worldwide, each characterized by its specific design parameters. These are
reflected in the several, sometimes fundamental, differences between their electron sources.
Injector Comparison
In Table 2.1 the main measured parameters of the electron source and of the resulting beam
before the first bunch compressor, typically at an energy larger than Ekin = 100 MeV, are
compared for several FEL (test) facilities. Two main categories should be recognized:
facilities based on normal conducting linacs delivering single bunches at a repetition rate in
the range νrep = 10–120 Hz and facilities based on superconducting linacs delivering trains
of electron bunches at a train repetition rate in the order of νtrain ≈ 10 Hz. These trains
typically contain hundreds of bunches with a time separation in the order of ∆tbunch ≈ 1 µs,
corresponding to an intra-train repetition rate in the order of νbunch ≈ 1 MHz and to a
train length ∆t = 1 ms. These intra-train repetition rates can still be handled by the whole
electronics of the experimental stations.
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In the category of normal conducting FEL facilities are included:
• the Swiss Free Electron Laser (SwissFEL) at Paul Scherrer Institut (PSI) in Villigen,
Switzerland,
• the Linac Coherent Light Source (LCLS) at the Stanford Linear Accelerator Center
(SLAC) in Stanford, CA, USA,
• the Free Electron laseR for Multidisciplinary Investigations (FERMI) at Elettra in
Trieste, Italy,
• the Sorgente Pulsata Auto-amplificata di Radiazione Coerente (SPARC) at the Laboratori Nazionali di Frascati (LNF) in Frascati, Italy,
• the X-ray Free Electron Laser at the Pohang Accelerator Laboratory (PAL-XFEL)
in Pohang, South Korea,
• part of the MAX IV facility at MAX-LAB in Lund, Sweden,
• and the Spring-8 Angstrom Compact free electron LAser (SACLA) at RIKEN in
Harima, Japan.
To the second category of superconducting linacs belong:
• the Photo Injector Test facility, location Zeuthen (PITZ) in Zeuthen, Germany,
• and the Free-electron LASer in Hamburg (FLASH) at the Deutsches ElektronenSYnchrotron (DESY) in Hamburg, Germany.
From the very low emittance and high brightness values measured at the SwissFEL
Injector Test Facility, the photoinjector of SwissFEL can evidently be classified among the
state-of-the-art designs. Beside this, it is worth to underline how difficult the comparison
of emittance, peak current and brightness values among different facilities is, since these
are often measured at different energies, with different detectors and different data analysis
techniques. The aim of Table 2.1 is to collect values that are clearly reported in the specified
references and to provide additional important details for a fair comparison.
The Reference LCLS Gun
The 1.6-cell S-band LCLS Gun represents the state-of-the-art photocathode RF electron
source for normal conducting FEL facilities. Its development (and history) is described in
great detail in Reference [84], from which the cavity geometry reported in Figure 2.16 is
taken. The design of the LCLS Gun is based on that of the BNL/SLAC/UCLA Gun 3 [85].
Several improvements were implemented on this design, among which an RF dual feed to
eliminate dipole fields, a racetrack geometry of the full cell to eliminate quadrupole fields,
an increased mode separation from ∆f = 3.5 MHz to ∆f = 15 MHz, a z-coupling and a
larger radius of the coupling edges to reduce pulsed heating.
As previously mentioned, all of these aspects were also adopted for the SwissFEL Gun 1,
which has an additional (second) full cell with respect to the LCLS Gun. In fact, the
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Table 2.1.: Comparison of the main injector parameters among different FEL (test) facilities. The electron source is characterized by the repetition
rate νrep , the bunch charge Qb , the photocathode laser wavelength λlaser , the gun frequency fRF,gun , the gun maximum on-axis electric
field Eacc,0,gun and the gun output energy Ekin,gun . The electron beam before the first bunch compressor is characterized by the normalized
projected emittance εx,n , the normalized core emittance εx,n,s0 of the central slice s0 , the peak current Ipeak,inj and the normalized brightness
Bn,inj .
Facility
Reference

SwissFEL
[77; 29]

[31]

LCLS
[48]

[86]

νrep
[Hz]
Qb
[pC]
Cathode material
λlaser
[nm]
fRF,gun
[GHz]
Eacc,0,gun
[MV/m]
Ekin,gun
[MeV]
εx,n
[µm]
[µm]
εx,n,s0
Ipeak,inj
[A]
Bn,inj
[TA/m2 ]

100
200
Cu/Cs2 Te
260
2.9988
100
7.1
0.28
0.20
20
260

30
1000
Cu
253
2.856
115
5.2
1.2 a
0.9 a
95
70

120
250
Cu
255
2.856
120
5.4
0.7
0.6
30
60

120
150
Cu
255
2.856
120
5.4
0.65
0.45
-

a
b
c
d
e

FERMI
[32]
10
500
Cu
260
2.998
120
5.0
0.65
0.65 b
60
140

SPARC
[87; 88]
10
400
Cu
267
2.856
120
5.6
2.5
53
10

PAL-XFEL
[89]
60
200
Cu
357
2.856
120
5.7
0.45 a
0.40 a
-

MAX IV
[90]
100
300
Cu
263
2.9985
105
4.2
2.0–2.5 c
-

[91; 92]

PITZ d
[91; 92]

[93]

10 × 106
1000
Cs2 Te
257
1.3
60
6.7
0.70
-

10 × 106
250
Cs2 Te
257
1.3
60
6.7
0.33
-

10 × 106
100
Cs2 Te
257
1.3
53
5.9
0.26
-

FLASH d
[94; 95]
10 × 106
1000
Cs2 Te
262
1.3
50
4.7
1.5–2.5
65
30

SACLA
[96; 97]
60
300
CeB6
(therm.)
(DC)
10
0.5
1.1 e
1; 90; 110 e
90 e

95 % of the bunch charge considered.
The value of the central slice is higher than the mean slice value ε̄x,n ≈ 0.5 µm.
Measured with pepper-pot technique at a low energy Ekin = 4.2 MeV. Still a non-optimal injector setup.
Trains of bunches: The values indicate the train repetition rate and the bunch repetition rate within an individual train, respectively.
Emittance measured with double-slit technique at a low energy Ekin = 0.5 MeV. Peak current values at the exit of the DC gun (Ekin = 0.5 MeV), at the exit of the bunching
system (Ekin = 1.1 MeV) and at the entrance of the bunch compressor (Ekin = 45 MeV). Brightness value computed by taking the peak current at the entrance of the bunch
compressor and the emittance at the exit of the DC gun.
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SwissFEL Gun 1 geometry is based on that of the PHIN Gun [75], which is basically a
2.6-cell version of the 1.6-cell BNL/SLAC/UCLA Gun 3. Among the normal conducting
facilities, the SwissFEL Gun 1 is the only gun providing an output energy well above
Ekin = 5 MeV due to the additional cell. The SwissFEL Gun 1 also provides the by far
lowest measured transverse emittance (see Table 2.1 and consider similar bunch charges).
This suggests that a higher gun output energy might be beneficial to reduce the initial
emittance growth due to non-linear space-charge effects.
The LCLS Gun represents the reference version of the S-band guns that are in operation
for example at LCLS, FERMI, SPARC, PAL-XFEL and MAX IV. At LCLS, the gun
routinely reaches a maximum on-axis gradient Eacc,0 = 120 MV/m at a repetition rate
νrep = 120 Hz and delivers a Qb = 1 nC electron bunch extracted from a copper cathode
by a UV laser with a wavelength λlaser = 255 nm.
Thermionic DC Gun at SACLA
All normal conducting FEL facilities but SACLA adopt a photocathode RF gun for the
generation of a high brightness beam in the injector. The SACLA injector is based on
the thermionic emission from a single-crystal cerium-hexaboride (CeB6 ) cathode at a temperature T = 1800 K. The cathode is placed inside a Eacc = 500 keV DC gun with a
∆s = 50 mm gap. The gun is operated in a pulsed mode and is followed by a sophisticated
bunching system, which includes a chopper.
Summarizing the description of Reference [97], a Ipeak = 1 A and σt = 2 µs long beam,
corresponding to a very large bunch charge Qb = 2 µC, is generated by the DC gun. Right
afterwards, the charge is reduced down to Qb = 300 pC by a deflecting cavity and a collimator (chopper). The beam then enters a fRF = 238 MHz RF subharmonic buncher which
delivers a beam with peak current Ipeak = 9 A at an energy Ekin = 0.43 MeV by generating
a negative energy chirp which induces a velocity bunching process (see Section 2.2.4). A
fRF = 476 MHz RF booster further accelerates the beam up to Ekin = 1.1 MeV. After a
drift space of ∆s ≈ 1.3 m, a peak current Ipeak = 90 A is reached. At this point, S-band
alternating periodic structures (APS) boost the energy up to Ekin = 51 MeV before the
first bunch compressor.
Bunch trains at PITZ, FLASH and European X-FEL
PITZ represents the injector test facility for FLASH (first user operation in 2005) and the
European X-FEL (first user operation planned for 2016). These are all facilities based on
a main superconducting RF linac, where the acceleration takes place in fRF = 1.3 GHz
TESLA cavities [98]. These cavities allow for long RF pulses in the order of ∆tRF ≈ 1 ms
for the acceleration of bunch trains composed of up to thousand electron bunches with a
∆tbunch = 1 µs time separation.
This also requires an electron source enabling such long RF pulses and large charge extraction rate. The current state-of-the art electron source for these parameters is presented
by the 1.6-cell L-band RF gun with a high QE cesium telluride (Cs2 Te) photocathode and a
UV laser system with wavelengths in the range λlaser = 257–262 nm, as described in References [99; 100]. To support the large amount of dissipated power in the cavity for RF pulses
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up to PRF = 10 MW and ∆tRF = 900 µs length, an important cooling system capable of
dissipating up to Pdiss = 50 kW was developed. To ensure stable operation at this high duty
cycle of almost D = 1 %, the nominal maximum cathode gradient is Eacc,0 = 60 MV/m,
about half of what can be reached with the state-of-the art S-band guns, which work at a
much lower duty cycle in the order of D ≈ 0.01 %.

2.4.3. State-of-the-Art Designs
Recent state-of-the-art designs of the electron source that are not yet in routine operation
but of interest for this work are briefly reviewed in this section.
Han Gun
Simulations show that the design commonly known as Han gun [101] has the potential
to reduce the transverse emittance compared to the state-of-the-art design described in
Section 2.4.1. This is mainly achieved by the independent optimization of the solenoidal
field and of the RF field distributions.
Solenoid Position A solenoidal field that rises as close to the cathode as possible is related
to a lower projected emittance at the exit of the gun [89; 101]. The technological solution
adopted to bring the focusing solenoid very near to the cathode is a coaxial RF coupling
at the output side of the gun, as it can be seen in Figure 2.16 (right). This is not possible
in the LCLS Gun design (left) due to the waveguides coupling from the side of the full cell
and perpendicular to the beam axis.
Half-Cell Length Similarly to previous works [102; 103], the length of the first half cell
was optimized in order to minimize the projected transverse emittance at the exit of the
gun. The found value of 0.56 · lc [89], where lc = λRF /2 represents the length of a regular
full cell matching the RF phase velocity λRF fRF = c to the speed of light c, reduces the
transverse emittance by 10 % compared to the commonly adopted value of 0.60 · lc [102].
Han Gun with Velocity Bunching Assuming a conservative normalized thermal emittance
εx,th /σx,0 = 0.91 µm/mm (see Section 2.2.3), beam dynamics simulations with a Qb =
200 pC bunch provide a normalized projected emittance εx,n = 0.17 µm and a mean slice
emittance ε̄x,n = 0.16 µm at the end of an S-band injector [104] similar to the one of
SwissFEL. The peak current at the same location amounts to Ipeak = 30 A, resulting in
brightness values of Bn = 1040 TA/m2 and B̄n = 1170 TA/m2 [101]. To reach these values,
the simulated setup foresees a velocity bunching, which is achieved by going off-crest by
∆ϕRF = −60◦ in the first booster structure with a moderate maximum on-axis gradient
Eacc,0 = 12.5 MV/m.
Han Gun in SwissFEL As explained in Section 2.2.4, velocity bunching should be avoided
in SwissFEL. In addition, the above setup provides a small energy gain in the first booster
structure and the resulting energy at the entrance of the laser heater would be below the
tuning range (see Section 2.4.1). The level of the mismatch parameter ζs along the bunch
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LCLS Gun

Han Gun

Figure 2.16.: Left: 3D cavity geometry of the LCLS Gun (Source: [84]). Right: 3D mechanical design
of the Han gun, including the copper body (orange), the focusing solenoid (green, right)
and the bucking coil (green, left) (Source: [101]).

is another fundamental aspect that must be considered, but is unfortunately not given in
References [89; 101].
Simulation studies more relevant for SwissFEL were carried out at PSI very recently [105].
The SwissFEL Gun 1 was replaced by the Han gun in the SwissFEL injector layout and
the machine parameters were reoptimized. Assuming the recently measured normalized
thermal emittance εx,th /σx,0 = 0.55 µm/mm (see Section 2.2.3), simulations predict an
improvement up to a factor 4 of the brightness value B̄n compared to the SwissFEL reference
setup. This is achieved with a laser pulse length ∆t0 ≈ 9 ps corresponding to a peak current
Ipeak ≈ 20 A before the first bunch compressor. The brightness improvement is reduced to
less than a factor 3 if the initial laser pulse is set to ∆t0 = 5 ps in order to get a higher
peak current Ipeak ≈ 40 A before the first bunch compressor.
Tsinghua Gun
The design and cold measurements of a photocathode 1.45-cell RF gun operating at fRF,C =
5.712 GHz (C-band) are presented for the first time in References [106; 107]. The optimization of the design was done with the aim of developing an electron source for ultra-fast
electron diffraction (UED). In particular, the length of the half cell was optimized in order
to minimize the energy spread and the bunch length and, at the same time, to maximize
the output energy for a low bunch charge Qb = 1 pC. This resulted in a length of 0.45 · lc .
In UED applications, the necessary beam energy Ekin ≈ 2 MeV is already provided by
the gun. Therefore, no additional booster structure is required and the issue of correctly
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matching the beam into it does not exist. On the contrary, this invariant envelope matching
represents a key point in the case of an FEL injector in order to obtain a small transverse
emittance (see Section 3.2.5).
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Nucléaire, Geneva, Switzerland, 1996.
[43] E. Chevallay. Experimental results at the CERN photoemission laboratory with codeposition photocathodes in the frame of the CLIC studies. Technical Report CTF3NOTE-104, Conseil Européen pour la Recherche Nucléaire, Geneva, Switzerland,
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3. Photoinjector Modeling
First, the notation used to indicate the different electromagnetic fields in the rest of this
work is precisely defined and motivated in Section 3.1. Afterwards, some important analytical approaches that aim at the description of the beam dynamics inside an RF gun
and in the following booster structures are introduced in Section 3.2. These models are
fundamental to approach and understand the beam dynamics from a qualitative point of
view, as it is underlined also in Reference [1]. However, it is very difficult to make relevant
quantitative estimations with these analytical models. This will be emphasized in this work
once more, after e.g. in Reference [2].
Several numerical codes are available to compute the RF fields in the RF cavities as well
as the related beam dynamics along the photoinjector. Those employed in this work are
briefly described in Section 3.3. Accurate numerical simulations are essential tools to further
optimize the performance of photoinjectors for FELs, which have been studied at least for
the past twenty-five years and have been working since about ten years. The availability
of many free, but strongly correlated parameters defining the setup of a photoinjector
motivates the development of the optimization procedure introduced in Section 3.4. In
addition to the chosen algorithm, particular attention is given to the definition of a suitable
figure of merit. A penalty function that can be interpreted as the surrogate of many of the
concepts introduced in Chapter 2 is carefully defined.
The real novelty introduced by this work in the context of the optimization is the partial
integration of the RF and magnet designs and of beam dynamics into a single optimization
loop. Parameters related to the cavity and magnet geometries are optimized based on the
outcome of the beam dynamics along the whole photoinjector.

3.1. Notation for the Electromagnetic Fields
A rigorous notation for the electromagnetic fields is defined and will be carefully respected in
the rest of this work. This is particularly important for the RF fields inside the accelerating
structures, which are first computed by the numerical solvers described in Section 3.3.1 and
then input into the beam dynamics codes described in Section 3.3.3.
The RF fields in the cavities are computed by frequency domain solvers. The common
separation ansatz E(x, t) = E0 (x) · T (t) for the solution of the Helmholtz equation is
therefore introduced, naturally leading to the complex extension (denoted by the “tilde”)
of the fields [3, pp. 286–290]:
Ẽ(x, t) ≡ Ẽ0 (x) · e−iωRF t e−iϕ0 .

(3.1)

The harmonic nature of the time-dependent term is elegantly described by T (t) = e−iωRF t ,
with ωRF = 2πfRF being the angular RF frequency. The “knot” subscript in Ẽ0 (x) indicates
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the field envelope, which does not depend on the time t in steady state. The arbitrary phase
ϕ0 is determined by the initial conditions.
The numerical codes that compute the dynamics of the beam along the accelerator go
back to the real domain. Since both the real and the imaginary part of the complex field
Ẽ(x, t) of Equation 3.1 fulfill the Maxwell’s equations, the physical field E(x, t) can be
defined as:
h

i

E(x, t) ≡ Re Ẽ(x, t) .

(3.2)

One usually has to provide the field map of the envelope Ẽ0 (x) to the beam dynamics
codes, which add themselves the harmonic time dependence. A common convention in
beam dynamics is that t = 0 corresponds to the emission of the beam at s = 0. The phase
ϕ0 is then used to correctly synchronize the RF field of an accelerating structure with the
beam. See Section 3.3.3 for more details about the input of external electromagnetic fields
into the beam dynamics codes.
Assuming a rotational symmetry around the s axis for an accelerating cavity, the onaxis field Ẽ0 = (Ẽr,0 , Ẽθ,0 , Ẽz,0 ) is purely longitudinal, i.e. purely accelerating. Since this
is a common assumption in both analytical and numerical beam dynamics models, it is
convenient to introduce the following additional notation for the on-axis accelerating field
and its maximum:
Ẽacc (s) ≡ Ẽz,0 (r = 0, s) ,

Eacc,0 ≡ max |Ẽacc (s)| .
s

(3.3)

In Section 2.2.3, a similar notation for the maximum accelerating field at the cathode was
introduced:
Eacc,c ≡ |Ẽacc (s = 0)| .

(3.4)

Moreover, also a notation involving the time-dependence of the fields at the cathode was
introduced:
Ec (t) ≡ Ez (r = 0, s = 0, t) ,

Ec,0 ≡ Ez (r = 0, s = 0, t = 0) .

(3.5)

The extraction gradient Ec,0 indicates the accelerating electric field at the cathode when
the center of the bunch is being emitted. The emission of the center of the bunch is defined
to take place at t = 0.
A wave propagating along the direction of the wave vector kRF can be written in the
general form f (kRF x − ωRF t). The phase velocity of the wave is v = ωRF /kRF [3, pp. 286–
290]. For standing-waves, the wave vector vanishes and the complex notation can be
substituted by:
E(x, t) ≡ E0 (x) · cos(ωRF t + ϕ0 ) ,

Eacc (s) ≡ Ez,0 (r = 0, s) ,

Eacc,0 ≡ max Eacc (s) .

(3.6)

s

The field envelope E0 (x) is recognized again. It is now real like all other quantities. The
definitions for the fields at the cathode are analogous to those of Equations (3.4) and (3.5).
Table 3.1 summarizes all of the quantities belonging to the just described notation.
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Table 3.1.: Adopted notation for the most used electromagnetic field quantities.
From the real physical field (first line) to the complex notation (second
group). The third group represents the quantities used for the special case of standing-wave cavities. The last group lists the cathodespecific quantities.
Symbol

Type

Dependence

Description

E

real

x, t

Physical field

Ẽ
Ẽ0
Ẽacc
Eacc,0

complex
complex
complex
real

x, t
x
s
const.

Complex field
Complex envelope, no time dependence
Complex on-axis field
Maximum on-axis field

E0
Eacc
Eacc,0

real
real
real

x
s
const.

Real envelope, no time dependence
Real on-axis field, no time dependence
Maximum on-axis field

Eacc,c
Ec
Ec,0

real
real
real

const.
t
const.

Maximum cathode field
Cathode field
Cathode field at extraction

3.2. Theoretical Fundamentals
The main forces driving the dynamics of charged particle beams can be grouped in two categories: those from external sources, like RF accelerating structures and focusing magnets,
and those generated by the particle self fields. In the next sections, the most important
characteristics of these forces in relation to photoinjectors are explained.

3.2.1. Particle Acceleration in an RF Field
The commonly used figures of merit for RF accelerating cavities are summarized in this
section. Particular attention is given to a consistent definition of the quantities that must
be valid for both traveling- and standing-wave RF cavities. A more detailed treatment for
the special case of standing-wave cavities is found in Reference [4, pp. 32–44].
Integrated Voltages
The definition of the integrated axial voltage of an RF accelerating cavity extending from
s = 0 to s = lRF is:
Vz (r, θ) ≡
SW

≡

Z lRF
0

Z lRF
0

Ẽz,0 (r, θ, s) ds

(3.7)

Ez,0 (r, θ, s) ds .

The first definition is provided for completeness but is not relevant in accelerator physics.
The usefulness of the definition for the standing-wave case will become clear when the
transit-time factor will be introduced. To extend the discussion from single-cell (like in
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Reference [4, pp. 32–44]) to multi-cell cavities, the absolute value is introduced in the
definition.
For the accelerator physics, the integrated beam voltage is more interesting than the
integrated beam voltage:
Vb (r, θ, ϕ0 ) ≡

Z lRF
0

=

cos ϕ0 ·
+ sin ϕ0 ·

SW

≡

Z lRF
0

i

h

Re Ẽz,0 (r, θ, s)e−ikRF s e−iϕ0 ds
Z lRF 
|0

h

i

h

i



Re Ẽz,0 cos(kRF s) + Im Ẽz,0 sin(kRF s) ds
{z

}

≡A

Z lRF 
|0

h

i

h

i



(3.8)

Re Ẽz,0 sin(kRF s) − Im Ẽz,0 cos(kRF s) ds
{z

≡B

}

Ez,0 (r, θ, s) cos(kRF s + ϕ0 ) ds .

This is the voltage gain across the cavity of a particle entering at the phase ϕ0 and traveling
at the phase velocity of the RF wave v = ωRF /kRF , i.e. when the correspondence ωRF t =
kRF s holds. Considering the expanded expression
for the general case in Equation (3.8),
√
one can write Vb = A cos ϕ0 + B sin ϕ0 = A2 + B 2 sin(ϕ1 (A, B)). The amplitude of this
oscillation represents the maximum integrated beam voltage:
Vb,max ≡ max Vb,0 (ϕ0 ) =
ϕ0

q

A(r = 0)2 + B(r = 0)2 ,

(3.9)

where Vb,0 = Vb (r = 0, ϕ0 ) is the on-axis integrated beam voltage. It is achieved when the
particle enters the cavity at the optimal phase ϕ0,opt = arcot(A/B). The long expression
in Equation (3.8) is provided because it is used in practice to compute Vb,max with the RF
simulation tools presented in Section 3.3.1.
Energy Gain and Transit-Time Factor
The energy gain of a particle with charge q and traveling on the axis of an RF cavity at an
approximately constant velocity v = ωRF /kRF is given by:
∆E = q · Vb,0 (ϕ0 )
SW

≡ qVz,0 T cos ϕ0 .

(3.10)

The terms appearing in the second definition for the standing-wave case are the axial
voltage Vz,0 ≡ Vz (r = 0) as defined in Equation (3.7) and the transit-time factor:
R lRF

T ≡

0

Eacc (s) cos(kRF s) ds
.
Vz,0

(3.11)

This factor basically accounts for the time dependence of the RF field.(1)
1

The definitions of Equations (3.10) and (3.11) are only valid for particles traveling at the approximately
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Shunt Impedance and Quality Factor
The shunt impedance is an important parameter expressing the effectiveness of producing
an accelerating voltage for a given dissipated RF power Pdiss inside the cavity:
rs ≡

2
Vz,0
.
Pdiss

(3.13)

Since one is more interested in maximizing the particle energy gain with respect to the
dissipated power, the effective shunt impedance is an even more interesting quantity:
2
Vb,max
Pdiss

rb ≡
SW

(3.14)

2

≡ rs T .

The ratio R over Q or geometric shunt impedance is another useful parameter:
2
Vb,max
rb
=
Q0
ωRF Ustor
2
SW rs T
=
.
Q0

(3.15)

Q0 is the common (unloaded) quality factor of a resonator:
Q0 ≡

∆ω
ωRF Ustor
=
.
ω0
Pdiss

(3.16)

It is in general defined as the ratio of the resonance width ∆ω over the resonance frequency
ω0 [5, p. 23-7, vol. 1]. For an RF cavity resonating at ω0 = ωRF this translates into the
ratio of the stored energy Ustor over the dissipated power Pdiss [5, p. 23-14, vol. 2; 4, p. 42].
The ratio rb /Q0 defined in Equation (3.15) measures the acceleration efficiency per unit
stored energy at a given RF frequency. Being independent of the surface properties that
determine the power losses, it is a function only of the cavity geometry.
For multi-cell cavities, it is convenient to normalize the shunt impedances by the cavity
length in order to obtain figures of merit that are independent of both the field level and
the cavity length. The effective shunt impedance per unit length rb /lRF (over Q0 ) will be
quoted as one of the figures of merit of the regular cell (lRF = lc ) e.g. in Tables 4.1 and 5.2.
constant velocity v = ωRF /kRF across the cavity. To account for velocity changes inside the cavity and
a velocity mismatch between particles and RF, the factor e−ikRF s must be substituted with the more
general e−iωRF t(s) in the computation of the integrated beam voltage of Equation (3.8). The transit-time
factor for standing-waves then becomes [4, p. 34]:

R lRF
T ≡

0

Eacc (s) cos(ωRF t(s)) ds
Vz,0

R lRF
− tan ϕ0 ·

0

Eacc (s) sin(ωRF t(s)) ds
Vz,0

.

(3.12)
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Filling Time of Accelerating Cavities
It is worth to quickly introduce the filling time here, since it is an important parameter
of accelerating cavities and can be related to some of the quantities defined above. As
suggested by its name, the filling time gives an indication about the time required to fill
an RF cavity with the electromagnetic fields. In RF particle accelerators, the RF wave is
generated in an external device (see e.g. Reference [6, pp. 173–207]) and then transported
to the accelerating cavities by means of waveguides (see e.g. Reference [6, pp. 117–123]).
The term filling time is used for both standing- and traveling-wave cavities, even if the
filling process is rather different in the two cases.
Traveling-Wave Cavities The filling time τ in a traveling-wave cavity is inversely proportional to the average group velocity v̄g of the RF wave in the cavity:
τ=

¯lRF
.
v̄g

(3.17)

The RF length ¯lRF is in this case an effective distance between the input and output ports
of the RF cavity. These can be simply defined by the end and start points of the input
and output waveguides. Figure 3.11 (bottom) represents a good example, were the ports
are indicated with P1 and P2 (the included small portion of the rectangular waveguide
between the two ports is negligible for the computation of the filling time).
The filling time τ is simply the time required by the RF energy to travel from the input
(P1) to the output (P2) port. In a straight section of length lRF , like e.g. along the beam
axis of an accelerating cavity, the stored energy per unit length is Ustor /lRF and its relation
with the group velocity is:
vg =

PRF lRF
,
Ustor

(3.18)

where PRF is the power flowing into the structure [3]. Equation (3.18) will be used to compute the group velocity inside the regular cell section of the cavities presented in Table 5.2.
Standing-Wave Cavities A resonant RLC circuit driven through a waveguide and a power
coupler by a constant current harmonic generator can be used to model standing-wave
cavities [4, pp. 139–144]. The field envelope E0 becomes time-dependent in the transient
regime. For a constant RF input power that is switched on at t = 0, the field envelope
is characterized by the typical exponential behavior (see Equation (4.2) and Reference [4,
pp. 135–137]):
E0 (t) ∝ (1 − e−t/τL ) ,

τL =

2Q0
.
(1 + β)ωRF

(3.19)

The loaded filling time τL of a standing-wave cavity depends on the RF frequency, the
unloaded quality factor Q0 and the coupling factor β which is a measure of the waveguideto-cavity coupling strength [4, p. 142].
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3.2.2. Dynamics in Standing-Wave Guns
The reference theory for the beam dynamics inside RF standing-wave electron guns is that
of Kim [7]. The validity and limitations of this theory are discussed in the next sections by
comparing its predictions with simulations and experimental results.
In Kim’s approach, an ideal standing-wave longitudinal electric field on the beam axis is
assumed:
Ez (0, s, t) = −Eacc,0 cos(kRF s) sin(ωRF t + ϕi ) .

(3.20)

The usual relations between the RF wave number kRF = 2π/λRF and the angular frequency
ωRF = ckRF hold, while ϕi is the phase at which the electrons leave the cathode.
Ez (r, θ, s, t) = Ez (0, s, t) are assumed to be independent of the transverse polar coordinates r (radial position) and θ (azimuthal angle) in the region around the gun axis, where
the electron bunch moves. In this beam region far from the cavity walls, it is reasonable
to assume that the Maxwell’s equations in vacuum div E = 0 and rot B = ∂t E/c2 are
valid. This means that the electromagnetic fields are assumed to be ideal, i.e. not shaped
by the cavity geometry. Furthermore, they are truncated in the longitudinal direction by a
Heaviside step function centered at the end of the last cell. For the moment, space-charge
forces are neglected.
Optimal Injection Phase
One of the main outcomes of Kim’s theory is that an optimal injection phase ϕi = ϕi,opt
exists, for which the energy gain is maximized while the RF-induced transverse projected
emittance is minimized at the same time. This phase can be determined numerically by
the equation:
ϕf = ϕi +

1
,
2α sin ϕi

(3.21)

setting the final phase ϕf = 90◦ . The factor α ≡ eEacc,0 /(2me c2 kRF ) represents the RF
field strength.
To maximize the energy gain, one intuitively expects an injection phase ϕi < 90◦ . In
fact, the phase velocity of the electromagnetic field matches that of light, while the initial
velocity of the electrons is β ≈ 0 and increases to β & 0.9 within the first quarter of
wavelength (i.e. before the first iris), which results in an initial phase slippage between RF
wave and particles. A value ϕi < 90◦ compensates this initial velocity mismatch in order
to bring the electrons at the first node of the standing-wave (i.e. at the first iris) at about
the time when the electric field vanishes. With ϕi = 90◦ the electrons would suffer from a
decelerating electric field before the first node, making the acceleration inefficient.
Figure 3.1 (top) shows ϕf (ϕi ) according to Equation (3.21) for the C-band standing-wave
gun described in Chapter 4. It is interesting to note that final phases ϕf . 80◦ are never
reached, while there are two optimal phases ϕi,opt,1 = 22.7◦ and ϕi,opt,2 = 60.0◦ that result
in ϕf = 90◦ . The latter is in the range that is known to provide the maximum energy
gain also in experiments, while the former is an artifact of the assumptions of the model.
For a too small ϕi , the term 2kRF s is comparable to ϕ̃f ≡ ωRF t − kRF s + ϕi , and the
71

3. Photoinjector Modeling
approximation done in the step from Equation (4) to Equation (4a) in Reference [7] gets
very inaccurate.
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Figure 3.1.: Top: Final ϕf vs. initial ϕi RF gun phase according to Kim’s model. Middle and Bottom:
Comparison of Kim’s model (blue) with ASTRA simulations (red) for a laser pulse length
∆t0 = 5 ps (∆ϕ0 = 10.3◦ ) with uniform distribution (rms laser spot size σx,0 = 0.2 mm).
The squares indicate simulations with a real field map while the circles indicate simulations
with an ideal cosine-shaped field map. Gun output kinetic energy Ekin (middle) and normalized projected emittance εx,n as a function of the initial RF phase ϕi (bottom, note
the logarithmic scale on the ordinate axis). For the interesting region the step size of the
parameter scan was reduced.
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Energy Gain
The final relativistic gamma factor (i.e. the energy) at the output of the gun is approximated
by Equation (13) in Reference [7]:
γf = 1 + α

1
nSW +
π sin ϕf + cos ϕf ,
2

"

#



(3.22)

with nSW being the number of full cells in the standing-wave gun.
RF-Induced Transverse Emittance
Kim computes the final dimensionless transverse momentum p̃x,f ≡ βγx0 after assuming a
constant radial position of the particles inside the gun xf = xi and solving the equations
of motion analytically:
p̃x,f = αkRF x sin ϕf .

(3.23)

This expression is then used to analytically compute the RF-induced emittance in the gun.
Away from the minimum, i.e. for ϕf 6= 90◦ , the following expression is valid:
εx,RF,n ≈ αkRF σx2 σϕf | coshϕf i| ,

for hϕf i =
6 90◦ .

(3.24)

This is Equation (34) in Reference [7] and is commonly reported in the literature. The
quantity hϕf i is the mean final RF phase of the bunch, σx ≡ hx2f i1/2 is the final rms
beam size (radius) and σϕf ≡ hϕ2f i1/2 is the final rms bunch length. The values at the
minimum, i.e. at ϕf = 90◦ , are plotted with blue circles in Figure 3.1 (bottom) and come
from Equation (33) in Reference [7]:
εx,RF,n = αkRF

σx2 q
h∆ϕ4f i − h∆ϕ2f i2 ,
2

for hϕf i = 90◦ .

(3.25)

Semi-Analytical Approach To understand the validity of these formulae a semi-analytical
approach based on Kim’s assumptions has been developed. A bunch of N particles uniformly distributed in the transverse (r, pr ) and in the longitudinal (ϕ, γ) phase space is
generated, extending from ri = ±a (pr = 0) and ϕi = ϕ0 ± ∆ϕ0 /2 (γi = 0), where a is
the beam radius, ϕ0 the initial RF phase of the center of the bunch and ∆ϕ0 the initial
length of the bunch. Since the distribution is uniform in r, the projection onto the x- and
y-axis results in an elliptic distribution (see e.g. the ASTRA manual [8]). The final phase
space (xf , px,f , ϕf , γf ) is computed using xf = xi and Equations (3.23), (3.21) and (3.22).
Figure 3.2 (top) shows two examples of final distribution for different initial RF phases.
The emittance definition of Equation (2.19) is applied to these final particle distributions
resulting in the green line in Figure 3.1 (bottom). A good agreement between Kim’s and
numerical values is observed. For completeness, it has been verified that a corrected version(2) of the equation lying between Equation (32) and Equation (33) in Reference [7]
exactly reproduces the green line.
2

A term of the expression had to be corrected with respect to the original publication, see Appendix A.
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Comparison with Simulations
It is of particular interest how well Kim’s model describes a real setup and to what extent
it can be used to design a photoinjector. For this purpose, ASTRA simulations have been
performed at this stage where space-charge is not yet taken into account. The simulation
setup is therefore very simple: Only the on-axis field map of the gun is provided, the
solenoid is removed, space-charge forces are turned off and the thermal emittance is set to
zero.
The simulation results are plotted in red in Figure 3.1: Squares are for the setup using
the field map of the 5.6-cell C-band standing-wave gun described in Chapter 4, circles
are for an ideal cosine-shaped field map as assumed in Kim’s model. Since the field map
Kim’s model, ϕ0 = 60◦

Kim’s model, ϕ0 = 80◦

ASTRA simulation, ϕ0 = 60◦ (corr.)

ASTRA simulation, ϕ0 = 43◦ (corr.)
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Figure 3.2.: Phase space distributions at the exit of a five and a half cell C-band standing-wave gun as
predicted by Kim’s analytical model (top) and ASTRA simulations with a real field map
(bottom), for different initial RF phases ϕ0 . In the left plots, ϕ0 is the initial RF phase
providing the minimum emittance. In the right plots, a phase providing larger emittance has
been chosen (these right plots should not be compared with each other, since ϕ0 has been
chosen arbitrarily). On the ordinate axis, the dimensionless momentum p̃x ≡ βγx 0 is used.
The color scale represents the normalized particle density.
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from the real design represents a 5.6-cell gun, an abscissa shift ∆ϕi = +0.1 · 180◦ = +18◦
has been applied in order to correct for the longer cell and match the phase at which the
energy should be maximal. Two final phase spaces are plotted in Figure 3.2 (bottom) for
comparison with the analytical model. Table 3.2 reports the values of initial RF phase,
gun output energy and final RF-induced emittance at the optimal working point found by
Kim. The RF phase and output energy values are reasonably well predicted by the model,

Table 3.2.: Comparison of initial RF phases ϕi , gun output energy Ekin and RFinduced normalized projected emittance εx,RF,n between Kim’s model
and ASTRA simulations at the optimal working point.
Kim’s model
ϕi at max. energy [◦ ]
ϕi at min. emittance [◦ ]
∆ϕi [◦ ]
Max. energy Ekin [MeV]
Min. emittance εx,RF,n [µm]
a

60
60
0
9.7
0.0031

Simulation
Real field map Ideal field map
62 a
60 a
2.0
9.9
0.013

54
50
4
9.8
0.019

Corrected by ∆ϕi = +18◦ to account for the longer half cell.

while the RF-induced emittance is almost one order of magnitude lower in the model than
in simulations. Interestingly, the location of the emittance minimum is better predicted
for the real case, probably because of the longer half cell which tries to compensate for
the initial phase slippage when the bunch is not yet at the speed of light. The most
important discrepancy between Kim’s model and simulations is the dependence of εx,n on
initial phases ϕi < 60◦ . In fact, the model predicts two additional minima which are not
found in simulations.
To better understand these discrepancies, the key assumption of a constant radial position
of the particles along the gun has been investigated. Figure 3.3 displays particle trajectories
along the gun for the initial phase ϕ0 = 62◦ providing maximum output energy. It is obvious
that the radial position of the particles is not constant along the gun, but it has a variation
in the order of 100 % from ri at the cathode to rf at the gun output. Looking again at
Table 3.2 and at Equation (3.25) reveals that doubling the considered beam size in the
model from the initial σx,0 = 0.2 mm to the final σx = 0.4 mm value would quadruplicate
the predicted RF-induced emittance to εx,n = 0.012 µm. This value is very near to the one
provided by the ASTRA simulations with a real field map. The fact that the assumption of
a constant radial position is far from reality could also explain the different curve topologies
observed in Figure 3.1 (bottom). Analogous variations of the radial position are observed
for all other initial RF phases. Leaving an s dependence of the radial position r(s) in the
equations of motion that allows one to determine pr (ri , ϕi ) (see Equation (3.23)) extremely
complicates the analytical treatment. Solving the problem numerically is what numerical
codes like ASTRA do and what is considered to provide the most reliable solution.
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Figure 3.3.: Particle trajectories along the gun computed by ASTRA for the initial RF phase ϕ0 = 62◦
providing maximum output energy. Red: Particles starting at ri = 0.5 mm with initial RF
phases ϕi = ϕ0 + ∆ϕ0 , with ∆ϕ0 = −5◦ , 0◦ and 5◦ , corresponding to tail (dash-dotted),
center (solid) and head (dashed) of the bunch, respectively. Blue: The same for particles
starting at ri = 0.05 mm.

Space-Charge-Induced Emittance
Taking space-charge effects into account makes the computation of the beam dynamics
inside a gun even more complicated. These effects are not negligible with the typical
bunch charges of an FEL machine (e.g. Qb = 200 pC for SwissFEL). On the contrary, they
provide one of the major contributions to the transverse emittance and the longitudinal
bunch length, in particular for the typical high-charge operation modes of photoinjectors
for FELs.
Several studies [9; 1; 10] have compared results from simulations or experiments with
Kim’s model with space-charge [7], in a similar way as in the previous section. It is possible to conclude that making relevant quantitative estimations with analytical models is
very difficult [2], in particular when an emittance compensation solenoid is used (see Section 3.2.5). In the framework of FELs, relevant quantitative estimations mean estimations
of the transverse emittance or the bunch length with an accuracy of at least 20 %.

3.2.3. Dynamics in Traveling-Wave Guns
To the author’s knowledge, no pure RF traveling-wave electron gun has ever been designed
and manufactured. There are only few theoretical studies that introduce this idea, whose
main outcomes are summarized in the following sections.
Gao’s Approach for Traveling-Wave Guns
In References [11; 12] Gao uses the same approach as in Reference [7] to study RF travelingwave electron guns. This is done by replacing the standing-wave form of the on-axis longi-

76

3.2. Theoretical Fundamentals
tudinal electric field given in Equation (3.20) by a traveling-wave:
Ez (0, s, t) = Eacc,0 sin(ωRF t − kRF s + ϕi ) .

(3.26)

The relation between ϕf and ϕi remains that of Equation (3.21).(3) The gun output energy
is then:
γf = 1 + 2αnTW ϕadv sin ϕf ,

(3.27)

where nTW is the number of full cells of the traveling-wave gun, ϕadv is the phase advance
per cell in rad and α is the field strength factor defined as in Kim.(4) The integration of
the equations of motion, always with the assumption of a constant radial position of the
particles along the gun, results in a (dimensionless) momentum at the gun exit given by:


p̃x,f = αkRF x sin ϕf +

1
cot ϕf
2α



(3.28)

.

Due to the additional term cot ϕf /(2α) (compare Equation (3.23)), Gao does not present
an analytical formula for the transverse emittance. Instead, he introduces a surrogate
quantity ε̃x,RF,n which is the area (normalized to π) of the triangular phase space drawn
in black in Figure 3.5 (top right). The larger the final phase spread, the less uniform the
particle density in the final phase space, the less accurate the proposed emittance surrogate.
Moreover, the relation between εx,n and ε̃x,n is not linear, as it is evident from the semilogarithmic plot of Figure 3.4 (bottom), where only an offset between the different curves
would be observed in the case of a linear relation.
Similarly to Figure 3.1, the model and the ASTRA simulations are compared in Table 3.3
and Figure 3.4 for traveling-wave guns. Again, simulation results are plotted in red: Squares
Table 3.3.: Comparison of initial RF phases ϕi between Gao’s model and ASTRA simulations at the optimal working point.
Gao’s model
ϕi at max. energy [◦ ]
ϕi at min. emittance [◦ ]
∆ϕi [◦ ]
a

45
45
0

Simulations
Real field map Ideal field map
45 a
33 a
12

47
42
5

Corrected by ∆ϕi = −26◦ to match the phase at which the output energy
is maximal.

are for the setup using the field map of the 23-cell C-band traveling-wave gun described in
Chapter 5, circles are for an ideal sine-shaped field map as assumed in Gao’s model. For the
real field map case, an abscissa shift ∆ϕi = −26◦ has been applied in order to match the
phase at which the output energy is maximal in the model. To match the maximal output
energy given by the real case simulation, the maximum field amplitude for the model and
An empirical, frequency dependent phase correction factor δϕ[◦ ] ≡ 19Ez (0, 0)[MV/cm]−0.9 introduced by
Gao is omitted here. In [11] the term sin(ϕi + δϕ) substitutes sin(ϕi ) in Equation (3.21).
4
Note that Gao uses a different definition which does not comprise the factor 1/2.
3
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Figure 3.4.: Top: Final ϕf vs. initial ϕi RF gun phase according to Gao’s model. Middle and Bottom:
Comparison of Gao’s model (blue) with ASTRA simulations (red) for a laser pulse of length
∆t0 = 5 ps (∆ϕ0 = 10.3◦ ) and with uniform distribution (rms laser spot size σx,0 = 0.2 mm).
The squares indicate simulations with a real field map while the circles indicate simulations
with an ideal sine-shaped field map. Gun output kinetic energy Ekin (middle) and normalized
projected emittance εx,n (or its surrogate ε̃x,n ) as a function of the initial RF phase ϕi
(bottom, note the logarithmic scale on the ordinate axis). For the interesting region the
step size of the parameter scan was reduced.

the ideal case was set to Eacc,0 = 85 MV/m. Interestingly, simulations predict a different
phase for maximum output energy and minimal emittance. This difference is particularly
remarkable in the case of a real gun.
The analysis judging the validity of this model can already stop at this point. It is clear
that it is hardly possible to make even only qualitative considerations with it. Also for
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traveling-wave guns, ASTRA shows that the assumption of a constant radial position of
the particles along the gun is very rough. This is an additional important approximation
of the model contributing to its uncertainty.
Gao’s model, ϕ0 = 45◦

Gao’s model, ϕ0 = 80◦

ASTRA simulation, ϕ0 = 33◦ (corr.)

ASTRA simulation, ϕ0 = 53◦ (corr.)
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Figure 3.5.: Phase space distributions at the exit of a 23-cell C-band traveling-wave gun as predicted
by Gao’s analytical model (top) and ASTRA simulations with a real field map (bottom),
for different initial RF phases ϕ0 . In the left plots, ϕ0 is the initial RF phase providing
the minimum emittance. In the right plots, a phase providing larger emittance has been
chosen (these right plots should not be compared with each other, since ϕ0 has been chosen
arbitrarily). On the ordinate axis, the dimensionless momentum p̃x ≡ βγx 0 is used. The
color scale represents the normalized particle density.

First Simulations of a Traveling-Wave Gun
To the author’s knowledge, the only published simulations of an RF traveling-wave gun are
those presented in Reference [13]. Both the RF fields and the resulting beam dynamics in
the gun are computed. One of the main conclusions of the study is that the performance of
a traveling-wave gun with an RF phase advance per cell ∆ϕc = 90◦ is inferior than that of
a standing-wave gun in terms of transverse projected emittance, because front electrons of
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the beam experience a defocusing effect in the vicinity of the irises at the phase of maximum
amplitude of the field. However, it is important to note that the presented design foresees
a thermionic cathode and not a photocathode. Therefore the emittance is calculated for
a beam distributed over the full RF phase range in which the emission of electrons takes
place (width ∆ϕRF ≈ 110◦ ) and not over the restricted RF phase range determined by the
length of a laser pulse, which is typically in the order of ∆ϕRF ≈ 10◦ .

3.2.4. Plasma Picture
A classical neutral plasma is composed of electrons that freely move in a static background
of ions. An electron beam can be considered as a non-neutral, single-component plasma
with a non-vanishing average velocity. A plasma picture for particle beams is very useful
since the linear (in first order approximation) restoring force is provided in this case by the
interplay of self (defocusing) and external (focusing) fields, which replace the ion field of
the common plasma picture [14, pp. 163–170].
Plasma Frequency
The relativistic plasma frequency, i.e. the frequency observed in the laboratory frame at
which the electrons oscillate in the transverse direction, is defined as [14, p. 165]:
s

ωp =

e2 n
,
ε0 γ 3 m e

(3.29)

where n is the particle density and γ the relativistic gamma factor.
Figure 3.8 is considered as an illustrative example demonstrating the validity of a plasma
picture. At the beam waist after the gun, an average density n0 = 1.2 × 1018 /m3√results
from the Qb = 200 pC bunch with radius a = 2σx = 0.45 mm and length ∆zb = 2 3σz =
1.7 mm. The output energy Ekin = 9.8 MeV corresponds to γ = 20. With Equation (3.29)
the plasma frequency evaluates to ωp = 0.67 Grad/s. Since the electrons at the gun exit
are almost at speed of light (β > 0.99), this frequency converts to a wavelength in the
laboratory frame λp = c · 2π/ωp = 2.8 m. This value must be compared to the plot
in Figure 3.8 (top), where one and a half oscillations of the projected emittance can be
observed over a distance ∆s ≈ 3 m.
Debye Length
Another quantity originating from the classical plasma model but useful also for the understanding of beam dynamics is the Debye length [14, p. 164–170]:
ṽx
λD ≡
=
ωp

s

ε0 γkB Tb
=
q2n

s

ε0 mγ 3 ṽx2
,
q2n

(3.30)

where ṽx is the rms random transverse velocity of the particles. The beam temperature
Tb ≡ γ 2 mṽx2 /kB is taken in the beam frame, while all of the other variables are defined in
the laboratory frame.
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In a classical plasma, the Debye length is the distance at which the electric potential of a
test charge placed into a neutral plasma is effectively screened off by charge redistribution.
This quantity is very helpful to identify different regimes of the dynamics of a beam with
radius a:
Space-charge-dominated regime λD  a: The collective effects provided by the self
fields of the beam dominate. A laminar flow model can be used, in which particles at a
given point are assumed to have the same velocity so that their trajectories do not cross.
Emittance-dominated regime λD  a: The screening is ineffective and the self fields of
the beam can be ignored. The beam density profile can be considered Gaussian and the
single-particle behavior dominates.
Transition regime λD ≈ a: The space-charge effects and the emittance contribute to the
dynamics with the same order of magnitude.
Figure 3.6 (top) shows the Debye length (solid blue) along the beam line for the injector
setup presented in Chapter 4. As expected, a space-charge-dominated regime (λD  a)
is found at the exit of the gun and in the initial part of the injector. Since the beam
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Figure 3.6.: Top: Debye length λD (solid) and beam envelope a = 2σx (dashed) are compared (left scale,
blue) along the trajectory position s for the injector setup of Chapter 4. Their ratio is also
plotted (right scale, green). Bottom: Corresponding space-charge Fσ,K = K/4σx (solid)
and emittance Fσ,ε = ε2x /σx3 (dashed) terms of the rms envelope equation are compared
(logarithmic left scale, blue). The laminarity parameter ρσ is also plotted (linear right scale,
green).
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size remains approximately constant after entering the first booster structure, the Debye
length increases as λD ∝ γ 3/2 inside the booster structures and the transition regime is
approached.

3.2.5. Injector Transverse Dynamics
The plasma picture has important consequences on the study of the transverse dynamics.
These will be emphasized in the following sections with a methodology analogous to that
of Section 2.2.1. From the dynamics of a single particle described by the paraxial ray
equation (3.31), the dynamics of the electron beam is inferred, obtaining the transverse
envelope equation (3.34).
Paraxial Ray Equation with Self Fields
Rotationally symmetric ( ∂∂θF ), static ( ∂∂tF ) fields F (r, s) (F ∈ {E, B}) can be Taylor expanded around the longitudinal symmetry axis (r = 0, i.e. the beam s-axis) just by knowing
the on-axis field profile Fz,0 ≡ Fz (r = 0, s) [14, pp. 61–63]. Therefore, assuming:
• rotationally symmetric electric E(r, s) ≡ (Er , 0, Ez ) and magnetic B(r, s) ≡ (Br , 0, Bz )
fields,(5)
• and paraxial motion, i.e. ż =

q

(βc)2 − ṙ2 − (rθ̇)2 ≈ βc,

the first order paraxial ray equation with self fields (6) can be derived [14, pp. ,63–65,187]:
r

00

|{z}
(0)

qBz (r = 0, s)
2mcβγ

γ0
γ 00
+ 2 r0 + 2 r +
β γ
2β γ
| {z }
(1)

| {z }
(2)

|

{z

(3)

!2

pθ
mcβγ

r−
}

|

!2

{z

(4)

r
1
−K 2 = 0.
r3
a
}

(3.31)

| {z }
(5)

It describes the transverse motion in the radial coordinate r of a charged particle within a
homogeneous beam of radius a. The individual terms represent:
(0) The change rate of the particle divergence r00 (s) ≡

∂ 2 r(s)
.
∂s2

q
(1) The longitudinal acceleration/deceleration γ 0 (s) = mc
2 Ez (r = 0, s) due to the longitudinal electric field component Ez (r, s) = Ez (r = 0, s) + O(r2 ). In this first order
approximation, Ez (r, s) does not depend on the radial position r.
q ∂ Ez (r=0,s)
−2q Er (r=0,s)
≈ mc
due to the
2
∂s
r(s)
mc2
Er (r, s) = − 2r ∂ Ez (r=0,s)
+ O(r3 ). In this first
∂s
linear dependence on both r and Ez (r = 0, s) of

(2) The transverse focusing/defocusing γ 00 (s) =
transverse electric field component
order approximation, one notes the
Er (r, s).

Fθ = 0 follows directly from ∂∂θF = 0 together with rot F = 0 (Maxwell’s equations for static fields in
vacuum).
6
The equation commonly known as paraxial ray equation does not include the term (5) representing the
beam self fields [14, p. 65].

5
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(3) The focusing of both transverse Br (r, s) = − 12 ∂ Bz (r=0,s)
+ O(r3 ) and longitudinal
∂s
Bz (r, s) = Bz (r = 0, s) + O(r2 ) components of the magnetic field. It is worth to
underline here that, even though only one term of the paraxial ray equation explicitly
contains Bz (r = 0, s), both components Br and Bz influence the transverse motion
also in first order approximation.
(4) The particle canonical angular momentum:
pθ = γmr2 θ̇ + qAθ (r, s)r ,

(3.32)

is a constant of motion for axially-symmetric fields (Aθ is the azimuthal component of
the magnetic vector potential). Therefore, pθ is determined by the initial conditions.
(5) The self fields generated by the other particles in the beam, which are summarized
by the generalized perveance:
K≡

ωp2 (s)a2 (s)
I
2
=
IA β 3 (s)γ 3 (s)
2β 2 (s)c2

electrons

>

0,

IA ≡

4πε0 mc3
.
q

(3.33)

For a long uniform beam, mean bunch current and peak current Ib = Ipeak ≡ I are
the same, while the Alfvén (or Alfvén-Lawson) current or magnetic current limit IA
is the same quantity that was already introduced in Equation (2.61).(7) The plasma
frequency ωp was defined in Equation (3.29). Since the beam model is the same as
that used in Section 2.2.2, it is worth to realize that the transverse coordinate r
presents exactly the same dependence on space-charge forces in both Equation (3.31)
and Equation (2.36). The paraxial approximation demands that |K|  1. Moreover,
for an electron beam, which does not exhibit charge-neutralization from a static ion
background, K > 0 holds.
Envelope Equation
More than at the behavior of a single particle inside the beam, the dynamics of the beam
as an ensemble of particles is of interest in order to understand a photoinjector. A selfconsistent treatment of beam dynamics with a uniform beam model [14, ch. 5] demonstrates
that the beam envelope (or radius) a still obeys Equation (3.31) by setting a(s) = r(s)
and adding an additional term Fa,ε which takes into account the (normalized) geometric
emittance εg,n defined in Equation (2.21) [14, p. 187]. The transverse envelope equation
with self fields is then:
γ0
γ 00
a00 + 2 a0 + 2 a +
β γ
2β γ
−

pθ
mcβγ

!2

qBz (r = 0, s)
2mcβγ

a

ε2g,n 1
1
1
−
K
−
= 0.
a3
a β 2 γ 2 a3
|{z}

Fa,K
7

!2

(3.34)

| {z }
Fa,ε

It is the current at which a charge-neutralized beam stops to propagate due to its own magnetic self
field [14, p. 182].
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It is important to underline that Equation (3.34) is derived with the assumption of a
uniform beam model, which is characterized by a K-V distribution in the 4D transverse
trace space (see Appendix B). The concept of equivalent beam [14, pp. 320–326] introduces
following relations between geometric and rms quantities [14, pp. 53,321]:




a ≡ 2 · σx

a0 ≡ 2 · σ

0

x



 εg ≡ 4 · εx

(3.35)

.

These relations are exact in the case of a uniform beam but are also a meaningful approximation in the case of other distributions like e.g. a Gaussian distribution. Inserting them
into Equation (3.34) leads to the transverse rms envelope equation with self fields:(8)
qBz (r = 0, s)
2mcβγ

γ 00
γ0
σx00 + 2 σx0 + 2 σx +
β γ
2β γ
| {z }
Fσ,γ 0

| {z }
Fσ,γ 00

|

!2

σx

{z

}

Fσ,B

(3.36)

ε2x,n 1
hp2θ i
1
K 1
−
−
−
= 0.
4 σx β 2 γ 2 σx3
(4mcβγ)2 σx3
|

{z

Fσ,pθ

}

| {z }
Fσ,K

|

{z

Fσ,ε

}

For a beam emitted within a region with non-vanishingqmagnetic field Aθ 6= 0, the term
Fσ,pθ results into an additional emittance contribution hp2θ i/4mc > 0 when the beam
leaves the region with the magnetic field [14, p. 188]. It is for this reason that a bucking
coil must be employed to eliminate solenoidal field components at the cathode in certain RF
photocathode guns. From now on, pθ = 0 will be set and the term Fσ,pθ can be neglected.
Considering a beam in free space (γ 0 = γ 00 = Bz (r = 0, s) = 0), Equation (3.34) reduces
to:
σx00 −

K
ε2
− x3 = 0 ,
4σx σx

(3.37)

where the emittance εx = εx,n /βγ has substituted the normalized emittance εx,n . Figure 3.6
(bottom) plots the factors Fσ,K = K/4σx and Fσ,ε = ε2x /σx3 along the photoinjector setup
presented in Chapter 4. The laminarity parameter is also plotted:
ρσ ≡

Fσ,K
Kσx2
Iσx2
2Ia2
Ka2
Fa,K
=
=
=
=
=
(≡ ρa ) .
2
2
2
2
Fσ,ε
4εx
2IA βγεx,n
IA βγεg,n
εg
Fa,ε

(3.38)

The three important regimes already introduced in Section 3.2.4 are recognized again:
Emittance dominated regime ρσ  1: The space-charge term Fσ,K can be neglected.

Space-charge dominated regime ρσ  1: The emittance term Fσ,ε can be neglected.
8

Sometimes the transverse rms envelope equation is given in terms of σr =
√
2σy . The prefactors of the different terms then change accordingly.
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Transition regime ρσ = 1.
The relation:
λD
=
a

s

1
,
8ρσ

(3.39)

connects the beam physics parameter λD to the experimental parameter ρσ (σx , K, εx ) [14,
p. 343]. This correspondence can be appreciated by comparing the green lines in Figure 3.6.
Emittance Compensation Theory
The rms envelope equation with self fields (3.36) is the starting point to derive the principle
of emittance compensation, which is of fundamental importance for the development of low
emittance photoinjectors. Briefly stated, the envelope equation reveals that the emittance
increase due to the linear space-charge forces (term Fσ,K ) can be compensated by correctly
focusing the beam (term Fσ,B and, when also acceleration is present, terms Fσ,γ 0 and
Fσ,γ 00 ). The purpose of this section is to highlight in a simple, qualitative manner the
central points behind the detailed and very technical derivation of Reference [15] that sets
a solid framework of the emittance compensation theory.
Matched Beam A steady-state solution σeq of the envelope equation is usually indicated
as a matched beam:
0
00
σeq
= σeq
= 0.

(3.40)

Generally, it is desirable to have a matched beam in order to avoid envelope oscillations
(see Reference [14, ch. 4.4.3]) that can lead to a deterioration of the beam quality and
particle losses [14, p. 127].
As a starting point, a space-charge-dominated beam Fσ,ε = 0 within a constant focusing
2 σ without acceleration F 0 = F 00 = 0 is considered:
channel Fσ,B = kB
x
σ,γ
σ,γ
2
σx00 + kB
σx −

K
= 0,
4σx

2
kB
∝

1
.
γ2

(3.41)

For a matched beam, Equation (3.41) reduces to the Brillouin flow condition:
K
2
kB
σeq −
=0
4σeq

s

=⇒

σeq =

K
2 .
4kB

(3.42)

Small Mismatches of Individual Slices In practice, a perfectly matched beam at all
positions s along the beam line is not a realistic assumption and the consequences of initial
mismatches must be studied. In the particular case of an RF gun, the time dependence
of the RF fields at the cathode and the bunched nature of the beam correspond to a nonuniform initial focusing and a non-uniform current profile along the longitudinal direction.
Recalling the longitudinal slicing introduced in Section 2.2.1, individual envelope values
σj are defined and an explicit dependence of the current I = Ij on the longitudinal position
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is introduced for every slice j of infinitesimal length ∆zj . Next, a small mismatch δσj
from the slice equilibrium beam size σeq,j (Ij ) is assumed for the individual slices: σj (s) =
σeq,j + δσj (s). The initial mismatch δj,0 of the envelope size is determined by the initial
envelope size σx,0 = σeq,j + δj,0 , which is the same for all slices j. No initial mismatch of the
envelope divergence σj (0)0 = 0 is assumed. Inserting this expression into Equation (3.41)
and linearizing around the steady-state point of Equation (3.42) gives [15; 16]:
2
δσj00 + 2kB
δσj = 0

⇒

⇒


q


2 s

2kB
δσj (s) = δj,0 cos
q

√

2 s

2kB
δσj0 (s) = −δj,0 2kB sin


q

2 s

2kB
σj (s) = σeq,j + δj,0 cos
q

√

2 s

2kB
σj0 (s) = −δj,0 2kB sin

(3.43)
.

These results show that the slice envelopes σj oscillate around the equilibrium solutions σeq,j , with a frequency determined by the strength kB of the focusing channel. The
underlying assumption is that the mismatches δσj are small enough.
Emittance Compensation Principle The very simple analysis of the previous paragraph
already reveals
the important principle of emittance compensation. The oscillation freq
2
quencies 2kB are independent of the beam current Ij , which only determines the different
oscillation amplitudes δj,0 = σx,0 − σeq,j (Ij ). This means that the correlated emittance of
the ensemble of slices (i.e. the projected emittance of the beam) growths at the beginning,
but periodically returns to the minimum initial value [15; 16]:
εx (s) =

q

hσj2 ihσj0 2 i

−

hσj σj0 i2

∝ sin

q

2
2kB



s

.

(3.44)

The emittance minimum is obtained when all slices are aligned in the trace space, i.e.
when the trace space angle φj = arctan(σj0 /σj ) is the same for every slice j and therefore
independent of the current Ij (compare Figure 2.2, noting that the absence of an initial
slice emittance in this analysis results into lines in the trace space). In Figure 3.7 the
behavior of the beam envelopes (top) and of the transverse emittance (bottom) along a
constant focusing channel are sketched according to Equations (3.43) and (3.44).
Invariant Envelope Solution There is a special solution σ̂eq of the envelope equation in
the presence of acceleration that is analogous to the solution of a matched beam σeq . Its
characteristics can be studied by adding the terms Fσ,γ 0 and Fσ,γ 00 due to acceleration to
Equation (3.41):
σx00 +
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γ0 0
γ 00
K
2
σx +
σx + k B
σx −
= 0.
γ
2γ
4σx

(3.45)

Beam envelope σx
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Correlated emittance εx

sbunch

sbunch
Trajectory position s
Figure 3.7.: Top: Oscillations of the slice envelopes σj (solid) around their equilibrium value σeq,j for
three different slices along the trajectory position s. The initial beam size σx,0 determines
the initial envelope size of all slices. The global equilibrium envelope σeq of the beam is also
indicated (gray). Bottom: Corresponding correlated emittance εx of the slice ensemble, i.e.
of the beam.

A uniform focusing channel and a space-charge-dominated regime are still assumed and,
√
in addition, also β ≈ 1 was set. Introducing an energy-scaled beam envelope σ̂x ≡ γσx
transforms Equation (3.45) into:
σ̂x00

+

2
k̂eff
σ̂x

K̂
2
=
, k̂eff
=
4σ̂x

γ0
2γ

!2
2
∝
+ kB

1
γ2

(3.46)

K̂ = γK .
This invariant envelope equation has the same form of Equation (3.41). The definition
of a matched beam in the presence of acceleration becomes:


γ0

0 = σ 0 √γ + σ

σ̂eq

x √ =0
x


2 γ


00
02
0
γ
γ
γ


00 = σ 00 √γ + σ 0
 √ −
=0

σ̂eq

x
x √ + σx

γ
2 γ 4γ 3/2


,

(3.47)

where σ̂eq is nothing else than the invariant envelope solution. Performing a derivation
analogous to that leading to Equations (3.43) and (3.44) provides the normalized emit-
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tance [16]:
εx,n (s) = γ · εx (s) =

q

hσ̂j2 ihσ̂ 0j 2 i − hσ̂j σ̂ 0j i2 ∝ sin

q

2 s
2k̂eff



.

(3.48)

q In the presence of acceleration, the normalized emittance oscillates with a frequency

2 ∝ 1/γ that tends to zero for increasing energies (see Equation (3.46)). The rotation
2k̂eff
of the beam slices in the trace space slows down to a negligible rate at increasing energies
and the normalized emittance value is therefore “frozen in”.
From this perspective, the challenge of designing a low emittance photoinjector is to find
the best beam line setup in order to tune the phase of the emittance oscillation such that
the minimum emittance value is frozen in. In the real case, also other aspects must be
considered. The single slices have a non-vanishing initial thermal emittance εx,th ∝ σx,0
that scales linearly with the initial beam size (see Equation (2.42)). The initial beam
size also determines, on one hand, the factor Fσ,K due to the linear space-charge that
enters the matching conditions of Equation (3.42) and, on the other hand, the non-linear
components of the space charge that cannot be compensated and causes emittance growth.
The strong interplay of these aspects must therefore be considered in order to minimize
the final transverse emittance.

Ferrario Matching Point
The previous section qualitatively described the concept of emittance compensation in a
photoinjector by analyzing very simple and idealized scenarios with the envelope equation (3.36). Reference [15] makes one step further and provides a quantitative description
of a realistic photoinjector setup composed of an RF standing-wave accelerating structure
and a focusing solenoid. Also the case of a split injector where the RF gun is followed by
a drift space before the booster is treated. This is exactly the setup studied in this work,
as it is sketched e.g. in Figure 2.13.
Many remarkable results are found in Reference [15], like for example the analytical description of the beam envelope evolution along the photoinjector and the demonstration of
the existence of an invariant envelope solution also in the complicated scenario of a real
photoinjector. All these analytical results are shown to match well the numerical simulations. However, nowadays the availability of codes like ASTRA and OPAL represents a
more precise, detailed and convenient tool for the optimization of a photoinjector. Sections 3.3.3 and 3.4 describe how these codes are used in this work, taking advantage of the
concepts described in the following paragraph.
Reference [17] summarizes the results of the emittance compensation theory that have
a direct practical importance when simulation codes are used. The most relevant for this
work are the matching conditions that must be achieved at the entrance of the first booster
structure at s = sb :

0


σx (sb ) = 0
γ 0
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σx (sb )

s

Ipeak (sb )
eĒbs
=
2IA γ(sb )
me c2

.

(3.49)

3.2. Theoretical Fundamentals

Gun

The first condition requires that the beam is injected into the booster structures at a
laminar waist. The second one relates the mean accelerating gradient Ēbs of the travelingwave(9) booster structures to the beam size σx , peak current Ipeak and energy γ at its
entrance.
Another fundamental result presented in Reference [17] is the existence of a particular
point (commonly known as Ferrario matching point). This operating point allows one to
reach emittance compensation. For an adequate field strength of the focusing solenoid,
the projected emittance shows a double minimum in the drift space. In addition, the
position of the emittance maximum between these two minima corresponds to the beam
waist position. This behavior can be observed in Figure 3.8 for the photoinjector design
presented in Chapter 4. The idea is to freeze in the second emittance minimum at higher
s
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Figure 3.8.: Beam size σx (top) and normalized projected emittance εx,n (bottom) as a function of
the trajectory position s delivered by the C-band standing-wave gun and relative solenoid
(sketched above the plots) described in Chapter 4. The booster structures have been removed in order to observe the Ferrario matching point at s = 2.1 m (the curve extrema are
indicated by the gray dashed lines). The emittance peaks exceeding the scale at small s
are due to the azimuthal RF magnetic field inside the gun, whose effect on the transverse
momentum averages out at the exit of the gun.

energies by locating the booster at the beam waist, such that the matching conditions of
Equation (3.49) are met.
The Ferrario matching point was discovered with the HOMDYN code [17], which basically
integrates the beam envelope equation (3.36) based on a longitudinal slicing of the electron
9

For a standing-wave booster, the factor 2 at the denominator in the square root becomes a factor 3.

89

3. Photoinjector Modeling
bunch. Based on an identical approach, the OPAL-e tracker was recently added to the
OPAL capabilities [18].

3.3. Simulations
The core of this work is represented by the development of new designs of an RF photocathode gun that can further improve the performance of the SwissFEL machine. The
novel designs presented in Chapters 4 and 5 are based on numerical simulations of the
electromagnetic fields and of the beam dynamics induced by these fields. The used tools,
setups and procedures are briefly summarized in this section.

3.3.1. RF Accelerating Structures
Finite-element (FEM) or finite-difference (FD) simulations are employed for the computation of the electromagnetic fields inside the RF accelerating cavities and also for those
generated by the focusing magnet. Two codes were employed:
Superfish [19] is an axisymmetric FD eigenmode solver using triangular discretization
elements. It assumes rotational symmetry around the beam s-axis. It can only calculate
TM0n and TE0n standing-wave modes which, by definition, have homogeneous fields
along the azimuthal θ-direction. It is not able to compute TMmn modes with m 6= 0,
which however exist in rotational symmetric cavities.
Superfish was particularly appreciated in the initial design phase of the RF standingwave gun because it can compute the fields in the cavity in less than 1 min on a common
desktop PC. It must be substituted by a 3D code, as soon as the coupling between the
waveguide and the gun is introduced, since this breaks the rotational symmetry of the
problem.
ANSYS HFSS [20] is a 3D FEM code using tetrahedral discretization elements. It
provides eigenmode as well as frequency domain (driven modal) solvers. HFSS can be
conveniently used also in the initial design phase taking advantage of the rotational
symmetry of the problem. Wedges with a small angular amplitude in the θ-direction
(typically ∆θ = 2◦ ) can be simulated by properly setting perfectly magnetic boundary
conditions as shown e.g. in Figure 3.9.
Several consecutive steps are required to reach the final RF design of a gun. For a
standing-wave gun, details about the design procedure can be found elsewhere, e.g. in Reference [21]. This is not the case for a traveling-wave gun since, to the author’s knowledge,
no complete design has ever been presented before. For this reason, a qualitative description of the design procedure for a traveling-wave gun is given in the following subsections
with the aim of providing a general overview. All quantitative and specific considerations
are found in Chapter 5. Table 3.4 lists the most relevant parameters of the simulation
setups related to the RF design of the traveling-wave gun.
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Table 3.4.: Typical setup of the main parameters for the RF simulations with ANSYS HFSS. Four setups corresponding to four different design steps are presented.

Mesh

General

Design step
Solver
Wedge amplitude
Mesh elements
Max. Surf. Dev. a
Max. Surf. Norm. Dev.
Max. Aspect Ratio a
Apply curv. elem.
Meshing Method

Setup

Surf. repr. priority

Min. Num. of Passes
Num. of Conv. Passes
Order of Basis Func.

Coupling
Figure 3.10

Transition
Figure 3.11

Full gun
Figure 3.11

eigenmode
2◦
tetrahedral

driven modal
2◦
tetrahedral

driven modal
90◦
tetrahedral

driven modal
90◦
tetrahedral

1–3 µm
Use def.
3
TRUE
TAU Mesh
Strict
High

1–5 µm
Use def.
3–5
TRUE
TAU Mesh
Strict
High

3–10 µm
Use def.
3–4
TRUE
TAU Mesh
Strict
High

5–20 µm
Use def.
4–6
TRUE
TAU Mesh
Strict
High

10
0.0001–0.0005
TRUE
Use def. val.
4–6
3–5
Second ord.
Direct solv.

4–6
0.0005–0.001
TRUE
Use def. val.
3–5
2–4
Second ord.
Direct solv.

3–5
0.001–0.005
TRUE
Use def. val.
3–5
2–4
Second ord.
Direct solv.

3–4
0.001–0.005
TRUE
Use def. val.
3
2–3
Second ord.
Direct solv.

The same values are used in Initial Mesh Settings and
in Surface Approximation > Settings.
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a

Max. Num. of Passes
Max. Delta. S
Do Lambda Ref.

a

Regular cell
Figure 3.9

3. Photoinjector Modeling
Regular Cell
The regular cell is the element repeated several times between the first cell containing the
cathode and the last cell connected to the output beam pipe. Its optimization represents
the starting point of the RF design. The selected phase advance per cell of the RF wave
can be defined in HFSS by means of master/slave boundary conditions (see Figure 3.9,
right).
y

x

x

e
Slav

y

ter
Mas

PMBC 1

2
PMBC

2◦

s

Figure 3.9.: 3D cavity geometry of the single cell for the eigenmode RF simulation in HFSS with perfect
magnetic boundary conditions (PMBC) on the side surfaces and Master/Slave boundary
conditions at the two cell ends. These define the desired phase advance of the RF wave.
The wedge amplitude in the left picture has been increased for displaying reasons.

The iris aperture and thickness determine the group velocity of the traveling-wave, which
is inversely proportional to the filling time of the cavity. A short filling time is desired to
enable larger maximum fields in the cavity and can be achieved by increasing the aperture
and decreasing the thickness. However, both of these operations tend to increase the
maximum surface electric field at the iris, which should be kept as low as possible. In an
RF gun, the maximum surface electric field is desired at the cathode, where the electron
bunch is initially accelerated. Therefore, the group velocity should be increased as long as
the surface electric field at the iris of the regular cell is lower than the one at the cathode.
This can only be checked in the next design step, when the input coupling cell is introduced.
Some iterations might be necessary before these requirements are fulfilled.
Input and Output Coupling Cells
The central cells are the part of the traveling-wave gun where the main acceleration takes
place. The input and output coupling of the RF power is transmitted by two different
coupling cells, which have a fundamental influence on the beam dynamics. The solution
adopted for both designs presented in Chapters 4 and 5 is to feed power in the cavity through
a coaxial coupling from the cathode side. The most convenient method to compute the
fields in the extended geometries displayed in Figure 3.10 is to use a frequency domain
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solver. Input and output wave ports can be easily defined and the rotational symmetry
still allows one to reduce the calculation to a wedge of ∆θ = 2◦ amplitude.

1
Port

2
Port

Input coupling

5

1
Port

5

6

7

Input + output coupling

2
Port

s
x

2
Port

1
Port

◦

7

Output coupling

y
2

6

Figure 3.10.: 3D cavity geometry of the traveling-wave gun with coupling to the coaxial sections for the
frequency domain RF simulation in HFSS. The wave ports are indicated (red) as well as the
locations where the geometry is cut to run simulations with a different number of regular
cells (black).

The input and output coupling are independently optimized using a symmetric arrangement as shown in Figure 3.10 (top and middle). The main goal of this design
step is to achieve a good impedance matching, i.e. a sufficiently low reflection parameter S11 < −30 dB, between the coaxial sections and the section of the regular cells. This
is done by tuning several geometric parameters like e.g. the radius of the end cells, and
the position and the gap of the irises in the coaxial sections. During the minimization of
the S11 parameter, particular care is taken in order not to fall into a local minimum of a
standing-wave resonance of the central part of the gun (see Figure 5.6). For every new set
of geometric parameters, several simulations with a different number of regular cells are
run in order to cover one full period of phase advance. The highest S11 parameter is then
selected as the representative point for the geometry.
After having independently achieved a good impedance matching for the input and output geometry, the two parts can be combined to form the gun as shown in Figure 3.10
(bottom). No additional tuning is required. This geometry fixes the on-axis fields, which
are those required by the beam dynamics simulation codes.
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Waveguide-to-Coaxial Transitions
The last design step finally connects the gun to the standard rectangular waveguide. For the
designs under discussion, this consists in a transition between the rectangular waveguides
and the coaxial sections. Figure 3.11 shows the cavity geometry of the input (top left) and
output (top right) transitions. These two parts are individually optimized. Similarly to

P1

Output transition

P1

Input transition

y
x

90
P2

P2

◦

P1

Full gun

P2

s

Figure 3.11.: 3D cavity geometry of the transitions between the rectangular waveguides and the coaxial
sections for the frequency domain RF simulation in HFSS. Since a dual feed with one
waveguide from the top (displayed) and one from the bottom (not displayed) is employed,
at least a quarter of the complete geometry must be simulated. The wave ports are
indicated (black).

the coupling between the coaxial sections and the regular cells, the main goal of this design
step is to achieve impedance matching. The additional aspects that were considered during
the optimization will be extensively discussed in Chapters 4 and 5.
Two rectangular waveguides, one coming from the top (displayed in Figure 3.11) and
one from the bottom (not displayed), form a typical dual feed, which introduces the first
azimuthal asymmetry in the geometry. For this reason, even if one takes advantage of the
remaining symmetry, a wedge of ∆θ = 90◦ amplitude must be simulated.(10)
Regarding the output transition, a choke (the “T-shaped” structure) allows one to have
a location where no RF fields are present. Its design is also performed independently of
the rest of the transition. In the final full gun geometry of Figure 3.11 (bottom), one notes
10

If only a single waveguide was employed, half of the geometry had to be simulated.
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that the choke can be moved and mirrored along the longitudinal direction (compare the
top right geometry) without loosing its properties.
Differences of the Standing-Wave Design
Overall, the described procedure is also valid for the RF design of a standing-wave gun. The
major difference consists in the fact that a standing-wave cavity only needs one coupler port,
since the RF power is only dissipated in the cavity itself or reflected, but not transmitted.
Finer differences are highlighted in the following paragraphs.
Regular Cell The RF phase advance per cell of a standing-wave cavity is by definition
∆ϕc = 180◦ , which is equivalent to set perfect magnetic boundary conditions at both cell
ends (see Figure 3.12, left). An eigenmode calculation can be performed to compute the
fields in the cavity.
r

Semi-axis b [mm]

11
a

PMBC 2

PMBC 1

b

s

10.5

1.2

10
9.5

1.1

9
8.5
8

1
4 4.5 5 5.5 6 6.5 7
Semi-axis a [mm]

Fs

Figure 3.12.: Optimization of the regular cell of a standing-wave gun in Superfish. Left: 2D cavity
geometry with perfect magnetic boundary conditions (PMBC) at both cell ends. Right:
Optimization of the semi-axes a and b of the elliptical iris by means of a parameter sweep
in order to find the lowest field ratio Fs (white square). The semi-axis ranges were limited
by geometric constraints.

Similarly to the traveling-wave case, the iris aperture should, on one hand, be reduced
to minimize the maximum surface electric field and, on the other hand, be increased to
maximize the mode separation of the gun. The mode separation is a very important
aspect for a standing-wave gun and will be extensively discussed in Section 4.5. Here,
it is enough to say that a larger iris aperture increases the coupling between adjacent
cells (k in Equation (4.1)) and therefore enlarges the mode separation (fNm − fNm −1 in
Equation (4.1)). An example of the optimization of the semi-axes a and b defining the iris
ellipse is shown in Figure 3.12 (right). The ratio Fs ≡ Eacc,0 /Esurf,0 between the maximum
on-axis Eacc,0 and surface Esurf,0 fields is studied for a fixed iris aperture ∆r = 10 mm.
Gun without Coupling This intermediate step exclusively belongs to the standing-wave
design. After the individual simulation/optimization of the first half cell, of the regular
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cell and of the end cell, these pieces are combined together to form the full gun as in
Figure 3.13. An eigenmode computation can still be performed in order to compute the
fields in the cavity.
Accelerating mode

BC

r

r

s

Adjacent mode

s
Figure 3.13.: 2D cavity geometry of the standing-wave gun without coupling for the eigenmode RF simulation in Superfish. Top: To design the accelerating mode resonating at facc = 5.712 GHz,
the half, regular and end cell (highlighted by black dashed lines) are first individually simulated as in Figure 3.12. The perfect electric boundary condition is set along the whole
contour (except along the beam s-axis), since it corresponds to the copper surface. The
output beam pipe must be long enough to allow for the extinction of the fields, so that
the boundary condition (BC) has no influence on the computations. Bottom: The nearest
(in frequency) adjacent mode resonates at fadj = 5.697 GHz.

Due to the slightly different field distributions, the maximum on-axis field between the
individual cells is usually not balanced right after the combination of the individual parts.
The radius of the individual cells is thus finely tuned to reach the field balance between all
cells. In this situation, the energy gain for a given value of the nominal maximum on-axis
gradient Eacc,0 along the gun is maximized.

3.3.2. Magnets
For a very first evaluation of the solenoid design, only one code is used:
Poisson [19] is an axisymmetric FD solver using triangular discretization elements. It
belongs to the same simulation suite of Superfish. Analogously to it, also Poisson assumes
rotational symmetry around the beam s-axis.
Two major points are considered for the magnet design:
• to not exceed the current density |J | < 5 A/mm2 in the coils,
• and to have a maximum magnetic field |B| < 2 T near to the corners in the iron.

The simple simulations with Poisson (see Figure 3.14) are sufficient to show that the required on-axis magnetic field strength for the gun designs of Chapters 4 and 5 can be
reached with a common pancake coil design.
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r

Main coil

Bucking coil

Iron

s
Figure 3.14.: 2D geometry of the gun focusing solenoid with the coils and the surrounding iron for the
magnetostatic simulation in Poisson.

3.3.3. Beam Dynamics
The ASTRA code is used for all beam dynamics simulations of this work, while OPAL is
used in few cases to benchmark the results:
ASTRA [22] (A Space-charge TRacking Algorithm) is one of the reference codes for the
simulation of photoinjectors. In addition to its reliability, it has been selected also because
of its computational speed when the space-charge calculation is performed assuming
rotational symmetry.
OPAL [23] (Object oriented Parallel Accelerator Library) is a beam dynamics simulation
code mainly developed at PSI. Its OPAL-t tracker enables full 3D space-charge and
external fields calculations.
Table 3.5 lists the most relevant parameters related to the typical simulation setup in
ASTRA for the studies presented in Chapters 4 and 5. To perform the space-charge calculations, the codes subdivide the total charge of the bunch into many macroparticles.(11)
An appropriate number of macroparticles must be set, compromising between accuracy
and calculation speed. In Figure 3 of Reference [24] the effect of different numbers of
macroparticles (Ipart) on the transverse emittance is analyzed. Between Ipart=10000
and Ipart=200000 the transverse emittance value before the first bunch compressor varies
within 2 %, a negligible fluctuation for the purposes of this work. This agrees with the
results presented in Figure 3.15.
Input of External Fields
The electromagnetic fields of accelerating structures and focusing magnets are input into
ASTRA and OPAL in a very similar way. Usually, the 1D field map on the beam axis is
11

The prefix macro is used because the macroparticles do not represent e.g. a single electron but an ensemble
of many electrons concentrated in a single point.
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Table 3.5.: Typical setup of the main parameters for the beam dynamics simulations with
ASTRA, grouped by namelist.

&CHARGE

&NEWRUN

&INPUT

Name

Value

Noise reduc

TRUE

High res
Ipart
Ipart
Ipart

TRUE

debunch

10000
100000
0

H max
H min

0.001
0

LSPCH
Lmirror
Nrad

TRUE
TRUE
15

Nlong in

20

min grid

0

Description
Quasi-random generation of particle coordinates
following a Hammersley sequence
Particle distribution saved with increased accuracy
Number of macroparticles to be generated
for optimization
for higher accuracy (usually no relevant differences)
Deactivate the “debunching” procedure
no particles are passivated
Maximum time step for the Runge-Kutta integration
Minimum time step for the Runge-Kutta
and space-charge calculation
Space-charge fields taken into account
Mirror charges at the cathode taken into account
Number of grid cells in radial direction
up to the bunch radius
Maximum number of grid cells in longitudinal direction
within the bunch length
Minimum grid length during emission

provided by means of an ASCII file with two columns containing the position s and the
field Fz (r = 0, s):
Solenoids The on-axis longitudinal magnetic field Fz = Bz (r = 0, s) is provided.
Standing-wave guns The on-axis longitudinal electric field envelope Fz = Eacc (s) is
provided (see Table 3.1).
Traveling-wave guns The on-axis longitudinal electric field is input based on the decomposition of a traveling-wave into two standing-waves, following the instructions of
the manual [8, pp. 96]. Basically, the real Fz,1 = Re[Ẽacc (s)] and imaginary Fz,2 =
Im[Ẽacc (s)] part of the complex electric field envelope Ẽacc (s) computed by HFSS (see
Table 3.1) are superimposed with a relative phase offset ∆ϕRF = 90◦ .
Periodic traveling-wave structures The on-axis longitudinal electric field Fz = Eacc (s)
of the input coupling cell, one RF period of regular cells and the output coupling cell is
provided. This represents the more standard way to input the field maps of travelingwave structures, as compared to the option used for traveling-wave guns.
When this kind of input is used, rotational symmetry is assumed and the off-axis field
components Fr (r > 0, s) and Fz (r > 0, s) are computed based on the third order (or
optionally just a first order) expansion of the input field map (see e.g. Reference [8, pp. 93–
95]). Both codes provide the option to input a 3D field map by specifying the Cartesian
field components Fx , Fy and Fz on a grid.
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In ASTRA, the space-charge interactions are usually computed assuming rotational symmetry (2D), but a 3D option is also available. The space-charge calculation (2D or 3D)
can be set independently of the chosen input (1D or 3D) for the field maps. In OPAL, the
OPAL-t tracker always performs a full 3D calculation, including the space-charge calculation.
Code Benchmarking
An example of the good agreement between the ASTRA and the OPAL codes for different
simulation setups was already reported in Reference [25]. Another comparison is reported in
Table 3.6 for the simulation of a 3.6-cell C-band standing-wave photocathode gun followed
by two S-band traveling-wave booster structures [26].(12) The number of macroparticles,
Table 3.6.: Comparison of beam dynamics simulations with ASTRA and OPAL (codes developed independently). Three different
simulation setups were tested.

ASTRA

Ipart
H max
Nrad
Nlong in

OPAL

Setup

NPART
MX
MY
MT

1

2

3

10000
0.001
15
20

100000
0.0005
20
30

500000
0.0005
30
50

300000
32
32
32

1000000
64
64
64

the grid and integration parameters were progressively varied to increase the accuracy.
Figure 3.15 plots the computed quantities and shows an excellent agreement. The emittance
bumps at the solenoid locations in the OPAL simulations are due to the fact that OPAL
works with the ordinary momentum, while ASTRA works with the canonical momentum
(by default). Only one line is drawn to represent the ASTRA simulations (solid) because
the three setups listed in Table 3.6 gave almost identical results. In the case of OPAL,
about Nmacro = 1000000 macroparticles seem to be necessary to converge to a stable value,
against the only Nmacro = 10000 required by ASTRA. This corresponds to about 4 h on 32
cores for OPAL against 3 min on 8 cores for ASTRA. The mentioned computational times
correspond to simulation runs performed on the PSI Merlin cluster.

3.4. Optimization
The optimization of the accelerator performance of the SwissFEL machine is one of the
main objectives of this work. Starting from the beam dynamics background of Chapter 2,
12

Very similar arrangement like the one of Chapter 4, where the 5.6-cell gun has two additional regular
cells.
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Figure 3.15.: Kinetic energy Ekin and rms energy spread ∆Erms (top), horizontal bunch size σx and
longitudinal bunch length σz (middle), and normalized projected emittance εx,n (bottom)
along the trajectory position s. Above the plots, the beam line elements (accelerating
structures in copper color and solenoids in green) are sketched in the correct position. The
ASTRA simulations are represented by the solid lines, while the OPAL simulations by the
dotted (300000 macroparticles) and dashed (1000000 macroparticles) lines.

a reasonable figure of merit is carefully defined in Section 3.4.1. The developed optimization approach is then described in Section 3.4.3, with particular attention to the novelty
introduced in this work: a first step toward a fully integrated optimization of RF design and
beam dynamics. Finally, in Section 3.4.4 parameter sweeps across the optimization phase
space are used to identify the most adequate optimization algorithms to be used.
The results presented in this chapter have been previously published in Reference [27],
which was awarded with an Editors’ suggestion by the journal Physical Review Accelerators
and Beams.
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3.4.1. Penalty Function
The quantities defined in Equations (2.29) and (2.31) can be combined to form a scalar
penalty function fp (B̄n , ζ̄) that represents a synthesis of the performance in terms of pure
beam dynamics. This value fp will be minimized during the optimization process.
It is important that both of them are evaluated at a bunch energy Ekin & 100 MeV for
two reasons. First, a significant value of the transverse emittance is better obtained at a
low laminarity parameter, where space charge forces are already considerably suppressed
by relativistic effects and, secondly, the mismatch parameter is strongly dependent on
the achievable invariant envelope matching between gun and first booster structure (see
Section 3.2.5).
A simple but efficient choice of the penalty function is a linear combination of brightness
and mismatch:












fp B̄n , ζ̄ ≡ −C1 B̄n − B̄n,0 + C2 ζ̄ − ζ̄off + C3 ,

(3.50)

where C1 , C2 ≥ 0 are the weighting coefficients, C3 is a normalization constant, B̄n,0 is
a reference brightness and ζ̄off is the value below which the mismatch is considered to
be ideal. Figure 3.16 shows the dependence of the penalty function fp (B̄n , ζ̄) on its two
variables by means of a contour plot as it is later used for the optimization of the SwissFEL
photoinjector. In the range ζ̄ > ζ̄off the dependence is on both parameters, while it is
reduced on just the brightness (C2 = 0) in the range 1 ≤ ζ̄ ≤ ζ̄off . The ideal mismatch
was set to ζ̄off = 1.05 (gray dashed line in the plot). The fundamental choice is that
εx,th /σx,0 = 0.91 µm/mm
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Figure 3.16.: Contour plot of the penalty function fp (B̄n,inj , ζ̄) in typical optimization ranges of brightness
B̄n,inj and mean mismatch parameter ζ̄. The weights C1 and C2 are adapted depending on
the considered reference (blue square). Left: Penalty function normalized to the brightness
of the SwissFEL Gun 1 with a thermal emittance εx,th /σx,0 = 0.91 µm/mm (compare
Table 4.2). Right: Normalization to the brightness of the SwissFEL Gun 1 with a thermal
emittance εx,th /σx,0 = 0.55 µm/mm (compare Table 5.1).
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regarding the ratio between C1 and C2 which determines how much weight is given to the
brightness and to the mismatch, respectively. This was chosen such that a degradation of
the mismatch parameter from ζ̄ = 1.05 to ζ̄ = 1.2 is tolerated against an improvement of
a factor 3 of the reference brightness B̄n,0 . Finally, the penalty function can be normalized
as desired with C3 e.g. requiring that fp (B̄n,0 , ζ̄off ) ≡ −1. This normalization has no effect
on the optimization because it does not change the gradient of the penalty function which
is uniquely defined by the ratio between C1 and C2 .

3.4.2. Standard Approach
Assuming that the RF accelerating structures and the focusing solenoids of a photoinjector
are given, many machine parameters are still available to optimize the beam dynamics.
The most important among those listed in Table 3.7 are the transverse spot size, the pulse
duration and injection phase of the laser at the cathode, the gun solenoid field strength,
and the position and gradient of the first booster structure. At least six parameters must
be optimized to minimize the penalty function defined in Equation (3.50). The use of
an optimization algorithm (see more details in Section 3.4.4) is of central importance to
partially automatize the solution of this task. An implementation of this approach was
already published in Reference [24], where it was applied to setups of the SwissFEL injector
foreseeing different S-band standing-wave guns.
Table 3.7.: Available machine parameters for the optimization of the photoinjector beam dynamics. The typical optimization range and the necessary accuracy during the
design phase are provided.
Parameter

Range

Laser spot size σx,0
0.1
Laser pulse FWHM ∆t0
3
Gun gradient Eacc,0 a
120
Gun phase ∆ϕRF b
−20
Solenoid position s c
0.2
Solenoid field maxs Bz (r = 0, s)
0.495
1st booster position s
2.7
1st booster avg. gradient Ēbs a
15
1st booster phase ∆ϕRF b
−15
1st booster sol. position s c
3
1st booster sol. field maxs Bz (r = 0, s)
0.05
Other booster sol. field maxs Bz (r = 0, s)
0.05
a
b
c

Accuracy
– 0.2 mm
– 5
ps
– 150
MV/m
◦
– 0
– 0.4 m
– 0.505 T
– 3.3 m
– 25
MV/m
◦
– 15
– 3.5 m
– 0.15 T
– 0.15 T

0.01
mm
0.1
ps
1
MV/m
0.001 ◦
0.001 m
0.000 01 T
0.001 m
0.1
MV/m
◦
0.5
0.01
m
0.001 T
0.01
T

Limited by breakdown limit
With respect to maximum energy gain
Limited by mechanical constraints

Freezing of some Parameters
Optimization trials with a free gun gradient showed that this value tends to stay in the high
gradient range. This is expected since non-linear terms of the space-charge fields tend to
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decrease the brightness as explained in Section 2.2.1. For this reason, the maximum on-axis
accelerating field was always frozen to the assumed maximum achievable value, which was
set to Eacc,0 = 135 MV/m in C-band.
The gun solenoid position is also a fixed parameter in the designs presented in Chapters 4
and 5, due to mechanical constraints. Previous studies showed a lower transverse emittance
for solenoids that are placed nearer to the cathode [28]. Therefore, the fixed position around
the cathode of the solenoid is a key point of the presented designs, rather than a limitation.
In these designs, a certain tuning range of the bucking coil current allows one to tune the
initial focusing. This might represent an additional optimization parameter that was not
studied in a systematic way yet.
Starting Point
The invariant envelope matching conditions of Equation (3.49) and the related Ferrario
matching point described in Section 3.2.5 represent an excellent starting point for the
optimization of the photoinjector. First, some scans of the laser spot size, the laser injection
phase and the gun solenoid field strength are performed with a simulation setup including
only the RF gun and the focusing solenoid. The goal is to reach a configuration resembling
that of Figure 3.8, where the beam size waist and the emittance maximum are within a
distance of indicatively ∆s = 0.3 m from each other and the projected emittance at its
second minimum is at most 50 % larger than the goal value. The obtained beam size, peak
current and energy at the beam waist are not expected to vary a lot during optimization.
Therefore, the second matching condition of Equation (3.49) is used to estimate the mean
accelerating gradient of the first booster structure that will be set as starting value.
Optimization trials with a start configuration very far from the Ferrario matching point
and correspondingly larger parameter ranges were also performed. These converged to
either an uninteresting local minimum of the larger parameter space or again to the Ferrario
matching point. No interesting solution far away from the Ferrario matching point has ever
been observed.
During optimization, no constraint related to the Ferrario matching point is set. The
behavior of transverse emittance and beam size of the optimal configurations that were
found was always similar to that of Figure 3.8. This demonstrates the presence of the
Ferrario matching point, but usually the position of the first booster structure is shifted
up to ∆s = 0.5 m after the beam size waist. This is in agreement to what was already
observed during the optimization of the SwissFEL injector with the S-band standing-wave
guns [24].

3.4.3. Simultaneous Optimization of RF and Beam Dynamics
The design of a photoinjector is historically divided into two parts: the electromagnetic
design of the accelerating structures and focusing magnets and the beam dynamics within
these elements. These two subjects are strongly related in particular at low energies where
the beam self fields and the RF field distribution strongly contributes to the dynamics. This
motivates the development of an optimization scheme where both aspects are combined,
extending the concept presented in Reference [24].
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The current problem is more general than the optimization of the machine parameters
commonly available to the operator. A new design of the RF gun and of the focusing
solenoid is investigated in order to improve the photoinjector performance. Therefore,
additional degrees of freedom related to a new electromagnetic field distribution of the
electron source are available and should be integrated into the optimization loop.
For an RF traveling-wave gun, it turned out that the phase at which the electron bunch
enters the last (the output coupling) cell has a fundamental influence on the final performance. This phase can be tuned by adjusting the length of the first (the input coupling)
cell and that of the regular cells, i.e. by adjusting the total RF phase advance along the
gun. The length of the last cell showed to have a minor influence. For this reason the
optimization scheme described below was developed and successfully applied providing the
results of Chapter 5.
For an RF standing-wave gun, the length of the first half cell is an important factor for
the achievable beam quality. This fact is not new, as demonstrated by previous studies that
already addressed this topic [29; 25; 30; 31]. All of them provide an optimal half cell length
in the range 0.58λRF /2 – 0.60λRF /2, despite the different RF frequencies and accelerating
gradients characterizing the individual designs. For the particular case of the SwissFEL
Gun 1, detailed simulations with a fine tuning of the half cell length showed a constant
performance within a tuning range of at least ∆s ± 1 mm = 0.02λRF . In view of these
previous works, no dramatic improvements are expected by further optimizing the half cell
length of the standing-wave gun design of Chapter 4. In any case, the optimization scheme
described below could be applied also to the standing-wave case.
General Scheme
The central point of the optimization strategy, summarized by the flow diagram of Figure 3.17, is the stretching of the field maps to avoid an optimization of the beam dynamics
based on several RF designs with different combination of cell lengths, i.e. on a discrete
set of values. This would be very inefficient, at least for a first, rough investigation of the
parameter space.
The first step of the proposed approach consists in computing the RF fields for a specific
gun geometry, for example with HFSS (see Section 5.2.1) or Superfish. The obtained
on-axis field map of the longitudinal electric field Ẽacc (s), which is an input required for
beam dynamics simulations with ASTRA, is then used as a reference. In the optimization
procedure, taking place within a MATLAB interface, the different cell lengths can be
defined to be free parameters, in which case the reference field map is stretched according
to the new value at every iteration. Once the chosen optimization algorithm has converged,
a final check is performed by recomputing the RF fields in HFSS with the gun geometry
corresponding to the new optimal cell lengths. The beam dynamics simulation is then
performed with these final, unstretched field maps revealing the real performance of the
optimized solution. The same option was implemented for the length of the solenoid, for
which the reference and final electromagnetic simulations are performed with Poisson.
The described procedure is a way of integrating the RF (and/or magnet) design into
the optimization loop of beam dynamics. It is worth to underline here that starting from
a reference electromagnetic simulation of a practicable design is of crucial importance in
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order to obtain feasible, optimized solutions. The RF design can in fact be as challenging
as the optimization of the beam dynamics in the photoinjector.
RF Simulation
gun field map

Magnet Simulation
solenoid field map

Optimization parameters
Machine parameters
Stretching

Stretching

Gun
field map

ASTRA
input deck

Solenoid
field map

ASTRA output files
Post-processing

Final check

MATLAB Interface

Final check

ASTRA run

Penalty function
NL-OPT
Library

Selected
optimizer
Stop?

No

Yes
Store all results

Figure 3.17.: Flow diagram of the injector optimization.

Field Map Stretching
The gun field maps are stretched within the MATLAB interface by scaling the s-axis of the
cell in the range [0, lc ] by a factor Fs = 1 + ∆lc /lc , where lc is the length of the reference
cell, Fs lc is the length of the new cell and ∆lc their difference. A half period of a cosine
function is used to weight the scaling within this range, such that the deformation of the
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field map at both ends of the cell (s = 0 and s = lc ) tends to zero. The stretching from
the reference Ẽacc (s) to the new Ẽacc (sstr ) complex field map is computed according to:
"

sstr

∆lc
πs
=s+
1 − cos
2
lc


#

.

(3.51)

(s)
In this way the first derivative d Ẽacc
, representing the dominant term of the field expands
sion performed by ASTRA, remains unaffected at the edges and its continuity is ensured
also at the related joining points. Typically, the stretching factor of input and output coupling cells is limited to about Fs = 1 ± 0.25. As for the regular cells, the maximum required
stretching is determined by the requirement of scanning all possible phases at the entrance
of the last cell. This can also be expressed by the relation ±180◦ = ∆ϕRF = Fs Nc ∆ϕc ,
where Nc is the total number of cells and ∆ϕc their RF phase advance. The resulting
maximum stretching with e.g. Nc = 10 and ∆ϕc = 120◦ is then Fs = 1 ± 0.15.
Figure 3.18 shows an example of stretching of the input coupling cell of the travelingwave gun design presented in Section 5.2. From the lc = 8 mm of a field map computed
with HFSS (solid red) the cell is stretched to a final length Fs lc = 9 mm (dashed-dotted
blue). The corresponding field map computed in HFSS (solid blue) is obtained by only
setting the new axis length and adapting the cell radius in order to obtain the desired
resonance frequency. The other geometrical parameters like e.g. iris aperture, iris thickness,
rounding radii, etc. are all kept constant. Comparing the blue lines shows that the main
difference is found in the field amplitude, revealing a decreased RF coupling between the
input coupling cell and the first regular cell. This is due to the slightly different geometry
between the two cases. This element has not yet been modeled in the simple stretching
procedure. Along the whole gun, it corresponds to an overall offset of the accelerating
gradient of ∆|Ẽacc | = 7 MV/m while, inside every individual cell, it manifests itself as a
∆|Ẽacc | = 7 MV/m peak-to-peak oscillation of the relative difference (green, right scale).
As for the complex phase of the electric field, the difference between the stretched case
and the HFSS simulation remains below ∆arg(Ẽacc ) < 2◦ along the whole gun. This is a
tolerable error for a first scan of the parameter space. Regarding the RF phase advance in
the input coupling cell, the adopted procedure turns out to be very accurate. Considering
the example of Figure 3.18 (bottom, right scale), the error in phase advance at the first iris
between the stretched field map and the field map recomputed in HFSS amounts to only
∆arg(Ẽacc ) = 0.3◦ .

3.4.4. Problem Complexity and Optimization Algorithm
Even restricting the long list of Table 3.7 to the most influential parameters, about six
free parameters must still be optimized. These are even more if the length of the first,
regular and last cells should also be optimized. It is evident that the optimization problem
is rather complex and needs an optimization algorithm that possibly does not require too
many iterations to converge, since the required computational time of one configuration
is at best (with ASTRA) in the order of 2–5 min. A small number of iterations is also
important because several optimization runs are usually required. This is due to several
reasons: to test different starting points and better explore the optimization phase space,

106

3.4. Optimization
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Figure 3.18.: Detailed inspection of the stretching method by comparing modulus |Ẽacc | and phase
arg(Ẽacc ) of the gun field maps. The input coupling cell of the reference field map computed
with HFSS (solid red) is stretched by ∆s = 1 mm (dashed-dotted blue) and is compared
to that of a design computed again in HFSS (solid blue). The position of the first iris is
indicated for both cases (dashed).Top (two plots): Full axis range. Bottom (two plots):
Zoom of the initial and final part (note the abscissa discontinuity). The difference between
the stretched (dash-dotted) and the HFSS (solid) field map is also plotted (green, right
scales). The second part of the phase plot was offset for displaying reasons.
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to restart the optimization if one of the parameter bounds was reached or to avoid a local
minimum far from the Ferrario matching point.
In Section 3.4.2 it was already explained that the solid emittance compensation theory
summarized in Section 3.2.5 provides a good starting point for the optimization. In practice,
few one-dimensional parameter sweeps of the most influential parameters allow one to
approach the local minimum of interest.
In the initial phase of this work (and also later, from time to time), few large three- or
four-dimensional parameter sweeps were performed to check the behavior of the penalty
function in the typical parameter range of the optimization. An example is given in Figure 3.19, where the gun phase, the solenoid maximum field and the position of the first
booster structures were swept around the optimal point presented in Table 4.2 (second
column).(13) The presence of a single minimum is clear.
The previous considerations suggest that a global search is not necessary. Furthermore,
computing the derivative of the penalty function is not an option due to the complexity of
the problem. A priori, the local, derivative-free Nelder-Mead algorithm [32] seems therefore
to be a good choice for the present problem. The practical experience confirmed that good
results are obtained with this algorithm. In particular, the NLOPT_LN_NELDERMEAD algorithm of the NL-OPT library [33] was used, which implements the Nelder-Mead algorithm
with bounded parameters based on Reference [34].
The optimization library NL-OPT furnishes a wide choice of optimization algorithms
and an interface to use these in MATLAB (and in other codes). Even if not in a systematic
way, other algorithms of this library, like NLOPT_LN_SBPLX and NLOPT_GN_DIRECT_L for
a local optimization or NLOPT_GN_DIRECT and NLOPT_GN_ISRES for a global optimization,
were tested in parallel to the reference NLOPT_LN_NELDERMEAD algorithm. The latter always
turned out to be the fastest algorithm converging to the best solution.

3.4.5. Alternative Point for a Preliminary Brightness Optimization
In Section 2.3.3 it was discussed how a higher brightness at the entrance of the undulators
improves the lasing process. The brightness can in principle be increased in the bunch
compressors along the main linac, but only up to a certain level due to some effects that
limit the achievable compression factor. Therefore, a higher brightness before the first
bunch compressor is beneficial, as it was extensively discussed in Section 2.2.4. In the case
of the SwissFEL injector, the optimization of the penalty function is performed after two
booster structures because the emittance compensation process must be completed in order
to have a reliable evaluation of the transverse emittance and of the mismatch parameter.
An evaluation of the emittance above Ekin = 100 MeV is generally considered reliable,
even if at this energy the bunch is still in the space-charge-dominated regime in very high
brightness injectors (see Figure 3.6). This is not an issue, since extending the simulations
up to the fourth booster structure provides an unvaried penalty function and confirms that
the accepted value of Ekin = 100 MeV/m sets a reliable condition.
From the previous sections it is clear that the optimization of the injector up to the
first bunch compressor is not a trivial task, mainly because of the many available free
13

The slightly shifted location of the minimum and the slightly lower minimum value of the penalty function
in Figure 3.19 are due to the smaller number of macroparticles (10000) used in the large parameter scan.
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Figure 3.19.: Sweep across the optimization phase space with three varying parameters (21 × 21 × 21 =
9261 simulations were performed). The penalty function is plotted on the three planes
containing the optimal solution (white square).

parameters. At least in a first phase of the optimization process, it would be beneficial
to further simplify the setup, ideally removing all of the following beam line elements like
in the simulation of Figure 3.8. The gun exit at s ≈ 0.2 m is not an interesting point to
perform an optimization, because the transverse plasma oscillation has still to take place
and is completed at s ≈ 3 m, even beyond the ideal position of the first booster at s ≈ 2 m.
The second emittance minimum is a more promising evaluation point, since it is the one
being shifted to higher energies, i.e. to the end of the machine (see Section 3.2.5). The
approach of optimizing the brightness at this point was adopted in the initial design phase
of the guns presented in Chapters 4 and 5. This led to satisfactory results and probably
speed up the optimization process.
Figure 3.20 shows the projected transverse emittance at different locations for different
setups. The value at gun exit is taken ∆s ≈ 20 mm after the vanishing of the gun RF field.
Second emittance minimum indicates the location of the second emittance minimum after
the gun, when no booster structure is present. For SwissFEL, before first bunch compressor
means after two booster structures, typically around s = 12 m and above Ekin > 100 MeV.
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A good correlation between a low emittance at this point and that at the second emittance
minimum is observed. But a lower emittance at the gun exit or at the second emittance
minimum does not necessarily result in a lower emittance after two booster structures.
SwissFEL Gun 1, nominal
SwissFEL Gun 1, short
C-band SW 3.6-cell gun
C-band SW 5.6-cell gun
C-band TW 21-cell gun
C-band TW 23-cell gun
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Figure 3.20.: Normalized projected emittance εx,n at different locations for several optimized injector
setups. The value at gun exit is taken ∆s = 20 mm after the vanishing of the gun RF field.
Second emittance minimum is the location of the second projected emittance minimum
when no booster is present, typically around s = 3 m (see Figure 3.8). For SwissFEL, before
first bunch compressor means after two booster structures, typically around s = 12 m and
above Ekin > 100 MeV.
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4. C-Band Standing-Wave Gun
Some of the results presented in this chapter have been previously published in Reference [1].
Simona Bettoni provided the reference simulations of SwissFEL together with the details for
the practical evaluation of quantities like emittance and peak current. Alessandro Citterio
and Riccardo Zennaro decisively contributed to the RF design, in particular to that of the
coupler. Also Paolo Craievich and Lukas Stingelin contributed to the RF design, as well
as to the supervision of the beam dynamics simulations. Marco Negrazus supervised the
solenoid design by specifying the constraints set by the technological limits.

4.1. Introduction
Preliminary simulations of the SwissFEL injector with a 3.6-cell RF C-band standing-wave
photocathode gun have shown that there is still potential for important improvements in
the RF design [2] with respect to the gold standard described in Section 2.4.1. In particular,
it was shown that there is the possibility to halve the bunch length while preserving the low
slice emittance, which corresponds to doubling the brightness of the electron beam before
the first bunch compressor. As discussed in Section 2.2.4, a double peak current would
relax the compression factor to be achieved in the two bunch compressors, reducing the
risk of diluting the beam quality in terms of transverse emittance and energy spread.
The need for space between the gun and the first booster structure to place the beam
diagnostic (among which the beam current monitors, the beam position monitors and the
energy spectrometer) can be satisfied by adding some regular cells to the design presented
in Reference [2]. Boosting the energy up to Ekin ≈ 10 MeV at the exit of the gun shifts
the Ferrario matching point, i.e. the entrance of the first booster structure, to a position
s = 2 m away from the cathode.
The improved beam dynamics results presented in Reference [2] were obtained with the
1D on-axis field maps of the gun and the solenoid originating from a simple rescaling from Sband to C-band. In this chapter, very similar beam dynamics results are obtained with the
field maps coming from a complete RF and magnet design, which fulfills all requirements
and constraints of the SwissFEL injector.
First, this design is presented in Sections 4.2 and 4.3, followed by the description of
the corresponding beam dynamics in Section 4.4. In Sections 4.5 and 4.6 the limitations
originating from the standing-wave nature of the design are analyzed and possible solutions
are proposed.

4.2. RF Design
In order to damp the undesired effects of non-linear space-charge forces as soon as possible,
a high accelerating gradient at the cathode is desired. The choice of increasing the frequency
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from S-band (the frequency of the SwissFEL Gun 1, see Section 2.4.1) and designing a gun
operating at C-band is especially motivated by the shorter filling time of the RF cavity,
which has the potential to enable higher accelerating gradients. The established C-band
technology for the SwissFEL main linac provides the necessary confidence to successfully
operate a cavity at this frequency. Moreover, in the specific case of the SwissFEL injector,
a frequency mismatch between gun (C-band) and booster (S-band) potentially reduces the
dark current transported up to the first bunch compressor by a factor 21 (see Reference [2]
and Section 2.4.1 for more details about the synchronization of different frequencies).
Doubling the frequency of the cavity roughly coincides with halving the mechanical
dimensions of its cells. In terms of mechanical limitations, but not only, an coaxial RF
coupling from the cathode side, like the one presented in Figure 4.1, has several advantages.
First, no longitudinal constraint is introduced like in the case of a waveguide coupling to
RF in

y

UV laser
s
∼ 50 mm

RF in

∼ 200 mm

Figure 4.1.: 2D geometry of the gun RF design. Gun main body (yellow), removable cathode base
(blue) and removable cathode (orange). Near to the cathode base, the two tapered input
waveguides are clearly visible. The material of the components is copper.

one of the full cells, where the solenoid is shifted away from the cathode (see Figure 2.15).
This problem could be solved with a coaxial RF coupling at the exit of the gun as in
the Han design (see Section 2.4.3 and Reference [3]). However, such a solution would
further reduce the available space for the laser coupling to less than the iris aperture. With
a coaxial coupling, no cell requires the racetrack geometry for the compensation of the
quadrupole components, which are usually introduced by the geometrical asymmetries of
the cells directly coupled to the rectangular waveguides (see Figure 2.15, right). This means
that all cells can be easily manufactured by turning and milling is not required.
In the coaxial region, some gaps with vanishing electric and magnetic fields were introduced, as it can be seen in Figure 4.2. These allow one to assemble the gun with three
mechanically independent pieces (drawn with different colors in Figure 4.1). Thanks to the
absence of current flow around the gap regions, there is no need for special RF contacts. A
system where the cathode base can be easily retracted and reconnected again to the gun
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y

Regular cells

RF in
Half cell

Gap
Cathode base
Cut plane

main body for cathode exchange can be easily designed.
The regular cell geometry foresees an elliptic iris in order to keep the maximum surface
electric field as low as the maximum electric field along the cell axis. The maximum on-axis
field in the regular cells is slightly lower than that at the cathode due to an imperfect field
balance between the half cell and the first regular cell.
The maximum magnetic field occurs at the coupler iris and it is small enough to keep
the temperature rise due to pulsed heating (see Section 2.4.1) below ∆T = 50 K.
The estimated quadrupole contribution was evaluated by computing the integrated beam
voltage defined in Equation (3.8), along the gun of length lRF at r = 6 mm for different
azimuthal angles θ ∈ [0, π/2]. The relative difference between maximum (θ = 0) and
minimum (θ = π/2) was found to be |∆Vb |r=6 mm /|Vb |r=0 < 10−4 .

|Ẽ0 |

138 MV/m
(log scale)
0.1 kV/m
s

x

y
|H̃0 |

426 kA/m
(log scale)
9 kA/m
s

x
Figure 4.2.: One quarter of the 3D cavity geometry with waveguide-to-coaxial transition. The modulus
of the complex electric |Ẽ0 | and magnetic |H̃0 | field is displayed for operating conditions, in
logarithmic scale in order to emphasize the field distribution in the region of the transitions
and to demonstrate the effectiveness of the gaps.

The main RF cavity parameters are listed in Table 4.1. Since an RF source with a large
peak power is available in C-band, the maximization of the energy gain with respect to
the dissipated power (see Section 3.2.1) represents only a marginal point of the design.
A nominal maximum gradient Eacc,0 = 135 MV/m at the cathode is assumed. This is
considered to be a conservative value in view of recent experimental results in S-band [4] and
X-band [5], and the short RF pulse length. Assuming a realistic input power PRF = 32 MW,
a square RF pulse of only ∆tRF = 431 ns is required to reach Eacc,0 = 135 MV/m. With
such a pulse, the average dissipated power in the cavity amounts to Pdiss = 720 W at the

115

4. C-Band Standing-Wave Gun
nominal SwissFEL repetition rate νrep = 100 Hz. To reach the same field in steady state,
defined here as the field reached with an RF pulse ∆tRF ≥ 3τL = 651 ns of at least three
filling times τL , an input power PRF = 26.3 MW is required. This longer pulse increases
the average dissipated power up to Pdiss = 1.1 kW.
Table 4.1.: RF parameters of the proposed C-band standing-wave gun design. In the first
part the parameters of a single regular cell and in the second those of the
whole cavity. In the adjacent mode column the geometric parameters are not
repeated, while those which do not apply are marked with a dash.
Frequency f
Regular cell length lc

[GHz]
a

Iris thickness ∆s
Iris aperture (radius) ∆r
Surface to on-axis field ratio
Unloaded Q0 b
Ratio rb,max /(lc Q0 ) b
Number of regular cells
Half-cell length lh a
Total RF length lRF
Loaded filling time τL
Coupling β
Unloaded Q0
Nominal on-axis gradient Eacc,0
Maximum surface field
Nominal input power PRF
Nominal pulse length ∆tRF
Average dissipated power Pdiss c
a
b
c

[mm]
[λRF,C /2]
[mm]
[mm]
[Ω/m]
[mm]
[λRF,C /2]
[mm]
[ns]
[MV/m]
[MV/m]
[MW]
[ns]
[W]

Accelerating mode
5.712

Adjacent mode
5.702

25.558
0.97
10.5
10
1.00
11149
3550

-

5
16.008
0.61
160
217
1.82
10984
135
135
32
431
720

150
3.05
10861
-

The C-band wavelength in free space is λRF,C = c/fRF,C = 52.485 mm; the RF wavelength in the cavity is λRF = 2lc .
From the eigenmode solution with losses of the regular cell.
At the nominal SwissFEL repetition rate νrep = 100 Hz.

The fields in steady state are computed by the frequency domain solver of HFSS at the
operating frequency facc = fRF,C = 5.712 GHz. The resulting complex electric field Ẽ0
includes the contributions of both the accelerating and the adjacent mode resonating at
fadj = 5.702 GHz. Its on-axis profile is shown in Figure 4.3, where the real electric field
of the accelerating mode Re[Ẽ0,acc ] = Ẽ0,acc was calculated with the eigenmode solver
of HFSS at facc , while the complex contribution of the adjacent mode at the operating
frequency was obtained from the subtraction Ẽ0,adj = Ẽ0 − Ẽ0,acc .(1) The distribution of
1

This was done by rotating the complex phase of the electric field Ẽ0 such that its imaginary part is
vanishing at s = 77 mm. At this position, the eigenmode solution of the adjacent mode (at fadj =
5.702 GHz) shows a vanishing field. The imaginary part must then come purely from the adjacent mode,
which is resonating off-frequency.

116

4.3. Simplified Solenoid with Integrated Bucking Coil
the electric field in the 2D cavity geometry (still considering a rotational symmetry, i.e.
without considering the coupler) can be observed in Figure 3.13. As it was anticipated in
Section 2.4.1, it must be checked that the beam quality is not affected by the influence
of the adjacent mode on the beam dynamics. The negligible effect in the steady-state
regime is reported in Section 4.4, while the more general analysis, which is also valid in the
transient regime, is presented in Section 4.6.

On-axis Ẽz,0 [norm.]

1
Re[Ẽadj ]
Im[Ẽadj ]
Re[Ẽacc ]

0.5

0

−0.5
−1

0

45

90
135
On-axis position s [mm]

180

Figure 4.3.: Real and imaginary components of the on-axis longitudinal electric field Ẽz,0 from the frequency domain solver at the operation frequency facc = 5.712 GHz. The real part Re[Ẽz,0 ] =
Re[Ẽacc ] + Re[Ẽadj ] was split into accelerating (acc) and adjacent (adj) mode contribution.
Re[Ẽacc ] is calculated by the eigenmode solver. The imaginary part Im[Ẽz,0 ] = Im[Ẽadj ] is a
pure adjacent mode contribution.

Calculations also showed the possibility to increase the iris radial aperture to r = 12 mm
in order to double the mode separation from ∆f ≡ facc − fadj = 10 MHz to ∆f = 20 MHz.
A reoptimization of the iris geometry (see Figure 3.12) allows one to keep the maximum
surface to on-axis electric field ratio still below unity.

4.3. Simplified Solenoid with Integrated Bucking Coil
With the presented coaxial RF coupling, the only mechanical constraints for the placement
of the solenoid and bucking coil are the position of the input waveguide behind the cathode
(longitudinal direction) and the outer diameter of the coupler (transverse direction).
These relaxed constraints allow for an important mechanical simplification of the design
of the bucking and focusing coil. The two coils can be combined into a single magnet
as demonstrated in the Poisson simulation of Figure 4.4. They are driven with opposite
current polarity in order to obtain zero field at the cathode, which is required to avoid an
additional emittance contribution (see Section 3.2.5).
The presented magnet fits with the RF gun design of Figure 4.1. The achievable
maximum on-axis field maxs Bz (r = 0, s) ≥ 0.4 T is far above the required field for optimal beam dynamics (see Table 4.2). Adjusting the bucking coil current, the slope
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dBz (r,s)
ds

≈ −2/r ·Br (r, s) at the cathode can be tuned to obtain an optimal initial transverse
focusing of the beam.
y

Solenoidal field Bz [norm.]

s
1

0.5

IBC = 3500 A
IBC = 4500 A
IBC = 7000 A

0
−150 −100

−50
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50

100
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200
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300

350

400
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Figure 4.4.: Top: Top half of the longitudinal cut of the combined solenoid incorporating main and
bucking coil, which are driven with opposite current polarity, around the gun cavity volume.
The magnetic field lines are displayed (magenta). Bottom: Corresponding on-axis field map
of the longitudinal magnetic field Bz (r = 0, s) with maximal (dashed), nominal (solid) and
reduced (dotted) bucking coil current IBC .

4.4. Injector Beam Dynamics
The presented 1D field profiles of the gun (Figure 4.3) and solenoid (Figure 4.4) have
been used to optimize the beam dynamics of the SwissFEL injector with ASTRA and the
in-house MATLAB interface linked to the NL-OPT optimization library, as described in
Section 3.4.2. Note that the innovative optimization method based on the stretching of
the field maps introduced in Section 3.4.3 has not yet been systematically employed for
this standing-wave design. Usually, four parameters were optimized: transverse laser spot
size, gun phase, gun solenoid field strength and position of the first traveling-wave booster
structure. During the optimization process Nmacro = 10000 macroparticles were used and
they were then increased to Nmacro = 200000 in order to double check the accuracy of the
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results. The optimal solutions of Table 4.2 all represent simulations with Nmacro = 200000
macroparticles.
Table 4.2.: Comparison of the SwissFEL injector setup parameters and simulated beam quality between the proposed C-band standing-wave gun design and the S-band SwissFEL reference
design. For the cases including the adjacent mode, only the varied parameters are given.
SwissFEL injector
Simulation setup
Mode offset ∆ϕ0

modes
[◦ ]

Bunch charge Qb
Norm. thermal emit. εx,th /σx,0
Laser transv. sigma σx,0 a
Thermal emittance εx,th
Laser pulse FWHM ∆t0 a
Gun frequency facc
Gun design gradient Eacc,0
Gun phase ∆ϕRF b
Extraction gradient Ec,0
Solenoid field maxs Bz (r = 0, s)
Solenoid max. field pos. s
1st booster avg. grad. Ēbs1
1st booster position s

[pC]
[µm/mm]
[mm]
[µm]
[ps]
[GHz]
[MV/m]
[◦ ]
[MV/m]
[T]
[m]
[MV/m]
[m]

Gun output energy Ekin,gun
Peak current Ipeak,inj
Bunch length σz,inj
Proj. transv. emit. εx,n
Non-thermal εx,other,n
Mean slice emit. ε̄x,n c
Non-thermal ε̄x,other,n
Mean mismatch ζ̄ c
Brightness B̄n,inj
Penalty function fp

[MeV]
[A]
[µm]
[µm]
[µm]
[µm]
[µm]

a
b
c
d

[TA/m2 ]

SwissFEL Gun 1
acc
-

acc
-

200
0.910
0.200
0.182
9.9
2.998
100
−2.6
75.6
0.2080
0.300
13.8
3.3

200
0.910
0.174
0.158
5.0
5.712
135
−9.3
79.5
0.3549
0.139
18.2
2.274

6.6
20.0
903
0.25
0.17
0.21
0.10
1.03
450
−1

9.5
37.4
490
0.26
0.21
0.21
0.14
1.05
860
−1.9

C-band gun
acc+adj acc+adj
90
180

0.171
0.156

0.199
0.181

5.712 d
135 d
−10.5
93.0
0.3377

5.712 d
135 d
−20.9
47.3
0.3215

9.2
41.1
470
0.28
0.23
0.20
0.13
1.03
980
−2.2

9.7
40.3
486
0.29
0.23
0.25
0.17
1.05
660
−1.4

Radial uniform distribution and temporal plateau distribution with ∆t = 0.7 ps raising time
assumed.
With respect to maximum energy gain.
Average over Ns = 20 slices with constant charge, neglecting the ks = 2 most external.
Adjacent mode resonating at fadj = 5.702 GHz at a maximum on-axis field Eadj,0 = 20.3 MV/m.

The conservative normalized thermal emittance εx,th /σx,0 = 0.91 µm/mm [6] was assumed in the simulations in order to allow for an easier comparison with other designs.
The achieved beam quality with the 5.6-cell C-band gun presented in this chapter is almost
identical to the one with the 3.6-cell C-band gun already presented in Reference [2]. The
comparison with the SwissFEL Gun 1 reported in Table 4.2 shows that the brightness is
doubled due to an increase in peak current and the preservation of the low mean slice emittance. The projected beam parameters along the photoinjector are plotted in Figure 4.5
for the setup reported in the second column of Table 4.2. During the optimization that
led to this setup, only the accelerating mode (Re[Ẽacc ] in Figure 4.3) was included in the
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beam dynamics simulations. The higher gun output energy Ekin = 9.5 MeV, due to the
two additional cells and the relatively long solenoid, shifts the optimal position of the first
booster structure to s = 2.274 m from the cathode, as it is sketched in the injector layout
of Figure 4.5 (top). This provides more space for a complete beam diagnostic in the drift
space between the gun and the first booster structure, including a low energy spectrometer.
The slice parameters of the electron bunch after two booster structures at s = 12.3 m (i.e.
at the end point of Figure 4.5) are shown in Figure 4.6. The halved length of the bunch
can be observed in the plot of the longitudinal phase space (z, pz ) (top).
The effect of the adjacent mode in steady state on the beam dynamics was studied by
Booster 2
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Figure 4.5.: Kinetic energy Ekin and rms energy spread ∆Erms (top), horizontal bunch size σx and longitudinal bunch length σz (middle), and normalized projected emittance εx,n (bottom) along
the trajectory position s. Above the plots, the beam line elements (accelerating structures
in copper color and solenoids in green) used in the simulations are sketched in the correct
position. The solid lines represent the optimized simulation (second and third column of
Table 4.2), while the dashed lines show the effect of the adjacent mode in the worst case
scenario, before reoptimization.
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using the complex field Ẽz,0 shown in Figure 4.3. Such a field can be input in ASTRA by
superimposing two standing-wave structures with field maps corresponding to Re[Ẽz,0 (s)]
and Im[Ẽz,0 (s)] of the on-axis electric field with a phase offset ∆ϕRF = 90◦ . After a fine
reoptimization of the laser spot size, gun phase and solenoid field strength, no negative
impact on the beam quality could be observed. These are the easily tunable parameters
that are typically available during normal machine operation.
SwissFEL Gun 1
C-band SW gun
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Ipeak,inj = 37.4 A
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−2

−1.5
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3
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ρ(Q) [norm.]

pz [keV/c]

0

εx,n,s [µm]

ζs
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1
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0.4
0.3
0.2
0.1
0
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ζ̄ = 1.05
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−1

−0.5
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ε̄x,n = 0.208 µm

−1.5
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−0.5
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0.5
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Figure 4.6.: Longitudinal phase space distribution (z, pz ), with respect to the reference particle having
p0 = 125 MeV/c and p0 = 161 MeV/c for the SwissFEL Gun 1 (blue) and the C-band gun
(red), respectively. The corresponding charge density ρ(Q) (top), slice mismatch parameter
ζs (middle) and normalized slice emittance εx,n,s (bottom) along the bunch position z at
s = 12.3 m, after two booster structures. The last two quantities refer to a longitudinal
subdivision in Ns = 20 slices with constant charge and the dashed lines indicate the average
values ζ̄ and ε̄x,n (neglecting ks = 2 slices), respectively.

4.5. More about the Number of Cells
The number of cells in an RF standing-wave gun is a free design parameter. Together
with the maximum achievable accelerating gradient, it defines the output energy of the
gun. Eventually, also the available RF source with limited peak power and pulse length
can limit the achievable output energy (but this is usually not the case).
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From a beam dynamics point of view there is no indication of any disadvantage for high
output energies, at least up to energies Ekin . 20 MeV. This will be shown in Chapter 5.
On the contrary, a higher energy is beneficial because of the stronger relativistic damping
of space-charge effects, which scale as 1/γ 3 in the equations of motion as it is shown
in Section 2.2.2. A larger damping right from the beginning reduces in particular the
transverse emittance dilution associated to the non-linear space-charge terms arising from
the non-ideal charge distribution of the bunch (see Section 2.2.1).
In addition, a minimum distance ∆s & 2 m between cathode and entrance of the first
booster structure should be assured in order to provide enough space for the required
diagnostics at the exit of the gun (e.g. beam position monitor, Faraday cup for beam charge
measurements, and energy spectrometer). An increased brightness is directly related to a
larger electron density n which enters the plasma frequency definition of Equation (3.29)
as ωp ∝ n/γ 3 . Assuming a constant beam energy, this simple scaling shows that a higher
electron density restricts the first plasma oscillation within a shorter distance from the
cathode. The first booster structure must then be placed too close to the cathode in order
to take advantage of the Ferrario matching point (see Section 3.2.5). Even if more related
to practical problems, this is a second reason for which a higher output energy, i.e. a larger
number of cells, is beneficial for high brightness beams.
Disadvantages of having too many cells emerge from an RF point of view. A standingwave accelerating structure can be modeled as a resonator composed of Nm − 1 coupled
identical resonators with capacitance C0 and inductance 2L0 (the regular cells) and two
resonators with capacitance 2C0 and inductance L0 (the half cells) at each end, as drawn
in Figure
√ 4.7. All these individual resonators have a common resonant frequency f0 =
1/(2π 2L0 C0 ). The number of modes of the resonator chain (the accelerating cavity) is
equal to the number of coupled resonators Nm + 1. The separation between the frequencies
fm of the individual modes m gets smaller as their number increases [7, pp. 321–325; 8,
pp. 99–108]:
f0
fm = r

,
πm
1 + k cos N
m

m = {0, 1, . . . , Nm } .

(4.1)

The frequency coupling factor between adjacent oscillators is represented by k. The acNm − 1

L0

2C0

L0

L0

C0

L0

L0

C0

L0

L0

L0

L0

C0

L0

L0

C0

L0

2C0

Figure 4.7.: A standing-wave accelerating cavity can be modeled as a chain of Nm −1 identical resonators
(the cells) with common resonant frequency f0 .
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Norm. mode frequency fm /f0

celerating π-mode of a standing-wave gun corresponds to m = Nm .(2) This is the mode
with highest frequency and, as it can be observed in Figure 4.8, it is in the region of the
spectrum where the frequency separations are the smallest.
Nm = 2
Nm = 4
Nm = 6

1.02
1.01
1
0.99
0.98
0

π/2

π

Norm. mode number πm/Nm
Figure 4.8.: Normal-mode spectrum of the coupled oscillator systems, displaying the dispersion relation
for k = 0.05 (arbitrary value) and different Nm .

The Need for a Compromise In view of the previous considerations, it is clear that a
compromise between high output energy and large mode separation must be found. Initial
trials with three and a half cells were requiring the entrance of the first booster structure
to be around s ≈ 1 m. The addition of two cells, resulting in the current design with five
and half cells, shifted the entrance of the first booster structure to about s = 2.3 m.(3)
This difference of ∆s = 1.5 m is in good agreement with the expectations obtained from
the plasma picture described in Section 3.2.4. From Equation (3.29) the difference between
the plasma frequency at the output of a three and a half cells gun (γ ≈ 14) and a five and
half cells gun (γ ≈ 20) can be computed: ∆ωp = 1.5 Grad/s − 0.85 Grad/s = 0.66 Grad/s.
The corresponding length difference at the speed of light for one plasma oscillation (see
Figure 3.8) is ∆s = 0.96 m.

4.6. Adjacent Mode Excitation
After the previous qualitative considerations, the quantitative analysis regarding the excitation of the adjacent mode at the nominal design parameters is presented here. First, the
electric field magnitude of the adjacent mode with respect to the one of the accelerating
To be precise, the presented resonator model foresees two half cells at the two ends of the resonator chain,
while there is only one at the first end in an RF gun. However, this does not change the qualitative
conclusions drawn in this section.
3
To avoid confusion: Any number of regular cells is possible, it does not matter if it is even or odd.
2
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mode is computed. In a second step, the effect of this undesired additional contribution on
the beam dynamics is evaluated.

4.6.1. Transient Regime Model
A resonant RLC circuit driven by a current generator is the simplest model for describing a single mode of an accelerating cavity [9, pp. 135–156]. Figure 4.9 shows that the
frequency separation between the accelerating and the adjacent mode is larger than the
width of their resonance. This allows one to assume that the two modes are independently
coupled to the RF drive and to use the model reported in Reference [10]. The method
adopted to implement the model is based on the solution of the differential equations derived in Reference [11] with a standard Runge-Kutta method (already implemented in a
standard MATLAB installation). The correct implementation was checked by successfully
reproducing the results reported in Reference [10].
0

S11 [dB]

−2
−4
−6
−8
−10
−12
5.682

5.702
5.712
RF frequency fRF [GHz]

5.732

Figure 4.9.: S11 parameter of the standing-wave gun design as a function of the RF frequency fRF . The
operating frequency of the accelerating mode facc = 5.712 GHz is indicated, as well as that
of the nearest adjacent mode fadj = 5.702 GHz (dashed gray).

Current Design
The maximum on-axis electric field as a function of time for the accelerating and the
adjacent mode is plotted in Figure 4.10 for the two different RF feeding options introduced
in Section 4.2. In the first option, the full available maximum power PRF = 32 MW is used
to keep the RF pulse length ∆tRF = 431 ns = 1.97τL as short as possible. The second
option, less interesting for breakdown reasons, foresees to operate the gun almost in steady
state at ∆tRF = 651 ns = 3τL .
At these levels of adjacent mode excitation well above Fr > 10 %, the superposition of the
electric fields from the two modes at the surface might reduce the breakdown limit of the
gun. Differently stated, the maximum achievable on-axis electric field might be reduced.
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Figure 4.10.: Top: Maximum on-axis field Ez,0 for accelerating (blue) and adjacent (red) mode for a
high (solid) and low (dotted) input power solution. Bottom: Dependence of the required
RF pulse length ∆tRF on the coupling factor βacc , assuming an input power PRF = 32 MW.
The point corresponding to the current design is indicated (blue).

Accelerating Mode The typical exponential behavior of the voltage Vacc characterizing a
cavity at its resonant frequency ωacc is a characteristic of the accelerating mode [9, p. 146]:

Vacc =



−t/τL (βacc )

PRF 1 − e

p

 2√β
acc √

rs,acc ,

βacc + 1 | {z }

τL (βacc ) ≡

2Q0,acc
.
ωacc (1 + βacc )

(4.2)

≡Facc

The several terms appearing in Equation (4.2) are (dropping the “acc” index since the
definitions are valid for any mode):
• The RF coupling factor β between the primary circuit and the mode of the resonant
cavity. β = 1 represents a perfectly matched circuit, while β < 1 and β > 1 the underand overcoupled case, respectively. The relation with the voltage standing-wave ratio
is S = 1/β for the undercoupled case and S = β for the overcoupled case.
• The loaded filling time τL (β) = 2QL /ω depends on the coupling factor since the
relation between loaded QL and unloaded Q0 quality factors is QL = Q0 /(1 + β). See
Equation (3.16) for the definition of Q0 .
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• The shunt impedance rs defined in Equation (3.13).(4)
Thanks to the linearity of Maxwell’s equations, it is possible to substitute the factor
rs,acc in Equation (4.2) with a more general factor Facc such that Vacc represents e.g. the
field at a given location in the gun (typically the maximum on-axis field).
The line in Figure 4.10 (bottom) represents the identity:
√

∆tRF

1 + βacc
2Q0,acc
Eacc,0
√
· √
=−
log 1 −
ωacc (1 + βacc )
Facc PRF 2 βacc

!

.

(4.3)

Facc was computed from the HFSS simulation in order to get the normalization for the
maximum on-axis field of the accelerating mode Eacc,0 ≡ Vacc in Equation (4.2). The RF
coupling of the present design is very near to the value βacc = 2.2, which minimizes the
required RF pulse length for an available input power PRF = 32 MW.
Adjacent Mode A damped oscillation is characteristic of the adjacent mode, since it is
driven off-frequency. The RF drive operates at the frequency ωacc of the accelerating mode,
while the adjacent mode resonates at the lower frequency ωadj . The maximum on-axis field
when the electron bunch is accelerated, i.e. at t = ∆tRF = 431 µs is at the considerable
level of Eadj,0 = 20.3 MV/m. This gives a ratio Fr = Eadj,0 /Eacc,0 = 0.15.
Margins for Improvement
From a given design of an RF cavity, it is straightforward to change the coupling factor of
the accelerating mode by enlarging/restricting the coupling slot between the waveguide and
the coaxial section [7, pp. 125–147] visible in Figure 4.2. This operation has a negligible
influence on the parameters Q0 and rs . The effect of different couplings can be observed
in Figure 4.11. The curves are normalized to the maximum achievable voltage which is
obtained for a matched coupling of a mode driven at its resonant frequency, i.e. βacc = 1
and ωacc = ωRF . In steady state, the reflected power with a matched coupling vanishes. It
does not for βacc 6= 1. For this reason, lower final voltages are observed with under- and
overcoupling. The dependence of the steady-state voltage Vadj (t → ∞) on the coupling
factor βadj is different for the adjacent mode because it is driven off-frequency: the larger
the coupling factor, the larger the final voltage.
From a beam dynamics point of view, The most important value is the field ratio between
accelerating and adjacent mode at the end of the RF pulse, when the electron bunch is
accelerated. The ratio should be as low as possible so that the dynamics is not perturbed by
the adjacent mode. A reasonable definition of the field ratio to evaluate the perturbation
is Fr ≡ Eadj,0 (∆tRF )/Eacc,0 (∆tRF ), i.e. the ratio between the maximum on-axis field of
the two modes.(5) Figure 4.12 plots the behavior of Fr for different combinations of βacc ,
βadj , Q0,adj and ∆f ≡ facc − fadj . With the purpose of recognizing the most effective
The relation R = rs /2 between shunt impedance rs of the cavity and resistance R of the RLC circuit
model is found by comparing the dissipated power in the two cases [9, p. 140].
5
Another reasonable definition might be Fr ≡ rs,adj (∆tRF )/rs,acc (∆tRF ), i.e. the ratio between the on-axis
field of the two modes integrated along the gun.
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Figure 4.11.: Gun voltage V (t) for an RF pulse length ∆tRF = 8τL,acc for the accelerating (top) and the
adjacent (bottom) mode. The curves are normalized to the maximum achievable field in
steady state.

ways to reduce Fr , all parameters have been assumed to be independent.(6) The two most
effective ways to reduce the adjacent mode excitation are to decrease the coupling βadj and
to increase the mode separation ∆f . It was already mentioned that the mode separation
might be approximately doubled by increasing the iris aperture. This would halve the ratio
of the maximum on-axis electric field between the two modes from Fr = 0.15 to Fr ≈ 0.075.
Also assuming a further intervention to decrease βadj , it seems very unlikely that values
below Fr = 0.05 can be reached. Interestingly, Fr is almost insensitive to Q0,adj . This is
not surprising since a larger Q0,adj implies larger fields for a given input power but also a
narrower bandwidth, which reduces the coupling to the off-frequency RF drive.

4.6.2. Beam Dynamics Implications
The excitation up to Eadj,0 = 20.3 MV/m of the adjacent mode shown in Figure 4.10
(top) requires the study of the effects of this additional field on the beam dynamics. The
relative RF phase ∆ϕ0 = ϕ0,acc − ϕ0,adj between the accelerating and the adjacent mode
cannot be inferred from the RLC model at this stage because an ideal input pulse is
assumed. The details of the real pulse from the klystron should be known to reliably
6

One must be aware of the fact that changing βadj while leaving βacc unvaried would be hardly possible
in reality.
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Figure 4.12.: Contour plot of the maximum on-axis field ratio Fr ≡ Eadj,0 (∆tRF )/Eacc,0 (∆tRF ) for different combinations of βacc , βadj , Q0,adj and ∆f ≡ facc − fadj . The point corresponding to the
current design is indicated (blue square).

compute ∆ϕ0 . Moreover, in double-bunch operation (see Section 2.4.1) a phase slippage
∆ϕRF = (360◦ · ∆f ) · 4/fb = 100◦ between the two modes will occur during the time
interval ∆tbunch = 4/fb = 28 ns separating the two bunches. For these reasons, a worstcase approach is adopted. The optimized solution with the pure accelerating mode is taken
(Table 4.2, second column), and the field of the adjacent mode is superimposed for relative
phases ∆ϕ0 ∈ [0, 360◦ ], such that all possible scenarios are covered. The case with the
worst resulting figure of merit is then reoptimized to recover the best possible performance.
Only the transverse spot size of the laser, the gun phase and the solenoid field strength
are changed with respect to the reference design. These are the parameters that are easily
adjustable during machine operation.
Not surprisingly, the worst case is found for ∆ϕ0 = 180◦ , corresponding to the maximum
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gradient reduction that can be provided by the adjacent mode at the cathode. Its effect
is displayed in Figure 4.5 (dotted). From the behavior of the transverse beam size σx
it is evident that there is an initial overfocusing, which has dramatic consequences also
on the transverse emittance εx,n . A very similar result is found e.g. also for ∆ϕ0 = 90◦ ,
corresponding to no field contribution at the cathode from the adjacent mode.
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Figure 4.13.: Accelerating field Ez (s(t)) experienced by the bunch centroid for the three C-band gun
setups of Table 4.2.

For the case with ∆ϕ0 = 90◦ , an important adjustment of the solenoid field strength but
only small adjustments of the laser spot size and gun phase are necessary to fully recover
the performance (see Table 4.2, third column). This is consistent with the interpretation
that the adjacent mode is seen by the beam as a field unbalance of no more than 15 % of
the accelerating mode. The phase slippage between the two modes along the gun is only
about ∆ϕRF = (360◦ · ∆f ) · lRF /c ≈ 2◦ .
The same interpretation is also true for the worst case scenario with ∆ϕ0 = 180◦ , but
in this case it is not possible to fully recover the performance. The reoptimization moves
the ideal injection phase further away from the on-crest setting, reducing the accelerating
gradient at the cathode. This requires a reduction of the initial space-charge forces which
is reflected in the larger optimal laser spot size. The related higher thermal emittance is
finally detected in a larger final transverse emittance, which reduces the achieved brightness.
Figure 4.13 shows the differences in the initial acceleration for all of the discussed cases
and confirms the importance of a large accelerating gradient at the cathode.
A larger mode separation is therefore necessary to reduce the excitation of the adjacent
mode and therefore also its influence on the beam quality. It was already mentioned that
doubling the mode separation up to ∆f = 20 MHz is possible by increasing the iris aperture.
One has to note that the initial goal of ∆f = 15 MHz mode separation was reached during
the first phase of the current RF design, when the RF coupling to the rectangular waveguide
was not yet present (see Figure 3.13). Its introduction reduced the mode separation down
to ∆f = 10 MHz.
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4.7. Conclusion
The feasibility of an RF C-band standing-wave photocathode gun as electron source for
the SwissFEL injector was demonstrated by presenting an RF and magnet design. The
brightness before the first bunch compressor is double compared to the current reference
design with the SwissFEL Gun 1 as a consequence of a doubled peak current and a preserved
low transverse emittance.
An innovative coaxial coupling from the cathode side was presented and its advantages
were described. From a mechanical point of view, the design does not introduce any
limitation in the longitudinal direction for the placement of the focusing solenoid. Enough
space is available for the integration of the bucking coil into a simplified magnet design,
which ensures a vanishing magnetic field at the cathode. Specifically designed gaps with
vanishing RF fields were introduced in order to avoid the need of special RF contacts and
to be compatible with the load-lock system [12].
The effect of the adjacent mode in steady state as well as in the transient regime was
carefully studied. A remarkable maximum on-axis electric field of the adjacent mode with
an amplitude Fr = 15 % compared to that of the accelerating mode is present. Simulations
show that there might be negative, but not dramatic consequence, on the resulting beam
dynamics performance after a reoptimization of the machine parameters. Further increasing
the iris radial aperture by ∆r = 2 mm would increase the mode separation up to about
∆f = 20 MHz. This would reduce the excitation of the adjacent mode from Fr = 15 %
down to about Fr = 7.5 % with positive consequences for the beam dynamics.
A careful thermal and RF tolerance analysis together with a mechanical design is still
required.
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[8] M. Reiser. Theory and Design of Charged Particle Beams. Wiley, second, updated
and expanded edition, 2008. ISBN 978-3527407415.
[9] T. P. Wangler. RF Linear Accelerators. Wiley, second, completely revised and enlarged
edition edition, 2008. ISBN 978-3527406807.
[10] S. Lidia et al. Technical design and optimization study for the FERMI@Elettra fel
photoinjector. Technical Report ST/F-TN-06/11, Free Electron Laser Radiation for
Multidisciplinary Investigations at Elettra, Trieste, Italy, Aug 2005.
[11] A. Fiebig et al. A sled type pulse compressor with rectangular pulse shape. In Proceeding of EPAC1990, page 937. Nice, France, 11–16 Jun 1990.
[12] R. Ganter et al. SwissFEL cathode load-lock system. In Proceedings of FEL2013,
TUPSO21, page 259. Manhattan, NY, USA, 26–30 Aug 2013.

131

5. C-band Traveling-Wave Gun
The results presented in this chapter have been previously published in Reference [1], which
was awarded with an Editors’ suggestion by the journal Physical Review Accelerators and
Beams. Alessandro Citterio and Riccardo Zennaro decisively contributed to the RF design,
in particular to the one of the coupler. Also Paolo Craievich and Lukas Stingelin contributed to the RF design, as well as to the supervision of the beam dynamics simulations.
With his detailed knowledge of the whole SwissFEL accelerator, Sven Reiche helped in the
rigorous definition of the best figure of merit for an FEL photoinjector.

5.1. Higher Brightness for the SwissFEL Injector
New configurations with the potential of further improving the performance of the SwissFEL injector are explored by applying the scheme discussed in Section 3.4.3. Since the
method is applied to a preexisting facility, the idea is that of only upgrading the RF gun
(and relative solenoid), whose baseline is represented by the standing-wave S-band SwissFEL Gun 1 built at PSI [2; 3]. This gun has already demonstrated excellent results in
the SwissFEL Injector Test Facility [4] providing measured normalized slice emittances in
the order of εx,n ≈ 0.2 µm at Qb = 200 pC [5], very similar to those obtained with the
previously employed CTF2 Gun 5 built at CERN [6]. For more details see Section 2.4.1.

5.1.1. Injector Beam Dynamics
Preliminary studies on standing-wave [7] as well as on traveling-wave [8] C-band guns
for the SwissFEL injector have already demonstrated that there is margin for sensible
improvements. In both cases, doubling the frequency from S-band to C-band enabled the
generation of shorter bunches without spoiling the transverse emittance and the mismatch
parameter in comparison to the SwissFEL baseline design. For the case of the travelingwave gun with a phase advance per cell ∆ϕc = 60◦ , the mean slice emittance was even
lower than for the standing-wave options. An additional advantage of an injector with
an RF gun operating at fRF,C = 5.712 GHz = 40fb (American C-band) and the booster
structures operating at fRF,S = 2.9988 GHz = 21fb (a slightly modified European S-band)
is the potential reduction of the dark current transported after the gun due to the fact that
the two frequencies are perfectly synchronized only every 21 periods of the common base
frequency fb = 142.8 MHz (see Section 2.4.1 for more details about the synchronization).
Among the several proposed configurations summarized in Table 5.1, the one providing
the highest brightness B̄n,inj = 2940 TA/m2 at a maximum accelerating gradient Eacc,0 =
135 MV/m foresees a traveling-wave C-band gun with ∆ϕc = 60◦ phase advance per cell
and a laser pulse length ∆t0 = 4.5 ps. This solution is taken as illustrative example in
Figure 5.1, where the ASTRA simulation setup is sketched together with the resulting
common projected parameters along the photoinjector. The simulations were performed
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with Nmacro = 10000 macroparticles which are enough for the purposes of this analysis.
More details about the ASTRA simulation setup are found in Section 3.3.3.
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Figure 5.1.: Kinetic energy Ekin and rms energy spread ∆Erms (top), horizontal bunch size σx and longitudinal bunch length σz (middle), and normalized projected emittance εx,n (bottom) along
the trajectory position s. Above the plots, the beam line elements (accelerating structures
in copper color and solenoids in green) used in the simulations are sketched in the correct
position. The curves represent the optimized simulation of the fourth column of Table 5.1.

The gun has an electrical length ∆s ≈ 0.2 m with a maximum on-axis gradient Eacc,0 =
135 MV/m. This is still considered to be a conservative value, as supported by recent
experimental results in S-band [9], C-band [10] and X-band [11; 12; 13] and considering the
very short filling-time of the cavity below τ < 100 ns (see Table 5.2). The output kinetic
energy Ekin = 12 MeV almost doubles that of the baseline S-band SwissFEL Gun 1 and is
the result of a compromise. On one hand, a higher energy is desirable to compensate the
higher electron density due to the shorter bunches which tends to increase the frequency
of the plasma oscillation (see Section 3.2.4). A too high plasma frequency would shift
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Table 5.1.: Comparison of the SwissFEL injector setup parameters and simulated beam quality between the
proposed C-band standing- and traveling-wave gun designs, and the S-band SwissFEL reference design.
SwissFEL injector

Standing-Wave

[pC]
[µm/mm]
[mm]
[µm]
[ps]
[GHz]
[◦ ]
[MV/m]
[◦ ]
[MV/m]
[T]
[m]
[MV/m]
[m]

Gun output energy Ekin,gun
Peak current Ipeak,inj
Bunch length σz,inj
Proj. transv. emit. εx,n
Non-thermal εx,other,n
Mean slice emit. ε̄x,n c
Non-thermal ε̄x,other,n
Mean mismatch ζ̄ c
Brightness B̄n,inj
Penalty function fp

[MeV]
[A]
[µm]
[µm]
[µm]
[µm]
[µm]

a
b
c
d
e

[TA/m2 ]

C-band Traveling-Wave
120◦
High
phase adv.
gradient

Reduced
therm. emit.

S-band

C-band

200
0.550
0.178
0.098
9.9
2.998
(180)
100
−2.6
75.6
0.2080
0.300
13.8
3.3

200
0.550
0.197
0.108
5.0
5.712
(180)
135
−10.5
77.3
0.3546
0.149
17.3
2.090

200
0.550
0.165
0.091
3.0
5.712
60
135
−27
98.3
0.4963
0.097
12.0
2.429

200
0.550
0.153
0.084
4.5
5.712
60
135
−25
102.6
0.4964
0.097
12.6
2.615

200
0.550
0.157
0.086
4.0
5.712
120
135
−4.5
97.9
0.4354
0.097
9.8
2.745

200
0.550
0.126
0.069
2.5
5.712
120
200
−6
185.2
0.6994
0.097
14.8
2.563

200
0.225
0.165
0.037
4.0
5.712
120
135
−4.5
97.7
0.4349
0.097
9.4
2.639

6.6
20.0
933
0.21
0.186
0.144
0.106
1.14
965
−1

9.8
41.0
454
0.219
0.191
0.167
0.127
1.03
1480
−1.5

11.8
61.1
327
0.233
0.215
0.168
0.141
1.07
2170
−2.0

12.0
47.9
395
0.214
0.194
0.128
0.096
1.13
2940
−2.0

12.7
40.8
474
0.216
0.198
0.149
0.121
1.09
1840
−1.4

13.9
56.3
340
0.203
0.191
0.121
0.099
1.07
3870
−3.7

12.7
40.9
460
0.197
0.193
0.127
0.121
1.11
2520
−1.8

d

Radial uniform distribution and temporal plateau distribution with ∆t0 = 0.5 ps raising time assumed.
With respect to maximum energy gain.
Average over Ns = 20 slices with constant charge, neglecting the ks = 2 most external.
Left: high current solution. Right: low emittance solution.
Beam dynamics computed with a reoptimized, stretched field map.
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Bunch charge Qb
Norm. therm. emit. εx,th /σx,0
Laser transv. sigma σx,0 a
Thermal emittance εx,th
Laser pulse FWHM ∆t0 a
Gun frequency facc
Phase advance per cell ∆ϕc
Gun design gradient Eacc,0
Gun phase ∆ϕRF b
Extraction gradient Ec,0
Solenoid field maxs Bz (r = 0, s)
Solenoid max. field pos. s
1st booster avg. grad. Ēbs1
1st booster position s

60◦
phase adv.
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the matching point of the first booster structure (see Reference [14] and Section 3.2.5)
too close to the cathode, not providing enough space for the desired diagnostic at the
exit of the gun. Furthermore, a higher energy also corresponds to a more rigid beam
in the drift section between gun and first booster structure, which reduces the undesired
emittance contribution from non-linear space-charge effects (see Section 2.2.1) before the
beam energy is further boosted. On the other hand, an even higher output energy would
push the required peak magnetic field of the focusing solenoid towards higher values (in the
order of maxs Bz (r = 0, s) = 0.75–0.85 T for Ekin = 15–20 MeV) with related technological
problems, raising doubts about the feasibility of the simple design presented in Section 5.2.4.
An important point to underline is the tendency of the optimization algorithm to decrease
the accelerating gradient in the first booster structure since this improves the matching.
For all traveling-wave cases of Table 5.1, the average gradient is always about 40 % of that
predicted by the theory in Equation (3.49). This is understood by considering the magnetic focusing of the solenoids around the booster structures which provide an additional
contribution to the RF focusing, whose gradient is therefore reduced to fulfill the matching
conditions [14]. The phase of the booster structures always corresponds to the on-crest
situation, so that the maximum available accelerating gradient is used in order to reach an
energy in the range Ekin = 120–160 MeV after the second booster structure. This is necessary to be within the tunable energy range of the SwissFEL laser heater (see Reference [15]
and Section 2.4.1).
Figure 5.2 shows the slice parameters of the electron bunch evaluated after two booster
structures at s = 12.6 m (i.e. at the end point of Figure 5.1) where the energy Ekin =
139 MeV is large enough to have a reliable evaluation of the penalty function fp defined in
Equation (3.50).

5.1.2. Layouts Compared
The optimization procedure described in Section 3.4.3 was employed starting from two
reference RF designs of traveling-wave guns with a phase advance per cell ∆ϕc = 60◦ and
∆ϕc = 120◦ . The first choice was initially motivated by previous studies showing that
the smaller the phase advance per cell, the smaller the RF-induced emittance in the gun
(neglecting space-charge effects) [16]. The value ∆ϕc = 60◦ was considered to be the lower
limit in C-band, since a cell length considerably shorter than lc < 8 mm would raise huge
technological challenges. The second, more standard phase advance per cell ∆ϕc = 120◦
was studied in view of experimental indications that traveling-wave structures with a short
phase advance ∆ϕc = 60◦ might suffer of a reduced performance in terms of breakdown [17].
For both cases, the optimization process revealed different interesting solutions. These
are collected in Table 5.1, where the layout parameters and simulated beam quality after
two S-band booster structures (Ekin ≈ 140 MeV) of the SwissFEL injector are compared.
As reference for the comparison, the first two columns of Table 5.1 reports two setups
foreseeing an RF standing-wave gun. The baseline setup of SwissFEL is taken as the
absolute reference for improvements,(1) while the setup with the C-band gun presented in
1

Note that the penalty function is normalized to be fp = −1 at the brightness of the reference design but
with an ideal mismatch (see Figure 3.16, right).
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Figure 5.2.: Longitudinal phase space distribution (z, pz ), with respect to the reference particle having
p0 = 140 MeV/c, and corresponding charge density ρ(Q) (top), slice mismatch parameter
ζs (middle) and normalized slice emittance εx,n,s (bottom) along the bunch position z at
s = 12.6 m, after two booster structures. The last two quantities refer to a longitudinal
subdivision in Ns = 20 slices with constant charge and the dashed lines indicate the average
values ζ̄ and ε̄x,n (neglecting ks = 2 slices), respectively.

Reference [7] is indicated to compare standing-wave versus traveling-wave at the same RF
frequency.
Nominal Designs
For the traveling-wave gun setups, optimizations were performed with different laser pulse
lengths and nominal maximum gradient Eacc,0 = 135 MV/m. The normalized thermal
emittance set in the simulations was εx,th /σx,0 = 0.55 µm/mm, according to the most recent
experimental results at the SwissFEL Injector Test Facility on copper and cesium-telluride
cathodes [18; 5]. The solution with ∆ϕc = 60◦ and laser pulse of ∆t0 = 4.5 ps results in a
very low mean slice emittance ε̄x,n = 0.128 µm and a high peak current Ipeak,inj = 47.9 A
corresponding to a brightness increase of a factor 3 compared to the reference design.
The price to pay for the very small slice emittance is a slightly higher mean mismatch
parameter ζ̄ = 1.13, which is nevertheless well within the tolerable range. An almost ideal
mean mismatch parameter ζ̄ = 1.07 is provided for example by the solution with a shorter
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laser pulse of ∆t0 = 3 ps, at the expenses of a larger mean slice emittance ε̄x,n = 0.168 µm.
Somehow between these two cases one finds the solution with the gun with ∆ϕc = 120◦
and a ∆t0 = 4.5 ps laser pulse length, resulting in a mean slice emittance ε̄x,n = 0.149 µm
and a good mean mismatch parameter ζ̄ = 1.09. The peak current Ipeak,inj = 40.8 A is
smaller than that provided by the previous examples. This is in line with the observation
that the ideal injection phase for the gun with ∆ϕc = 60◦ , characterized by a shorter first
cell, usually provides some ballistic bunching in the drift space after the gun, as it can be
observed in Figure 5.1 (middle plot).
Therefore, in view of the comparable performance provided by the two designs and the
indications of eventually enhanced discharge problems with a shorter phase advance per
cell, the gun with ∆ϕc = 120◦ would represent the more conservative choice for a first
prototype.
Margin for Further Improvements
In order to assess if the traveling-wave gun has further margins of improvement, additional
simulations were performed with more progressive values of some parameters for the case
with a phase advance per cell ∆ϕc = 120◦ .
First, a very optimistic maximum gradient Eacc,0 = 200 MV/m at the cathode was
assumed. This had a very important impact on the achievable brightness, which increased
by a factor 2.1 due to both a reduction of the mean slice emittance by 19 % and an increase
of the peak current by 38 %. Note that the field map for this simulation was reoptimized
(modified number of cells and cell lengths) to get best performance and to contain the
required magnetic peak field to reasonable values. The result is a traveling-wave gun with
only six regular cells and a ∆s = −1.2 mm shorter first cell in comparison to the case with
the nominal gradient Eacc,0 = 135 MV/m.
A 50 % initial reduction of the thermal emittance (εx,th /σx,0 = 0.225 µm/mm) only shows
a benefit of 15 % on the mean slice emittance after two booster structures. At such low
values, the thermal emittance does not represent the main contribution to the mean slice
emittance after two booster structures anymore, as it is still the case with the measured
value εx,th /σx,0 = 0.55 µm/mm. As expected, no effect on the peak current is observed.

5.2. Traveling-Wave Electron Gun Design
Based on the results presented here above, the RF design of the C-band traveling-wave gun
is based on a rotationally symmetric central body, connected through an input and output
coupling cell to a coaxial section. It is the waveguide-to-coaxial transition, far from the
beam axis, which introduces the first asymmetry with a dual feed at both ends. Due to the
rotational symmetry of the coaxial coupling, which does not introduce quadrupole components, no racetrack geometry of the coupling cell is required (see Figure 2.15, right). Based
on this topology, two designs with a phase advance per cell ∆ϕc = 60◦ and ∆ϕc = 120◦
are proposed and their RF parameters are summarized in Table 5.2. Only the dimensions
of input, regular and output cells differ, while those of the waveguide-to-coaxial transitions
are exactly the same in the two cases. In order to provide a comparable output energy in
the order of Ekin ≈ 10 MeV at the nominal maximum on-axis gradient Eacc,0 = 135 MV/m,
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Table 5.2.: RF parameters of the two proposed traveling-wave gun designs. In the first part the parameters of a single regular cell
and in the second those of the whole cavity.
Phase advance per cell ∆ϕc
Frequency facc
Regular cell length lc

a

Iris thickness ∆s
Iris aperture (radius) ∆r
Surface to on-axis field ratio
Group velocity vg b
Single cell attenuation |S21 | b
Unloaded Q0 b
Ratio rb,max /(lc Q0 ) b
Number of regular cells
Input coupling cell length lin
Output coupling cell length lout
Total RF length lRF
Filling time τ
Cavity attenuation |S21 |
Nominal on-axis gradient Eacc,0
Maximum surface field
Nominal input power PRF
a
b

[◦ ]
[GHz]
[mm]
[λRF,C ∆ϕc /2π]
[mm]
[mm]
[c]
[dB]
[Ω/m]
[mm]
[mm]
[mm]
[ns]
[dB]
[MV/m]
[MV/m]
[MW]

60
5.712

120
5.712

8.337
0.9531
1.75
5
1.47
0.0095
0.097
4743
8131

17.495
1
2.25
5
1.26
0.0079
0.11
10002
8268

21
6
12
215
73
2.27
135
151
57.9

10
9
15
220
90
1.46
135
148
37.4

The C-band wavelength in free space is λRF,C = c/fRF,C =
52.485 mm; the RF wavelength in the cavity is λRF = lc 2π/∆ϕc .
From the eigenmode solution with losses of the regular cell.

the design with ∆ϕc = 60◦ counts 21 identical regular cells, while that with ∆ϕc = 120◦
only 10. This can be seen in Figure 5.3, where the magnitude of the complex electric field
|Ẽ0 (r, s)| in the cavity is displayed for both designs (top), with particular interest on the
on-axis field |Ẽacc (s)| (middle). One can observe the decay of the magnitude of the fields
along the axis that characterizes all RF accelerating structures with a constant impedance
design.
The amplitude variation within a single cell is less pronounced in the case ∆ϕc = 60◦
(1.13 peak-to-valley, against 2.51 for ∆ϕc = 120◦ ), meaning that the electron bunch experiences a more homogeneous acceleration along the gun. Previous works based on an analytical, idealized description not including space-charge effects indicate that the dynamics
inside a traveling-wave gun might differ significantly from that of a common standingwave gun [16; 19]. The actual effects of the more homogeneous acceleration e.g. on the
transverse emittance for a concrete design are studied in this work by means of numerical simulations. An example of the typical accelerating field Ez (s(t)) experienced by the
bunch centroid along the gun is presented in Figure 5.3 (bottom). For both traveling-wave
cases, the extraction gradient is around Ec,0 ≈ 100 MV/m, while the maximum gradient
Ez (s(t)) = 120 MV/m is experienced in the middle of the first cell. The nominal maximum gradient Eacc,0 = 135 MV/m is therefore never seen by the particles, differently than
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Figure 5.3.: Top: Upper half of the longitudinal cut of the cavity geometry for the designs with phase
advance ∆ϕc = 60◦ (top) and ∆ϕc = 120◦ (bottom) displaying the modulus of the complex
electric field |Ẽ0 (r, s)| in the beam region for operating conditions. Middle: Corresponding
on-axis field map |Ẽacc | for both traveling-wave designs (solid) and for the standing-wave
gun of Chapter 4 (dashed) together with the solenoid field map Bz (r = 0, s) (green, right
scale). Bottom: Examples of accelerating electric field Ez (s(t)) experienced by the bunch
centroid.

in standing-wave guns where the field balance between all cells in the gun allows one to
almost reach it in the middle of every full cell. Also in the standing-wave case the extraction gradient of the electrons at the cathode is as low as Ec,0 = 77 MV/m and only
Ez (s(t)) = 127 MV/m are reached in the middle of the first half cell. These values indicate
that, to reach a high brightness, the suitable range of the RF phase at extraction is limited
and does not necessarily coincide with the range where the electron bunch would experience
the maximum available electric field.
In the following two sections, the characteristics of the RF design are explained in more
detail for the beam section, the region interesting the beam dynamics displayed in Figure 5.3, and for the transitions from rectangular waveguide to coaxial section, where the
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RF is coupled in from the external source and out to the load.

5.2.1. Beam Section
The importance of the length of input, regular and output cells for the beam dynamics
performance has already been emphasized in Section 3.4.3, as well as the procedure adopted
to determine the optimal values. There are however several additional parameters related
to the cell geometry that can still be used to optimize the RF design by means of HFSS
simulations.
Regular Cell
The definition of the regular cell represents the starting point for the RF design as explained
in Section 3.3.1. The velocity β ≈ 0.9 of the electrons at the exit of the input coupling cell
is almost fully relativistic, as it can be seen in Figure 5.4. For this reason, it was chosen to
adopt identical regular cells for the central part of the gun.
1

Relativistic β

0.95

0.9
TW, 60◦
TW, 120◦
SW

0.85

0.8

0

5

10

15
20
25
30
35
On-axis position s [mm]

40

45

50

Figure 5.4.: Relativistic β factor of the electron bunch (solid) along the initial part of the C-band guns.
The first three iris positions of the traveling-wave guns are indicated, as well as the first two
of the standing-wave gun (dashed).

On one hand, the maximum surface electric field (found in the lower part of the iris)
should be small enough compared to the maximum on-axis field. Their ratio amounts to
1.44 and 1.26 for the designs with ∆ϕc = 60◦ and ∆ϕc = 120◦ , respectively. With these
values, when the regular cells are combined with the input coupling cell, the maximum
surface electric field in the gun is that at the cathode and the limiting surface electric
field corresponds to the maximum on-axis gradient. On the other hand, a sufficiently large
group velocity near to vg = 0.01c, providing a cavity filling time in the order of τ ≈ 100 ns
or below, is desired to potentially increase the achievable maximum gradient. The first
goal can be achieved by either an increased iris thickness or a reduced iris aperture, both of
which however reduce the group velocity. The chosen values, consequence of a compromise
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to fulfill both requirements, are reported in Table 5.2. To help reducing the maximum
surface electric field, an elliptical shape of the iris is adopted.
An interesting outcome of the beam dynamics optimization is the regular cell length
corresponding to β = 0.9531 for the case with ∆ϕc = 60◦ phase advance. The effect of
the corresponding ∆ϕRF = 2.8◦ phase slippage per cell can be observed in Figure 5.3,
where the decrease of the experienced electric field along the gun (bottom) is clearly more
pronounced than the damping of the electric field due to RF losses (middle). In the case
of ∆ϕc = 120◦ this element is not present since the cell length corresponds to β = 1.
Input and Output Coupling Cells
Once the regular cell, i.e. the impedance of the central part of the gun, is defined, the
impedance matching with the coaxial section must be reached at both ends (see Section 3.3.1). The most important free parameters available for the impedance matching
are the radius of the coupling cells, the height of the coupling irises, the cathode penetration (at the input) and the coaxial inner conductor penetration (at the output) into the
corresponding coupling cells.
An additional iris was introduced in the central part of the input coaxial section, forming
a sort of virtual cell, in order to avoid a too small gap of only few hundreds of microns
between the regular coupling iris and the cathode edge. With this solution, the gap could
be increased to ∆r = 2 mm in the current design.
Regarding the fields in the cathode region, it must be mentioned that both presented
designs show an off-axis field enhancement [8] of about 10 %. This is the minimal value
that could be reached with the present topology by optimizing the coupling cell length
and cathode penetration, always keeping the optimal distance between cathode surface
and first iris, which determines the input coupling cell length. To further reduce the field
enhancement, the radius of curvature of the cathode edge was maximized. The latter
is mainly limited by the inner radius of the coaxial section, which cannot be enlarged
indefinitely with respect to the outer radius to still allow for a suitable design of the
waveguide-to-coaxial transition. The outer radius of the coaxial section should not be
larger than the cell radius, so that the minimum inner radius of the focusing solenoid
surrounding the gun (see Section 5.2.4) is not further limited. In the present design, the
cathode surface is perfectly flat within the radius r = 1 mm (five times larger than the laser
transverse sigma, see Table 5.1) from the beam axis. Trials with a curved cathode surface
extending until the beam axis showed that it would be possible to have the maximum onaxis electric field. However, the effect of the resulting defocusing electric field on the beam
dynamics should be investigated in detail.
Regarding the fields in the output coupling region, no particular issues have been encountered during the impedance matching process.

5.2.2. Waveguide-to-Coaxial Transitions
Starting from the idea of an RF coupling from the cathode side, already presented in
Reference [7] for a C-band standing-wave gun, a novel design was developed to provide the
transition from the rectangular waveguide to the coaxial section. Both input and output
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transitions are visible in Figure 5.5 for the design with a phase advance per cell ∆ϕc = 120◦ .
The magnitude of the complex electric |Ẽ0 | and magnetic |H̃0 | field are displayed on the
final geometry simulated with the driven modal solver of HFSS. At this point, a wedge of
amplitude ∆θ = 90◦ with applied perfect magnetic boundary conditions must be simulated
due to the symmetry broken by the dual feed at both input and output (note that only
one waveguide at each side is visible in Figure 5.5). The frequency bandwidth from the
simulation of the full geometry of Figure 5.5 is plotted in Figure 5.6.

s
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|H̃0 |
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(log scale)
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x
Figure 5.5.: One quarter of the 3D cavity geometry with input and output waveguide-to-coaxial transition. The modulus of the complex electric |Ẽ0 | and magnetic |H̃0 | field is displayed for
operating conditions, in logarithmic scale in order to emphasize the field distribution in the
region of the transitions and to demonstrate the effectiveness of the filtering cells and the
choke.

The main advantage provided by such a coaxial coupling is the availability of space
between the input and output waveguides for a focusing solenoid (and bucking coil combined
in a simple magnet design, see Section 5.2.4). In addition, the gun geometry is fully
rotationally symmetric around the beam axis, with the first asymmetry being introduced
far from it by the dual feed. The corresponding quadrupole component propagating till
the beam region was checked to be below the numerical noise of the simulation.
As it can be seen from Figure 5.5, input and output transitions are based on the same
principle: A filtering cell was inserted in the coaxial section behind the waveguide to have
vanishing RF fields at the closing surfaces. The color scales indicate that almost neither
electric (|Ẽ| < 50 kV/m) nor magnetic (|H̃| < 3 kA/m) field, i.e. no surface currents, are
present at these locations, allowing for the insertion of a short. A simple copper surface can
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therefore be used as a closing short without the need for an RF contact. This considerably
simplifies the mechanical design, in particular for the cathode region where an exchangeable
cathode is desired. In order to take again advantage from locations with vanishing fields,
a choke was inserted in the output coaxial section. At one of its ends a flange without
RF contacts can be easily designed in order to separate the main body of the gun from
the output transition. This is necessary for the mounting of the solenoid which, at some
moment, must be slid around the gun to fit between the two waveguides.
The aperture with radius r = 6 mm at the exit of the gun around s = 400 mm provides
enough space for the coupling into the cavity of the UV laser with a common angle from
the beam s-axis in the order of 0.5◦ . The 12 mm × 12 mm optical mirror can be placed for
example at the trajectory position s = 2 m so that the separation between its edge and the
beam axis is ∆r = 15 mm.
Finally, an interesting option which should also be considered, is the insertion in the
output coaxial section of an absorbing material which would act as an integrated load and
removes the need of the transition and of the choke.
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Figure 5.6.: S11 parameter of the two traveling-wave gun designs as a function of the RF frequency fRF .
The operating frequency facc = 5.712 GHz is indicated (dashed gray).

5.2.3. Feeding Schemes for Very Short Filling Time
A closer look to the required input power for the nominal gradient Eacc,0 = 135 MV/m (see
Table 5.2), reveals that the structure with ∆ϕc = 120◦ can be directly fed with a standard
klystron amplifier as that employed in the main linac of SwissFEL, which can provide a
maximum PRF = 40 MW at the gun input (PRF = 50 MW at the klystron output minus
20 % losses in the waveguide system). In this case, the average dissipated power in the gun
at the SwissFEL nominal repetition rate νrep = 100 Hz amounts to only Pdiss = 100 W,
around one order of magnitude below the typical value of S-band standing-wave guns [2].
This simple solution is at the limit of the amplifier capabilities and the feeding schemes
proposed below, necessary for the gun with ∆ϕc = 60◦ , have also the potential to bring
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benefits for the ∆ϕc = 120◦ case in terms of RF source lifetime.
In the ∆ϕc = 60◦ case, a direct connection of the gun to the klystron is not possible,
since the required input power to reach the nominal gradient Eacc,0 = 135 MV/m is PRF =
57.9 MW. In order to reach the mentioned nominal power, it is possible to take advantage
from the very short cavity filling time τ = 73 ns in comparison to the maximal klystron
pulse length ∆tRF = 3 µs. Based on this fact, two different feeding schemes are proposed
below by assuming a maximum klystron output power PRF = 40 MW (20 % lower than the
nominal maximum power to improve the lifetime of the device) and 20 % waveguide losses
which reduce to PRF = 32 MW the available power at the gun input.
Figure 5.6 displays the relatively narrow bandwidth of the two gun designs, which nevertheless does not constitute an issue in terms of reflected power. By means of a frequency
domain analysis, it was checked that the peak reflected power to the klystron remains
below Pref = 0.2 MW and that the reflected to incident energy ratio is in the order of
Pref /PRF ≈ 10−3 . Therefore, as it is the case for common traveling-wave cavities, also the
traveling-wave gun can be operated without a high power circulator protecting the klystron
amplifier.
Pulse Compression with BOC
For the standard C-band module of the SwissFEL main linac, the necessary peak power is
reached by a compression of the RF pulse with a barrel open cavity (BOC) [20]. As the
following computations based on Reference [21] demonstrate, it would be straightforward
to use the same device also for the proposed traveling-wave gun. Figure 5.7 (top) shows the
input pulse which can be provided at the gun input (solid lines) starting from a ∆tRF = 3 µs
long and PRF = 14.1 MW pulse from the klystron.
Since 20 % losses between klystron output and gun input have already been accounted
for, the net gain factor in terms of maximal power in the BOC is GRF = 5.1. This could
be even higher without the phase modulation of the klystron output voltage (dashed lines)
which was introduced to limit within ∆ϕRF = 4◦ the peak-to-peak phase variation at the
gun input during the high power interval, which can be better visualized in the inset. The
average dissipated power in the gun is computed by integrating over time the whole pulse
coming from the BOC (solid blue line in Figure 5.7) and amounts to Pdiss = 1.1 kW, again
for the nominal Eacc,0 = 135 MV/m at the cathode and νrep = 100 Hz repetition rate.
The same pulse profile can be employed with the ∆ϕc = 120◦ phase advance gun, in which
case PRF = 9.2 MW at the klystron output are enough to reach the nominal PRF = 37.4 MW
at the gun input with a resulting dissipated power Pdiss = 490 W.
Recirculation with Hybrid
A second feeding possibility, which is not compatible with the idea of an integrated load
at the output coaxial section of the gun, is based on the use of a four-port hybrid with
∆ϕRF = 180◦ phase shift as described in Reference [22]. The klystron is connected to one
of the input ports, the gun and a load are connected at the output ports and a waveguide
connects the output of the gun to the remaining input port. In this way, part of the power
which has not been dissipated in the gun is recirculated into the gun itself, summing up with
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Figure 5.7.: Two possible feeding schemes for the traveling-wave gun with ∆ϕc = 60◦ phase advance:
pulse compression with a BOC (top) and recirculation with a ∆ϕRF = 180◦ hybrid (bottom).
The power (blue) and the voltage phase (green) are given at the klystron output (dashed)
and at the gun input (solid) as a function of time t. Bottom: The situation with a long
klystron pulse is also indicated (gray). Note the different time scale on the abscissa.

the constant input power from the klystron. The result is a step-wise increase of the gun
input power, where the step length corresponds to the filling time of the cavity (assuming a
negligible time for the wave to recirculate from the output to the input). This is shown in
Figure 5.7 (bottom), which plots the gun input power (solid blue) as a function of time for
a power PRF = 39.9 MW at the klystron output (dashed blue). Three recirculation steps
are enough in order to reach the nominal power PRF = 57.9 MW (gray dashed), bringing
the required pulse length to ∆tRF = 292 ns (four times the cavity filling time τ ). The

146

5.2. Traveling-Wave Electron Gun Design
average dissipated power was minimized down to Pdiss = 540 W, for the nominal operation
conditions, by selecting the optimal bridge ratio nhyb = 1.71 between the four ports of the
hybrid device. In gray, the situation with a longer pulse length ∆tRF = 1.095 µs (fifteen
times the cavity filling time τ ) is also shown. In the hypothetical case of an infinite pulse, a
power PRF = 78.3 MW corresponding to a maximum on-axis gradient Eacc,0 = 157 MV/m
could be reached, while more than 98 % of this level can be reached after ten filling times.
Applying the same recirculation scheme to the ∆ϕc = 120◦ phase advance gun, provides
an optimal bridge ratio nhyb = 1.28 which requires only one recirculation step with a
klystron output power PRF = 39.9 MW to reach the nominal accelerating gradient. In this
case, the average dissipated power is as low as Pdiss = 200 W, i.e. double than in the case
of a direct connection to the klystron.

5.2.4. Simplified Solenoid with Integrated Bucking Coil
The previously described RF coupling topology provides the necessary space to place the
focusing solenoid very close to the cathode also in the case of a traveling-wave gun with
input and output waveguides. This is very important in the presented setups where a
transverse focusing already in the first cells is required to confine the electron bunch within
the iris apertures. Trials with a common solenoid placed such that its peak field was at
s = 300 mm (like in the SwissFEL Gun 1 setup), showed that it is difficult to extract a
usable beam from the gun. A second strong motivation for a solenoidal field raising right
from the cathode comes from previous studies (see References [23; 24] and Section 2.4.3)
that showed an important benefit to achieve a better emittance compensation. A bucking
coil, driven with opposed current polarity, must be introduced in order to get a vanishing
solenoidal field at the cathode (s = 0), which would otherwise introduce an undesired
emittance contribution after exiting the solenoid due to the initially magnetized beam (see
Section 3.2.5).
Figure 5.8 shows the on-axis field Bz (r = 0, s) and the corresponding position of a
solenoid combining bucking and main coil into a single device. The 2D (rotationally symmetric) simulation was performed with Poisson. The cavity volume is also displayed, around
which some margins for the copper must be accounted for, demonstrating that the two devices fit well together.
The required peak magnetic field in the setups with the nominal gun gradient Eacc,0 =
135 MV/m is about maxs Bz (r = 0, s) = 0.5 T (see Table 5.1) and corresponds to an initial
slope dBz (r=0,s=0)
= 3.6 T/m for the field map used in ASTRA simulations (solid line).
ds
The proposed solenoid design can provide a peak on-axis magnetic field up to maxs Bz (r =
0, s) = 0.6 T, assuming a maximum current density |J | = 5 A/mm2 in both coils. The
maximum magnetic field in the iron yoke was always checked to be below |B| < 2 T to
avoid saturation.
An additional degree of freedom for the beam dynamics optimization is provided by the
slope of the solenoidal field at the cathode, which can be varied in the range dBz (r=0,s=0)
=
ds
0–6.3 T/m (dashed line), at a peak magnetic field maxs Bz (r = 0, s) = 0.5 T, by changing
the current ratio between bucking and main coil. Note that this requires an adjustment of
the longitudinal position of the solenoid in order to keep a vanishing field at s = 0. Changing
from the nominal to the maximum reachable slope needs a ∆r = −12 mm negative shift of
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Figure 5.8.: Top: Top half of the longitudinal cut of the combined solenoid incorporating main and
bucking coil around the gun cavity volume. The magnetic field lines are displayed (magenta).
Bottom: Corresponding on-axis field map of the longitudinal magnetic field Bz (r = 0, s)
with nominal (solid) and maximum (dashed) allowed bucking coil current IBC .

the magnet. Further analysis should be performed to determine the influence of the initial
slope on the beam quality before the first bunch compressor.
Figure 5.9 shows a picture of a very first mechanical concept of the traveling-wave gun
with ∆ϕc = 120◦ phase advance and relative solenoid. The concept is identical for the
case with ∆ϕc = 60◦ phase advance, where only the cell number and dimensions change.
Different colors are used to distinguish between the three main mechanical pieces composing
the gun. The cathode part (green) is compatible with the load-lock concept [25] since the
RF design foresees an exchangeable cathode without the need of any RF contact. Again
without the need of any RF contact, the inner coaxial conductor at the gun output (yellow)
can be inserted after having slid the solenoid around the main body of the gun (blue).

5.3. Conclusion
RF traveling-wave photocathode guns have the potential to provide more rigid electron
beams with higher brightness. Therefore, the design of such a traveling-wave gun operating
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at C-band was developed and first optimized based on the beam dynamics performance.
In particular, an optimization procedure was developed where the cell lengths are set as
free parameters and the gun field map needed for the beam dynamics simulations can be
stretched accordingly. After fixing the cell lengths, a complete RF and focusing solenoid
design can be developed.
The whole procedure was applied for two different phase advances per cell: ∆ϕc = 60◦
and ∆ϕc = 120◦ . The brightness of the SwissFEL photoinjector could be improved in both
cases at least by a factor 2 and up to a factor 3, respecting all of the machine constraints.
The higher brightness is mainly due by a (at least) doubled peak current, i.e. a shorter
bunch, which relaxes the overall compression factor along the machine and also the gain
curve of the microbunching instability.
With the aim of producing a prototype, the mechanical concept is currently being developed at PSI as demonstrated by Fig. 5.9. The next steps in the development of this device
are represented by the systematic study of RF tolerances, thermomechanical effects and
beam stability. These might contribute to determine which one is the best design option
for the production of a first prototype.

Figure 5.9.: The mechanical concept is currently under study: The cathode (green) and the output
coaxial section (yellow) are not brazed to the main gun body (blue) in order to, respectively,
be compatible with the load-lock concept and to enable the mounting of the solenoid.
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6. Conclusions
The main goal of this thesis was to explore new designs of the electron source that could
represent a future upgrade of the SwissFEL injector. Possible beam dynamics improvements were investigated by substituting only the electron gun and the relative solenoid
while leaving the rest of the injector (downstream of the first booster structure) almost
unchanged.
The main achievements of this work are first listed in a very summarized manner and
then briefly discussed. Finally, an outlook on possible future work is given.

6.1. Main Achievements
Two new RF photocathode gun designs operating at C-band are proposed for a future
upgrade of the SwissFEL injector:
• In Chapter 4, the RF and magnet design of a 5.6-cell standing-wave gun and the
corresponding beam dynamics along the injector were presented, demonstrating its
feasibility. The key advantages of this design are:
◦ A 50 % increase of the brightness of the electron beam before the first bunch
compressor up to B̄n,inj = 1480 TA/m2 as compared to the SwissFEL reference
design with B̄n,inj = 965 TA/m2 (see Table 5.1, second column).
◦ A doubling of the peak current up to Ipeak,inj = 41 A before the first bunch
compressor as compared to the SwissFEL reference design with Ipeak,inj = 20 A
(see again Table 5.1, second column).
◦ An innovative coaxial RF coupling from the cathode side (see Figure 4.2) enables
– the placement of the focusing solenoid around the cathode with a simplified
magnet design that integrates main and bucking coil (see Figure 4.4),
– the elimination of the quadrupole components of the RF fields in the region
where the beam is accelerated (see Section 4.2),
– the introduction of gaps with vanishing RF fields, making the gun compatible with the load-lock system without the need of special RF contacts (see
Figure 4.2).
• To the author’s knowledge, a complete RF traveling-wave gun design was presented
for the first time in Chapter 5. Based on this design, two options with a different
phase advance in the regular cells (∆ϕc = 60◦ and ∆ϕc = 120◦ ) were studied. Also in
this case, the RF and magnet design and the corresponding beam dynamics along the
injector demonstrate the feasibility of this solution. This design brings qualitatively
similar, but quantitatively even better improvements with respect to the standingwave design:
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◦ A factor 3 brightness increase up to B̄n,inj = 2940 TA/m2 as compared to the
SwissFEL reference design with B̄n,inj = 965 TA/m2 (see Table 5.1, fourth column).
◦ A more than double peak current in the order of Ipeak,inj ≈ 50 A before the first
bunch compressor as compared to the SwissFEL reference design with Ipeak,inj =
20 A (see again Table 4.2, fourth column).
◦ The innovative coaxial RF coupling at both ends (see Figure 5.5) brings the
same advantages previously mentioned in relation to the standing-wave design.
These designs concretely demonstrate also the possibility of building a full C-band electron linac for FELs, where a linear bunch compression (see Section 2.2.4) could be achieved
with a dog-leg chicane as in the MAX IV facility [1] eliminating the common higher harmonic RF X-band system. Preliminary simulations (not presented in this work) show that
the C-band traveling-wave gun followed by one C-band module of the SwissFEL main linac
provide a beam at Ekin ≈ 150 MeV, which is comparable to the one obtained by employing
two S-band booster structures of the SwissFEL injector. The linearization of the longitudinal phase space before the first bunch compressor should be studied in detail for this full
C-band setup.

6.2. Discussion
The C-band was selected in order to decrease the filling time of the RF cavities, potentially
improving the achievable maximum accelerating gradient. The value Eacc,0 = 135 MV/m
was assumed as the nominal maximum on-axis gradient in the beam dynamics simulations.
As described in Section 5.1.1, this is considered to be a very conservative value for the
developed designs and larger values might be reached in reality. Unfortunately, no reliable
models to predict the breakdown limits of an accelerating structure exist and the experimental testing is the only way to determine these limits. It is however clear that larger
accelerating gradients are beneficial for the beam dynamics performance (see e.g. Table 5.1,
second last column).
The normalized thermal emittance value εx,th /σx,0 is another parameter that strongly
influences the simulation results of low emittance photoinjectors. The assumed value of
εx,th /σx,0 determines the achievable absolute value of the transverse emittance εx,n e.g. before the first bunch compressor. Therefore, particular care must be taken when comparing
simulations. The designs of Chapters 4 and 5 were optimized starting from different values
of εx,th /σx,0 , as it can be checked in Tables 4.2 and 5.1.(1) Only in a second phase the beam
dynamics of the C-band standing-wave gun was optimized with the most recent measured
value εx,th /σx,0 = 0.55 µm/mm, resulting in the setup of the second column of Table 5.1.
Only this table must be used for the ultimate comparison between the several designs and
setups, as it was done in Section 6.1.
Besides this, it is anyway very interesting to compare the results of Tables 4.2 (εx,th /σx,0 =
0.91 µm/mm) and 5.1 (εx,th /σx,0 = 0.55 µm/mm) for the C-band standing-wave gun. The
1

The reason is that the value εx,th /σx,0 = 0.55 µm/mm [2] was accepted by the FEL community as the
new reference value in the time frame of this work.
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non-thermal component εx,other (see Equation (2.41)) is larger for this gun than for the
SwissFEL Gun 1. This is due to the larger space-charge forces within the shorter bunch
and eventually to the increased curvature of the RF fields in C-band. The consequence is
that the brightness improvement with respect to the SwissFEL Gun 1 is larger for a larger
thermal emittance (almost a factor 2 in Table 4.2) than for a smaller one (a factor 1.5 in
Table 5.1).
An additional difficulty introduced by a shorter bunch right from the gun is the increased
plasma frequency, which leads to a shift towards the cathode of the ideal position of the first
booster structure (see Equation (3.29) and Figure 3.8). This was successfully compensated
by a higher output energy of both gun designs in order to keep sufficient space for the beam
diagnostic after the gun. In this context, one of the main advantages of an RF travelingwave gun becomes clear: Additional cells can be added (or removed) to reach the desired
energy without worrying about the presence of adjacent resonant modes.
Regarding the standing-wave gun design of Chapter 4, the worst case scenario with
respect to the adjacent mode contribution reported in Table 4.2 shows that the transverse
emittance might suffer from the limited mode separation ∆f = 10 MHz. This is not the
case for the peak current which remains unaltered by the adjacent mode. It was argued
that removing one regular cell and increasing the iris apertures is one possible solution to
this potential issue.
In Chapter 5 it has been mentioned that one of the advantages of a traveling-wave
solution is the removal from the RF network of a high power RF circulator which protects
the klystron amplifier. The design of this device in C-band for the considered power levels is
for sure not a trivial task. However, if the standing-wave solution would turn out to provide
the same performance as that of the traveling-wave, the need for a circulator should not
represent the main discriminating argument between one or the other solution.
In the specific case of the SwissFEL injector, the traveling-wave gun design with ∆ϕc =
60◦ phase advance per cell showed to be superior with respect to the standing-wave gun. A
low emittance injector is not the only application that makes a traveling-wave gun design
very appealing as an electron source. As compared to state-of-the-art photocathode guns
with an output energy Ekin = 5–7 MeV, the proposed traveling-wave guns deliver electron
bunches of Ekin = 12 MeV. Due to the traveling-wave nature of these designs, it would
be straightforward to further increase this value up to Ekin = 20–30 MeV by adding more
regular cells to the central part of the gun. At this energy range, a traveling-wave gun
becomes extremely interesting as a very simple and compact injector for other applications
that have less stringent transverse emittance requirements than FELs, e.g. in the range
εx,n = 1–10 µm for bunch charges below Qb < 1 nC. A relaxed emittance value is very
helpful because at larger energies the emittance compensation achieved in a drift space of
limited length becomes less effective due to a diminished rotation of the individual bunch
slices in the trace space, as indicated by Equation (3.44).

6.3. Outlook
The previous discussion already suggested some topics that might worth further investigation:
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• Lower thermal emittance values due to the constant advances in the laser and surface
deposition technologies are expected in future [3]. The case presented in the last
column of Table 5.1 demonstrates that halving the thermal emittance of copper (or
cesium-telluride) cathodes makes the contribution from RF and space charge effects
by far the major contribution to the final emittance. This represents a new paradigm
in the photoinjector technology, which requires a better understanding of the influence
(and correlation between each other) of the individual effects contributing to the
transverse emittance.
• With this respect, Shintake performed a pioneering work in Reference [4]. The analytical study of the effects of the space harmonics in RF guns (neglecting space-charge
forces) concludes that traveling-wave guns with a short phase advance per cell are
superior in terms of RF-induced emittance compared to traveling-wave guns with a
long phase advance or to standing-wave guns. It is difficult to compare this prediction with the simulation results presented in Table 5.1 for two reasons: Space-charge
effects play a fundamental role in this case and the adopted figure of merit is heavily
influenced by other quantities than emittance. Nevertheless, the theoretical predictions are for sure not contradicted and this interesting analytical model should be
studied in detail.
• The feasibility of an injection into a booster synchrotron directly from an RF travelingwave photocathode gun should be studied in detail. Such a solution might represent
a breakthrough in the field of synchrotron injectors: A single RF structure and a
solenoid would represent an extremely simple and compact system which substitutes
the common thermionic guns followed by a complex bunching system (see e.g. Reference [5]). Beams from a photoinjector are bunched by definition due to the pulsed
nature of UV lasers. This represents a very “clean” system, where no particles are
lost in the cavity walls or in specific collimation systems.
• The stability of the most relevant parameters of the SwissFEL machine, like the
arrival time and peak current at the entrance of the undulators [6], should be studied
with the new proposed setups. On one hand, the higher frequency of the gun might
set more stringent requirements on the amplitude and phase stability of the RF pulse
of the gun. On the other hand, the shorter electron bunch from the gun might relax
these requirements in the rest of the linac.
• A thermal-mechanical tolerance analysis of the new RF gun designs must be completed in order to finalize the mechanical design. Depending on the required geometric
accuracy, different technical solutions might be adopted, in particular in the cathode
and output coaxial regions.
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A. Verification of a Formula in Kim’s Model
The equation lying between Equations (32) and (33) in Reference [1] must be corrected by
eliminating the term −(1/3)h(∆ϕf )4 i under the square root. The detailed derivation of the
formula is given below.
Starting from Equation (32) one has:
q

εx,RF = αkhxi hsin2 ϕf i − hsin ϕf i2 ,

(A.1)

where the averaging h·i is taken over all particles in the bunch. The index f ∈ {1, 2, . . . , N }
denotes the different particles in the bunch. The final phase is then split into an average
final phase ϕ̄f = hϕf i and a deviation ∆ϕf from it:
ϕf ≡ ϕ̄f + ∆ϕf .

(A.2)

The deviation ∆ϕf is assumed to be small compared to ϕ̄f , so that the following Taylor
expansion makes sense:
sin ϕf = sin(ϕ̄f + ∆ϕf ) ≈ sin ϕ¯f + cos ϕ¯f ∆ϕf −

1
sin ϕ¯f (∆ϕf )2 .
2

(A.3)

Furthermore, ∆ϕf is assumed to be symmetrically distributed, meaning that its even-order
moments vanish by definition:
h(∆ϕf )n i = 0 ,

for every odd n .

(A.4)

Inserting Equation (A.2) into (A.1) and using Equations (A.3) and (A.4) then results in:
q

εx,RF = αkhxi hsin2 (ϕ̄f + ∆ϕf )i − hsin(ϕ̄f + ∆ϕf )i2
D

= αkhxi

sin2 ϕ̄f + cos2 ϕ̄f (∆ϕf )2 + (1/4) sin2 ϕ̄f (∆ϕf )4

+ 2 sin ϕ̄f cos ϕ̄f ∆ϕf − sin2 ϕ̄f (∆ϕf )2 − sin ϕ̄f cos ϕ̄f (∆ϕf )3
E2
1
− sin ϕ¯f + cos ϕ¯f ∆ϕf − sin ϕ¯f (∆ϕf )2
2
D

E

1/2



= αkhxi sin2 ϕ̄f + cos2 ϕ̄f h(∆ϕf )2 i + (1/4) sin2 ϕ̄f h(∆ϕf )4 i − sin2 ϕ̄f h(∆ϕf )2 i


1/2

− sin2 ϕ̄f + (1/4) sin2 ϕ̄f h(∆ϕf )2 i2 − sin2 ϕ̄f h(∆ϕf )2 i
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= αkhxi sin2 ϕ̄f 1 + h(∆ϕf )4 i/4 − h(∆ϕf )2 i − 1 − h(∆ϕf )2 i2 /4 + h(∆ϕf )2 i
cos2 ϕ̄f h(∆ϕf )2 i
s

= αkhxi

1/2



(A.5)


sin2 ϕ̄f 
h(∆ϕf )4 i − h(∆ϕf )2 i2 + cos2 ϕ̄f h(∆ϕf )2 i .
4

This is the corrected version of the equation lying between Equations (32) and (33) in
Reference [1].
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B. Geometric Vs. Rms Emittance
Understanding the precise relation between the different definitions of emittance is of fundamental importance to avoid confusion, in particular when simplified analytical models
are developed. First, the relation between geometric εx,g and rms εx emittance expressed
by Equation (2.22) is derived starting from the K-V distribution, which models an ideal
beam. After highlighting the main characteristics of the ideal beam model, the concept of
equivalent beam is finally introduced and briefly discussed in relation to this work.

B.1. Ideal Beam
To better understand the definition of the beam matrix given in Equation (2.13) and its
relation to the Twiss parameters found in Equation (2.15), a phase space distribution must
be assumed and its second order moments must be computed according to Equation (2.4).
In the literature, a uniform distribution density ρ(x, x0 ) = ρ0 in the (x, x0 ) trace space
is often assumed. This is a peculiarity of the K-V distribution, which takes its name from
Kapchinsky and Vladimirsky who first introduced it in Reference [1]. For the first time,
they had a model for a beam that was including linear space-charge forces in the transverse
planes inside dipole and quadrupole magnets. The definition of the K-V distribution in the
4D trace space (x, x0 , y, y 0 ) contains a delta function. This results in all particles lying on
the surface of a hyperellipsoid. A very interesting consequence is that a uniform particle
density is found in any 2D projection, i.e. in the 2D trace spaces (x, x0 ) and (y, y 0 ) as well
as in the real space (x, y) [2, pp. 306–311].
First, it will be shown that the relation expressed by Equation (2.4) yields a uniform
particle density also in the space of the action-angle variables (εx,sp , ψx,0 ). With the same
equation it is then possible to compute the second order moments of the particle distribution
and relate them to the Twiss parameters. The phase space density is usually defined such
that it provides the total number N of particles in the beam:
N≡

ZZ
ellipse

ρ(x, x0 ) dx dx0 = ρ0 πεx,g ,

(B.1)

where εx,g = maxi εx,sp,i is the maximum action found in the beam. At this point a change
of variable can be performed following the formula [3, p. 197]:
Z
A=g(B)

f (a) dµ(a) =

Z
B

f (g(b))|Jg (b)| dµ(b) ,

(B.2)

where a = g(b), µ(·) is the measure of the integral and Jg (b) ≡ det dg(b) is the determinant
of the Jacobian matrix.(1) The variable transformation (x, x0 ) = g(εx,sp , ψx,0 ) in the specific
1

The variables a and b have replaced those used in the cited reference (x and u) in order to avoid confusion
with the symbols used for the beam dynamics discussion.
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case under discussion is directly given by Equation (2.4). The corresponding Jacobian
matrix is then:


dg(b) ≡

∂gk
∂bl

1
2

q

β



cos(ψx ) − βεx,sp sin(ψx ) 
q
p

εx,sp



√
cos(ψx )
=  2 ε−α
x,sp β

1
k,l
sin(ψx )
− √
2 ε
β

!

εx,sp
β

+α

x,sp

q

−

εx,sp
β

sin(ψx )

cos(ψx )

(B.3)


,



and its determinant is Jg (b) = −1/2. Finally, applying Equation (B.2) to (B.1) results in:
N=

Z εx,g Z 2π
ρ0
0

0

2
|{z}

dεx,sp dψx,0 =

ρ0
εx,g 2π .
2

(B.4)

≡ρ(εx,sp ,ψx,0 )=const.

It is now clear that the particle density ρ(εx,sp , ψx,0 ) is constant also in the space of the
action-angle variables. In Equation (B.4) the action-angle variables have been determined
to be in the ranges εsp,i ∈ [0, εx,g ] and ψx,0,i ∈ [0, 2π] in order to have an ellipse in
the (x, x0 ) phase space like the one in Figure 2.2. Consequently, hεx,sp,i i = εx,g /2 and
hcos2 (ψx (ψx,0,i ))i = hsin2 (ψx (ψx,0,i ))i = 1/2, while hcos(ψx (ψx,0,i ))i = hsin(ψx (ψx,0,i ))i =
hsin(ψx (ψx,0,i )) cos(ψx (ψx,0,i ))i = 0. The obtained second order moments from Equation (2.4) are then:
(4)

σ11 = hx2i i = βhεsp,i cos2 (ψx,i )i = βhεsp,i ihcos2 (ψx,i )i
εx,g
=β
= βεx ,
4
h
1
2
σ22 = hx0 i i = hεsp,i α2 cos2 (ψx,i ) + sin2 (ψx,i )
β
i

(4) 1

=

β

+ 2α cos(ψx,i ) sin(ψx,i ) i
h

hεsp,i i α2 hcos2 (ψx,i )i + hsin2 (ψx,i )i
+ 2αhcos(ψx,i ) sin(ψx,i )i

=

(B.5)

i

εx,g α2 + 1
εx,g
=γ
= γεx ,
2
2β
4
h

i

σ12 = σ21 = hxx0 i = −αhεsp,i cos2 (ψx,i ) − cos(ψx,i ) sin(ψx,i ) i
(4)

h

i

= −αhεsp,i i hcos2 (ψx,i )i − hcos(ψx,i ) sin(ψx,i )i
εx,g
= −α
= −αεx .
4
In the steps (4) the independence of the variables has been used and in the last steps the
identity:
εx,g = 4 · εx ,

(B.6)

was deduced by comparison with the definition of Equation (2.15). The relation expressed
by Equation (2.22) was therefore recovered.
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B.2. Equivalent Beam
The previous derivation is based on the K-V distribution, which can model a uniform beam
on which external and self-field forces are linear. An important result that can be derived
from this model is the envelope equation (3.34). There is no doubt that the uniform beam
model is of fundamental importance to understand the beam dynamics from a qualitative
point of view. In practice, real beam distributions can significantly differ from the ideal
K-V distribution and the usefulness of the uniform beam model becomes questionable.
A clear answer is given by the concept of equivalent beam introduced e.g. in Reference [2,
pp. 320–326]. According to this concept, two beams composed of the same particle species
and having the same current and kinetic energy are equivalent in an approximate sense if
the second moments of the distribution (i.e. beam size, beam divergence, emittance, etc.)
are the same. The average or rms behavior of an arbitrary beam can be described by
solving the rms envelope equation (3.36) or by studying the equivalent K-V beam. For this
reason, Equation (2.22) was proposed to be used as a definition:
εx,g ≡ 4 · εx ,

(B.7)

independently of the actual particle distribution within the beam. It is true that the factor
between geometric and rms emittance strongly depends on the actual distribution (see e.g.
Table 5.1 in Reference [2, p. 323]), but it is also true that the number of particles outside
the K-V ellipse (i.e. outside the trace space ellipse with emittance 4εx ) represents only a
small percentage of the total beam. This is also valid for a Gaussian distribution in the 4D
transverse trace space, which is often a good approximation for an electron beam along a
linear accelerator.
The implicit assumptions behind the equivalent beam model are that the rms emittance
does not change or that its change with time (or distance) is known a priori. This assumption is in general not correct, as discussed again in Reference [2, ch. 6.2]. The conclusion is
that simulation codes like ASTRA or OPAL are needed to carefully compute the transverse
emittance in the presence of non-linear dynamics, like in the case of an FEL photoinjector.
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Physical Constants [1]
Symbol

Name

Value
a

c
µ0 = 4π · 10−7 N/A2
ε0 = 1/µ0 c 2
me

Speed of light
Vacuum permeability b
Vacuum permittivity b
Electron mass

e
kB

Elementary charge
Boltzmann constant

h

Planck constant

h̄ = h/2π
a
b

Planck constant, reduced

Exact.
Value truncated, known exactly.

Unit
8

2.997 924 58
× 10
1.256 637 061
× 10−6
8.854 187 817
× 10−12
9.109 383 56(11) × 10−31
0.510 998 946 1(31)
1.602 176 620 8(98) × 10−19
1.380 648 52(79) × 10−23
8.617 330 3(50)
× 10−5
6.626 070 040(81) × 10−34
4.135 667 66(23) × 10−15
1.054 571 800(13) × 10−34
6.582 119 514(40) × 10−16

m/s
N/A2
F/m
kg
MeV/c2
C
J/K
eV/K
Js
eV s
Js
eV s
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