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Abstract

The European X-ray Free-electron Laser (XFEL) puts high demands on the quality of the high-
brightness driving electron beam with bunch lengths in the femtosecond regime. Longitudinal di-
agnostics is requested to optimize and control the longitudinal profile, the longitudinal phase space,
the slice energy spread and the slice emittance of the electron bunch, all of which are crucial to the
generation of Self-Amplified Spontaneous Emission (SASE). The high bunch repetition rate of the
super-conducting accelerator renders diagnostic method that is (quasi) non-destructive to the gen-
eration of SASE possible. In this thesis, three online diagnostic sections utilizing transverse deflecting
structures (TDS) have been designed for the European XFEL, providing access to all parameters of
interest with a longitudinal resolution down to below 10 fs. The requirement on the non-destructive
capability has been realized by the implementation of fast kicker magnets and off-axis screens, which
has been validated experimentally using an installation of the same concept at the Free-electron Laser
in Hamburg. A special slicing procedure has been developed to significantly enhance the accuracy of
slice energy spread measurements. Suppression of coherence effects, which impede the beam imag-
ing in the TDS diagnostics, has been first demonstrated experimentally using the spatial separation
method with scintillator screens. Comparison of the results of emittance measurements using the
quadrupole scan method with those using the multi-screen method has proved the reliability of the
latter method, which has been modelled intensively for the European XFEL.

Kurzbeschreibung

Der europäische Freie-Elektronen Röntgen-Laser (European XFEL) stellt hohe Anforderung an die
Eigenschaften der verwendeten Elektronenpakete mit Paketlängen in Femtosekunden Bereich. Lon-
gitudinale Strahldiagnose ist gefragt für die Optimierung und Kontrolle des longitudinalen Profils,
des longitudinalen Phasenraums, der Scheibenenergiespanne und der Scheibenemittanz, von de-
nen alle entscheidend für die Erzeugung der Photonpulse sind. Die hohe Repetitionsrate des su-
praleitenden Beschleunigers ermöglicht zerstörungsfreie Diagnose der Elektronenpakete. In dieser
Arbeit wurden drei online longitudinale Strahldiagnostiksektionen mittels transversal ablenkenden
Strukturen (TDS) für den European XFEL entworfen, welche mit einer longitudinalen Auflösung
von unter 10 fs den Zugang zu sämtlichen Parametern gewähren. Die Anforderung an die zerstö-
rungsfreie Fähigkeit wurde erfüllt durch die Implementierung von schnell ablenkenden Magneten
und der zur Strahlachse versetzten Schirmen. Technische Realisierung eines Monitors des longitu-
dinalen Profils an dem Freie-Elektronen Laser in Hamburg hat die Umsetzbarkeit dieses Konzeptes
bestätigt. Eine spezielle Methode zur Bestimmung der Scheibenteilung wurde entwickelt, welche die
Genauigkeit der Messung der Scheibenenergiespanne wesentlich erhöht. Die Unterdrückung von
kohärenten Effekten, die die Strahlbreitenmessung in Abbildungdiagnostik verhindern, wurden ex-
perimentell mit der Methode der räumlichen Trennung mit Einsatz von Szintillatorschirmen de-
monstriert. Vergleiche der Emittanz, gemessen mit der Multischirm-Methode, und gemessen mit
der Quadrupolmagnet-Methode, hat die Zuverlässigkeit der Multischirm-Methode gezeigt, für wel-
che detaillierte Studien für den European XFEL durchgeführt wurden.
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Introduction

X-rays in the wavelength range from (sub-)Ångström to several nanometers have enabled scientific
research on the structure of matter into the fundamental level of atoms, revolutionising understand-
ings in a wide range of fields such a Physics, Chemistry, Medicine and Biology [B+08]. X-ray sci-
ence has been further advanced by developments on accelerator-based synchrotron radiation sources
(from the 1st. to the 3rd. generation light sources), which excel in their reliable operation stability
and capability of providing X-ray pulses with high average brilliance as well as tunable wavelengths.

When the aforementioned advantages of high-brilliance X-ray beams are combined with the ad-
ditional property of short pulse duration in the order of femtoseconds or below, exploration of ultra-
fast phenomena on the natural time scales of the atoms with resolutions in their spatial scales be-
comes possible. Such X-ray sources are realized with the advance of free-electron lasers (FEL) driven
by relativistic electron bunches from linear accelerators (the 4th. generation light sources), whose
performance significantly exceeds that of synchrotron radiation sources in terms of higher peak bril-
liance, higher levels of coherence (high spatial and partial temporal coherence), and shorter pulse du-
rations [BBC+10, Hua13]. Due to the outstanding properties of the photon pulses, FELs have gained
in recent years increasing attention in the community of X-ray ultra-fast photon science [GC07,
NWvdS+00] for research in a variety of subjects, such as dynamics in atoms and molecules (e.g.,
in Refs. [SSK+13, SSK+14, KMW+12]), condensedmatter (e.g., in Ref. [HBS+10]), magnetisation pro-
cesses (e.g., in Ref. [FMS+14]), and biological structure (e.g., in Ref. [C+11]).

The principle of FEL, first introduced by John Madey [Mad71] in 1971, is based on the interac-
tion between the electrons and the electro-magnetic fields of the co-propagating radiation generated
inside an undulator1. For specific wavelengths (resonant wavelengths), energy transfer from the elec-
trons to the radiations is sustained, leading to an amplification of the radiation power. One way to
start up the radiation process is by using an external seed laser at the desired wavelength. Alter-
natively, the Self-Amplified Spontaneous Emission process (SASE) [KS80, BPN84, Kim86] can be
adopted to initialise the radiation from an arbitrary wavelength of choice, which is a highly desirable
property for the wavelength regimes of extreme ultra-violet and X-rays.

For a low-gain FEL, where the radiation is retained in an optical cavity and amplified in the
undulator by being passed repetitively through the undulator and back, the power of the radiation
increases by a few percent after each passage through the undulator. With the help of high reflectivity
mirrors in the optical cavity, low gain FELs can be achieved for the optical and infra-red wavelength
range. However for shorter wavelengths extending to the X-ray regime, such mirrors do not exist.
Therefore, power gain of the radiation has to be accomplished during a single passage of the electron

1A periodic magnetic structure.
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Introduction

bunch through the undulator. Such high-gain FELs are based on the micro-bunching process of the
electrons during the passage through the undulator: Electrons, which transfer energy to the initial
light wave, travel on a longer trajectory through the undulator than electrons, which gain energy from
the light wave. Different paths of electrons result inmodulations in their longitudinal velocities. Evo-
lution of such velocity modulation along the undulator eventually leads to longitudinally modulated
micro-bunch structures with a periodicity of the resonant light wavelength inside the bunch. In each
micro-bunch, which is shorter than the resonant light wavelength, the electrons radiate coherently,
leading to an exponential gain in the radiation power.

To achieve a high radiation power gain from a single passage through the undulator, the fol-
lowing quality of an electron beam is required: a high peak current, a small energy spread and a
small emittance2. When it is assumed that the electron bunch follows a Gaussian distribution, the
photon pulse duration (at the saturation regime of power gain) can be estimated from the electron
bunch length [SSY98, SSY00]. However in practice, collective effects (such as coherent synchrotron
radiation, wakefields) in the magnetic bunch compressors [SSY02a, ZD11], which are essential for
achieving short electron bunches with high peak currents, lead to significant variations of these elec-
tron parameters along the longitudinal direction. As a result, different portions of the electron bunch
can contribute differently to the FEL amplification process in the undulator, making the estimation of
the photon pulse duration an extremely challenging task. Ref.[DRAS+14] has experimentally studied
the possible correlations between electron bunch length and photon pulse duration. An approximate
upper limit of the latter can be derived from an estimation of the electron bunch length [BGG+12].

Longitudinal diagnostics on properties of slices in electron bunches, such as the current profile,
the slice energy spread and the slice emittance, play a crucial role for X-ray FELs. They help control
the longitudinal compression of the bunch during the set up of the accelerator to ensure a short pulse
duration of the FEL pulses. Diagnosis of the slice parameters reveals information about the actual
part of the bunch that could potentially contribute to the generation of FEL pulses, and are useful
for the parameter optimization. Furthermore, monitoring the slice parameters during FEL operation
offers the possibility of predicting and compensating potential drifts which may affect the properties
of photon pulses.

Such demanding tasks on longitudinal diagnostics can be realized by transverse deflecting struc-
tures (TDS), which allow access to all three quantities, i.e. the current profile, the slice energy spread
and the slice emittance, when used in combination with other devices. The versatility in applica-
tion of TDS is further complemented by their high longitudinal resolution, large dynamic range and
single-shot capability. In the latest development, application of TDS has been successfully extended
to the field of photon diagnostics for determining the photon pulse duration [BDD+14]. Reliable
performance of TDS has been validated with installations at various FEL facilities, such as the Linac
Coherent Light Source [DBD+09], the Free-electron Laser in Hamburg [RGS+09] and the SPring-8
Angstrom Compact Free Electron Laser [HTT12].

The research presented in this thesis addresses the design and modelling of the online TDS diag-

2Detailed high-gain FEL theory has been derived in many textbooks, for example in Refs. [SDR08, SSY00]. A summary
of the requirements on the electron beam is referred to Refs. [Beh12, Röh08].
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nostic sections for the European X-ray Free-electron Laser (XFEL). The European XFEL is s super-
conducting hard X-ray FEL located in Hamburg, Germany, with the commission of the injector sec-
tion scheduled for the end of 2015. Three TDS diagnostic sections have been designed to fulfil the
challenging requirements on the measurements of the various electron beam parameters including
the longitudinal profile, the longitudinal phase space, the slice energy spread and the slice emittance.

Super-conducting technology [RST+01]makes it possible for the EuropeanXFEL to deliver thou-
sands of electron bunches per second, leading to a high average brilliance of the photon pulses. There-
fore it has been especially emphasized in the requirements of the three TDS diagnostic sections that
the diagnostic systemmust be non-destructive to the generation of FEL pulses. Such online diagnos-
tic of the electron beam in parallel to the generation of FEL pulses has seen an increasing demand in
the operation of super-conducting FELs, and is highly appreciated by the photon user community.
Realization of the online longitudinal diagnostic section with femtosecond resolution requires opti-
mization of its accelerator optics and diagnostic components, and at the same time integration of its
lattice into that of the accelerator.

The remainder of this thesis is organised as follows. In Chapters 1 and 2, the principles of trans-
verse emittance and TDS diagnostics are explained, respectively. Chapter 3 presents the design of
the online TDS diagnostic sections for the European XFEL, with extensive simulations of the mea-
surement methods and analysis of their performance. In Chapter 4, suppression of coherence effects,
which will be encountered in electron beam imaging in TDS diagnostics, is demonstrated with ex-
periments performed at the Linac Coherent Light Source, Palo Alto, USA. Characterization of proto-
type devices responsible for the successful operation of the TDS diagnostic sections at the European
XFEL, as well as realization of an online longitudinal profile diagnostic station at the Free-electron
Laser in Hamburg, Germany, are described in Chapter 5. Chapter 6 deals with the performance of
the multi-screen and quadrupole scan methods for emittance measurements, which have been in-
vestigated experimentally at the SwissFEL Injector Test Facility, Villigen, Switzerland. Following the
summary given in Chapter 7, the appendices include the Monte-Carlo method for error analysis on
emittance measurement, the optimization procedure for designing the accelerator optics of emit-
tance measurements, the generalized formalism of transition radiation, and the algorithm for image
processing.
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1 Transverse emittance diagnostic

The emittance of the electron bunch is one of themost important parameters critical to the generation
of FEL pulses. Reliable measurement of the emittance is highly demanded to characterize the quality
of the electron beam. Furthermore, the actual accelerator optics in the accelerator can be determined
alongside the emittance measurement. Deviation of the actual accelerator optics from the design
values can lead to degradation of the beam quality as well [Rau00]. When the accelerator optics are
measured, the actual values can be matched to the design values.

In this chapter, the basics of the accelerator physics are shortly reviewed, with emphasis on the
definitions of emittance and Twiss parameters. The mathematical formalism of the method for mea-
suring emittance is explained, followed by practical realization of themethod. In the end, procedures
for error analysis of the measurements, which are applied in the subsequent chapters of this thesis,
are described.

1.1 Linear beam dynamics and definition of emittance

In this section, the basics of beam dynamics within linear approximation is introduced. The defini-
tion and interpretation of emittance and Twiss parameters, which are the main subjects of measure-
ments presented in the subsequent chapters of this thesis, are described. Since the theory has been
widely studied and presented in a variety of accelerator physics literature such as Refs. [Wie93, RS93],
only the most relevant parameters are outlined. The content of this section is based on Ref. [Wie93],
where more detailed derivations can be found.

1.1.1 Single particle motion

In accelerator physics, it is common to describe the motion of each particle using the coordinates
along the design trajectory s of a reference particle. The 6-dimensional phase space vector in such a
coordinate system is given by

u = (x , x′, y, y′, z, δ)T , (1.1)

where x and y are the horizontal and vertical distances from the design trajectory s, x′ = dx/ds and
y′ = dy/ds the slopes of the particle trajectory1, z the distance to the reference particle along the
design trajectory s, and δ = (p− p0)/p0 the relative deviation of the particle momentum p = ∣p∣ from
the design momentum of the reference particle p0 = ∣p0∣.

1When the energy stays constant, the transverse momenta can be approximated by px ≈ px′ and py ≈ py′, since the
slopes x′ and y′ are generally very small. It is common to use the slopes instead of the transverse momenta in the
phase space.
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1 Transverse emittance diagnostic

In order to describe themotion of a particle through the accelerator beamline consisting of linear
elements, such as the dipole magnet, the quadrupole magnet and the drift space, it is convenient to
treat the individual beamline components separately, since the differential equation of the motion
of a particle through the individual components can be established explicitly. The solutions of the
equations of motion with linear approximation can be expressed as

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

x
x′
y
y′
z
δ

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠±
u

=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

R11 R12 R13 R14 R15 R16

R21 R22 R23 R24 R25 R26

R31 R32 R33 R34 R35 R36

R41 R42 R43 R44 R45 R46

R51 R52 R53 R54 R55 R56

R61 R62 R63 R64 R65 R66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶R

·

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

x0
x′0
y0
y′0
z0
δ0

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠²
u0

. (1.2)

The 6-dimensional matrixR denotes the transfer matrix that characterizes the transportation of the
particle phase space vector from the entrance to the exit of a beamline component. When a particle
traverses through a beamline consisting of various components, the final phase space vector can be
described using the product of the individual transfer matrices as

u =Rn ·Rn−1 · . . . ·R1 ·u0, (1.3)

where u0 and u describe the phase space vectors of the particle at the initial position s0 and the final
position s, respectively, andR1,R2, . . .Rn denotes the transfer matrix of the individual components
in the sequence from s0 to s.

In the following treatment, decoupled motion in the transverse planes is assumed. The transfer
matrix of a beamline consisting of decoupled components simplifies to

Rdecoupled =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

R11 R12 0 0 0 R16

R21 R22 0 0 0 R26

0 0 R33 R34 0 R36

0 0 R43 R44 0 R46

R51 R52 R53 R54 R55 R56

0 0 0 0 0 R66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (1.4)

Abreakdownof the individual transfermatrices for the various components can be found inRef. [Cha93].

1.1.2 Twiss parameters

An analytical solution of the decoupled equations ofmotion for an entire beamline is of particular in-
terest, as it will reveal the characteristics of the particle trajectory. Using the ansatz q(s) =√ε

√
β(s) ·

cos(ψ(s) − ψ0) (q stands for one of the transverse coordinate x or y) into the (decoupled, linear)
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1.1 Linear beam dynamics and definition of emittance

equations of motions leads to:

γ(s)q(s)2 + 2α(s)q(s)q′(s) + β(s)q′(s)2 = ε, (1.5)

with the abbreviations α and γ defined as

α(s) = −1
2
β′(s), γ(s) = (1 + α(s)2)/β(s). (1.6)

The three parameters β, α and γ are called Twiss parameters2. Equation 1.5 reveals that at a specific s,
the single particle moves along an ellipse with an area of πε in the phase space (q, q′). The area of the
ellipse, sometimes referred to as the Courant-Snyder invariant [CS58], remains constant, while the
shape of the ellipse changes along s. The definition and meaning of the constant ε will be introduced
in the following section.

The phase function ψ(s) fulfils
ψ(s) = ∫ s

0

ds̄
β(s̄) + ψ0, (1.7)

where ψ0 is an integral constant. More often the phase advance is of interest as defined below

µ = ∫ s

s0

ds̄
β(s̄) . (1.8)

The matrix elements in the transverse plane of a transfer matrix from s0 to s can be expressed by
the Twiss parameters and phase advance as well. For example, the matrix elements in the horizontal
plane (x , x′) are equivalent to

(R11 R12

R21 R22
) = ⎛⎜⎜⎝

√
βx(s)
βx(s0)(cos µx + αx(s0) sin µx) √

βx(s)βx(s0) sin µx
αx(s0)−αx(s)√
βx(s)βx(s0) cos µx − 1+αx(s)αx(s0)√

βx(s)βx(s0) sin µx
√

βx(s0)
βx(s) (cos µx − αx(s) sin µx)

⎞⎟⎟⎠ (1.9)

1.1.3 Particle beams and definition of emittance

Now we consider a particle beam containing a distribution of particles. Equation 1.5 implies that
compared to a set of particles moving on the edge of a phase space ellipse with an area of πε, all
particles with a smaller beta-function β(s) move on ellipses with areas smaller than πε, and are
enclosed in the phase space ellipse of this set. The parameter ε of the ellipse is termed emittance. The
phase space distribution of particle beams can be expressed with the help of the beam matrix σ by

uTσ−1u = 1. (1.10)

2In this thesis, the term Twiss parameter is used to describe all three parameters at the same time. When the individual
parameter is mentioned, the terms beta-, alpha- and gamma-function are used.
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1 Transverse emittance diagnostic

The transformation of the beam matrix σ0 from a position s0 to the beam matrix σ at a position s
can be derived from Eq. 1.10 using the relation in Eq. 1.2 as

σ =Rσ0RT . (1.11)

For a two-dimensional phase space vector (q, q′) with a two-dimensional beammatrix σ2D, Eq. 1.10
leads to

σ22q2 − 2σ12qq′ + σ11q′2 = det(σ2D), (1.12)

where the relation σ12 = σ21 is used. Comparing the coefficients in Eq. 1.12 with Eq. 1.5, the beam
matrix can be determined as

σ2D = ε ( β −α−α γ
) , ε =√det(σ2D) =√σ11σ22 − σ212. (1.13)

In analogy, the 6-dimensional phase space ellipsoid has an emittance of ε =√det(σ6D).
The emittance describes the area (or volume) of the phase space ellipse (or ellipsoid) containing

a certain fraction of particles of the beams. The choice of the fraction is arbitrary and is commonly
defined using the statistical definitions3

σ =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⟨x2⟩ ⟨xx′⟩ ⟨xy⟩ ⟨xy′⟩ ⟨xz⟩ ⟨xδ⟩⟨xx′⟩ ⟨x′2⟩ ⟨x′y⟩ ⟨x′y′⟩ ⟨x′z⟩ ⟨x′δ⟩⟨xy⟩ ⟨x′y⟩ ⟨y2⟩ ⟨yy′⟩ ⟨yz⟩ ⟨yδ⟩⟨xy′⟩ ⟨x′y′⟩ ⟨yy′⟩ ⟨y′2⟩ ⟨y′z⟩ ⟨y′δ⟩⟨xz⟩ ⟨x′z⟩ ⟨yz⟩ ⟨y′z⟩ ⟨z2⟩ ⟨zδ⟩⟨xδ⟩ ⟨x′δ⟩ ⟨yδ⟩ ⟨y′δ⟩ ⟨zδ⟩ ⟨δ2⟩

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
= ⎛⎜⎜⎝

σxx σxy σxz
σxyT σyy σyz
σxzT σyzT σzz

⎞⎟⎟⎠ , (1.14)

which describes the fraction of particles within one root-mean-square (rms) distance of the particle
beams. The parameter ε = √detσqq = √⟨q2⟩⟨q′2⟩ − ⟨qq′⟩2 is called the rms projected emittance
(onto the transverse planes), with ⟨q2⟩ the projected squared rms beam size. If the particle beams are
coupled in the transverse planes, i.e. σxy ≠ 0, the intrinsic emittance instead of projected emittance is
required to fully describe the transverse phase space of the beam. A detailed definition of the intrinsic
emittance and the method for measurement can be found in Ref. [Kub99].

In case of acceleration, it is convenient to introduce the normalized emittance

εN = βγε (1.15)

with γ = 1/√1 − β2 the Lorentz-factor and β = v/c. The normalized emittance is invariant in the
ideal situation of absent statistical processes4.

In this thesis, the beammatrix is always used with the statistical (rms) definition, while the term
"emittance" refers to the normalized rms emittance, unless otherwise stated. The quantity of interest
3The bracket ⟨. . .⟩ is the operator for the statistical mean of the variables inside the bracket.
4Statistical processes refer to emission of synchrotron radiation of the particles or collisions with other particles [Wie93].
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1.2 Method for emittance measurement

is the rms projected emmitance, which constitutes the subject of experimental measurements and
further discussions in the subsequent chapters.

1.2 Method for emittancemeasurement

In order to determine the projected emittance ε, the quantities ⟨q2⟩, ⟨qq′⟩ and ⟨q′2⟩ have to be
known. However, only the squared rms beam size ⟨q2⟩ can be observed with direct methods (see
Section 1.2.2). Applying the transfer matrix Rdecoupled (see Eq. 1.4) from a decoupled beamline to
Eq. 1.11, the beam matrix element σ11 can be expressed with

⟨x2⟩ = σ11 = R2
11⟨x20⟩+2R11R12⟨x0x′0⟩+R2

12⟨x′02⟩+2R11R16⟨x0δ0⟩+2R12R16⟨x′0δ0⟩+R2
16⟨δ20⟩. (1.16)

It can be seen that the squared beam size ⟨x2⟩ at s is a linear combination of six beammatrix elements
at the initial position s0. By establishing 6 linear and independent equations with various R(i), the
6 initial beam matrix elements can be uniquely determined, from which the projected emittance
ε = √⟨x20⟩⟨x′02⟩ − ⟨x0x′0⟩ can be obtained. The same procedure can be applied similarly for the
vertical plane y.

If a transfer matrix with vanishing R16 is used, Eq. 1.16 simplifies to

⟨x2⟩ = R2
11⟨x20⟩ + 2R11R12⟨x0x′0⟩ + R2

12⟨x′02⟩. (1.17)

Then only three measurements are enough to solve for the three initial beam matrix elements re-
quired to calculate the emittance. In the following, the simple case of R16 = 0 is treated.
1.2.1 Linear least squaremethod

In practice, measurements of the squared beam size ⟨x2⟩ are subject to errors. Increasing the number
ofmeasurements improves generally the accuracy of beammatrix estimation. Whenmore than three
measurements are available, the beam matrix elements can be obtained using the linear least square
method. Detailed description of the linear least square method in emittance measurement can be
found in Refs. [MZ03, Löh05].

The equations for the n(n > 3) beam size measurements can be summarized into a linear equa-
tion system

⎛⎜⎜⎜⎜⎜⎝

⟨x(1)2⟩
⟨x(2)2⟩⋮
⟨x(n)2⟩

⎞⎟⎟⎟⎟⎟⎠´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
B

=
⎛⎜⎜⎜⎜⎜⎜⎝

R(1)11
2

2R(1)11 R(1)12 R(1)12
2

R(2)11
2

2R(2)11 R(2)12 R(2)12
2

⋮ ⋮ ⋮
R(n)11

2
2R(n)11 R(n)12 R(n)12

2

⎞⎟⎟⎟⎟⎟⎟⎠´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
A

·
⎛⎜⎜⎝
⟨x20⟩⟨x0x′0⟩⟨x′02⟩

⎞⎟⎟⎠´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
o

+
⎛⎜⎜⎜⎜⎜⎝

δ(1)
δ(2)⋮
δ(n)

⎞⎟⎟⎟⎟⎟⎠´¹¹¹¹¹¹¸¹¹¹¹¹¹¹¶
δ

, (1.18)

with o containing the beam matrix elements at the initial position s0, A the elements of the transfer
matrices from s0 to s, and B the squared beam sizes of the n measurements. Each measurement of
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1 Transverse emittance diagnostic

⟨x(i)2⟩ is assumed with an uncorrelated error δ(i) underlying a Gaussian distribution according to
δ(i) ∼ N (0, ∆(i)⟨x2⟩2)5.

With the introduction of the following notations

a =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

R(1)11
2

∆(1)⟨x2⟩

2R(1)11 R(1)12

∆(1)⟨x2⟩

R(1)12
2

∆(1)⟨x2⟩
R(2)11

2

∆(2)⟨x2⟩

2R(2)11 R(2)12

∆(2)⟨x2⟩

R(2)12
2

∆(2)⟨x2⟩⋮ ⋮ ⋮
R(n)11

2

∆(n)⟨x2⟩

2R(n)11 R(n)12

∆(n)⟨x2⟩

R(n)12
2

∆(n)⟨x2⟩

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, b =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⟨x(1)2⟩
∆(1)⟨x2⟩⟨x(2)2⟩
∆(2)⟨x2⟩⋮
⟨x(n)2⟩
∆(n)⟨x2⟩

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (1.19)

the weighted linear least square method gives the estimation of o and its covariance matrix Σo as

o = (aTa)−1aTb, (1.20)
Σo = (aTa)−1. (1.21)

It should be noted here that the covariancematrix Σo is not a diagonal matrix, and the non-vanishing
off-diagonal matrix elements indicate a correlation between o1, o2 and o3. The emittance ε as well as
the Twiss parameters β0, α0 at the initial position s0 can be then derived via

ε =√o1o3 − o22, (1.22)

α0 = −o2/√o1o3 − o22, (1.23)

β0 = o1/√o1o3 − o22. (1.24)

Mismatch parameter

The beamusually has Twiss parameterswhich are different from the design values βD , αD , γD, leading
to a mismatch between the actual and design shape of the beam ellipse. To understand the degree of
the mismatch, it is useful to introduce themismatch parameter [MZ03]

M = 1
2
(βγD − 2ααD + γβD), (1.25)

where the subscripts D denotes the design values. The mismatch parameter equals to 1, if and only
if the Twiss parameters are identical to the design values.

In the normalized coordinate (q̃, q̃′), which is defined as

(q̃, q̃′) = ( q√
βD

, qαD + q′βD√
βD

), (1.26)

5The notation ofN means that the probability distribution of the error is a Gaussian (normal) distribution centred at 0
and with standard deviation of ∆(i)⟨x2⟩.
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1.2 Method for emittance measurement

the phase space area of a matched beam with M = 1 appears to be a circle with an area of πε. The
mismatched beam has the same area of πε, but in a shape of a rotated ellipse, whose semi-major
axis has a length of

√
εM̃ with M̃ = M +√M2 − 16. A graphical interpretation of the design and

mismatched phase space ellipse in the normalized coordinates is illustrated in Fig. 1.1.

√
ε

√
εM̃

q̃

q̃′

Figure 1.1: Phase space ellipse in the normalized coordinates (q̃, q̃′): (red solid) for a design beamwithM = 1
and emittance of ε, (blue solid) for a mismatched beam withM > 1 and emittance of ε, (blue dashed) for a
mismatched beam with the same mismatch parameter as that for the blue solid ellipse but with emittance
larger than ε.

1.2.2 Realization of themethod

As described in Section 1.2.1, the Twiss parameters β0, α0 and the emittance ε at an initial position
s0 can be reconstructed by measuring the beam sizes at downstream positions with various transfer
matricesR(i).

Typical devices for beam size measurement of high-energy electron beams are imaging screen
systems and wire scanners. A wire scanner measures the one-dimensional beam profile integrated
from multiple beam shots [HBC+08, RBH+92], while a screen system provides directly the two-
dimensional projected transverse distribution of the beam with single-shot capability. Both devices
are destructive to the beam. In recent developments, the critical problem of coherence effects in
the emission process of radiation from the screens has been overcome (see Section 4.1.1), and the
spatial resolution has been dramatically improved (see Section 4.3.1) to be competitive with that of
the wire scanners, which stimulates the implementation of screen systems as electron beam profile
diagnostics.

Variation of the transfer matrix can be achieved by changing the strength of the quadrupole field
between the initial position s0 and a fixed measurement location s, or by changing the locations s
of the measurements without modifying the quadrupole settings. Changing the transfer matrix by
employing single quadrupole or multiple quadrupoles at the same time is called the quadrupole scan
method, whereasmeasuring the beam sizes at multiple locations is given the namemulti-screen (wire-
scanners) method. The two methods can be combined together in real applications.
6M̃ is denoted as mismatch parameter in some literature, such as Ref. [San91].
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1 Transverse emittance diagnostic

Emittance and Twiss parameter measurements can be performed flexibly at any location using
the quadrupole scan method with many available quadrupoles along the beam lines. The number
of measurement steps i is defined by the change steps of the quadrupole field strengths, and can be
chosen within a wide range. Since the accelerator optics between the initial position s0 and the mea-
surement locations s are actively modified, the change introduced for the measurement should be
compensated, in case the electron beam is needed at a further location downstream of the measure-
ment point s.

Themulti-screenmethod is limited by the number ofmeasurement steps n due to the constricting
number of screens, which requires dedicated space in the accelerator beamline. One advantage of the
multi-screen method is that it does not affect the transportation and beam dynamics of the electron
beam to the downstream locations due to the fixed accelerator optics. This feature makes it a good
candidate as a non-destructive method7 for emittance measurement.

In practice, the Twiss parameters βD , αD at the initial position s0 and the transfer matricesR(i)
used for the measurement are carefully designed. By assigning the designed R(i) to the beamline
and measuring the corresponding squared beam sizes ⟨x(i)2⟩ at s, the emittance ε is reconstructed,
and the calculated β0, α0 at the initial position s0 are compared to the design values βD , αD. When a
mismatch between the calculated and design values exists, accelerator optics upstream of the initial
position s0 can be adjusted (for example by utilizing the quadrupoles upstream of s0) to match β0, α0
to βD , αD. Several iterations of such matching procedures might be needed to achieve a matched
beam.

1.3 Error analysis

Measurement of emittance and Twiss parameters involves various beamline components, and can be
sensitive to various sources of error. A robust and reliable measurement requires careful design with
extensive error analysis. In this section, procedures for estimating the statistical and systematic errors
are described. Different methods for analysing the statistical errors are investigated and compared
with each other.

1.3.1 Statistical errors

First we concentrate on the statistical error, which describes the distribution of how much the es-
timated emittance and Twiss parameters deviate from their true values due to statistical beam size
measurement noise δ(i) ∼ N (0, ∆(i)⟨x2⟩2). Since the parameter o estimated by the linear least square
method (see Eq. 1.20) is a linear transform of the measured beam size, the error of o is then given
by the same linear transform applied to the measurement noise. As a result, assuming a Gaussian
measurement noise, the error on o also follows a Gaussian distribution with covariance Σo given in
Eq. 1.21.
7Although the electron beam cannot be used for the generation of FEL pulses when it hits the screen, implementation
of off-axis screens and fast kicker magnets can be considered effectively as non-destructive method in pulse-stealing
mode (see Section 3.2.1).
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1.3 Error analysis

Analysis of the error of the emittance and the Twiss parameters is more complicated since they
are all non-linear functions of o1, o2 and o3, which means their error distributions can no longer
be captured in an analytical form. In the following sections, two different methods for estimating
the statistical errors of the emittance and Twiss parameters will be introduced. The first method,
called error propagation, makes a linear approximation to obtain an analytical expression of the error
distribution; the second method, called direct sampling, retains the non-linearity of the expressions
but have to resort to sampling methods to obtain the error distribution.

Error propagationwith linear approximation

As derived in Eq. 1.22,1.23 and 1.24, the desired emittance and Twiss parameters are non-linear func-
tions f (o1, o2, o3) of the solved elements of o. Error propagation (termed EP) replaces the non-linear
functions f (o1, o2, o3)with their linear approximations f ≈ f 0+ ∂ f

∂o1 o1+ ∂ f
∂o2 o2+ ∂ f

∂o3 o3. As a result, the
errors on the emittance and Twiss parameters become a linear transform of o1, o2, o3, and therefore
also follows a Gaussian distribution with its standard deviation σEP given by:

(σEP)2 = ( ∂ f
∂o1

∂ f
∂o2

∂ f
∂o3 ) · Σo ·

⎛⎜⎜⎜⎝
∂ f
∂o1
∂ f
∂o2
∂ f
∂o3

⎞⎟⎟⎟⎠ , (1.27)

where Σo is defined in Eq. 1.21.
Error propagation method using linear approximation is very convenient since it can be deter-

mined analytically. The error distributions obtained for the emittance and Twiss parameters follow
a Gausssian distribution and can be characterized by its standard deviation σEP .

Monte-Carlo: sampling of the squared beam size

Monte Carlo simulation (termedMC) can be used to avoid making the linear approximation as used
in the error propagation method. The exact distributions of the errors on the emittance and Twiss
parameters can be obtained.

Since the measurements of ⟨x(i)2⟩ have uncorrelated Gaussian distributed errors (see Eq. 1.18),
direct sampling of the squared beam size ⟨x(i)2⟩ is easy. From each sampled ⟨x(i)2⟩, o can be solved
via Eq. 1.20, and the emittance as a non-linear function of o can be determined. Repeated sampling
of ⟨x(i)2⟩ yields the probability distribution P(ε)MC of the reconstructed emittance, from which
the mean values ε̄ and standard deviation σε,MC can be derived. The same procedure applies to the
estimation of the error distribution of the Twiss parameters.

One alternative Monte-Carlo method is to sample o and then pass the sample through the non-
linear functions to obtain the emittance and Twiss parameters. Sampling of o is, however, not directly
possible due to the correlations between the variables o1, o2 and o3. Onemethod to sample from such
a correlated multivariate Gaussian distribution is described in Appendix A using Cholesky decom-
position.
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1 Transverse emittance diagnostic

Comparison of the twomethods

The different methods for estimating statistical errors have been investigated using the designmatrix
Aand the designTwiss parameters βD , αD taken fromSection 3.3.1 and assuming an input normalized
emittance εN = 1µm and input energy E0 = 700MeV. The relative standard deviation of the error
distribution of the emittance is determinedwith error propagation (denoted as σε,EP/εN ) andMonte-
Carlo simulation with direct sampling of ⟨x(i)2⟩ (denoted as σε,MC/ε̄MC).

The probability distributions of ε from the Monte-Carlo simulation and the relative standard
deviations are presented in Fig. 1.2. When the initial Twiss parameters α0, β0 are matched to the
design values (top row forM = 1), the probability distribution of the reconstructed emittance ε has a
Gaussian shape centring at the input reference value εN . The relative standard deviations determined
with the two methods are identical.

In the case of a mismatch parameter of 2 (see Fig. 1.2 middle row), the errors differ largely for
different initial Twiss parameters in spite of the same value of mismatch. Therefore it is not sufficient
to study how the errors vary with themismatch parameterM only. For case AwithMA = 2, the prob-
ability distribution is still symmetric and the relative standard deviations are identical. The expected
value of emittance ε̄MC is slightly underestimated to be 98.3% of εN . In the case of B with MB = 2,
Twiss parameters different from those of case A but with the same mismatch parameter have been
chosen. A slightly asymmetric probability distribution is observed. The relative standard deviations
are by a factor of ∼ 2 larger than those for case A with MA = 2. In contrary to case A with MA = 2,
the relative standard deviation determined from Monte-Carlo simulation is slightly larger than that
from error propagation. The expected emittance ε̄MC is 97.7% of εN .

The relative standard deviations increase significantly withmismatch parameters of 3 (see Fig. 1.2
bottom row). In the case of A with MA = 3, the asymmetry of the probability distribution becomes
more pronounced, with a long tail towards the smaller values of emittance. Although the expected
value ε̄MC is 96.9% of εN , the relative standard deviations determined from the two methods are
identical. Deviation between the two methods becomes more distinct in the case B with MB = 3,
where the relative standard deviations obtained with the error propagation method is by a factor of
36% larger than that fromMonte-Carlo simulation. The expected emittance is slightly overestimated
to be 103.9% of εN .

In the three cases of observing asymmetric probability distributions (case B with MB = 2, case
A with MA = 3 and case B with MB = 3), the percentage of successful reconstructions of emittance
with real values are less than 100%, and amount to 99.9%, 94.7% and 85.3%, respectively. With larger
mismatch parameter, more failure in the reconstruction of emittance is expected.

The comparison has shown that when the linear approximation with the Taylor series is not ac-
curate enough, the probability distribution deviates from Gaussian shape. In such cases, the error
propagationmethod cannot correctly describe the standard deviation of the distribution. Significant
differences in the probability distributions have been observed in the cases of different Twiss param-
eters, even when their corresponding mismatch parameters are identical. It indicates that it is not
sufficient to compute the errors with respect to the mismatch parameter only.
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1.3 Error analysis
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Figure 1.2: Comparison of the statistical error of the reconstructed emittance ε estimated with different meth-
ods. The blue lines represent the probability distribution P(ε)MC of ε obtained with Monte-Carlo simu-
lation using direct sampling of ⟨x(i)2⟩. In each of the Monte-Carlo simulations, 50000 samples have been
drawn. The input beam energy is E0 = 700MeV and the normalized input emittance εN = 1µm. The errors
of ⟨x(i)2⟩ are assumed to be uncorrelated and follow a Gaussian distribution with ∆(i)⟨x2⟩ = 10%⟨x(i)2⟩8.
Five different combinations of α0 , β0 with mismatch parameters of M = 1, 2, 3 are considered. The (red
dashed) vertical lines around ε = 1µm in each plot denote the mean values ε̄MC of P(ε)MC . The counts
of imaginary values obtained for ε (failed reconstruction of emittance) are excluded from the results.

The advantage of the error propagationmethod is the analytical solution. TheMonte-Carlo simu-

8Commonly, the measured rms beam size
√

⟨x(i)2⟩ has a relative error of 5%, which equals to approximately a relative
error of 10% for ⟨x(i)

2
⟩.
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1 Transverse emittance diagnostic

lation provides a better insight into the probability distribution of emittance, but has to be computed
for each individual measurement. In this thesis, statistical errors determined with both methods are
used, and explicitly labelled when encountered.

1.3.2 Systematic errors

Emittance estimation using the linear least square method is influenced by systematic errors as well.
Among the various systematic errors, themost important and relevant sources of error are listed here
and will be analysed and discussed in more details in Chapters 3 and 6.

• System for beam sizemeasurement The beam sizes can be measured for example with imag-
ing screens and wire scanners. Errors in the calibration and resolution of the systems lead to
systematic errors in the beam size measurement. When screens are employed, the beam size
measurements could be additionally influenced by coherent emission of the electron beam (see
Section 4.1.1).

• Dispersion When the measurement is performed with transfer matrices with non-vanishing
R16, the model in Eq. 1.16 should be applied. In case of small R16 and negligible correlation
terms, themodel of assuming R16 = 0 can be applied by treating the influence of the dispersion
as perturbation to the beam size measurement.

• Quadrupole Calibration errors of the quadrupole field strengths in the beam lattice result in
uncertainties in the field strengths of the quadrupoles, which then lead to an erroneous transfer
matrixR(i).

• Beamenergy Errors in the beamenergy translate into errors in the calculation of the quadrupole
field strengths, resulting in an erroneous transfer matrixR(i) as well. Furthermore, errors in
the beam energy affect the normalization of the emittance according to Eq. 1.15.

In Chapter 3 and 6, the systematic errors are investigated using analytical method as well as
Monte-Carlo simulations, and are described individually for the specific cases.
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2 Time-resolved diagnosticwith TDS

High-gain FELs put demanding requirements on the driving electron bunches. As mentioned in
the Introduction, high-brightness beams with high peak current, small transverse emittance and
small energy spread are desired [SDR08, SSY00, Beh12]. While the overall beam parameters of the
whole bunch are of importance, investigation into the evolution of the beam properties along the
bunch revealsmore insightful information. The longitudinal slices of the bunch can have pronounced
variation in the beam parameters and thus make immensely different contribution to the generation
of FEL pulses in the undulators. Therefore, time-resolved diagnostics providing access to the slice
parameters is an important tool for optimizing the operation of the FELs.

Transverse deflecting structure (TDS) is one of the most robust devices among the various meth-
ods for time-resolved electron beam diagnostics, such as the electro-optics (EO) method [Ste07,
YMG+00] and coherent radiation spectroscopy [Wes12, MBD+13] (when applying reconstruction
technique from the frequency to the time-domain). Single-shot measurement, which allows the in-
vestigation of shot-to-shot fluctuation of the bunches, can be realized by the TDS (in the case of
the bunch having no initial correlations, see Section 2.2.1) as well as the EO and coherent radiation
spectroscopy method. The TDS can be applied to measure electron bunches with bunch length in
a large dynamic range, from several picoseconds down to a few femtoseconds [BDD+14]. Whereas
the EO and coherent radiation methods provide only the longitudinal current profile, TDS excels by
allowing a variety of other beam parameters to be measured, including the slice energy spread, the
longitudinal phase space and the slice emittance, when in combined use with other devices. Lately,
the application of TDS has been successfully extended to the measurement of the temporal profile of
FEL photon pulses [BDD+14].

Compared to other time-resolved electron beam diagnostics, TDS has the drawback of being a
destructive device. The electron bunch that is used for measurements with TDS has dramatically
degraded beam parameters and is not capable of generating FEL pulses. However, dispensing sev-
eral bunches for diagnostic purposes per second is non-detrimental to a high-repetition rate super-
conducting FEL (e.g. FLASH and the European XFEL, see Section 5.3), which delivers thousands of
electron bunches per second for the generation of FEL pulses.

As a promising and robust diagnostic tool, TDS is installed and planned at various FEL facilities,
such as LCLS [EFK00, KDD+13], SwissFEL [CIL+13], SACLA [MEK+12], as well as FLASH (see Sec-
tion 5.2) and the European XFEL (see Section 3.2). In this chapter, the beam dynamics of electrons
travelling through a TDS is discussed with derivation of the transfer matrix of a TDS. Following that,
some example applications of TDS for beam diagnostics are explained.
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2 Time-resolved diagnostic with TDS

2.1 Principle of TDS

The idea of transverse deflecting structures was originally proposed for the separation and identifica-
tion of charged high energy particles in particle physics [Phi61]. Based on the theorem fromPanofsky
and Wenzel [PW56], suitable RF separator imposing transverse deflecting field to separate particles
was developed and investigated at SLAC [ALL64] in the 1960’s. Figure 2.1 shows a schematic drawing
in cutaway view of the LOLA-type1 TDS invented at SLAC, which is an iris-loaded RF travelling wave
waveguide.

With the invention of FELs, challenging requirements were put on the methods for measuring
the short bunch length of relativistic electron bunches. The physics of the RF separators was re-
viewed in the 1990’s, highlighting TDS as a promising tool for the time-resolved diagnostics of elec-
tron bunches [EFK00]. Successful applications of the existing LOLA-type structures incorporated
at LCLS and FLASH have confirmed the reliable performance of the TDS for longitudinal electron
beam diagnostics [Röh08]. Recent success in using the TDS to reconstruct the temporal profile of
the FEL pulse has further raised its potentials [BDD+14].

Figure 2.1: Schematic drawing in cutaway view of the LOLA-type TDS invented at SLAC. It is an S-band RF
travellingwave structure operated at 2.856GHz. The inner side cavity and the iris have a radius of 5.895 cm
and 2.032 cm, respectively. To avoid possible rotation of the deflecting field, two suppressor holes with a
diameter of ρ = 1.905 cm are added symmetrically aside each iris at a distance of C = 3.620 cm from the
centre of the iris to the centre of the suppressor hole. The deflection direction of the illustrated structure
is in the vertical plane. Figure adapted from Ref. [ALL64].

The LOLA-type TDS has proven to be a reliable design, and will be adopted at the European
XFEL. In the following section, the beam dynamics of a relativistic electron passing through an iris-
loaded RF travelling wave TDS is considered. The transformation of the transverse and longitudinal
phase space of the particle is derived.

1Named after the inventors of the structures: O. H. Altenmueller, R. R. Larsen, and G. A. Loew [ALL64].
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2.1 Principle of TDS

2.1.1 Beam dynamics within a TDS

A TDS deflecting in the horizontal direction x with a length of L is studied in the following. The
electric and magnetic field distribution inside the structure are discussed and given in Ref. [ALL64].
After transformation from cylindrical to cartesian coordinate (x , y, z), the Lorentz force F experi-
enced by an electron with a charge of e can be calculated:

Fx = eE0 sin(ψ), (2.1)
Fy = 0, (2.2)
Fz = eE0 cos(ψ)kx . (2.3)

ψ is the RF phase relative to the phase with the maximum gradient of the transverse electric field
component (i.e. RF zero-crossing). E0 describes the amplitude of a travelling wave E0e i(kz−ωt) and
k is the wave number of the structure. The transverse force vanishes in the y direction, and remains
constant in x independent of the positions in y and z, resulting in an aberration-free deflection in
pure x direction. The longitudinal force Fz reduces to zero in the centre of the structure at x = 0.
However, it increases linearly with the off-axis position x.

Due to the vanishing force in the vertical direction y, only the horizontal motion (x , x′) of the
particle and its momentum are affected by the TDS, and will be derived in the following. Now a
relativistic electron (∣v∣ ≈ c), travelling in a bunch of electrons, with an initial status of (x0, x′0, z, p)T
before injection into the TDS is treated. Here x0 is its distance from the design trajectory, x′0 =
dx/ds the horizontal slope with respect to the design trajectory s, z the longitudinal distance to the
bunch centre and p = ∣p∣ the momentum. When the energy stays constant, the slope x′ describes
the transverse momentum via px ≈ px′ as well. The RF phase will be replaced with ψ = kz + ψ0,
where ψ0 gives the RF phase between the centre of the bunch and the RF zero-crossing. The term
kz is negligible, for example: for the LOLA-type TDS at FLASH with f = 2.856GHz and a typical
uncompressed bunch length of 300µm, kz amounts to 2π f /c · z ≈ 18 · 10−3. As a result, the cosine
and sine of the phaseψ can be approximated by their Taylor series around kz = 0 up to the first order:
sin(kz + ψ0) ≈ kz cos(ψ0) + sin(ψ0) and cos(kz + ψ0) ≈ cos(ψ0) − kz sin(ψ0).

At a position s inside the TDS (s < L), the particle will undergo an accumulated deflection of

x′(s) = x′0 + ∫ px(s)
0

dpx
p
= x′0 + ∫ s

0

1
p
Fx

ds
c
= x′0 + Fx

pc
s

≈ x′0 + eE0(kz cos(ψ0) + sin(ψ0))
pc

s. (2.4)

For the purpose of beam diagnostics, a deflection with maximum linear dependence on the longitu-
dinal position z is highly desirable and can be achieved by operating the TDS at the zero-crossings
of the RF, which means setting ψ0 to 0 or π. Therefore, Eq. 2.4 becomes

x′(s) = x′0 ± eE0kz
pc

s, (2.5)
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2 Time-resolved diagnostic with TDS

with the plus and minus sign corresponding to ψ0 = 0 and π, respectively. In the following, only the
situations of operating the TDS at ψ0 = 0, π are considered.

Using Eq. 2.5, the displacement x(s) of the electron at a position s can be formulated as:

x(s) = x0 + ∫ s

0
x′(s)ds = x0 + x′0s ± eE0kz

2pc
s2. (2.6)

The non-vanishing longitudinal force at the off-axis positions inside the TDS induces extra change
of the momentum of the electron. After travelling the total length L of the TDS, the particle gains an
amount of momentum ∆pz in the longitudinal direction (using Eqs. 2.3 and 2.6):

c∆pz = ∫ L

0
Fzds = ∫ L

0
eE0k(x0 + x′0s ± eE0kz

2pc
s2)ds

= eE0k[Lx0 + 1
2
L2x′0 ± 1

6
eE0k
pc

L3z]. (2.7)

The transverse deflecting force has an effect changing the electron momentum as well. Since the
deflecting force Fx is constant over the aperture of the structure (see Eq. 2.1), the resultingmomentum
change ∆px of the particle in the transverse plane is given by

c∆px = Fx · x(s = L) = eEk(zx0 + zLx′0 ± 1
2
eE0k
pc

L2z2), (2.8)

where Eq. 2.6 is used. Compared to the longitudinal momentum gain c∆pz in Eq. 2.7, each term
in the expression for the transverse momentum gain is much smaller due to the multiplication with
z/L (typically z < 100µm). The total momentum gain ∆p induced by the TDS is dominated by the
change in the longitudinal direction and can be approximated by c∆p ≈ c∆pz . Using the substitution
K = eV0k

pc with the peak effective voltage defined as V0 = E0L, the relative momentum deviation of the
particle induced by the TDS can be obtained:

∆δ = c∆p
cp
≈ c∆pz

cp
= Kx0 + 1

2
KLx′0 ± 1

6
K2Lz. (2.9)

The first term describes a momentum gain due to the finite transverse beam size, the second term
relates to the initial beam divergence and the last term is induced by the off-axis longitudinal force
of the TDS.

Finally, the total displacement and deflection angle at the exit of TDS can be derived fromEqs. 2.6
and 2.5 using the substitution s = L, so the final states of the electron are given by:

xfinal = x0 + Lx′0 ± KL
2

z, (2.10)

x′final = x′0 ± Kz, (2.11)

δfinal = δ + Kx0 + 1
2
KLx′0 ± 1

6
K2Lz, (2.12)
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2.1 Principle of TDS

where δ describes the initial momentum deviation of a particle with respect to a reference momen-
tum p0 such that p = p0(1 + δ). For a relativistic particle with ∣v∣≈ c, the particle energy E can be
approximated by E ≈ cp. Therefore, the relative momentum deviation describes the relative energy
deviation δ ≈ (E − E0)/E0 with respect to the design energy E0 as well.

2.1.2 Transfer matrix of TDS

Equations 2.10, 2.11 and 2.12 reveal that the final state of the particle is a linear combination of the
initial status. It is convenient to summarize the beam dynamics of the TDS in matrix formalism (to
the first order), yielding ⎛⎜⎜⎜⎜⎜⎝

x
x′
z
δ

⎞⎟⎟⎟⎟⎟⎠
final

=
⎛⎜⎜⎜⎜⎜⎝

1 L ±KL
2 0

0 1 ±K 0
0 0 1 0
K KL

2 ±K2L
6 1

⎞⎟⎟⎟⎟⎟⎠´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶Rthick
TDS

·

⎛⎜⎜⎜⎜⎜⎝

x0
x′0
z
δ

⎞⎟⎟⎟⎟⎟⎠
. (2.13)

This transfer matrix of the TDS Rthick
TDS takes into account the finite length of the structure and is

therefore referred to as “thick lens form”. An approximation for L → 0 yields the simplified transfer
matrix in “thin lens form”:

Rthin
TDS =

⎛⎜⎜⎜⎜⎜⎝

1 0 0 0
0 1 ±K 0
0 0 1 0
K 0 0 1

⎞⎟⎟⎟⎟⎟⎠
. (2.14)

The thin lens form is convenient to be used when only the transverse motion (x , x′) is of interest. In
thin lens form, a TDS with a total length of L is conceived to be composed of a drift space of L/2, an
instantaneous deflection of Kz at the centre of the structure, followed by another drift space of L/2.
The expressions of x and x′ for such a thin lens TDS are exactly the same as that for a thick lens TDS
as given in Eqs. 2.10 and 2.11.

Since the other transverse plane y is not affected by the TDS, the matrices presented in Eqs. 2.13
and 2.14 can be easily augmented to be

Rthick
TDS =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 L 0 0 ±KL
2 0

0 1 0 0 ±K 0
0 0 1 L 0 0
0 0 0 1 0 0
0 0 0 0 1 0
K KL

2 0 0 ±K2L
6 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
and Rthin

TDS =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0
0 1 0 0 ±K 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
K 0 0 0 0 1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (2.15)

The 6-dimensional matrices describe the beam dynamics in both the transverse phase space and the
longitudinal phase space, and can be applied to the phase space vector (x0, x′0, y0, y′0, z, δ)T of the
electron. Expressions for a TDS deflecting in the y direction can be derived analogously.
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2 Time-resolved diagnostic with TDS

2.2 Diagnostics with TDS

For high-gain FELs, not only the overall beam parameters of the bunch are important to the gener-
ation of FEL pulses, the parameters of the slices along the bunch are more decisive. However, the
electron bunches for FELs are extremely short (from several femtoseconds to picoseconds) with lon-
gitudinal coordinates that are not directly accessible, which puts immense challenges on the highly
sought-after longitudinal diagnostics.

According to the transfer matrices derived in Eq. 2.15, a TDS imposes a linear transformation2 of
the longitudinal position of the relativistic particle into one transverse plane. The transverse position,
which is easily accessible with simple diagnostic tools, can be measured and translated linearly back
to the longitudinal position. With the knowledge of the longitudinal coordinate, the properties of the
electrons residing at different positions inside the bunch can be investigated. Therefore, longitudinal
diagnostics can be achieved with TDS in combination with transverse diagnostic techniques.

The use of imaging screens, such as optical transition radiation (OTR) and scintillator screens (see
Section 4.1), is one of the most easily and widely adopted methods for transverse beam diagnostics.
In the case of beam imaging without coherence effects (see Section 4.1.1), which is presumed in the
rest of this chapter, the intensity of the image scales linearly with the charge of the particles. By
calibrating the spatial magnification of the imaging system, the transverse position of the particles
can be determined. With the knowledge of charge and transverse position, the image of an electron
bunch can be calibrated to represent the transverse density distribution of the bunch.

When used in combination with other diagnostic components, the TDS provides various longi-
tudinal diagnostics such as measurements of the longitudinal current profile, the longitudinal phase
space and the slice emittance. The principles of these diagnostics are described in the following sec-
tions.

2.2.1 Longitudinal current profile

High peak current is one of the essential electron bunch properties for high-gain FELs. It is important
to measure and control the longitudinal density distribution of the bunch, which then yields the
current profile for a given bunch charge. Often the portion within the bunch with high peak current
ismore likely to contribute to the FEL lasing process than the rest of bunch. Furthermore, the electron
bunch length can be deduced from the current profile to give an estimation on the upper limit of the
FEL pulse length [BGG+12].

Since only transverse motions are relevant in the measurement of the longitudinal current pro-
file, it is justified to consider a TDS in thin lens form as described in Eq. 2.14: a drift space of L/2,
an instantaneous horizontal deflection of Kz and another drift space of L/2 [Röh08]. Denoting
the phase space vector of the particle after the first drift space (i.e. at the centre of the TDS s0) as
us0 = (xs0 , x′s0 , ys0 , y′s0 , z, δ)T , the transformation of the phase space vector from s0 to a downstream

2Linear transformation is valid for kz ≪ 1, i.e. when the longitudinal position z is much smaller than the TDS RF
wavelength 2π/k (see Section 2.1.1).
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2.2 Diagnostics with TDS

imaging screen at s is given by Eq. 1.3

us =Rs0→s ·Rthin
TDS ·us0 , (2.16)

where Rs0→s is the transfer matrix from the centre of the TDS s0 to the location of the screen at s.
The horizontal position of the particle on the screen is of interest and can be found by

xs = (R11,s0→sxs0 + R12,s0→sx′s0)´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
x0s

±R12,s0→sKz, (2.17)

where the result from Eq. 2.14 has been used. The first part of this equation x0s represents the hor-
izontal displacement in the case of the TDS being switched off (V0 = 0 → K = 0), and the second
part the deflecting effect of the TDS. Substituting the definition of the matrix element R12,s0→s =√
βx(s)βx(s0) sin(∆µx) from Eq. 1.9 into Eq. 2.17 leads to

xs = x0s + S±z, S± = ±√βx(s)βx(s0) · sin(∆µx)K , (2.18)

where βx(s) and βx(s0) are the horizontal beta-functions (see Eq. 1.6) at the screen and the centre
of the TDS, respectively, and ∆µx denotes the horizontal phase advance (see Eq. 1.8) between these
two points. The parameter S± is commonly called streak parameter and describes the strength of the
linear deflection of the TDS.

Without initial correlation

The simplest case is first considered for a bunch of electrons: the electrons display no correlation
in (x , z) and (x′, z) at the entrance of the TDS, and thus x0s is not correlated to the longitudinal
coordinate z either, i.e. ⟨x0s z⟩ = 03. The second moment of the horizontal positions of the electrons
at the screen, i.e. the squared rms beam size of the bunch σ2x is given as

σ2x = ⟨(x0s )2⟩ + S2±⟨z2⟩ = (σ0x)2 + S2±σ2z , (2.19)

where it is presumed that the first moments of the electrons in a nominal bunch are ⟨x0s ⟩ = 0 and⟨z⟩ = 0. By measuring the intrinsic beam size σ0x (by switching off the TDS), the streaked beam size
σx at S+ (or S−), and the corresponding streak parameter S+ (or S−, see Eq. 2.36), the bunch length
σz can be determined to be

σz =
¿ÁÁÀσ2x − (σ0x)2

S2± . (2.20)

It is worth noting that the sought-after bunch length does not depend on the sign of the streak param-
eter (i.e. the value of the zero-crossing phaseψ0) with this simplifying assumption of an uncorrelated
initial transverse-longitudinal phase space.

3The bracket ⟨. . .⟩ is the operator for the statistical mean of the variables inside the bracket.
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2 Time-resolved diagnostic with TDS

The longitudinal resolution Rz of the bunch length measurement is determined by the intrinsic
beam size, which is the smallest measurable transverse beam size on the screen, divided by the streak
parameter:

Rz = σ0x∣S±∣ =
√
βx(s)εN/γ√

βx(s)βx(s0) · sin(∆µx)K =
√
εN/γ√

βx(s0) · sin(∆µx)K , (2.21)

with εN the normalized emittance and γ the Lorentz-factor of the bunch (see Eq. 1.15). In order to
optimize the longitudinal resolution, a large horizontal beta-function βx(s0) at the centre of the TDS
and a horizontal phase advance of ∆µx = π/2+ nπ, n ∈ N0 from the TDS to the screen are preferred.
The beta-function βx(s) at the screen does not influence the longitudinal resolution, but should be
chosen to give a beam size on the screen that is measurable taking into account the spatial resolution
of the imaging system.

It is common to describe the longitudinal parameters using the time axis t = z/c instead of the
longitudinal axis z, which leads to the expressions of the bunch length σt and longitudinal resolution
Rt in the time domain:

σt = σz/c, Rt = Rz/c. (2.22)

Influence of initial correlations

The assumption of no correlation in the transverse-longitudinal plane was an idealized case. A real
electron bunch usually displays correlations in (x , z) or (x′, z), or both of them. This initial cor-
relation leads to a correlation between the intrinsic offset (when the TDS is switched off) and the
longitudinal coordinate, which modifies Eq. 2.18 to give xs = x0s (z) + S±z. In this case, Eq. 2.19 be-
comes invalid for the determination of the bunch length due to ⟨x0s z⟩ ≠ 0, and the longitudinal profile
cannot be directly obtained. One simple method based on Refs. [Ban90, Loo] to reconstruct the lon-
gitudinal profile will be described in the following paragraphs, with one example of the application
of the reconstruction method presented in Figs. 2.2 and 2.3.

Since the motion in y is not affected by TDS, it is convenient to consider only the x and z planes.
The initial phase space density ρ(x , z) of a bunch is assumed to be

ρ(x , z) = λ(z)δ(x − f (z)), z ∈ [z0−, z0+] (2.23)

with λ(z) being a line density function and z0−, z0+ (z0− < z0+) the start and end position of the
bunch, respectively. Two approximations are made here: (i) each longitudinal slice in z has an in-
finitesimal width in x (expressed by the δ-function in Eq. 2.23) and an infinitesimal divergence in x′,
(ii) the horizontal-longitudinal correlation of each slice is given by x = f (z) and x′ = g(z), where
f (z) and g(z) are two arbitrary correlation functions. The longitudinal density function equals to
λ(z) due to the relation

ρz(z) = ∫ ρ(x , z)dx = ∫ λ(z)δ(x − f (z))dx = λ(z). (2.24)

When the TDS is switched off, only the transverse plane (x , x′) is transformed, while the longitudinal
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2.2 Diagnostics with TDS

density function ρz(z) remains unchanged. Therefore the intrinsic density distribution of the bunch
on the screen ρ0(x , z) is given as

ρ0(x , z) = λ(z)δ(x − x0(z)), (2.25)

with x0(z) being a linear combination of f (x) and g(x) describing the horizontal-longitudinal cor-
relation of the bunch at the position of the screen when the TDS is switched off.

λ(z)
q0

λ(z)

z0− z0 0 z0+

∆x(q0)
x0(z)

µ+(z)

µ−(z)

z

x

ν+(x)q0 ν−(x)
q0

density function ν(x) 0 q0 1

q+(x)
q−(x)

∆x(q0)

particle fraction q(x)
Figure 2.2: Illustration for the principle of the profile reconstructionmethod usingmeasurements at bothTDS

RF zero-crossings. The example is shown for a Guassian distributed longitudinal density function λ(z).
An arbitrary correlation function x0(z) is assumed. The reconstructed longitudinal density function q′(z)
is compared with the reference λ(z) in Fig. 2.3.

The TDS introduces extra correlation in the horizontal-longitudinal plane, resulting in

µ±(z) = x0(z) + S±z. (2.26)

It is assumed that µ±(z) is a monotonic function4 due to the large value of the streak parameter S±
(see Fig. 2.2 left). Replacing the correlation function x0(z) in Eq. 2.25 with µ±(z) leads to the phase
space density function of the streaked bunch

ρ±(x , z) = λ(z)δ(x − µ±(z)). (2.27)

The measured horizontal density distribution on the screen is defined as the integral over the longi-

4for all z ∈ [z0− , z0+], µ′+(z) = x0′
(z) + S+ > 0 and µ′−(z) = x0′

(z) + S− < 0.
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2 Time-resolved diagnostic with TDS

tudinal coordinate (see Fig. 2.2 middle):

ν±(x) = ∫ ρ±(x , z)dz. (2.28)

From the measured ν±(x), the particle fraction q± can be calculated to be

q+(x) = ∫ x

−∞ ν+(x)dx , (2.29)

q−(x) = ∫ ∞
x

ν−(x)dx , (2.30)

with the different integral limits indicating that they both give the particle fraction contained in the
bunch part starting from the trailing end of the bunch (i.e. from the small longitudinal coordinate
z0−). The particle fraction functions q±(x) are invertible and their inverse functions are denoted as
x±(q). For a given particle fraction q = q0 = ∫ z0

z0− λ(z)dz in the range of z0− to z0, the positions
x+(q0) and x−(q0) refer to the transformation of the particles from the same longitudinal position
z0 (see Fig. 2.2 right):

x+(q0) = µ+(z0) = x0(z0) + S+z0, (2.31)
x−(q0) = µ−(z0) = x0(z0) + S−z0. (2.32)

Taking the difference of the above two equations, the following relation is obtained

∆x(q0) = x+(q0) − x−(q0) = (S+ − S−)z0. (2.33)

This equation indicates that the longitudinal position z0 can be solved for a given particle fraction
q0 by measurements at both TDS streak parameters S+ and S−. By replacing q0 with an arbitrary
particle fraction q, the longitudinal position z can be expressed as a function of q

z(q) = ∆x(q)
S+ − S− . (2.34)

The inverse function of z(q) is q(z), whose derivative gives the longitudinal line density function of
the bunch (see Fig. 2.3)

λ(z) = q′(z). (2.35)

Thismethod retrieves the longitudinal distribution λ(z)of a bunchwith arbitrary initial transverse-
longitudinal correlation using measurements at both TDS RF zero-crossings. The finite slice beam
width and slice divergence is neglected.

Calibration of the streak parameter S

In both cases described above (with and without initial correlations), the reconstruction of the lon-
gitudinal profile using TDS requires the knowledge of the streak parameter S±. The value of S± can
be calculated directly according to Eq. 2.18 when the values of the beta-functions and phase advance

26



2.2 Diagnostics with TDS

z0− z0 0 z0+0

q0

1

q(z)

z

q(z)

z0− z0 0 z0+
z

de
ns
ity

di
str

ib
ut
io
n

q′(z)
λ(z)

Figure 2.3: Illustration for the principle of the profile reconstruction method using measurements at both
TDS RF zero-crossings. The longitudinal density function q′(z) is reconstructed for the example shown
in Fig. 2.2.

are known. The latter is usually not the case during real measurements, and therefore the streak
parameter has to be determined experimentally.

From Eq. 2.18 the position of the centre of the bunch on the screen is given by ⟨xs⟩ = ⟨x0s ⟩+S±⟨z⟩,
using the fact that the expectation is a linear operation. This relation is valid for both cases with and
without initial transverse-longitudinal correlation. The change of the centre position of the bunch on
the screen ∆⟨xs⟩depends linearly on the variation of the longitudinal centre position ∆⟨z⟩. According
to ∆⟨z⟩ ≈ c∆t = c∆ϕ/2π f with f being the RF frequency of the TDS and ∆ϕ a slight change of the
TDS RF phase around the zero-crossing phase, the longitudinal centre position can be varied by
changing the TDS RF phase as well:

∆⟨xs⟩ = S± c
2π f

∆ϕ. (2.36)

Bymeasuring the change of the horizontal position of the bunch centre ∆⟨xs⟩ and the corresponding
change of the TDS RF phase ∆ϕ, the streak parameter S± can be derived. One example of simulating
the calibration procedure is shown in Fig. 3.36.

2.2.2 Longitudinal phase space

A horizontally deflecting TDS transforms the longitudinal coordinate into the horizontal plane and
does not affect the vertical coordinate. Consequentially, a combined use with a vertically deflecting
dipole magnet, which disperses the electrons vertically linearly with respect to their energy, allows
for the measurement of the longitudinal phase space (z, δ).

The design deflection angle induced by a dipole magnet on a particle with design momentum of
p0 is given as

α0 = eB0L
p0
∝ eI0L

p0
, (2.37)
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2 Time-resolved diagnostic with TDS

where L is the length of the dipole magnet and B0 the magnetic field at the design current I0. The
magnetic field usually has a small hysteresis, but can be approximated to be proportional to the dipole
current at the nominal deflection angle. For example, the magnetic field of the dipole magnet used at
the TDS diagnostic station at FLASH (see Section 5.2) scales as B[T] = 0.0022+0.0052 · I[A] and has
a magnetic field of B ≈ 0.0052 · 175A = 0.91T for electrons with a nominal energy of p0c = 0.7GeV
at the design deflection angle of α0 = 10○.

A particle with a slightly deviated momentum of p = (1 + δ)p0, δ ≪ 1 receives an additional
deflection angle of

∆α = α0 p0
p0(1 + δ) − α0 = α0 −δ1 + δ ≈ α0(−δ). (2.38)

At a downstream screen, this extra angle is translated to a vertical displacement with the relation (see
Eq. 1.2)

y = y0 + R34∆α ≈ y0 − R34α0δ = y0 + Dyδ, (2.39)

with y0 being the intrinsic vertical position at the screen from betatron oscillation and R34 the corre-
sponding element of the transfermatrix from the dipole to the screen. The termDy = −R34α0 is called
the vertical dispersion and describes the linear dependency of the vertical position on the energy de-
viation. If there exists intrinsic correlation in the vertical-energy plane (y, δ), i.e. y = y0(δ) + Dyδ,
the same method as described in Section 2.2.1 can be used to retrieve the energy distribution using
measurements at the dispersion Dy and −Dy. The latter requires an extra dispersive beamline de-
flecting the beam at the negative design angle. When there is no correlation in (y, δ), the rms energy
spread σδ =√⟨δ2⟩ can be derived as

σδ =
¿ÁÁÀσ2y − (σ0y)2

D2
y

, (2.40)

where σ2y = ⟨y2⟩ is the squared vertical beam size and (σ0y)2 = ⟨(y0)2⟩ the squared intrinsic vertical
beam size on the screen (with the dipole magnet turned off). We proceed with the assumption of no
correlations in (y, δ), which is valid in most cases, for the following deviations.

The value of dispersion Dy can be obtained analytically with the relation Dy = −R34α0, or deter-
mined more precisely experimentally. The same deflection angle ∆α experienced by a particle with a
momentumdeviation of δ can be induced by changing the dipole current I0 to I0(1+δI) as well. With
∆α = α0 I0(1+δI)I0 − α0 = α0δI , the resulted vertical displacement on the screen can be then expressed
as

y = y0 + R34∆α = y0 + R34α0δI = y0 − DyδI , (2.41)

which is a linear function of the relative change of the dipole current δI with the same coefficient Dy

as in Eq. 2.39. The change of the vertical centre position of the beam ∆⟨y⟩ relates to the change of the
dipole current δI as

∆⟨y⟩ = −DyδI , (2.42)
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from which the vertical dispersion Dy can be deduced.

The energy resolution is defined as

Rδ = σ0y/∣Dy ∣. (2.43)

However, σ0y cannot be measured directly on the screen in the dispersive section when the dipole
magnet is turned off. One possible way to obtain σ0y is to duplicate the dispersive beamline in the
forward direction (without deflection angle) downstream of the dipole magnet. When the dipole
magnet is turned off, the measured beam size on the corresponding screen in the duplicated forward
section represents the intrinsic beam size σ0y . The dispersion Dy and the vertical beta function on
the screen βy should be designed with considerations of the expected values of the energy spread in
a real bunch.

The TDS induces an energy change as described in Eq. 2.9. Assuming there is no correlation
in the transverse-longitudinal plane, the second moment σ2∆δ and first moment ⟨∆δ⟩ of the relative
energy deviation induced by the TDS can be obtained from Eq. 2.9 to be

σ2∆δ = K2σ2x0 + (12KL)2σ2x′0 + (±16K2L)2σ2z . (2.44)

⟨∆δ⟩ = K⟨x0⟩ + 1
2
KL⟨x′0⟩ ± 1

6
K2L⟨z⟩. (2.45)

Equation 2.44 shows that each slice at a position z (with a slice width of σz = 0) acquires an energy
spread (termed as induced energy spread σIES = σ∆δ) resulted from the horizontal beam size σx0 and
the divergence σx′0 of the slice. Equation 2.45 reveals an increase or decrease of the mean energy of
each slice as a linear function of the position ⟨z⟩ of the slice (with the assumptions ⟨x0⟩ = 0 and⟨x′0⟩ = 0 for each slice). The effect of the energy change due to the TDS is described with calculations
for FLASH in the following. A slice at z = 60µm of a compressed bunch with bunch length σz =
60µm and an energy of cp = 700MeV is considered. The TDS, with a length of L = 3.826m and
a frequency of 2.856GHz, was operated at an effective voltage of V0 = 20MV. Assuming a design
normalized emittance of εN = 1µm and design optics at the TDS of βx = 20m and αx ≈ 0, the
induced energy spread and increase of the mean energy for this slice amount to σIES ≈ 2 · 10−4 and⟨∆δ⟩ ≈ 1 · 10−4, respectively. Both the induced slice energy spread and the change of the mean slice
energy are smaller than the initial bunch energy spread of typically ∼ 10−3. In the longitudinal phase
space measurement using a TDS and a dipole magnet, the induced energy spread from TDS results
in a larger vertical beam size on the screen:

σy =√(σ0y)2 + D2
yσ2δ + D2

yσ2IES . (2.46)

Determination of the initial energy spread σδ requires the knowledge of both the initial beam size σ0y
and the induced energy spread σIES from the TDS.
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2 Time-resolved diagnostic with TDS

2.2.3 Slice emittance

The emittance of the bunch can be reconstructed using measurements of the beam size at locations
with different transfer matrices (see Section 1.2). When the TDS is switched on, the longitudinal
coordinate is mapped onto the horizontal plane, while the density distribution in the vertical plane
is not changed. With the calibration of the streak parameter and the magnification of the imaging
system, the vertical beam size of the slices along the bunch can be obtained. By measuring the slice
beam sizes for various transfer matrices, the emittance of each slice can be retrieved by applying the
same linear least square method as used for projected emittance measurements. In order to measure
the slice emittance in both transverse planes x and y, two TDSs deflecting in different transverse
directions are required.
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3 Design of the TDS longitudinal diagnostic
sections for the European XFEL

In order to fully exploit the photonbeamcapability of the EuropeanX-ray Free-electronLaser (XFEL),
various electron bunch parameters, including the beam energy, the bunch charge, the bunch length,
the bunch spacing, etc., will have to cover a wide range of values. This puts highly demanding re-
quirements on the performance of the diagnostics for the electron bunch. Among the various diag-
nostics, transverse deflecting structures (TDS) stand out for their high-resolution, single-shot capa-
bility and large dynamic range. Applications of TDSs at the existing linear accelerators, as reported,
for example, in Refs. [EFK00, KDD+13, Röh08], have proved their robust performance and versatile
functionality as a time-resolved longitudinal diagnostic tool.

Three dedicated beamline sections equipped with TDS are planned for diagnosis of the electron
bunches at different locations at the European XFEL. Measurements of a variety of parameters, such
as the longitudinal profile, the longitudinal phase space, the slice emittance, the slice energy spread
and the projected emittance, should be accomplished in the three TDS diagnostic sections. Fulfilling
measurement requirements simultaneously for the diagnostics of multiple parameters of interest is a
challenge in designing the accelerator optics. Furthermore, the three TDS diagnostic sections serve
as matching sections, where the beam is matched to the design accelerator optics for transport into
the subsequent main beamline with accelerating structures.

As a super-conducting FEL [RST+01], the European XFEL offers unique opportunity of deliv-
ering thousands of electron bunches per second. Therefore, diagnostics which are non-destructive
to the generation of FEL pulses are highly appreciated. Such online diagnostics will be realized by
using fast kicker magnets and off-axis screens in the pulse-stealing mode, in which single bunches
out of the bunch train will be deflected for diagnostics and the remaining bunches stay unaffected.
Implementation of the kickermagnets adds extra limitations to the design of the beamline lattice and
accelerator optics.

Taking into account the requirements on the measurement resolutions and the limitations of
diagnostic components, accelerator optics have been designed for all types of the measurements in
the three TDS diagnostic sections. The performance of the measurements in terms of statistical and
systematic errors has been studied analytically, and the achievable resolutions have been estimated.

Modelling of the measurements has been conducted using simulations with a particle tracking
program. In order to investigate the expected performance under real accelerator operation condi-
tions, particle distributions from start-to-end simulations have been adopted. Various issues that can
be encountered in a real measurement process have been analysed, some of which may degrade the
performance of the measurements and have to be avoided in practice.
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In this chapter, the lattices of the three TDS diagnostic sections are presented with detailed de-
scription of their main components. The accelerator optics designed for the various types of mea-
surements are explained, and possible error contributions are discussed. Finally, extensive modelling
of the measurements using particle tracking simulations is presented.

3.1 The European X-ray Free-electron Laser

The European X-ray Free-electron Laser (XFEL) [EXF], which is being built in Hamburg, Germany,
is an international project with currently contributions from 11 participating member states [Sha15].
The facility will run from the site of Deutsches Elektronen-Synchrotron (DESY) to the town of Sch-
enefeld. The tunnel construction has been finished, and the beamline components are being installed.
Commissioning of the injector section of the linac will commence by the end of 2015 and last approx-
imately one year. First operation of the main linac is foreseen by the end of 2016.

The 3.4 km long European XFEL will be a hard X-ray FEL based on a super-conducting linear
accelerator using the TESLA technology [RST+01]. The X-rayswill be generated in the Self-Amplified
Spontaneous Emission (SASE) [KS80, BPN84] process, and potentially with the self-seeding scheme.
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  SC structure 
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RF Gun TDS diagnostic section

SC accelerating structures
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         to the 
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Figure 3.1: Simplified schematic layout of the European XFEL. The electron bunches are generated in a photo-
cathode RF gun and accelerated in the super-conducting modules (I1, L1-3) operated at 1.3GHz. Longitu-
dinal compression of the electron bunches takes place in themagnetic chicanes BC0, BC1 and BC2 at beam
energies of 130MeV, 700MeV and 2400MeV, respectively. The three TDS diagnostic sections, which are
relevant to this thesis, are represented by the red dots. Only one symbolic undulator section is depicted.

A simplified schematic layout of the European XFEL is depicted in Fig. 3.1. The electron bunches
are generated in a photo-cathode RF gun and accelerated in the super-conducting accelerating mod-
ules operated at 1.3GHz. After the first accelerating section I1, the beam energy reaches 130MeV
and the longitudinal phase space is linearised by a 3rd. harmonic system, operated at 3.9GHz. A
laser heater system is installed in the injector section to enable suppression of the micro-bunching
instabilities by increasing the slice energy spread [SSY04]. In the following linac section, the electron
bunches are successively accelerated and longitudinally compressed in themagnetic bunch compres-
sors. Deflection of the electron bunch is in the horizontal plane in the laser heater system, and in the
vertical plane in the bunch compressors BC0−BC2. After the maximum possible beam energy of
17.5GeV is reached, the electron bunches are distributed through different undulator sections. At
the moment, 5 photon beamlines are planned. The red dots in Fig. 3.1 represent the three TDS diag-
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nostic sections, which are relevant to the content of this chapter and will be described in detail in the
following sections.

The European XFEL will provide soft to hard X-rays with a wavelength down to 0.05nm. Three
electron beam energies of 10.5GeV, 14GeV and 17.5GeV are chosen for the operation [DL13]. With
variable bunch charges from 0.02nC to 1nC, electron bunches with a wide range of bunch lengths
can be provided. Table 3.1 lists the expected bunch lengths at the locations of the three TDS diagnostic
sections.

Table 3.1: Expected electron bunch lengths σt at the locations of the three TDS diagnostic sections for different
bunch charges Q. The electron bunch lengths are rms values determined from start-to-end simulations
for the European XFEL [BDG14].

Q (nC) σt (fs)

Injector@130MeV after BC1@700MeV after BC2@2.4GeV
0.02 3330 172 6
0.1 3600 189 16
0.25 4000 211 26
0.5 4630 258 46
1 5400 303 93

At the EuropeanXFEL, the RF accelerating field of the super-conducting structures will be pulsed
at a macro frequency of 10Hz1 (see Fig. 3.2), i.e. the spacing between two macro pulses is 0.1 s. The
RF macro pulse has a flat-top duration of up to 600µs [DL13], where a train of electron bunches can
be accelerated. The repetition rate defines the spacing between the bunches, and can be increased
to up to 4.5MHz (equal to a bunch spacing of 220ns), which corresponds to a maximum of 2700
bunches per bunch train [DL13]. In future, it is envisioned to operate the accelerator with constant
bunch filling patterns that are advantageous in terms of operation stability. The photon pulse pattern
can be chosen by sending the unwanted electron bunches with fast kicker magnets into a local dump
directly upstream of the undulator sections.
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Figure 3.2: RF timing structure and electron bunch pattern of the European XFEL.

1Maybe later operation with 25Hz or cw-operation.
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3.2 Longitudinal diagnostic sections with TDS

The EuropeanXFELwill employ different longitudinal diagnostics, such as electro-optics (EO)meth-
ods, coherent radiation spectroscopy and TDS.Three complex beamline sections containing TDS are
dedicated to measurements of the longitudinal profile, the longitudinal phase space, the slice emit-
tance, the slice energy spread aswell as the projected emittance at three different locations as indicated
in Fig. 3.1: downstream of the laser heater system in the injector section, downstream of BC1 in the
BC1 section and downstream of BC2 in the BC2 section.

TDS

kicker magnet

dipole

screen station

local dump {

FODO cell

main beamline 

{
main beamline 

a) Injector and BC1 section

b) BC2 section

Figure 3.3: Schematic layout of the 3 TDS diagnostic sections at the European XFEL: a) in the injector and
BC1 section, b) in the BC2 section.

The three TDS diagnostic sections have a similar layout. Figure 3.3 shows a schematic beamline
of the three TDS sections. Each section comprises one TDS, several kicker magnets, four screen
stations with off-axis and on-axis screens, one dipole magnet and one screen station in the disper-
sive section behind the dipole magnet. The four screen stations are located in a Focusing-Drift-
Defocusing-Drift (FODO) cell structure, which allows for projected emittance measurement. When
the TDS is switched on, slice emittance measurement can be performed with the four screen stations
in the FODO cell structure, and longitudinal profile measurement with each of them as well. The
electron bunch streaked by the TDS can be deflected by a dipole magnet into the dispersive section

34



3.2 Longitudinal diagnostic sections with TDS

for the measurement of the longitudinal phase space. A local dump stops the electron bunch at the
end of the dispersive section. When the dipole magnet is switched off, the electron bunches travel
through the main beamline to the next accelerator section. The deflection direction and angle of the
dipole magnets are different for the three sections and listed in Table 3.2. It should be noted that the
streaking directions of the TDSs are decided to be perpendicular to the dispersion directions of the
magnetic chicanes upstream of the TDSs, i.e. the laser heater, BC1 and BC2. This arrangement allows
time-resolved investigation on possible degradation of the beam properties in themagnetic chicanes.

Each section has different total lengths, with different number and locations of the quadrupoles.
The TDS, kicker magnet and screen station are described in the following section. The most impor-
tant parameters of the three sections and their components are summarized in Table 3.2.

Table 3.2: Summary of the most important parameters of the three TDS sections and their components.

unit Injector BC1 BC2

general
design energy E0 GeV 0.13 0.7 2.4
online diagnostics
-longitudinal profile yes yes yes
-longitudinal phase space no no no
-projected emittance yes yes no2
-slice emittance yes yes no3

dispersive beamline
deflection direction horizontal vertical vertical
angle degree 30 12 12

TDS
streak direction vertical horizontal horizontal
number of cells 16 46 2 × 46
flange-to-flange length m 0.7 1.7 3.6
max. klystron power MW 3 24 24
max. effective voltage V0,max MV 1.84 15.49 27.31
filling time ns 117 337 673

kicker magnet
deflection direction horizontal vertical vertical
number 4 4 1 pair
max. kick strength mrad 13.1 2.8 1.6

3.2.1 Online diagnostic in pulse-stealingmode

Online diagnostics, which are non-destructive to the generation of FEL pulses, are highly requested
at the European XFEL. Such diagnostics will be realized in the three TDS diagnostic sections with
2Upgrade possible with extra kicker magnets.
3Upgrade possible with extra kicker magnets.
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operation in the pulse-stealing mode. The TDS is capable of streaking up to four successive electron
bunches out of each bunch train (at bunch repetition rate of 4.5MHz and 1MHz). The kicker mag-
nets, which have a pulse duration short enough to deflect single bunches, kick the streaked bunches
onto the off-axis screens for the measurements. The remaining bunches in the bunch train are not
affected and continue travelling to the undulators for the generation of FEL pulses. Compared to the
maximum number of bunches in a bunch train (2700 at a repetition rate of 4.5MHz), the bunches
lost for diagnostics purpose are negligible. On the other hand, the diagnostic bunches are usually
added to the end of the long bunch train and will not be noticed by the photon users. Therefore, the
pulse-stealingmode can be considered effectively as non-destructive to the generation of FEL pulses.

The three TDS diagnostic sections differ mainly in the variety of provided online diagnostics. In
each of the injector and BC1 section, four fast kicker magnets are installed with each of them serving
one corresponding off-axis screen in the FODOstructure. This allows for onlinemeasurements of the
slice emittance and longitudinal profile. In the BC2 section, the high beam energy of 2.4GeV requires
a pair of kickermagnets to deflect the electron bunch onto one off-axis screen. Due to the restraints on
budgets, only two such pairs are foreseen for the moment. Online longitudinal profile measurement
is possible in the BC2 section, with a potential upgrade option to slice emittance measurements.

3.2.2 Transverse deflecting structure

The TDSs, which are the key components in the three sections, are designed by the Institute for
Nuclear Research of Russian Academy of Sciences, Russia [INR11]. Some of the most important
requirements on the TDSs include:

• Short filling time to allow streaking bunches out of the bunch train at different repetition rates,

• Adjustable RF pulse flat-top duration to streak one to four bunches in a bunch train,

• High effective deflecting voltage to provide sufficient longitudinal resolution,

• Iris diameter of the TDS larger than the standard beam pipe diameter of 40.5mm and tolerable
impact from wakefields.

After optimization of the parameters, the well-known disk-loaded S-band RF waveguide structures
[ALL64] are decided. TheTDSswill be operated in travellingwavemode at a frequency of 2.997GHz4.
The group velocity of the structure and the phase shift per cell amount to −1.52% of the speed of light
and 2π/3, respectively.

The three disc-loaded waveguide structures are composed of the same waveguide cells as can
be seen in Fig. 3.4 (left). Each cell has a length of 33.34mm and a radius of Rc = 55.28mm. The
iris has a radius of Ra = 21.71mm. Two suppressor holes with a radius of Rst = 9mm are located
symmetrically on each side of the iris to stabilize the direction of the deflecting field. The distance
from the centre of the suppressor hole to the centre of the iris amounts to L = 34.81mm.
4The frequency of the TDS fTDS is generated from the frequency of 1.3GHz of the master oscillator as fTDS =

332/144 · 1.3GHz = 2.997GHz, which is then an integer multiple of the bunch repetition rate of 4.5MHz.

36



3.2 Longitudinal diagnostic sections with TDS

L

Ra
Rc

Rst

Figure 3.4: (Left) Photos of a single TDS cell. Figure adapted from Ref. [INR11]. (Right) Photo of a prototype
TDS structure in tests at the Photo Injector Test Facility (PITZ), DESY Zeuthen.

Different numbers of the waveguide cells are chosen for the TDSs in the three sections. Mechan-
ical designs of the TDSs are shown in Fig. 3.5. The TDS in the injector section is shorter with 16 cells.
The TDS in the BC1 section comprises 46 cells, and the one in the BC2 section is assembled from two
BC1 TDSs together. Using the known parameters of the TDS design, the effective deflecting voltage
can be estimated and are listed in Table 3.2.

a) Injector section b) BC1 section c) BC2 section

0 .7m, 16 cells 1.7m, 46 cells 3.6m, 2   46 cells

Figure 3.5:Designs of the TDSs in the three sections at the European XFEL. The waveguide cells have the
same mechanical designs, but different numbers of the cells have been used to assemble the TDSs. The
flange-to-flange lengths are given. Figure adapted from Ref. [INR11].

3.2.3 Kicker magnet

Downstream of the TDS in the three sections, kicker magnets will be installed to deflect the streaked
bunch onto the off-axis screens. The kicker magnets have uniform designs, consisting of a ceramic
vacuum chamber that has been sputtered at the inside with a layer of 1µm thick stainless steel and
two air coils, made of flat copper bars with a length of 350mm, outside the vacuum beam pipe at
opposite sides of the beam axis (see Fig. 3.6). A pulser that generates a half cycle of a sine wave with
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10Hz is directly attached to the kicker magnet. The pulse duration of tp = 380ns, which is shorter
than 2 · 220ns, enables deflection of single bunches out of a bunch train even at the highest repetition
rate of 4.5MHz. The maximum high voltage generated by the pulser is Up = 20 kV.

connection to the pulser

copper bar beam axis

Figure 3.6:Mechanical design of the kicker magnet for the European XFEL. (Left) Two flat copper bars with
a length of 350mm are mounted outside the vacuum beampipe, and connected to a high voltage pulser.
(Right) Ceramic housing for the kicker magnet. Courtesy of Frank Obier, DESY.

A prototype kicker magnet has been installed at the Free-electron Laser in Hamburg (FLASH),
DESY (see Section 5.2.2). With the calibration performed at FLASH, the maximum kick strength of
the kicker magnet for the European XFEL has been estimated and is listed in Table 3.2.

The kicker magnets deflect single bunches in the direction perpendicular to the streak direction
of the TDS. In the injector and BC1 section, four kicker magnets are foreseen with each of them
pairing to one off-axis screen in the FODO cell structure. In the BC2 section, a pair of two kicker
magnets in sequence is needed to deflect the electron bunch with a beam energy of 2.4GeV. At the
moment only two such pairs are planned for online measurement of the longitudinal profile. Future
upgrade with installation of more kicker magnets is possible to make use each of the off-axis screens
in the BC2 section for the online slice emittance measurement.

3.2.4 Screen station

The screen stations installed in the TDS diagnostic sections are developed by the group MDI at
DESY [WHK+13]. They have a uniform design as illustrated in Fig. 3.7. The screen is mounted per-
pendicular to the beam axis, and the imaging system is placed at an angle of 45○ to the beam axis.
With the application of scintillator screens, this configuration circumvents the problem of coherent
emission of optical transition radiation using the spatial separation method (see Chapter 4).

The imaging system is located outside the vacuum chamber and assembled in a compactmechan-
ical housing. Magnification of 1 ∶ 1 and demagnification of 2 ∶ 1 can be configured. For the image
recording, CCD camera avA2300 from Basler AG, Germany [Bas07], will be used. With 2330×1750
pixels of squared size of 5.5µm×5.5µm, the field of view is correspondingly 12.815mm×9.625mm
and 25.63mm × 19.25mm for the magnifications of 1 ∶ 1 and 2 ∶ 1, respectively. The CCD sensor of
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Figure 3.7:Mechanical design of the screen station for the European XFEL. Figure adapted from [WHK+13].

the camera is tilted according to the Scheimpflug principle5 to be capable of imaging the whole area
of the field of view in focus. It should be noted that the conventional micro lenses, which are attached
parallel above each pixel of the CCD sensor, have been removed in order to strictly comply with the
Scheimpflug principle. As a result, the screen stations will provide a constant spatial resolution of
σreso = 10µm (for the configuration with a magnification of 1 ∶ 1) [WHK+13] in the x and y plane
over the whole screen. The imaging system can be rotated in the transverse plane to provide different
field of view in the x and y plane.

The screen holder is mounted with one calibration target, one on-axis and one off-axis scintillator
screen. According to the studies in Refs. [KBL10, KBG+12], lutetium-yttrium oxyorthosilicate doped
with cerium (LYSO:Ce) has been chosen due to its good spatial resolution and high light yield. A
photo of an example of the screen holder is shown in Fig. 3.8. The on-axis screen has a dimension
of 24mm × 30.5mm. The off-axis screen, with a dimension of 9.5mm × 35.5mm, are arranged in
alternating positions, for example the first and third off-axis screen in the BC1 section are in the
positive y-direction, while the second and fourth in the negative y-direction. The distance from
the edge of the off-axis screen to the beam axis amounts to 6mm. Both scintillator screens have a
thickness of 200µm. The orientation of the screen holder is different in the three TDS diagnostic
sections. The longer side of the off-axis screen is parallel to the streaking direction of the TDS, since
the beam size of the electron bunch is larger in that plane.

3.3 Accelerator optics

The accuracy ofmeasurements of the the projected emittance, the slice emittance and the longitudinal
phase space depends crucially on the accelerator optics in the TDS diagnostic section [Löh05]. In
each of the three TDS diagnostic sections (Injector, BC1 and BC2 section) at the European XFEL,
all three types of measurements, which put different demands on the accelerator optics, should be
5When the planes of the object, the lens and the detector intersect at the same axis, the whole object is in depth of field
and can be imaged sharply [Sch04].
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Figure 3.8: Photo of the screen holder in the screen station for the European XFEL. Two off-axis screens are
mounted in this example. For the application in the TDS diagnostic sections, one of them is chosen. Photo
courtesy of Dirk Nölle, DESY.

accomplished using the one and the same beamline. The requirements become more stringent in
cases a combination of various types of measurements are needed simultaneously.

The three TDS diagnostic sections will employ the same concepts of the accelerator optics. Slight
variations are necessary in the individual sections, since they have different available spaces and the
different electron bunch parameters (such as the beam energy and electron bunch length) demand
different measurement resolutions. In this section, the accelerator optics designed for the three types
of measurements are presented, using the BC1 section as a representative for the detailed error anal-
ysis.

3.3.1 Slice emittancemeasurement

In order to provide online slice emittance measurements during the generation of FEL pulses, the
multi-screen method is chosen in the three TDS diagnostic sections. With the kicker magnets and
the four screen stations equipped with off-axis screens, the slice emittance measurements can be
performed in the pulse-stealing mode (see Section 3.2.1).

The slice emittance is measured in the direction perpendicular to the streak direction of the TDS.
In the streak direction, good longitudinal resolutions are required on the four screens to resolve the
slices. In the slice emittance measurement plane, arrangements of the accelerator optics between the
four screens are important to the accuracy of the emittance reconstructions. For all three TDS di-
agnostic sections, 1.5-cell FODO structures with phase advances of 30○ and 76○ per cell in the TDS
streak plane and slice emittance measurement plane (will be denoted as 30/76-FODO), respectively,
are chosen. The first screen is located at the beginning of the FODO structure, followed by three
subsequent screens separated by a distance of half of one cell length. The slice emittance is recon-
structed at the location of the first screen. The phase advance in the streak plane from the TDS to the
centre of the 1.5-cell FODO structure (i.e. the centre of the second and third screen) is matched to
90○. Optimization procedure of the accelerator optics for slice emittance measurements is described
in Appendix B.2.

An example of the design accelerator optics of the TDS diagnostic section in the BC1 section is
shown in Fig. 3.9 with the beta-functions and phase advances in the streak plane x and emittance
measurement plane y, respectively. A large βx = 30m in the streak direction at the TDS ensures a
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Figure 3.9:Accelerator optics for slice emittancemeasurements in the BC1 section (30/76-FODO).The height
of the quadrupole in the symbolic beamline (top) scales with the value of the quadrupole strength. The
kicker magnets are omitted in the plot.

large streak parameter S according to Eq. 2.18. The beta-functions at the four screens are βx = 7.7m
and βy = 3.0m in the streak and slice emittance measurement plane, respectively.

Table 3.3 lists the most relevant parameters of the accelerator optics in the BC1 section. Since the
beta-functions are identical at the four screens, the streak parameters S differ only due to the phase
advance ∆µTDS→screen. The largest streak parameter is achieved at the third screen S3, and the small-
est at the first screen S1 with only a factor of 6% worse. Assuming the TDS operated at the maximum
effective voltage V0,max and a normalized emittance of εN = 1µm, the longitudinal resolutions ob-
tained at the four screens are comparable and amount to ∼ 12 fs. During online measurements with
the kicker magnets turned on, deflection from the kicker magnets introduces additionally dispersion
at the screens in the emittance measurement plane. Statistical and systematic errors from using this
accelerator optics are analysed in the following.

Pulse-stealingmode

In the TDS diagnostic section in the BC1 section, four kicker magnets (K1-K4) will be installed. Each
of the kicker magnet is capable of deflecting one electron bunch out of the bunch train onto one
corresponding off-axis screen of the screen station, i.e. K1 is assigned to S1, etc. In order to reduce
the secondary particle showers induced when the bunch hits the screen, unnecessary screens should
be avoided on the trajectory of the kicked bunch. Therefore, the four off-axis screens are arranged
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Table 3.3:Design parameters at the four measurement screens (S1-S4) for slice emittance measurements in
the BC1 section.

Screens in BC1 section
unit S1 S2 S3 S4

streak direction x
∆µTDS→screen degree 69 80 99 110
sin(∆µTDS→screen) 0.93 0.98 0.99 0.94
Rt @V0,max @εN = 1µm fs 12.7 12.0 12.0 12.6
slice emittance measurement in y
∆µy between the subsequent screens degree 0 49 27 49
nominal kick strength mrad 2.52 −2.10 2.52 −2.52
βy m 3 3 3 3
transfer matrix element R36 mm −4 8 −6 0

alternately on each side of the beam axis in the vertical plane. Figure 3.10 displays the subsection of
the beamline presented in Fig. 3.9, in which the locations of the kicker magnets and the arrangement
of the off-axis screens are shown. The vertical trajectory of the bunch centre < y > is plotted for the
four cases of the bunch being deflected by the individual kicker magnet. The kicker magnets are set
to the nominal kick strengths as given in Table 3.3.

One problem might exist for the bunch kicked by K1: the bunch hits the designated screen S1,
and arrives at the unwished screen S3 as well. As a result, both bunches kicked by K1 and K3 could be
imaged on S3. An image of overlapping intensities from both bunches may lead to distortions of the
beam size measurements and thus should be avoided. Separation of the intensities from two bunches
at S3 becomes more challenging, when four consecutive bunches in each bunch train are deflected at
the maximum repetition rate of 4.5MHz, since it is critical for the CCD camera to resolve the images
of the two bunches with a spacing below 1µs. Test with the camera is presented in Section 5.2.3 and
one remedy is proposed.

statistical error

Monte-Carlo simulations are performed to investigate the errors of the reconstructed emittance re-
sulting from the statistical errors of the beam size measurements. The procedure of Monte-Carlo
simulation is described in Section 1.3.1. The mean value ε̄ and standard deviation σε are calculated
from the probability distribution of the reconstructed emittance from 1000 samples.

Figure 3.11 shows the results of Monte-Carlo simulations for the slice emittance measurement in
the BC1 section, assuming a normalized emittance of εN = 1µm, beam energy of E0 = 700MeV and
normal distributed beam size error with a standard deviation of 5%. At the design Twiss parameters
(indicated by the small white circle in Fig. 3.11), the deviation of the reconstructed emittance (ε̄ −
εN)/εN is 0.3% and the relative standard deviation of the reconstructed emittance σε/ε̄ amounts to
5%. For mismatch parameters smaller than 1.5, the deviation is smaller than 2%, and the relative
standard deviation is below 15%. However, for mismatch parameters larger than 1.5, the relative
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Figure 3.10: Trajectories of an electron bunch when deflected by one of the four kicker magnets (K1-K4)
during online slice emittance measurements. The beamline shown in this plot is a subsection of that in
Fig. 3.9. The location of the four off-axis screens (red bars) are illustrated for comparison with the bunch
trajectories.

standard deviation could increase rapidly above 30%. It can be seen that different combinations of
the initial beta- and alpha-functions with the samemismatch parameter can lead to various statistical
errors. Therefore, four different values of the initial Twiss parameters, marked as black dots with the
letters A, B, C, and D, will be further investigated in the following.

systematic error: screen resolution

Due to the limited spatial resolution σreso of the imaging system (see Section. 3.2.4), the measured
beam size on the screen σ deviates from the real beam size σ0, and is approximated by σ ≈√σ20 + σ2reso.
Depending on the values of the real beam sizes, the systematic errors of the reconstructed emittance
arising from the screen resolution are different.
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Figure 3.11: Statistical error resulting from beam sizemeasurements in slice emittancemeasurements: Monte-
Carlo simulations. The deviation of the reconstructed emittance from the design value (left) and the rela-
tive standard deviation of the reconstructed emittance (right) are shown. The design Twiss parameters as
well as the Twiss parameters with M = 1.1 and M = 1.5 with respect to the design values are highlighted.
Four specific combinations of beta- and alpha-functions, marked as A, B, C and D, will be referred to in
Fig. 3.21. The colourmap is restricted to a value of 30% to be capable of presenting more details in the areas
with smaller values.

Deviation of the reconstructed emittance (ε − εN)/εN is investigated for different normalized
emittances εN and initial Twiss parameters (see Fig. 3.12). At the design optics with a nominal beam
with εN = 1µm, the deviation is 4.5%. Deviations become smaller with increasing emittances, which
means larger real beam sizes. When the initial Twiss parameters are notmatched to the design values,
the screen resolution results in larger systematic errors. It is worth noting that the deviation due to
screen resolution depends on the mismatch parameter, but not on the values of the Twiss parameters
(A and B with M = 1.1, C and D with M = 1.5).

In real measurements, the measured beam sizes can be corrected with the screen resolution. Sec-
tion 6.5 describes one application with considerations of the screen resolution.

systematic error: screen calibration

The accuracy of beam size measurement is affected by the screen calibration error as well. The emit-
tance is reconstructed from beam sizes measured at four screens, where each of them is subject to
an uncorrelated calibration error of the factor of ∆i ∼ N (0, c2), ∆i ≠ ∆ j

6. The influence of the cal-
ibration errors of the individual screens can be investigated using Monte-Carlo simulation similar
to that for the statistical errors (see Fig. 3.11). Typical calibration errors are expected to be smaller

6The probability distribution of ∆ is a normal distribution centred at 0 and with a standard deviation of c.
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Figure 3.12: Systematic error in slice emittance measurements: influence of the screen resolution. The devi-
ation of the reconstructed emittance is identical for different combinations of Twiss parameters with the
same mismatch parameter (A and B, C and D).

than the statistical error of the beam size measurements and have smaller impact on the errors of the
reconstructed emittance. For the assumption of c = 1%, the relative standard deviation σε/εN of the
reconstructed emittance at the design Twiss parameters is estimated to be 1%.

systematic error: dispersion from the kicker magnets

When the kicker magnets are turned on for online slice emittance measurements in pulse-stealing
mode, dispersion can be generated in the emittance measurement plane at the screen locations. As
listed in Table 3.3, the matrix element R36 of the transfer matrix from the first kicker magnet K1 to
the individual screens does not vanish, when the individual kicker magnet is switched on.

In the presence of dispersion, the beam size σy at the screens can be expressed as a function of
the beam matrix elements at the location s0 of the first kicker magnet according to Eq. 1.16:

σ2y = σ2y,Twiss + 2R33R36⟨y0δ0⟩ + 2R34R36⟨y′0δ0⟩ + R2
36σ2δ0 , (3.1)

with σy,Twiss being the Twiss beam size when the kicker magnet is switched off, σδ0 the energy spread
at s0, ⟨y0δ0⟩ and ⟨y′0δ0⟩ the correlations in (y, δ)-plane and (y′, δ)-plane of the electron bunch at
s0. The emittance can be reconstructed by at least 6 beam size measurements (see Section 1.2). In the
FODO structures of the TDS diagnostic sections, where only 4 screens are available, determination of
all the six beammatrix elements is not possible. However, when the values of the dispersion generated
by the kicker magnets are small, the influences of the dispersions could be treated as perturbation
to the Twiss beam size σy,Twiss. Depending on the order of magnitude of the energy spread and
the correlation terms of the real particle distribution, application of the non-dispersion model as
described in Eq. 1.18 on the perturbed beam sizes σy from Eq. 3.1 yields results with very different
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accuracies.
Systematic errors due to dispersions generated by the kicker magnets are investigated for the de-

sign Twiss parameters. In the first step, both correlation terms are assumed to be zero. Figure 3.13
shows the deviation of the reconstructed emittance in dependence of the energy spread. For typical
slices with energy spread in the order of σδ0 ∼ 10−4, deviation is well below 1% for all the three consid-
ered normalized emittances. A more extensive analysis including consideration of both correlation
terms ⟨y0δ0⟩ and ⟨y′0δ0⟩ is presented in Fig. 3.14 for two cases of energy spread: (left) σδ0 = 10−4 as
typical value of energy spread in slices, and (right) σδ0 = 10−2 typical for projected energy spread of
the whole bunch. For a slice with an energy spread of σδ0 = 10−4, the values of both correlation terms
are typically on the order of 10−9, and the resulted perturbation to the beam sizes due to dispersion
is negligible. The deviation of the reconstructed emittance is then far below 1%.
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BC1: E0 = 700MeV, ⟨y0δ0⟩ = 0, ⟨y′0δ0⟩ = 0
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Figure 3.13: Systematic error in slice emittance measurements: influence of the dispersion generated by the
kicker magnets. Vanishing correlation terms are assumed, i.e. ⟨y0δ0⟩ = 0 and ⟨y′0δ0⟩ = 0. The different
colours correspond to three different values of the assumed normalized emittance.

systematic error: erroneous transfer matrix

In a real measurement, the design transfer matrix is assigned to the FODO section. The required
currents I of the three quadrupoles are calculated based on the calibration of the quadrupole field
gradient and the knowledge of the beam energy. Both the error in the calibration of the quadrupole
field gradient B = B(I) andmeasurement of the energy E lead to errors in the quadrupole coefficient
k ∼ 0.299 · B[T/m]E[GeV] , thus resulting in an erroneous transfer matrix. Furthermore, errors of energy
measurement have influence on the normalization of the reconstructed emittance as well.

Monte-Carlo simulations have been performed with a normalized emittance of εN = 1µm for
various initial Twiss parameters. The following assumptions are made:

• the three quadrupoles have uncorrelated calibration errors of ∆Bi ∼ N (0, 1%2), ∆Bi ≠ ∆B j,
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Figure 3.14: Systematic error in slice emittance measurements: influence of the dispersion generated by the
kicker magnets. Deviations of the reconstructed emittance (ε − εN)/εN for an energy spread of (left)
σδ0 = 10−4 and (right) σδ0 = 10−2 are shown. The range of the correlation terms covers the values expected
for a real bunch, as will be shown in Sections 3.4.1 and 3.4.2. The colourmap is restricted to 30%.

• the energy error is identical at the locations of the three quadrupoles and is assumed to be
∆Ei = ∆E ∼ N (0, 1%2),

• the erroneous quadrupole coefficient ki of each quadrupole is then ki = k0,i · 1+∆B i
1+∆E , with k0,i

being the design value for each of the quadrupoles.

The result of theMonte-Carlo simulation with 1000 samples is shown in Fig. 3.15. For a wide range of
combinations of the initial Twiss parameters, the reconstructed emittance is in good agreement with
the input emittance (Fig. 3.15 left). The relative standard deviation of the reconstructed emittance is
1% at the design Twiss parameters, and below 8% for mismatch parameters up to M = 1.5 (Fig. 3.15
right).

Simultaneous longitudinal profile measurement

During the slice emittance measurements, the images obtained at the four screens can be used to
measure the longitudinal profile as well. The longitudinal resolutions at the four screens differ slightly
due to the different phase advances in the TDS streak plane (see the parameter ∆µTDS→screen in
Table 3.3). The best achievable longitudinal resolutions Rt at the screens S1-S4 in dependence of
the normalized emittance are shown in Fig. 3.16. The longitudinal resolution has been determined
according to Eq. 2.21.

In case no slice emittance measurement but only online longitudinal profile measurement is re-
quired, one pair of kicker magnet and off-axis screen can be employed using the same accelerator
optics. Both S2 and S3, which provide the best longitudinal resolutions among the four screens, are
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Figure 3.15: Systematic error in slice emittance measurements: influence of erroneous transfer matrices.
Monte-Carlo simulations are performed assuming a quadrupole calibration error of 1% and energy mea-
surement error of 1%. Deviation of the mean value of the reconstructed emittances (ε̄ − εN)/εN (left)
and the relative standard deviation of the reconstructed emittances sigmaε/ε̄ (right) are shown. The
colourmap is restricted to a value of 30%.
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Figure 3.16: Longitudinal resolutions Rt at the four screens S1-S4 in dependence of the normalized emittance
εN during the slice emittance measurements in the BC1 section. The TDS is assumed to be operated at the
maximum effective voltage V0,max .

suitable for the online longitudinal profile measurement.
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3.3.2 Projected emittancemeasurement

The 30/76-FODO structure designed for the slice emittance measurement as described in the latter
section is applicable for the projected emittance measurement in the vertical plane with the phase
advance of ∆µy = 76○ as well. However, online projected emittance measurement in that plane in
combined use with the kicker magnets will fail: the electron bunch has typically a total energy spread
of ∼ 10−2 (see Section. 3.4.3), for which the dispersions from the kicker magnets may lead to a huge
deviation of the reconstructed emittance. As can be seen in Fig. 3.14 (right), the deviation is above
30% for a large range of < y0δ0 > and < y′0δ0 >.

When the kicker magnets are turned off, vertical projected emittance measurement in the 30/76-
FODO structure can be performed using the on-axis screens in the four screen stations. This acceler-
ator optics is not suitable for the measurement of the horizontal projected emittance due to the small
phase advance of ∆µx = 30○.

More convenient accelerator optics allowing formeasurements of the projected emittance in both
transverse planes at the same time are favoured. An optics adopting FODO structures with 90○ and
76○ phase advance per cell in the horizontal and vertical plane (will be denoted as 90/76-FODO), re-
spectively, is chosen (see Fig. 3.17). Measurements will be performed with the on-axis screens in the
screen stations, which means the generation of FEL pulses is interrupted. It will be mainly used dur-
ing the commissioning of the accelerator and for setting up themachine. The optimization procedure
of the accelerator optics for projected emittance measurements is described in Appendix B.1.
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Figure 3.17:Accelerator optics for projected emittance measurements in the BC1 section (90/76-FODO). The
kicker magnets are omitted in the plot.
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The phase advances between the subsequent screens amount to ∆µx = 26○, 90○, 113○ and ∆µy =
52○, 76○, 128○. The statistical and systematic errors of the reconstructed emittance are analysed in
the following.

Due to the different lengths of the FODO cells in the three sections, the optics are slightly dif-
ferent, i.e. the beam sizes on the screen locations are different. The phase advances are exactly the
same. In the BC1 and BC2 sections, the optics from the start to the exit of TDS are exactly the same
as these for the slice emittance measurement. However, it cannot be achieved in the injector section,
since too few quadrupoles are available for optics matching.

statistical error

The standard deviations of the reconstructed emittance resulting from the statistical errors in the
beam size measurements are determined using the error propagation method and calculated for dif-
ferent initial Twiss parameters in Fig. 3.18. The relative standard deviations are comparable in the
x and y planes. When the optics is matched to the design optics, the relative standard deviations
are expected to be ∼ 5% in both planes for a typical beam size error of 5%. It can be seen that even
for the same mismatch parameters, the relative standard deviations could differ largely. In the two
examples shown for a mismatch parameter of M = 1.5, the relative standard deviation for the initial
Twiss parameter D exceeds by a factor of 2 that for the Twiss parameter C (the values of the Twiss
parameters C and D are denoted as black dots in Fig. 3.19).
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Figure 3.18: Statistical error in projected emittance measurements: error propagation method. The relative
standard deviation of the reconstructed emittance σε/εN in the (left) x plane and (right) y plane is shown.
Five initial Twiss parameters are considered: the design Twiss parameters (blue), Twiss parameters A and
B with M = 1.1 (red), and Twiss parameters C and D with M = 1.5. The values for A, B, C and D are
indicated with black dots in Fig. 3.19.

In order to investigate the statistical errors for a wider range of combinations of the initial beta-
and alpha-functions, Monte-Carlo simulations are performed. The procedures and definitions used
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in the Monte-Carlo simulation are the same as described in Section 3.3.1. Figure 3.19 shows the de-
viation of the reconstructed emittance in both planes. For initial Twiss parameters with mismatch
parameter M < 1.5, the deviations are smaller than 3% and 2% in the x and y plane, respectively,
which proves the 90/76-FODO to be a robust option.
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Figure 3.19: Statistical error in projected emittance measurements: Monte-Carlo simulations. Deviation of
the mean value of the reconstructed emittances (ε̄ − εN)/εN in the (left) x plane and (right) y plane is
shown. The colourmap is restricted to 30%.
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Figure 3.20: Statistical error in projected emittance measurements: Monte-Carlo simulations. The relative
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The colourmap is restricted to 30%.
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The relative standard deviation of the reconstructed emittance determined from theMonte-Carlo
simulation is shown in Fig. 3.20. In the x plane (left), the relative standard deviation is 5% for the
Twiss parameters C, and increases to 11% for D, although they have the same mismatch parameters.
In the y plane (Fig. 3.20 right), the relative standard deviations amount to ∼ 6% and ∼ 11% for C and
D, respectively. In overall, the relative standard deviation in the y plane is slightly smaller than these
in the x plane: for initial optics with mismatch parameter M < 1.5, the relative standard deviations
are below 20% and below 12% in the x and y plane, respectively. It further confirms the phase advance
of ∆µy = 76○, which is adopted in the design for slice emittance measurement as well, to be a reliable
and robust choice for emittance measurement.

systematic error: screen resolution

The influence of the screen resolution of 10µm (see Section 3.2.4) on the reconstructed emittance
is shown in Fig. 3.21. For a normalized emittance of 1µm and the design Twiss parameters, the
deviations due to the screen resolution are 5% and 4% in the x and y plane, respectively. The impact
in the y plane is in general slightly smaller than in the x plane. This might be explained by two
reasons: (i) the beta-function at the screen locations is larger in the y plane, which means larger
beam sizes with smaller perturbations due to the screen resolution, (ii) the transfer matrix in the y
plane with ∆µy = 76○ per FODO cell is more suitable than that in the x plane with ∆µx = 90○ for
emittance measurements. As mentioned in Section 3.3.2, the screen resolution can be corrected form
the measured beam sizes in a real measurement.
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Figure 3.21: Systematic error in projected emittance measurements: influence of the screen resolution. The
deviation of the reconstructed emittance (ε−εN)/εN in the (left) x plane and (right) y plane is shown. The
deviation is identical for different combinations of Twiss parameters with the same mismatch parameter.
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systematic error: screen calibration

The errors resulting from inaccuracies of the screen calibration are investigated with Monte-Carlo
simulation, in which uncorrelated Gaussian errors in the screen calibration are randomized for each
of the screens (see Section 3.3.1). The results are similar to those for the statistical errors in the beam
sizemeasurements. Assuming the initial Twiss parameters arematched to the design values, a calibra-
tion error of 1% at all four screens leads to relative standard deviations of the reconstructed emittance
of 1% in both planes.

systematic error: erroneous transfer matrix

The systematic errors due to the errors in the quadrupole field calibration and energy measurement
are investigated using Monte-Carlo simulation with the same approaches as described for Fig. 3.15.
Additionally, each sample of the 1000 erroneous transfer matrices is used in the reconstruction of
the emittance in x as well as y plane, which resembles a real situation of measurements of projected
emittance in both planes at the same time. As shown in Fig. 3.22, the reconstructed emittances deviate
from the design value with less than 1% in both planes for mismatch parameters of M < 1.5.

M = 1.1

M = 1.5A

B

C

D

2 4 6
−3

−2

−1

0

βx (m)

α x

BC1: εN = 1µm, E0 = 700MeV,
energy error=1%, quadrupole calibration error=1%

M = 1.1

M = 1.5

A

B

C

D

2 4 6
0

1

2

3

βy (m)

α y

0

0.1

0.2

0.3
(ε̄ − εN)/εN

Figure 3.22: Systematic error in projected emittance measurements: influence of erroneous transfer matrices.
Monte-Carlo simulations are performed assuming a quadrupole calibration error of 1% and energy mea-
surement error of 1%. Deviations of the mean value of the reconstructed emittances (ε̄ − εN)/εN in the
(left) x plane and (right) y plane are shown. The colourmap is restricted to a value of 30%.

As shown in Fig. 3.23, the range of the Twiss parameters providing relative standard deviations
below 10% is larger in the x plane than in the y plane. Compared to Fig. 3.20, the x plane is less
sensitive to the quadrupole and energy errors than the y plane, whereas the x plane is more sensitive
to beam size errors than the y plane.
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Figure 3.23: Systematic error in projected emittance measurements: influence of erroneous transfer matrices.
Monte-Carlo simulations are performed assuming a quadrupole calibration error of 1% and energy mea-
surement error of 1%. Relative standard deviations of the reconstructed emittances σε/ε̄ in the (left) x
plane and (right) y plane are shown. The colourmap is restricted to a value of 30%.

3.3.3 Longitudinal phase spacemeasurement

The longitudinal phase space measurements will be performed in the dispersive beamline in the
TDS diagnostic sections. A good longitudinal resolution requires in the streak direction a large beta-
function at the location of the TDS and a phase advance of about ∆µ = 90○ + n · 180○, n ∈ N0 from
the TDS to the screen (see Eq. 2.21). Good energy resolution can be achieved with large dispersion
and small beta-function at the location of the screen in the dispersion direction (see Section 2.2.2).
For the European XFEL, the electron bunches will possess a large energy spread in the order of ∼
1% as determined from S2E simulations (see Section 3.4). This large energy spread puts especially
restrictions on the value of dispersion at the screen to limit the beam size of the dispersed bunch.

In all three TDS diagnostic sections (i.e. in the injector, BC1, and BC2 section), the design optics
for the longitudinal phase space measurement is identical to these for the slice emittance measure-
ment in the parts from the start of the section to the last screen S4 in the FODO structures. This
allows for a simultaneous measurement of slice emittance (using kicker magnets) and longitudinal
phase space7. Furthermore, the resemblance of the optics for the two types of measurements eases
the machine settings, and saves time when switching between the measurements. The most impor-
tant parameters of the design optics for the longitudinal phase space measurements in all three TDS
diagnostic sections are listed and compared in Table. 3.4.

7Except in the BC2 section, where not enough kicker magnets are available in the present design.
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Table 3.4:Design parameters for the longitudinal phase space measurements in the three TDS diagnostic
sections.

unit Injector BC1 BC2

TDS parameters
design energy E0 GeV 0.13 0.7 2.4
V0,max MV 1.84 15.49 27.31
Optics in the streak plane
βTDS m 9.5 30.0 49.7
βscreen m 3.0 5.0 3.1
∆µTDS→screen degree 234 262 270
sin(∆µTDS→screen) −0.81 −0.99 −1.00
Optics in the dispersion plane
βscreen m 3.0 2.6 1.4
Dscreen m 0.423 0.539 0.812

S at V0,max −3.8 −16.9 −8.9

Induced energy spread from TDS

As described in Section 2.1.1, the TDS induces energy changes to the electrons inside the bunch. As a
result, the slices of the bunch acquire extra induced energy spread, which is then measured together
with the initial slice energy spread of the bunch.

Dependencies of the longitudinal resolution Rt (defined in Eq. 2.21), the energy resolution RE

(defined in Eq. 2.43) and the induced slice energy spread σIES (defined in Eq. 2.44) on the normalized
emittance εN are shown in Fig. 3.24. With increasing values of the emittance, both resolutions Rt and
RE , as well as σIES become larger (i.e. worse). In the injector section, the induced energy spread is
smaller than the energy resolution, while it is larger than the energy resolution in the BC1 and BC2
section.

Figure 3.25 shows the induced energy spread and the achievable resolutions for different TDS
effective voltages V0. Since the energy resolution RE does not depend on the TDS effective voltage,
it remains constant. The longitudinal resolution Rt is inversely proportional to the TDS effective
voltage V0, whereas the induced energy spread depends linearly on V0. Improvement of the lon-
gitudinal resolution is correlated to an enhancement of the induced energy spread. Depending on
the values of the initial slice energy spread of the bunch, the influence of the induced energy spread
from TDS on the measurements could vary. For example of the BC1 section, one electron bunch
has typically a bunch length of σt ∼ 300 fs and slice energy spread of σδ ∼ 5 · 10−4, which equals
to σE = 5 · 10−4 · 700MeV = 350 keV (see Section 3.4.3). When the TDS is operated at V0,max , the
expected longitudinal and energy resolutions amount to Rt = 12 fs and RE = 57 keV, respectively.
The bunch will acquire an induced slice energy spread of σIES = 144 keV. The measured slice energy
spread is then

√
σ2δ + R2

E + σ2IES = 383 keV and by a factor of 9% larger than the initial energy spread.
The induced energy spread can be reduced by decreasing TDS effective voltage, at the cost of worsen-
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Figure 3.24: Expected longitudinal resolution Rt , energy resolution RE and induced energy spread σIES from
the TDS for electron bunches with different normalized emittances. In each TDS diagnostic section, the
TDS is assumed to be operated with the corresponding maximum effective voltage V0,max .

ing longitudinal resolution. At an effective voltage of V0 = 0.5V0,max , the longitudinal resolution of
Rt = 24 fs is still sufficient to resolve the bunch with a bunch lengths of σt ∼ 300 fs. With the induced
energy spread reduced to σIES = 72 keV, the measured slice energy spread is then 362 keV, which is
only by a factor of 3% larger than the initial slice energy spread.

3.4 Simulations with S2E bunch

In the latter Section 3.3, the accelerator optics designed for the different types of measurements have
been presented and possible error contributions are discussed. The accuracy of the measurement
differs for electron bunches with various parameters, such as emittance and energy spread. Parti-
cle tracking with the program elegant [Bor00] has been performed to model the measurements
and investigate the performance of the TDS diagnostic sections for realistic electron bunches of the
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Figure 3.25: Expected longitudinal resolution Rt , energy resolution RE and induced energy spread σIES from
the TDS for different TDS effective voltages. A normalized emittance of εN = 1µm is assumed in both x
and y plane.

European XFEL.

Design RF working points for the European XFEL have been determined by start-to-end (S2E)
simulations to provide electron bunches optimized for the generation of FEL photon pulses [BDG14].
In the following, simulation results ofmeasurements in the TDS diagnostic section in the BC1 section
are shown as an example. The electron bunch with a bunch charge of 1 nC at the entrance of the TDS
diagnostic section is taken from the S2E simulation, and used for simulations ofmeasurements in the
TDS diagnostic section. The input particle distribution from the S2E simulation contains 200000 par-
ticles. In the simulation for each type of the measurements, the input particle distribution is matched
to the design twiss parameter at the entrance of the TDS diagnostic section, and then tracked through
the TDS diagnostic section to the position of the screens. The images of the bunch on the screens are
simulated and analysed as they would be in a real measurement. A beam size error of 5% is assumed
in the simulations for the estimation of the statistical errors using error propagation methods. When
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not specifically noted, the beam sizes are defined as rms beam sizes, and the emittances are given as
normalized emittances with rms values.

3.4.1 Projected emittancemeasurement

As mentioned in Section 3.3.2, the 30/76-FODO structure designed for the slice emittance measure-
ment is compatible for projected emittancemeasurement in the vertical plane with the phase advance
of ∆µy = 76○ as well, provided that the perturbation of beam size measurements resulting from the
dispersion of the kicker magnet is negligible. The S2E bunch of the 1nC case has an energy spread
of σδ = 1.05%, as well as correlation terms of ⟨y0δ0⟩ = 8 · 10−8 and ⟨y′0δ0⟩ = 1.5 · 10−7. As can be
seen in Fig. 3.14 (right), the large energy spread and correlation terms can lead to a large deviation in
the reconstructed emittance in the online measurement mode using the kicker magnets. Figure 3.26
compares the vertical beam sizes determined from the simulated images on the screens when the
kicker magnets are switched on and off. At the second screen S2, where the R36 matrix element due
to the kicker magnet is as large as 8mm (see Table 3.3), the vertical beam sizes in the two cases of
kicker magnet on and off differ from each other by a factor of ∼ 75%. When the kicker magnets
are switched off, the reconstructed emittance is in good agreement with the reference8, whereas it is
smaller and deviates by a factor of ∼ 14% from the reference value in the case of the kicker magnets
switched on. Therefore, the 30/76-FODO structure does not provide reliable projected emittance
measurements in the vertical plane in combined use with the kicker magnets.
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Figure 3.26:Vertical beam size σy determined from the simulated images at the screens S1-S4 using the optics
with 30/76-FODO structures. Two cases with the kicker magnet switched on (blue) and off (red) are
shown. The values of the reconstructed projected emittance are given, and compared to the reference
value.

As an alternative, the 90/76-FODO structures will be employed for simultaneous measurements
of the projected emittance in both transverse planes (in the off-line measurement mode). Figure 3.27
shows the expected beam sizes from the simulated images and the reconstructed projected emit-
tance in the normalized coordinates (see Eq. 1.26). In both the horizontal and vertical planes, the
8Reference: the vertical normalized projected emittance of the input distribution from the S2E simulation.
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3.4 Simulations with S2E bunch

reconstructed emittances are in good agreement with the reference one. The horizontal emittance
amounts to εx = 975±49nm, while the vertical one is much larger and has a value of 3025±155nm. It
is worth noting that in the vertical plane the slice emittance can bemeasuredwith the help of the TDS
as well. A comparison of the projected and slice emittance from the simulations will be discussed in
the following section.
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Figure 3.27: Simulation results of projected emittance measurements in the (left) x plane and (right) y plane
using the accelerator optics with 90/76-FODO structures. The lines represent the beam sizes measured at
the four screens in the normalized coordinates. The solid and dashed ellipses depict the transverse phase
space ellipse of the reconstruction and reference, respectively. The values of the normalized emittances are
given.

3.4.2 Slice emittancemeasurement

Simulations of online slice emittance measurements utilizing the TDS, the kicker magnets and the
off-axis screens have been conducted. Various aspects in the settings of the diagnostics components
(such as the effective voltage of the TDS, the phase of the TDS, etc.), and in the analysis procedure
(such as definition of the beam size, determination of the slice width, etc.) are investigated step by
step. The particle distribution tracked to the location of the first screen S1 with the TDS and the kicker
magnet switched off is taken as a reference for the beam parameters for comparison.

Definition of beam size

The beam size of the electron bunch is commonly defined as the rms value of the profile (rms beam
size) or the standard deviation of a Gaussian fit to the profile (Gaussian beam size). The rms beam
size describes the standard deviation of the profile, but is very sensitive to the noises in the profile.
In contrary, the Gaussian beam size is rarely affected by the noises, but cannot correctly reflect the
attributes of the profile when a large discrepancy from a Gaussian shape exists.

Firstly, the influence of the definition of the beam size is investigated in the simulation for the
online slice emittance measurement. In the simulation, the TDS is operated approximately at the
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maximum effective voltage of V0 = 15MV and at the positive RF zero-crossing φ+. The central slice
of the input distribution, which is the slice containing the mean position of the profile, is matched to
the design optics.
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Figure 3.28: Simulation results of the slice emittance and mismatch parameter determined with (blue) rms
and (green) Gaussian beam size definitions. The reference particle distribution (red) is obtained at S1 with
both the TDS and the kicker magnets switched off in the particle tracking. The grey lines represent the
scaled current profile (in arbitrary unit) obtained at the screen S1 in the simulations.

The slice emittance is reconstructed using the rms and Gaussian beam sizes from the simulated
images at the four off-axis screens, and compared to the rms slice emittance of the reference particle
distribution, as shown in Fig. 3.28. The good agreement between the reconstructed slice emittance
with the rms beam size definition and the reference values demonstrates the feasibility of the online
slice emittance measurement in the presence of dispersion due to the kicker magnets. The slices in
the S2E bunch have an energy spread and correlation terms in the order of σδ ∼ 10−4, ⟨y0δ0⟩ ∼ 10−9
and ⟨y′0δ0⟩ ∼ 10−9. The dispersion arising from the kicker magnet has negligible influence on the
reconstructed emittance, as expected in the analytical estimation (see Fig. 3.14 left) and proved in
the particle tracking simulation (see Fig. 3.28 left). Deviation of the reconstructed rms emittance is
observed in the slices towards the bunch head at the negative time axis, where the slices have large
mismatch parameters.

The results with the Gaussian beam size definition show clearly larger deviation from the refer-
ence values. Comparison of the slice beam sizes at the screen S1 with the two definitions indicates
discrepancies in the beam sizes with a factor of up to ∼ 20% (see Fig. 3.29 left). A closer look at the
vertical profile of the central slice at screen S1 (Fig. 3.29 right) reveals that the vertical profile does
not have a Gaussian shape, and thus cannot be appropriately described by the Gaussian beam size.
The definition of rms beam size is adopted in the rest of the simulations.
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Figure 3.29: (Left) Vertical rms and Gaussian slice beam sizes determined from the simulated image at S1.
(Right) Vertical beam profile of the central slice (blue) and its Gaussian fit (green).

Slicewidth

The emittance of one slice is reconstructed from the beam sizes of this slice measured at the four
screens. In order to keep consistency of each slice, the four simulated images are subdivided into
equal numbers of slices with the same slice width. The central slice is defined as the slice containing
the mean position of the bunch as its centre. The width of the slices should be chosen according
to two criteria: (i) the slice width should exceed the longitudinal resolution Rt at the screen to be
capable of resolving the slices, (ii) the slice width should be small enough to display the evolution of
the slice emittance along the bunch. Due to the different horizontal phase advances ∆µTDS→screen for
the screens S1-S4 in the streak plane (see Table 3.3), the longitudinal resolutions at the four screens
differ slightly from each other. In the accelerator optics designed, the first screen S1 provides the
worst longitudinal resolution among them, and therefore defines the slice width.

Simulation results with the TDS operated at an effective voltage of V0 = 15MV are displayed
in Fig. 3.30. From the simulation, the bunch length σt and the longitudinal resolution Rt at S1 is
determined to be 302 fs and 15 fs, respectively. Three slice widths ∆tsl ice are considered in the re-
construction, as well as in the reference particle distribution for comparisons. For the slice widths of
∆tsl ice = 60 fs (equals to 4Rt) and ∆tsl ice = 30 fs (equals to 2Rt), the reconstructed slice emittances are
in good agreement in most slices. Only at the very ends of the bunch (at t ≈ ±580 fs), the details can-
not be resolved in the case of ∆tsl ice = 60 fs. When the slice width is reduced to ∆tsl ice = Rt = 15 fs,
local oscillations of the slice emittance start to appear in the reference distribution. Comparison of
the mismatch parameters is shown in Fig. 3.31. It can be further concluded that the slice width def-
initions of ∆tsl ice = 60 fs and ∆tsl ice = 30 fs yield comparable results. In the following studies, the
slice width of ∆tsl ice = 60 fs is used.

61



3 Design of the TDS longitudinal diagnostic sections for the European XFEL

TDS RF zero-crossing phases

In order to examine the influence of the initial correlation in the transverse-longitudinal plane on
the slice emittance measurement, simulations with the S2E bunch have been performed with the
TDS operated at both RF zero-crossings ψ+,ψ−. In both cases, the TDS is assumed to be operated
at the maximum effective voltage V0,max and the slice width is defined as ∆tsl ice = 60 fs. As shown
in Fig. 3.32, the reconstructed slice emittance and the slice mismatch parameter are consistent in the
cases of ψ+ and ψ−, which implies that there is no pronounced initial correlation inside the bunch.

In the slices residing at the coordinates t ≥ −300 fs, where the mismatch parameters are M ≤ 2,
the reconstructed slice emittances are in agreement with the reference values (within the error bars).
At t < −300 fs, the mismatch parameter increases rapidly up to M = 4 and the reconstructed slice
emittances deviate from the reference values by a factor of up to 50%. However, it is very likely that
these slices at t < −300 fs may not contribute to the FEL gain, as they contain altogether a fraction
of 15% of the total charge of the bunch and the currents of these slices are below 50% of the peak
current of the bunch.

Compared to the projected emittance of εy = 3.05µm in the y plane as shown in Fig. 3.27 (right),
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Figure 3.30: Slice emittance εy determined for three different slice widths ∆ts l i ce . From top to bottom, the
slice width ∆ts l i ce relates to the longitudinal resolution Rt at S1 as 4Rt , 2Rt and Rt accordingly. The grey
lines represent the scaled current profile (in arbitrary unit) obtained at the screen S1 in the simulations.
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Figure 3.31: Slice mismatch parameter My determined for three different slice widths ∆ts l i ce . From top to
bottom, the slice width ∆ts l i ce relates to the longitudinal resolution Rt at S1 as 4Rt , 2Rt and Rt accord-
ingly. The grey lines represent the scaled current profile (in arbitrary unit) obtained at the screen S1 in the
simulations.

the slice emittances in the y plane are significantly smaller, for example the value of the emittance of
the central slice is only ∼ 32% of that of the projected emittance. Reason for the large deviations can
be explained by possible offsets of the slices in position and angle. It can be seen that the projected
emittance may be an overestimated parameter for the quality of the beam, andmeasurements of slice
emittance are necessary to comprehensively characterize the electron bunch.

TDS effective voltages

The longitudinal resolution scales inversely with the effective voltage V0 of the TDS (see Eq. 2.21). A
weak streaking effect of the TDS could lead to overlapping of the adjacent slices and thus a poor longi-
tudinal resolution. The overlapping of the slices induces furthermore perturbations in the measured
slice beam sizes and results eventually in inaccuracies in the reconstructed slice emittance.

Two TDS effective voltages have been studied. From the simulations, the effective voltages of
V0 = 15MV and V0 = 4MV are determined to provide a corresponding longitudinal resolution of
Rt = 15 fs and Rt = 55 fs at S1, respectively. The slice width is chosen as ∆tsl ice = 60 fs, which equals
approximately to the longitudinal resolution in the case of V0 = 4MV.
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Figure 3.32: Slice emittance εy andmismatch parameterMy determined at both TDSRF zero-crossing phases
ψ+ and ψ−. The TDS is assumed to be operated at the maximum effective voltage V0,max . In both cases,
a slice width of ∆ts l i ce = 60 fs is chosen, which equals to 4Rt . The grey lines represent the scaled current
profile (in arbitrary unit) obtained at the screen S1 with the TDS RF phase set to ψ+ in the simulations.

The simulation results are shown in Fig. 3.33. In the slices in the range of −200 fs < t < 400 fs, the
reconstructed slice emittances and slice mismatch parameters are in agreement with the reference
values (within the error bars) in both cases of V0 = 15MV and V0 = 4MV. Large discrepancy is
observed in the case ofV0 = 4MV in the slices towards the negative end of the time axis (t < −200 fs).
In these slices, the reconstructed slice emittance is by a factor of more than 100% larger than the
reference value, although the mismatch parameters in these slices are smaller than M = 1.5. The
reason for the large discrepancy in these slices is possibly their larger initial beam sizes σx0 in the
streak direction. Figure 3.34 shows the horizontal slice beam size σx0 in the streak direction of the
reference distribution. For comparison, the uncalibrated equivalent slice width ∆xsl ice at S1, which
is defined as ∆xsl ice = S · c∆tsl ice with S the streak parameter and c the speed of light, is indicated for
the case of V0 = 4MV as well. It is interesting to note that some slices have initial slice beam sizes
σx0 larger than the equivalent slice width ∆xsl ice , even though the slice width is deliberately chosen
with a value equivalent to the longitudinal resolution Rt as ∆xsl ice = S · c∆tsl ice = S · cRt . Successful
reconstruction of slice emittance can be achieved in the slices where the initial slice beam size σx0 is
smaller than the equivalent slicewidth ∆xsl ice . When σx0 becomes comparable to and exceeds ∆xsl ice ,
overlapping of the slices cannot be avoided, resulting in large discrepancy of the reconstructed slice
emittance. For the case of V0 = 15MVwith an equivalent slice width at S1 of 347µm, the TDS streak
effect is strong enough to minimize the overlapping of the adjacent slices.

Matching of the slices

It has been seen in the latter studies that the reference particle distribution has varying twiss parame-
ters along the slices. Matching of the beam optics can only be performed for one set of values of twiss
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Figure 3.33: Slice emittance εy and mismatch parameter My determined from simulations with the TDS op-
erated at the effective voltages of (blue) V0 = 15MV and (green) 4MV. The grey lines represent the scaled
current profile (in arbitrary unit) obtained at the screen S1 with the TDS effective voltage of V0 = 15MV
in the simulations.

parameters due to the variation of the twiss parameters in the slices along the bunch. It is common
to match the central slice of the bunch, the slice containing the peak current9 or the projection. For
example, when the central slice is matched to the design twiss parameters (see, e.g., Fig. 3.31), which
is in particular for the S2E bunch at the same time the case of matching the slice containing the peak
current, the mismatch parameter increases up to M = 4 towards the ends of the bunch. Figure 3.35
compares the simulation results using input distributions with matched central slice and matched
projection. No obvious difference is observed in the two cases. Since the twiss parameters of the
central slice are similar to these of the projected bunch, the two different matching procedures do
not differ much from each other. The evolutions of the slice mismatch parameters in the reference
distribution of the case withmatched central slice (red solid) andmatched projection (red dashed)are
comparable.

3.4.3 Longitudinal phase spacemeasurement

Longitudinal phase spacemeasurements will be performed in the dispersive beamline. In addition to
the longitudinal phase space, further bunch parameters can be obtained from themeasurements: the
longitudinal profile, the energy profile and the slice energy spread. Simulations using the S2E bunch
with a bunch charge of 1 nC have been performed. The TDS effective voltage was set to V0 = 15MV.

9The slice containing the peak current is more likely to contribute to the generation of FEL pulses, since high peak current
is desired for the FEL process.
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Figure 3.34: Initial horizontal slice beam size σx0 determined from the reference particle distribution. The
equivalent slice width ∆xs l i ce at S1 in the case of V0 = 4MV is indicated for comparison.
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Figure 3.35: Slice emittance εy andmismatch parameterMy determined from simulations using input particle
distribution with (blue) matched central slice and (green) matched projection. The slice parameters of the
reference particle distribution with (red solid) matched central slice and (red dashed) matched projection
are shown. The TDS is assumed to be operated at an effective voltage of V0 = 15MV, and the slice width
is chosen as ∆ts l i ce = 60 fs. The grey lines represent the scaled current profile (in arbitrary unit) obtained
at the screen S1 using a bunch with matched central slice in the simulations.

Calibration

Calibration of the streak parameter S is simulated by determining the horizontal position of the
bunch centre on the screen in dependence of the change of the TDS RF phase around the zero-
crossing (see Eq. 2.36). Calibration of the dispersion Dy at the screen location is simulated by record-
ing the vertical position of the bunch centre in dependence of the change in the current of the dipole
magnet (see Eq. 2.43). The simulation results of the calibrations are shown in Fig. 3.36. The obtained
calibration constants are comparable to the design values as listed in Table 3.4. Using the streak pa-
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rameter obtained from the simulation, the longitudinal resolution measurement can be simulated
(see Eq. 2.21) and has been determined to be Rt = 12 fs.
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Figure 3.36: Simulation of the calibration measurement for (left) the streak parameter S and (right) the verti-
cal dispersion Dy in the longitudinal phase space measurement. In the calibration of the streak parameter,
the horizontal position change of the bunch ∆⟨x⟩ at the screen is determined for different TDS RF phases.
The TDS phases are changed to an offset ∆ϕ from the zero-crossing phase, and scaled to c

2π f ∆ϕ with c be-
ing the speed of light and f the frequency of the TDS. The linear fit to the simulation data yields the streak
parameter. The longitudinal resolution Rt at the screen is determined to be 12 fs from the simulation. In
the calibration of the dispersion, the current of the dipole magnet is changed by δI and the corresponding
vertical position change of the bunch ∆⟨y⟩ is recorded. The linear fit yields the additive inverse value of
the dispersion.

Longitudinal phase space

The longitudinal phase space can be then reconstructed by calibrating the horizontal and vertical axis
of the simulated image on the screen with the calibration constants. Figure 3.37 compares the recon-
struction at the screen with the reference longitudinal phase space of the input particle distribution
at the entrance of the TDS. The colour code of the simulated image scales with the electron density.
Very good agreement has been achieved, except in the leading part (at t < −600 fs) and trailing part
(at t > 550 fs) of the bunch, which contain only a fraction of 2% and 3% of the total charges in the
bunch, respectively.

Projection of the image onto the two axis yields the longitudinal and energy profile (see Fig. 3.38).
Both profiles are in excellent agreement with these of the reference particle distribution. The rms
bunch length of σt = 304 fs and rms energy spread of σδ = 10.5 · 10−3 determined from the profiles
are within a deviation of < 1% compared to the reference values.
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Figure 3.37: Calibrated image from the simulation representing the longitudinal phase space. The colour code
of the image scales with the electron density. The longitudinal phase space of the reference particle distri-
bution at the entrance of the TDS is shown in red.
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Figure 3.38: Longitudinal current profile (left) and energy profile (right) obtained from the simulated image
as shown in Fig. 3.37.

Slice energy spread

When the simulated image of the longitudinal phase space is divided into longitudinal slices, the slice
energy spread can be derived from the measurement as well. Firstly, a slice width of ∆tsl ice = 60 fs =
5Rt is chosen. As shown in Fig. 3.39 (left), the rms slice energy spread of the simulated longitudinal
phase space (blue dotted) is comparedwith that of the reference particle distribution at the entrance of
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the TDS (red solid, noted as @in TDS). All slices of the simulation display significantly larger energy
spreads than those of the reference. The same behaviour is observed in the results with smaller slice
widths of ∆tsl ice = 30 fs ≈ 2.5Rt and ∆tsl ice = 10 fs ≈ Rt as well (see Fig. 3.39 middle and right). In all
three cases with different definitions of the slice width, the evolution of the slice energy spread along
the slices from the simulation has similar shape to that of the reference. With smaller slice width,
the discrepancy of the simulation from the reference becomes larger. It is worth to note that the slice
energy spreads decrease with reduced slice width in both the simulation and reference. It can be
explained by the fact that the large energy chirp (correlation in (t, δ)) of the bunch contributes a lot
to the rms value of the energy distribution in the slices.
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Figure 3.39: Slice energy spread determined from: (red solid) reference particle distribution at the entrance
of the TDS, (red dashed) reference particle distribution at the exit of TDS and (blue dot) simulated image
as shown in Fig. 3.37. From left to the right, the different definitions of the slice width ∆ts l i ce relate to the
longitudinal resolution on the screen as 5Rt , 2.5Rt and Rt , respectively.

In order to understand the discrepancy, the particle distribution directly at the exit of the TDS
(noted as @out TDS) is taken as a second reference and its slice energy spread is plotted in Fig. 3.39 as
well (red dashed). The bunch at the exit of the TDS has slightly increased slice energy spread resulting
from the induced energy gain from the TDS as expected from Eq. 2.44. However, the induced energy
spread from the TDS σIES is in the order of σIES ∼ 10−4 and still cannot explain the large discrepancy
between the slice energy spreads of simulations and reference.

Another speculation on the reason for the discrepancy is the initial vertical beam size σ0y of the
slices in the dispersion direction. The measurable beam size from the simulated image is given as
σy =√(σ0y)2 + D2

yσ2δ + D2
yσ2IES , from which the energy spread is then determined as σy/Dy. As a

result, the derived energy spread is actually larger than the real one. In a real longitudinal phase
space measurement, the initial vertical beam size σ0y in the slices is not accessible and cannot be
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corrected for the calculation of the slice energy spread10. With the help of elegant simulations,
such virtual beamline has been designed. The correction to the slice energy spread due to the initial
slice beam size is estimated to be approximately σ0y/Dy = 0.05 · 10−3, which does not account for the
large discrepancy as well.
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Figure 3.40: (Left) Longitudinal phase space of the central part of the reference particle distribution at the
entrance of the TDS. Electrons in three different slices are marked in blue, green and yellow. Slices with a
separation of 2 · ∆ts l i ce from each other are highlighted for clarification. (Right) Tracked particle distribu-
tion at the screen in the transformed longitudinal phase space (x , y). The horizontal and vertical axis can
be then calibrated to t and δ, respectively. The vertical black lines represent the subdivision of the slices,
which is applied for the determination of the slice energy spread presented in Fig. 3.39.

Figure 3.40 (left) shows electrons in three slices (marked as blue, green and yellow) in the longi-
tudinal phase space of the reference particle distribution. The tracked distribution in the transverse
plane (x , y) (the transformed longitudinal phase space) at the screen is shown in Figure 3.40 (right),
with the electrons in the three slices being marked accordingly. It can be seen that the original slices
are distorted in the transformed coordinates (x , y). The initial finite slice beam size in the streak
direction x causes the shearing of the slices in that direction. Slicing of the bunch in the x direction,
which is represented by the black lines in Fig. 3.40 (right), is not appropriate.

Special slicing procedure

A special slicing procedure has been introduced to take into account the effect of the finite slice beam
size in the streak direction. As illustrated in Fig. 3.41 (left), the mean position of each row on the en-
ergy axis (blue line) is determined from the simulated image. The boundary of the slices are parallel
to the time axis, in contrast to the common slicing procedures where the slices are perpendicular to
10In order to measure the initial vertical beam size in the slices, it requires to switch off the dipole magnet andmeasure the

slice beam size at a screen downstream of the dipole magnet in a straight beamline that has the same beamline layout
as the dispersive beamline.
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the time axis. The definition of the slice width is illustrated in the plot. In order to have slices with
identical slice width, the boundaries of the slices do not necessarily have equal distances any more.
Comparison of the slice boundaries defined using the special slicing procedure with the tracked elec-
trons in the three slices is shown in Fig. 3.41 (right). The central slice around y = 0 contains 82% of
the electrons in the original green slice, while in case of the common slicing only 74%.
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Figure 3.41: (Left) Principle of the special slicing procedure for determining the slice energy spread. Themean
position of each row of the simulated image is calculated (blue line). The image is then subdivided into
slices with boundaries parallel to the longitudinal axis. The slice width is defined as the distance between
the mean positions of the slice boundary, and kept constant for all slices. (Right) Subdivision of the slices
using the special slicing procedure in comparison to the three highlighted slices as shown in Fig. 3.40.

The slice energy spreads obtained using the special slicing procedure are compared to those of
the reference particle distribution in Fig. 3.42. In all three cases of different slice widths, the results
obtained with the special slicing procedure achieve much improved agreement with the reference at
the exit of the TDS.When a slice width of 60 fs is chosen (see Fig. 3.42 left), deviation of themeasured
energy spread in the central slice from the reference value has been reduced significantly from 18%
using the common slicing method to < 1% using the special slicing procedure. However in the cases
with a slice width of ∆tsl ice = 30 fs and ∆tsl ice = 12 fs, the slice energy spreads obtained with the
special slicing procedure are slightly underestimated compared to the reference values at the exit of
the TDS. It can be explained by the fact that the special slicing procedure minimizes the dominating
effects of the initial beam size in the streak direction, while it neglects the effects of the initial beam
size in the dispersion direction.

3.5 Summary

Three online TDS diagnostic sections have been designed for the European XFEL. They will provide
high-resolution measurements of the longitudinal profile, the longitudinal phase space, the slice en-
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Figure 3.42: Slice energy spread determined by applying the special slicing procedure (green). The values
obtained with (blue) the common slicing method and (red) from the reference as shown in Fig. 3.39 are
displayed for comparison.

ergy spread and the slice emittance. The target of providing online diagnostics without disturbing
the generation of FEL pulses is realized by the implementations of the fast kicker magnets and the
off-axis screens.

Extensive error analysis has been performed for emittance measurements using the example of
the TDS diagnostic section in the BC1 section. When a beam with a normalized emittance of 1µm
is matched to the design optics, statistical beam size errors of 5% lead to statistical errors of 5%
on the measurement of both the slice and projected emittance. Systematic errors resulting from
various sources including screen resolution, screen calibration, energymeasurement and quadrupole
field calibration have been studied. Special attention needs to be paid to the influence coming from
the dispersions generated by the kicker magnets. Systematic error in slice emittance measurements
due to dispersions can be negligible (below 1%) or dramatic (above 30%), depending on the actual
parameters of the electron bunch.

In the measurement of the longitudinal phase space, the achievable longitudinal resolutions of
the TDS diagnostic sections are designed to be in the 100 fs range in the injector section, and 10 fs
in the BC1 and BC2 sections. In the BC1 and BC2 sections, the energy spread induced by the TDS
exceeds the energy resolution, and is measured together with the initial energy spread of the bunch.

Simulations with S2E bunches have shown several aspects that have to be carefully taken into
account in futuremeasurements. Themeasurements of the projected emittance should be performed
with the kicker magnets switched off, since the energy spread of 1.05% of the bunch leads to large
errors of the measured emittance in the presence of dispersion. For slice emittance measurement,
different results can be obtained by using the definitions of the beam size as rms value or Gaussian
standard deviation. A large TDS streaking effect is essential for achieving reliable results. In the case
of the bunch having differing Twiss parameters along the slices, matching of the beamline optics can
only be performed for one set of the Twiss parameters. It is common to match to the central slice,
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3.5 Summary

the slice with the peak current or to the projected beam.
Simulations of longitudinal phase space measurements have validated the performance of the

designed TDS diagnostic sections. Reliable longitudinal profile measurement is expected with a lon-
gitudinal resolution of 12 fs. However, the measured slice energy spread deviates remarkably from
the reference value, which can be explained neither by the induced energy spread from TDS nor by
the initial beam size in the dispersive plane. In contrast, the proposed special slicing procedure has
achieved excellent improvement on the results of slice energy spread measurements. When a slice
width of 60 fs is chosen, deviation of the measured energy spread in the central slice from the refer-
ence value has been reduced significantly from 18% using the common slicing method to < 1% using
the special slicing procedure.
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4 Measurement at LCLS
suppression of coherent optical transition radiation

Electron bunches with high peak current and high brightness are demanded to drive a high-gain
FEL. These requirements are fulfilled by longitudinal compression of the electron bunches in the
magnetic chicanes. During the bunch compression process, an initial density perturbation of the
bunch, e.g. caused by shot noise from the gun, may be amplified, and an initial energy modulation
of the bunch may be transformed into density modulation [SSY02a]. As a result of the so-called
micro-bunching instabilities, microstructures are generated inside the compressed bunch. Micro-
bunching instabilities have been studied extensively and are suggested to be induced by collective
effects, such as coherent synchrotron radiation (CSR) [BCE+02, SSY02b], longitudinal space charge
(LSC) [SSY04] and geometrical wakefields [HEBK03].

The modulation lengths of the microstructures can be on the scale of the visible wavelengths,
which leads to coherence effects in the same wavelength range in the emitted radiation of the bunch,
such as synchrotron radiation, transition radiation and diffraction radiation. Such coherence ef-
fect has drastically compromised the widely used electron beam imaging diagnostics with optical
transition radiation (OTR) screens at several FEL facilities. Application of scintillator screens as an
alternative has been hampered as well due to the coherent OTR (COTR) generated at the surface of
the screen.

Different techniques, including temporal, spatial and spectral separation methods, have been
proposed to suppress the COTR and image the beam with the incoherent scintillation light. Both
the European XFEL and SwissFEL, which are now under construction, will implement transverse
profile monitors utilizing the method of spatial separation to circumvent the problem of COTR.
They will incorporate different designs regarding the observation geometry, screen materials and
detection systems, but will both provide adequate spatial resolution required for the facility. The
profile monitor for the European XFEL has been described in Section 3.2.4 and will be discussed at
the end of this chapter. One exemplar of the profile monitor designed for the SwissFEL has been
installed at the Linac Coherent Light Source (LCLS) for experimental tests under real conditions, in
which the feasibility of the spatial separation method is investigated in the presence of COTR.

In this chapter, the theory of (C)OTR is shortly reviewed and the different suppression techniques
are summarized. The high-resolution profile monitor developed for the SwissFEL is described. Fi-
nally, demonstration of successful COTR suppression is presented with experiments performed at
the LCLS.
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4 Measurement at LCLS: suppression of COTR

4.1 Beam imagingwith OTR and scintillator screen

Transition radiation (TR) screens have been widely used for high energy electron beam imaging.
The radiation from the electron bunch in the optical wavelength regime can be easily detected using
commercially available camera systems. However, these diagnostics are impeded by coherence effects
in the emission process of optical transition radiation (OTR). Scintillator screens, which have been
commonly used for low-energy accelerators due to their much higher light yield than OTR screens,
are considered as an alternative. The incoherently radiated scintillation light has drawn an increasing
amount of attention for application in high-energy electron beam diagnostics since the observation
of coherent OTR (COTR) at FEL facilities such as LCLS.

However, the problem of COTR cannot be avoided in the applications with scintillator screens
as well due to the fact that the incoherent scintillation light is overlaid with the COTR generated at
the boundary between the vacuum and the scintillator surface. Three methods have been suggested
to circumvent the problem of COTR in beam imaging with scintillator screens: temporal, spatial
and spectral separation. Reference [Yan12] has described in details the problematic of COTR and
summarized the different techniques with experimental proof of the temporal separation method.

4.1.1 Problem of COTR

When a relativistic charged particle crosses the intersection between two media with different di-
electric constants, TR is emitted in the forward direction along the incidence and in the backward
direction around the specular reflection of the incident particle. The energy per spectral and spatial
interval of the backward radiated TR from one single electron transiting from vacuum to a perfect
conducting metal can be described using the Ginzburg-Frank formula [GF35]

d2UGF
dωdΩ

= e2

4π3ε0c
· β2 sin2 θ(1 − β2 cos2 θ)2 , (4.1)

if the effective source size1 and far-field2 conditions are fulfilled [CSS05]. In Eq. 4.1, β = v/c describes
the velocity of the electron, θ the angle with respect to the backwards axis, −e the charge of one
electron and ε0 the vacuum permittivity. The detailed formalism of TR is described in Appendix C.
Typical TR profile monitors use aluminium coated silicon wafers as the radiation source due to their
good resistance in thermal heatings [HBF+03], and detect the TR in the optical wavelength regime
(OTR) using a high-resolution CCD3 or CMOS4 camera.

In case of an electron bunch of incoherently radiating electrons, the intensity recorded from the
individual electrons add up linearly to the total intensity. The image of the intensity radiated from the
whole bunch is the real transverse particle distribution convolutedwith the image of a single electron,
which is in analogy to the point spread function (PSF) in classical optics [Kub08] and determines the

1a ≥ γλ with a being the radius of the screen, γ the Lorentz factor of the electron and λ the wavelength of the radiation.
2D ≥ γ2λ with D being the distance from the screen to the detection point.
3Charge-coupled device.
4Complementary metal–oxide–semiconductor.
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4.1 Beam imaging with OTR and scintillator screen

spatial resolution of the imaging system.
If the electrons of the bunch radiate coherently in the optical wavelength regime (COTR), su-

perposition of the radiation fields from individual electrons leads to non-linear dependence of the
total intensity on the electron density. As a result, the image of the radiated intensity of the whole
bunch cannot represent the true transverse distribution of the bunch anymore. The energy of COTR
radiated per spectral and spatial interval from one electron bunch with N electrons can be expressed
by

d2Ubunch
dωdΩ

= d2UGF
dωdΩ

·N + d2UGF
dωdΩ

·N (N − 1) ∣F(k)∣2 , (4.2)

where k is the wavenumber and F(k) the form factor of the bunch. The second part of Eq. 4.2 de-
scribes the coherent radiation and dominates the total intensity, since N is in the order of 109 for
typical bunch charges of ∼ 1nC. COTR occurs if the bunch length is comparable to the optical wave-
length or there exist microstructures withmodulation lengths on the scale of the optical wavelengths.
The latter might result from micro-bunching instabilities induced by e.g. CSR [BCE+02, SSY02b],
LSC [SSY04] and geometrical wakefields [Cha93], and is the main origin of COTR at the FEL facili-
ties (see Fig. 4.1).

LCLS FLASH

Figure 4.1:Observation of COTR has been reported at FLASH, LCLS and SACLA [WBSS09, LABD08,
MMIO12]. The examples show COTR images taken at LCLS (adapted from Ref. [LABD08]) and FLASH
with typical characteristics of ring-like structures and extremely high intensity resulting in saturation of
the CCD sensor.

4.1.2 Incoherent imagingwith scintillator screen

A scintillator screen is an alternative to an OTR screen for transverse beam imaging. Emission of
scintillation light is a statistical process taking place in the luminescence centres inside the scintil-
lator crystal [LAG+06]. The luminescence centres are excited independently by each electron, and
then radiate incoherently after certain relaxation time, which makes scintillator a good candidate
for beam imaging without disturbance from coherent effects. The most important characteristics of
scintillation light are:
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4 Measurement at LCLS: suppression of COTR

• spectral distribution at characteristic wavelengths,

• exponentially decreasing intensity with a decay time of typically a few hundred nanoseconds,

• isotropic direction of emission.

Scintillator material with a central wavelength in the optical regime can be easily adapted for beam
imaging diagnostics using commercially available CCD and CMOS cameras.

While the scintillator screen has in general higher light yield (conversion rate from incident elec-
tron to photon) than the OTR screen, its spatial resolution is usually worse than that of OTR screen
and could differ largely depending on the geometry of the imaging system. Considering a point-like
single electron source, emission of scintillation light takes place along the trajectory of the electron
inside the crystal, resulting in an elongation of the point-like source. The resolution could be further
degraded due to the total reflection of the light inside the crystal. References [Yan12, KBL10] have
investigated the influence of the observation geometry on the resolution of beam imaging systems
with scintillator screens. Furthermore, saturation of the luminescence centres may occur when the
localized incident particle density is too high and leads to non-linearity in light yield [MJR+00].

Although coherence effects are not expected in the scintillation light, OTR is generated at the
scintillator surface and, in case of coherent emission (COTR), the application of scintillator screen
for transverse beam profile measurements may be rendered impossible. Proper incoherent beam
imaging with scintillator screens demands suppression of the coexisting (C)OTR in the image detec-
tion process. In the following, the temporal, spatial and spectral separation techniques to separate
(C)OTR from the incoherent scintillation light are described.

Temporal separation

Emission of transition radiation from single electron is a prompt process, whose duration time is
much shorter than the time an electron bunch needs to pass through the screen. The pulse duration
of (C)OTR from one bunch is approximately on the same scale as the bunch length, which ranges
typically from a few femtoseconds to a few picoseconds. In contrast, the emission of scintillation
light is a slow process with typical decay times of a few hundred nanoseconds and exceeds the pulse
duration of (C)OTR by several orders of magnitude.

The principle of the temporal separation method is illustrated in Fig. 4.2. The opening of the
camera gate is postponed to a moment after the emission of (C)OTR, and the CCD sensor is ex-
posed only to the incoherent scintillation light emitted during the exposure time. Separation of the
(C)OTR, with pulse length in the picoseconds range, from the scintillation light, with pulse length of
several hundreds of nanoseconds, cannot be realized by using CCD cameras, whose electronic shut-
ter has typical rising and falling time of several hundreds of nanoseconds (see Section 5.2.3). One
camera system suitable for temporal separation is, for example, the intensified CCD camera (ICCD).
It basically consists of a photo cathode, a micro channel plate (MCP) as well as a CCD sensor, and
provides possibility of delaying the camera gate in the nanoseconds range. First demonstration of suc-
cessful temporal separation of COTR for incoherent beam imaging has been performed at FLASH
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4.1 Beam imaging with OTR and scintillator screen

time

camera gate opened

bunch arrives at the 
scintillator screen

exposure

(C)OTR  ~ps 

scintillation light  ~100ns 

camera gate closed

Figure 4.2: Illustration of the temporal separation method. The camera gate is delayed and opened after the
emission of (C)OTR. The CCD sensor is exposed only to the incoherent scintillation light.

[Yan12, BGK+12]. Temporal separation has been proven to be capable to fully suppress COTR in the
beam images, while the spatial and spectral separation still detect remaining small amount of COTR
intensity as will be discussed in the following section.

The high price of such ICCD camera will not allow it being employed for standard screen stations
atmost existing and future FELs. For example, the ICCD camera dicam pro fromPCOAG,Germany
[PCO], whichwas used for the first demonstration of the temporal separationmethod inRefs. [Yan12,
BGK+12], is by a factor of about 20 more expensive than the CCD camera Basler avA2300 from
Basler AG, Germany [Bas], which will be installed for the screen stations at the European XFEL.
ICCD cameras are originally designed for the purpose of intensity amplification. Due to the limited
lifetime of the sensitive photo cathode, they are not compatible with continuous long-time operation
in the screen stations for the accelerator. In addition, space charge effects in the MCP might result
in unstable gain for different densities of the incoming photons. As investigated in Ref. [LBEU09],
the camera gain stays constant up to a certain photon density, and then decreases rapidly at higher
photon densities. Instability of the camera gain of ICCD cameras could worsen the resolution of the
imaging system. Therefore, an alternative to the temporal separation method is desired.

Spatial separation

As can be seen in Eq. 4.1, the intensity of transition radiation has a spatial dependence on the angle
θ with respect to the backwards axis. The intensity reaches its maximum at θmax ∼ 1/γ (see Eq. C.3),
with γ being the Lorentz factor of the electron, and drops rapidly with increasing θ. Figure 4.3 shows
the angular distribution of backwards TR for electrons with energies of E = 0.5GeV, E = 4.2GeV
and E = 13.1GeV.

While the intensity of TR is spatially centred in a narrow cone with small opening angle around
the backwards axis, scintillation light is emitted in a solid angle of 4π. The principle of spatial separa-
tion is illustrated in Fig. 4.4. The camera is positioned at an angle far away from θmax . The detectable
intensity of TR is then extensively suppressed and negligible compared to the scintillation light. How-
ever, as the angular TR intensity does not fully vanish at any angle θ > 0, the N2 dependent coherent
part of the transition radiation (see Eq. 4.2) may still dramatically enhance the intensity and dom-
inates the incoherent scintillation light. Careful design for the application of the spatial separation
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Figure 4.3:Angular distribution of TR intensity d2UGF
dωdΩ according to the Ginzburg-Frank formula in Eq. 4.1

for different electron energies. There is no intensity at the centre (θ = 0), and the maximum intensity is
obtained at the angle θmax = 1/γ.

method has to be considered, depending on the coherence level and observation geometry of the
imaging system.

Spectral separation

The principle of the spectral separation is to filter out the coherent wavelength content of the transi-
tion radiation. It requires knowledge of the COTR spectrum. Proper choice of the filter and the scin-
tillator material in terms of its characteristic emission wavelength are important. Since the spectrum
could vary depending on the compression settings, and the COTR usually extends into the whole
optical wavelength regime, this method has to be considered explicitly for each specific application.

Reference [LSB+09] has reported one attempt using spectral separation method to mitigate co-
herence effects at the Advanced Photon Source (APS) [APS]. With the evidence that the intensity of
COTR is dominant at the near infrared (NIR) end of the spectrum measured at APS, mitigation of
COTRwas achieved by using a 400nm bandpass filter in combination with a cerium-doped lutetium
oxyorthosilicate (LSO:Ce) scintillator screen which has peak emission at 415nm.

4.2 The Linac Coherent Light Source

The experiments for the spatial separation of COTR are performed at the Linac Coherent Light
Source (LCLS) at the SLAC national accelerator laboratory [SLA], Palo Alto, USA. LCLS is a linac-
based FEL, delivering soft and hard X-ray photon beams [EAA+10]. A layout of the machine is
shown in Fig. 4.5. The electron bunches generated in the photo cathode injector are accelerated
in normal-conducting S-band RF structures ( f = 2856MHz) up to 3.5 − 14GeV and compressed
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Figure 4.4: Illustration for the principle of the spatial separation method. The camera is placed at an angle θ
far away from θmax = 1/γ. The TR intensity is drastically decreased at the angle θ ≫ θmax .

successively in two bunch compressors down to a few femtoseconds. A special laser heater system,
which increases the uncorrelated energy spread of the electron bunch by ∼ 20 keV, is installed after
the first accelerating section L0, and can be operated to effectively suppress micro-bunching insta-
bility [SSY04, HBE+04, HBD+10].

Figure 4.5: Schematic layout of LCLS.The electron bunches are accelerated in the normal-conducting acceler-
ating structures (L0 to L3) and compressed in two bunch compressors (BC1 and BC2). The high-resolution
profile monitor is installed in the section upstream of the undulator. Figure adapted from Ref. [EAA+10].

Various diagnostic stations are available, including one TDS section at low energy, one at high
energy, and recently an X-band TDS system after the undulators serving as time-resolved photon
pulse diagnostics with femtosecond resolution [BDD+14]. LCLS has been suffering from intense
COTR effects even with the laser heater in operation. The laser heater system has been proven to
have intensely reduced the COTR intensity but not fully suppressed it [HBD+10]. The functionality
of all the existing screen monitors are hampered for diagnostics with compressed bunches.
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4 Measurement at LCLS: suppression of COTR

4.3 Experimental details of the spatial separation of COTR

For the purpose of incoherent imaging using the spatial separationmethod, one high-resolution pro-
filemonitor has been developed by the diagnostic group at PSI for application at the future SwissFEL.
The high-resolution profile monitor has been installed at the SwissFEL Injector Test Facility (SITF)
and tested for beam diagnostics such as projected emittance and slice emittance measurements. The
monitor achieves a spatial resolution of 8µm [IKL+14] and its routine use at the SITF has verified its
capability for operation with bunch charges down to 1pC [PAB+14].

In order to investigate the performance of the monitor in a real environment in the presence of
COTR, an exemplar of the high-resolution profile monitor is installed at the Linac Coherent Light
Source (LCLS). Experiments were performed at different machine conditions to study the capability
of the spatial septation method to suppress COTR using the high-resolution profile monitor.

In this section, the design of the profile monitor is presented, and the setup at the LCLS is de-
scribed.

4.3.1 High-resolution profile monitor designed for the SwissFEL

The high-resolution profile monitor for the SwissFEL has been designed by the beam diagnostic
group of Paul Scherrer Institute (PSI) [IT14]. The observation geometry of the monitor has been
optimized taking into account the Snell’s law of refraction to achieve better spatial resolution. Ana-
lytical calculation using simple model shows that broadening effect due to the finite thickness of the
scintillator screen is minimized if the following relation is fulfilled [IKL+14]:

β = − arcsin(n sin α), (4.3)

where β is the angle between the observation point and the screen normal, n the refractive index of
the scintillator and α the angle between the incident beam and the screen normal.

A prototype monitor equipped with different scintillator materials has been tested at the SITF
at PSI. Yttrium aluminum garnet doped with cerium (YAG:Ce5) has achieved the best resolution
[IKL+14]. Figure 4.6 shows the layout of the high-resolution profile monitor. The YAG screen has a
thickness of 30µm and a refractive index of 1.82 at the central emission wavelength of 550nm. The
crystal angle α and observation angle β amount to 8.1○ and 15○, respectively. With the help of an
in-vacuum mirror, the scintillation light is directed to a detection system consisting of a lens6 with
f = 200mm and a CCD camera7 with 1390 × 1037 pixels of pixel size of 6.45µm × 6.45µm. In
order to image the whole scintillator screen in the focus plane, the camera is tilted according to the
Scheimpflug principle8.

5Crytur Ltd., Czech Republic [Cry].
6Nikon Corporation [Nik].
7UNIQ VISION INC. [UNI].
8When the planes of the object, the lens and the detector intersect at the same axis, the whole object is in depth of field
and can be imaged sharply [Sch04].
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Figure 4.6:Observation geometry of the high-resolution profile monitor developed for the SwissFEL. The
crystal angle α is 8.1○ and the observation angle β is 15○. The CCD sensor is slightly tilted to fulfil the
Scheimpflug principle.

4.3.2 Installation at LCLS

One exemplar of the high-resolution profile monitor has been installed upstream of the undulator
section at the LCLS. Since LCLS has been suffering from strong COTR intensities, neutral density
filters with optical density of 2 (transmission of 1%) aremounted onto the vacuumwindow to protect
the camera.

The imaging system installed at LCLS has a demagnification of 1.8 ∶ 1, which corresponds to an
effective pixel size of 11.63µm × 11.63µm. The Ginzburg-Frank formula is not valid for the con-
figuration of the high-resolution profile monitor at LCLS, since the far-field condition is violated. A
generalized equation (see Eq. C.4) is applied for the estimation of the angular distribution of the TR
intensity and is shown in Fig. 4.7. In comparison to the peak value, the measurable intensity at the
detector, which is placed at an angle of 23.1○ (∼ 0.4032 rad) away from the backward axis of COTR,
is expected to be reduced to 2.05 · 10−6 and 1.65 · 10−6 at a beam energy of 4.2GeV and 13.1GeV, re-
spectively. Due to the quadratic dependence on N , which is in the order of 109, suppression of COTR
could fail depending on the coherence level of the electron bunch and has to be tested experimentally.

4.4 Experimental results

Since the scintillation light is emitted incoherently, the total radiated intensity is expected to have a
linear dependency on the bunch charge provided that COTR is suppressed. During each measure-
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Figure 4.7:Angular distribution of TR in (solid lines) far-field and (dotted lines) near-field. The inset plot
shows the TR intensity around the angle of 23.1○ (∼ 0.4032 rad), at which the camera is installed at LCLS.

ment scan, the bunch charge is kept constant, while the transverse or longitudinal bunch structures
are changed. The integrated camera counts in the beam area of each image, which is ameasure for the
radiation intensity, is calculated. Constant camera counts for each scan are expected for incoherent
beam imaging diagnostics.

The experiments were performed at three different machine settings (see Table. 4.1) covering
low to high charge and energy for soft and hard X-rays operations. Both cases with the laser heater
turned on and off are investigated. The case of laser heater on is the nominal operation setting for
LCLS, while the case of laser heater off is explicitly chosen to generate intense COTR.

Table 4.1:Machine settings for the spatial separation experiments at the LCLS.

unit A B C

Charge pC 20 20 150
Energy GeV 4.2 13.1 13.1

4.4.1 Compression scan

As indicated by Eq. 4.2, the coherence level of the COTR intensity depends on the longitudinal form
factor F(k), which is then determined by the longitudinal structures inside the bunch. The compres-
sion settings of the machine are accordingly varied from under-compression to over-compression in
order to change the longitudinal structures of the bunch. Two configurations of the laser heater are
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studied at all three machine settings: (i) the laser heater is turned off (laser energy 0µJ) and (ii) the
laser heater is turned on with a laser energy of 42µJ (corresponding to a heated rms energy spread
of 45 keV [HBD+10]).
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Figure 4.8: Compression scan at the settings A, B and C with the laser heater turned off (blue) and on (red).
During the compression scan at each setting, the RF amplitude and phase of the L2-linac (see Fig. 4.5)
are changed simultaneously to provide different chirps h (energy per length) to the electron bunch while
keeping the beam energy constant. Different chirps of the electron bunch lead to different compressions
in the downstream bunch compressor BC2 (see Fig. 4.5). The dashed vertical lines mark the compression
settings which were used during the measurements presented in Figs. 4.9, 4.11 and 4.13.

The results of the compression scans are shown in Fig. 4.8. At all settings, the scans with laser
heater off (blue line) show notable variations of the intensity. The enhancements of the intensities all
occur at the high compression setting with high peak currents. In the worst case (setting C with high
charge and high energy), fluctuation of the beam shape in the camera images is observed from shot
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to shot. The intensity increases up to a factor of 7, which clearly indicates the presence of COTR.
In the case of the laser heater turned on (red line), the intensity remains constant within a varia-

tion of less than 10% for setting A and B. For setting C, the intensity measured with laser heater on
reaches an enhancement of a factor of 2. A closer look at the single images taken at the compression
setting where themaximum intensity enhancement is observed indicates disturbances from an other
radiation source. As can be seen in Fig. 4.9, the images exhibit on the one edge some stripes pattern
resembling the structure on the chamfer of the in-vacuum mirror (see Fig. 4.10). Since the mirror is
located at a close distance of nominally 3.73mm to the beam axis, there is coherent optical diffraction
radiation (CODR) generated on the edge of the mirror and reflected back to the camera. This CODR
pattern overlaps with the beam image and results in a slight gradient in the background intensity
(see Fig. 4.9). The fact that CODR is produced when the beam is present makes it very difficult to be
separated from the beam image for data analysis. Mirrors with sharper edges are considered in the
future upgrade of the high-resolution profile monitor [Isc].
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Figure 4.9: (Left) Single image containing stripes pattern taken at the machine setting C with the chirp h =−66.4 keV/fs (referred to the dashed line in Fig. 4.8 C), where the intensity enhancement ismaximum. The
laser heater was turned on. (Right) Horizontal profile with a slight gradient in the background intensity.

4.4.2 Beam size scan

In the beam size scans, the transverse beam size of the bunch is varied by changing the quadrupole
strength. The transverse beam size could have an influence on the transverse coherence level. The
other purpose of the beam size scan is to investigate the performance of the scintillator crystal for
different electron densities. When the electron bunch is transversely focused to a small area, the
high electron density may induce saturation of the luminescence centres in the scintillator crystal.
As a result, the intensity of the emitted scintillation light is not in linear dependence of the electron
density any more.
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mirror face

chamfer

Figure 4.10:Microscopic photo of the in-vacuum mirror. The structures on the chamfer induces CODR and
are imaged together with the beam by the camera. Photo courtesy of Rasmus Ischebeck, PSI.

The first scan was performed with low-compression scheme at the machine setting A (referred
to the dashed line at h = −41.2 keV/fs in Fig. 4.8 A) and is presented in Fig. 4.11 A. While the beam
sizes are changed by a factor of 10, the intensity stays constant within a variation of less than 10%.

Another scan was performed with high-compression scheme at the machine setting B (referred
to the dashed line at h = −51.1 keV/fs in Fig. 4.8 B). At this high-compression setting, the intensity
measured with the laser heater turned off exceeds generally that with the laser heater on, regardless
of the transverse beam sizes. A small decrease of the intensity of about 5% with the laser heater on
is observed for one particular beam size. Figure 4.12 shows the vertical beam sizes of the bunches
with different beam areas measured at the setting B with the laser heater turned on. At the beam
area of 0.55 · 104 µm2, where the intensity drops about 5%, the vertical beam size is in waist and the
vertical profile has some flat-top feature (see the inset plot of Fig. 4.12), which is a typical evidence
for saturation in the scintillator crystal.

4.4.3 Laser heater energy scan

It has been shown in the previous two scans that the laser heater system has drastic influence on
the mitigation of the micro-bunching instabilities and effectively reduced the coherence level in the
emission of OTR. One scan of the laser heater energy was performed with the high-compression
scheme at the machine setting B (referred to the dashed line at h = −51.1 keV/fs in Fig. 4.8 B). The
results are presented in Fig. 4.13. With increasing laser heater energy, COTR is quickly suppressed.
Starting from 17.4µJ, the variation of the measured intensity remains within 1%.
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Figure 4.11: Beam size scan at the settings A and B with the compression-scheme referred to the dashed lines
in Fig. 4.8 A (at h = −41.2 keV/fs) and B (at h = −51.1 keV/fs), respectively. The beam sizes are changed
by varying the quadrupole field strength. The beam area is defined as the product of the beam sizes in the
x and y planes.

4.5 Summary

The experiments at LCLS have shown the performance of the high-resolution profile monitor in
beam imaging diagnostics in the presence of coherent emission. Capability of the spatial separa-
tion method to suppress COTR has been proved. Investigations at machine settings with various
beam energies, bunch charges and compression schemes have verified that no distortion of COTR to
the beam images has been observed for the nominal operation settings (laser heater on and normal
compression).

The laser heater system has demonstrated to be effectively helping in reducing COTR. At one
machine setting with high bunch charge and high compression (setting C), an enhancement of the
total radiated intensity up to a factor of 2 is observed even with the laser heater turned on, which
could result from the disturbing intensity of CODR originating from the in-vacuummirror chamfer.
The configuration of the imaging system has to be carefully reconsidered.

The high-resolution profilemonitor installed at the LCLS has brought back the possibility of emit-
tance and slice emittance measurements using imaging screens. First comparison of the measured
projected emittance with the results from using wire-scanners showed agreements.

The experiments at the LCLS have provided much experiences for the European XFEL. A laser
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Figure 4.12:The vertical beam waist is reached exactly at where the dip of intensity in Fig. 4.11 B is observed.
Flat-top feature in the vertical profile could be an indication for the saturation in the crystal.
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Figure 4.13: Scan of the laser heater energy with the high-compression scheme at the machine setting B (re-
ferred to the dashed line at h = −51.1 keV/fs in Fig. 4.8 B).

heater systemwill be installed at the European XFEL as well to mitigate the micro-bunching instabil-
ities. For the profile monitor developed for the European XFEL, the camera is placed at an angle of
45○ away from the backward axis of (C)OTR, which is larger than the 23.1○ of the SwissFEL design.
Therefore, with more suppression of COTR intensity, the profile monitor for the European XFEL is
expected to have good performance for most machine settings.
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5 Measurement at FLASH
Longitudinal diagnostics with TDS and off-axis screen

High-resolution longitudinal diagnostics are desired to control and characterize the driving electron
bunches of the linac-based FELs. Transverse deflecting structure (TDS) is one of the most robust
diagnostics providing high-resolution as well as single-shot capability. With the advancement of the
super-conducting technology, much higher repetition rate of the electron bunches in the linac has
been achieved in comparison to the normal-conducting FELs. Bunch trains containing thousands
of intense photon pulses per second can be generated and delivered to the experiments. The high
average FEL power is highly welcomed by the FEL user community. The successful operation of the
Free-electron Laser inHamburg (FLASH) has demonstrated the excellent performance of the TESLA
super-conducting technology [RST+01], and motivated the project of the European XFEL.

Diagnostics which are non-disruptive to the generation of FEL radiation becomemore important
to high repetition rate FELs, such as FLASH and the European XFEL. On the other hand, the photon
users have requested continuous monitoring of the electron bunch length in order to be noticed
of its possible drifts and investigate its potential correlation to the pulse length of the photon pulses.
Diagnostics fulling these requirements can be realized by a TDS in combinationwith a kickermagnet
and an off-axis screen.

At FLASH, one longitudinal profilemonitor of this kind has been constructed and commissioned
at a location directly upstream of the undulators. Themonitor is operated in the pulse-stealingmode,
in which only one bunch out of a bunch train is used for diagnostic purposes and lost for the gener-
ation of FEL pulses. The remaining bunches are not affected. The monitor helps the operator setting
up the machine and has been routinely used by the FEL users to monitor the longitudinal profile as
well as possible electron bunch length variations.

This monitor at FLASH serves as a test platform for the European XFEL, which is foreseen with
three online longitudinal diagnostic sections in the pulse-stealingmode. In addition, some prototype
components for the EuropeanXFEL are installed for themonitor, and are characterized. One close-by
dispersive section, where the longitudinal phase space of the electron bunch can bemeasured, allows
for comparison of the longitudinal profiles with these obtained with the monitor, which makes an
investigation on the performance of the monitor possible.

In this chapter, the setup of the longitudinal profile monitor at FLASH and the implementation
of the data analysis software of the monitor are described. After the commissioning of the monitor,
systematic errors due to initial correlations inside the bunch are investigated.
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5 Measurement at FLASH: longitudinal diagnostics with TDS and off-axis screen

5.1 The Free-electron Laser in Hamburg

The Free-electron Laser in Hamburg (FLASH) is a high-gain SASE FEL which can deliver thousands
of femtosecond photon pulses per second in the wavelength range from vacuum ultraviolet (VUV)
to soft X-rays [SFF+10]. At a maximum electron beam energy of 1.25GeV, the corresponding wave-
length of 4.12nm reaches the water window, offering exciting possibilities to research [GHM+11].
After the last upgrade, the second undulator beamline FLASH 2 with variable gap has been commis-
sioned and achieved the milestone of first lasing, which accredits FLASH as the first facility serving
independently two undulator beamlines with the same electron source [SF14].

A schematic layout of FLASH is shown in Fig. 5.1. The laser-driven RF gun generates electron
bunches with a variable charge from 0.1 nC to 3nC. The bunches are then accelerated with the seven
super-conducting TESLA modules [RST+01], operated at 1.3GHz, up to about 1.25GeV and com-
pressed longitudinally in two stages with the magnetic chicanes. A third harmonic system operated
at 3.9GHz (depicted as the red RF station in Fig. 5.1) is added after the first accelerating structures
for linearising the longitudinal phase space (t, E). As a FEL user facility based on super-conducting
technology, thousands of electron bunches per second are allowed to provide photon pulses to the
FEL users.

After the linear accelerator section, the electron bunches are distributed towards the FLASH 1
and 2 undulator beamlines. Photon pulses with different wavelengths can be delivered by the two
undulator beamlines at the same time. FLASH 1 beamline uses fixed-gap undulators, where the pho-
ton pulse wavelength is determined by the electron beam energy. The FLASH 2 undulators are with
variable gaps, so that the electron bunches with beam energy required for FLASH 1 can produce FEL
radiation at a different wavelength.

315 m 
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Bunch Compressors 

450 MeV 

Accelerating Structures RF Stations 

Lasers 
RF Gun 

Soft X-ray 
Undulators sFLASH 

FEL Experiments 

Photon 
Diagnostics 

Beam Dump 

THz FLASH1 

Figure 5.1: Schematic layout of FLASH with the two undulator beamlines FLASH 1 and 2. Figure adapted
from Ref. [FLA].

5.2 Experimental details of the longitudinal diagnostics

The experiments are carried out at FLASH 1, using the existing longitudinal diagnostic section, where
a TDS system together with a dipole magnet as well as a fast kicker magnet are available.

92



5.2 Experimental details of the longitudinal diagnostics

The TDS is a LOLA-type disc-loaded RF waveguide structure [ALL64], and located upstream of
the FLASH 1 undulators. It is operated at a frequency of 2.856GHz and streaks the bunch in the
vertical direction. The short filling time of 0.645µs of the RF pulses allows for measurements of
single bunch even at 1MHz repetition rate.

Two possible operation modes for use with the TDS are illustrated in Fig. 5.2. The first mode
(Fig. 5.2 (a)) incorporates the non-dispersive section for the so-called pulse-stealing mode, where
only one bunch out of the bunch train is used for the measurement and lost for the generation of FEL
pulses. As usually one extra bunch added to the end of the long bunch train is used for diagnostics,
the pulse-stealing mode appears effectively as non-destructive to the FEL operation. Downstream
of the TDS, a fast kicker magnet deflects the electron bunch horizontally onto an off-axis screen.
The kicker magnet is capable of separating single bunch out of a bunch train with spacing down to
1µs as well, attributed to its short pulse length of 1.2µs. By setting the trigger timings of the TDS
and the kicker magnet to the one and the same bunch, the longitudinal beam profile is obtained for
the selected bunch, while the remaining bunches of the bunch train are not affected and continue
traversing through the undulators for the generation of FEL pulses. The off-axis imaging screen is a
scintillator screen (CRY19 1, 25mm × 20mm, 100µm thickness) with a horizontal offset of 15mm
from the screen centre to the beam axis. The angle between the screen normal and the beam axis
amounts to 35○ and the scintillation light emitted in the direction perpendicular to the beam axis
is captured by the camera system2. This configuration utilizes the spatial separation method (see
Section 4.1.2) to avoid the problem of coherence effects.

Alternatively (Fig. 5.2 (b)), the TDS can be operated together with a dipole magnet for the mea-
surement of the longitudinal phase space (t, δ). The downstream horizontal dipole diverts the beam
path with 10○ into the dispersive section towards to local beam dump. The horizontal dispersion
at the screen amounts to Dx ∼ 750mm. The imaging screen is a scintillator screen (YAG:Ce3,
40mm × 30mm, 100µm thickness) mounted at an angle of 45○ between the screen normal and the
beam axis. The camera system4 is positioned perpendicular to the beam axis. Coherence effects have
not been observed and proved to be suppressed in the dispersive section [BGK+12]. In this operation
mode, FEL delivery is disrupted, and the number of bunches is limited to two bunches due to the
capacity of the local beam dump at the end of the dispersive beamline. Usually single-bunchmode is
used for the longitudinal phase space measurement in the dispersive section, which is very useful for
beam studies and setting up the compression. However, variations of the parameters of the bunches
are expectedwhen themachine is switched from single- tomulti-bunchmode. The dispersive section
is not usable in multi-bunch operation and thus does not allow measuring the variations of different
bunches in the bunch train.

1Crytur Ltd., Czech Republic [Cry].
2Manta G145B, Allied Vision Technologies GmbH, Germany [AVT].
3Yttrium aluminum garnet doped with cerium, Crytur Ltd., Czech Republic [Cry].
4GC1380, Allied Vision Technologies GmbH, Germany [AVT].
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(a)  non-dispersive section: longitudinal profile monitor

(b)  dispersive section: longitudinal phase space measurement

Figure 5.2: TDS diagnostic section at FLASH 1. (a) The non-dispersive section incorporates the longitudinal
profile monitor operated non-disruptive to the FEL delivery. (b) The dispersive section provides measure-
ments of the longitudinal phase space.

5.2.1 Image processing

The raw data for all the measurements utilizing the TDS are camera images, from which the beam
parameters (e.g. the beam size , beam profile) may be derived. Therefore, the images have to be
carefully processed to filter out the noisy contents. An algorithm for image processing has been
implemented at FLASH and proved to be adaptable to beams of arbitrary shape. The algorithm is
described in detail in Appendix D.

The basic principle involves the following steps:

1. subtraction of background signals arising from dark current and noise in the CCD sensor,

2. estimation of the threshold intensity for the beam,

3. determination of the region of interest (ROI) area containing the beam,

4. setting the intensity of all pixels outside the ROI to zero.

Figure 5.3 shows an example of a simulated 2-dimensional Gaussian beam added with normal dis-
tributed noises, and the corresponding image after image processing. The calculated beam size of the
processed image agrees with the simulated one. Another example of the application of the algorithm
on real electron beam is shown in Fig. 5.4. The algorithm has successfully distinguished the on-crest
beam in sinusoidal shape from the noisy backgrounds.
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5.2 Experimental details of the longitudinal diagnostics
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Figure 5.3: (Left) Simulated 2-dimensional symmetric Gaussian beamwith normal distributed noises. (Right)
After image processing. The rms beam size of the processed image is determined to be 45.86 pixel and is
identical to that of the originally simulated beam.
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Figure 5.4: (Left) Raw camera image with real beam. (Right) After image processing. The beam image is
recorded with the YAG:Ce screen in the dispersive section.

5.2.2 Calibration of the kicker magnet

The EuropeanXFELwill employ four fast kickermagnets in each of the three TDS diagnostic sections
(see Section 3.2). In order to estimate if the kick strength of the kicker magnet to be installed at the
European XFEL is sufficient, the knowledge of the calibration of the kicker magnet is needed. For
this purpose, a modified version of the prototype kicker magnet for the European XFEL has been
installed at FLASH. Table 5.1 lists the main parameters of the test kicker magnet compared to the one
to be installed at the European XFEL.

Different methods were used to calibrate the strength of the kicker magnet. The kick strength
scales according to

k[mrad] = c · N · L[mm] ·U[kV]
D[mm] · E[GeV] , (5.1)
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5 Measurement at FLASH: longitudinal diagnostics with TDS and off-axis screen

Table 5.1: Comparison of the main parameters of the prototype kicker magnet at FLASH with that of the
design version for the European XFEL .

unit FLASH European XFEL

No. of copper bar N 1 2
voltage U kV 0 − 20 0 − 20
beam energy E GeV 0.4 − 1.25 0.15 − 2.4
length L mm 580 350
beampipe diameter D mm 34 40

whereN is the number of the copper bars, L the length of the copper bars,D the diameter of the beam
pipe, E the energy of the electron bunch, c a dimensionless scaling factor. The calibration measure-
ments were carried out at an electron energy of E = 700MeV and the results are presented in Fig. 5.5.
The deviation of the method C from the others results very likely from a systematic error (i.e. error
in the calibration of the screen employed in this method). Based on the calibration measurement at
FLASH, a characteristic scaling factor of c = 0.0056 is obtained for the prototype kicker magnet. By
substituting the according parameters from Table 5.1, the kicker magnet for the European XFEL is
estimated to provide a kick strength of k[mrad] = 0.098 ·U[kV]/E[GeV].
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Figure 5.5: Calibration of the prototype kicker magnet at FLASH with 3 different methods. In method A,
the beam position at a downstream beam position monitor (BPM) is recorded at different voltages of the
kicker magnet. Method B compensates the steering effects of the kicker magnet by using a steerer to keep
the beam at a fixed position. Method C is similar to A, with the beam position being measured with a
downstream imaging screen. The proportionality c · N · LD · E is determined from the slope of the fits to the
measurement data, and listed in the figure.
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5.2 Experimental details of the longitudinal diagnostics

5.2.3 Timing of the camera gate

The TDS diagnostic sections at the EuropeanXFELwill encounter the situation that the kicked bunch
will arrive at the designated off-axis screen aswell as at a subsequent one (see Fig. 3.10) during the slice
emittance measurement. The spacing between these two bunches could be as small as 220ns (at the
maximum repetition rate of 4.5MHz), when four consecutive bunches are necessary for providing
online slice emittance at 10Hz. As a result, images recorded on the subsequent screen may contain
radiation intensities from both bunches, since the minimum exposure time of the CCD camera to be
used at the European XFEL is 18µs [Bas]. It is important to verify that the rising and falling time of
the camera gate are fast enough to resolve the two bunches separately. Otherwise an overlap of them
will lead to a distorted image, resulting in inaccurate beam sizes.

Tests of the camera gate timing have been conducted with the camera5 in the dispersive section
at FLASH. Two bunches with a spacing of 1µs (corresponding to the maximum repetition rate of
1MHz at FLASH) are transported onto the screen. The TDS is switched on with a minimum RF
voltage to steer the second bunch, so that it is spatially separated from the first one, which eases the
data analysis. Two possible methods are tested and illustrated in Fig. 5.6. The method A triggers
the camera gate in-between the two bunches and images only the second bunch, while the method B
images only the first bunch by setting the falling edge of the camera gate in-between the two bunches.
During the tests, the trigger timing of the camera is scanned in 110ns steps (the smallest interval in
the timing system for FLASH), and the intensity of the images of the two bunches is calculated. The
exposure time of the camera is set to the minimum value of 8µs.
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Figure 5.6: Illustration of the test for the timing of the camera gate at FLASH. Method A triggers the camera
gate in-between the two bunches, and images the second bunch at the rising edge of the camera gate.
Method B images the first bunch at the falling edge of the camera gate.

The results obtained with method A is presented in Fig. 5.7. The scan starts with both bunches
being fully imaged and ends with both bunches vanishing. As can be seen in the inset image for
t = 15 · 110ns, the image of the first bunch (to the right edge) does not fully disappear before the
image of the second bunch (in the middle) starts to vanish. Since the scintillation light has a certain
5GC1380, Allied Vision Technologies GmbH, Germany [AVT].
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5 Measurement at FLASH: longitudinal diagnostics with TDS and off-axis screen

decay time, the intensity of the first bunch is reduced to about 4%, but not fully suppressed. A clear
temporal separation of the images of these two bunches is not possible.
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Figure 5.7: Test of the camera gate timing with the method A. The trigger timing of the camera is scanned in
110ns step. Bunch No.1 (blue line) is spatially separated from bunch No.2 (red line) with the help of the
TDS. Intensity of the image of the two bunches is measured at different trigger timings of the camera. The
inset plot shows the image taken at the trigger timing of t = 15 · 110ns.
Figure 5.8 shows the results obtainedwith themethod B.The scan starts with both bunches disap-

pearing and endswith both bunches being fully imaged. The first bunch is completely imaged starting
at the trigger timing of t = 9 · 110ns. The second bunch becomes visible later at t = 10 · 110ns (see the
inset image), which makes a temporal separation of the two bunches possible. However, this method
becomes critical when the bunch spacing is smaller than 1µs.
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Figure 5.8: Test of the camera gate timing with the method B. The inset plot shows the image taken at the
trigger timing of t = 10 · 110ns. It should be noted that the start of the trigger timing at t = 0ns is a relative
value, and cannot be compared to the one presented in Fig. 5.7.

One remedy for the European XFEL is illustrated in Fig. 5.9 using the method B. The pattern for
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5.3 Longitudinal profile monitor

the bunch and the kicker magnet combination is configured in the way that the overlapping bunches
on the camera No.3 are temporally separated with as much time interval as possible. In this example,
the bunchNo.1 is kicked onto the designated screen S3, while the bunchNo.4 is assigned to the screen
S1 but continues to the screen S3 as well. The two bunches on the screen S3 can be resolved separately
at 1MHz, but requires explicitly spatial separation at the full repetition rate of 4.5MHz. It should be
noted that the camera trigger test at FLASH was not performed with the same camera to be installed
at the European XFEL. The performance of the camera for the European XFEL is expected to be
comparable, but has to be characterized in the real conditions after installation.

bunch No.1
kicked by K3

bunch No.4 
kicked by K1

exposure
gate timing diagram
for camera No.3

~660ns @ 4.5MHz

~3μs @ 1MHz

t

Figure 5.9: Remedy for the European XFEL using the method B to resolve two overlapping bunches. The
camera No.3 sees two bunches within one bunch train: bunch No.1 kicked by the third kicker magnet K3
onto the designated screen S3, and bunchNo.4 kicked by the kickermagnet K1 to the screen S1 but arriving
at the screen S3 as well.

5.3 Longitudinal profile monitor

The longitudinal profile monitor utilizes the non-dispersive section, as illustrated in Fig. 5.10 with its
main components. By setting the trigger timings for the TDS, the kicker magnet and the camera to
one and the same bunch, the monitor is configured in bunch-stealing mode, in which one bunch out
of the bunch train is streaked and deflected onto the off-axis screen for the measurement while the
remaining bunches continue to the generation of FEL radiation. Shifting the trigger timings for all
components by the same amount allows for monitoring any bunch within the bunch train.

The algorithm of the longitudinal profile measurement has been implemented on the MATLAB
interface as well as the control system platform. Reliable operation of the longitudinal profile mon-
itor requires comprehensive measures concerning technical aspects, such as induced beam loss. In
addition, RF drifts of the TDS cause drifts of the transverse bunch position, which has to be com-
pensated.
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5 Measurement at FLASH: longitudinal diagnostics with TDS and off-axis screen

TDS kicker magnet absorber undulator

BLM

Figure 5.10: Schematic layout of the longitudinal profile monitor. The main components are the TDS, the
kicker magnet, the off-axis screen and the copper absorber. Three bunches are illustrated, with the blue
one used for the measurement, the yellow ones for the generation of the FEL pulses.

5.3.1 Beam loss

In order to prevent damage to the accelerator, especially the undulators, in case of beam loss, a ma-
chine protection system (MPS) [FHL+06] including beam loss monitors (BLM) and a toroid protec-
tion system (TPS) [HLN+07] are in operation at FLASH. The MPS stops the generation of electron
bunches in case of beam loss by utilizing a fast shutter in the photo-cathode injector laser with a
total response time of below 4µs. Online TDS measurements in bunch-stealing mode intentionally
cause beam losses. The electron bunch that is kicked out of the bunch train onto the off-axis screen
is stopped in a copper absorber with a length of 256mm behind the off-axis screen (see Fig. 5.10) and
generates a shower of secondary particles. Most of the secondary particles are blocked by a lead wall
of 100mm located directly behind the absorber. Nevertheless, the BLMs in the downstream undula-
tor section are very sensitive to protect the undulators from demagnetization, and generate alarms,
although these alarms do not represent unwanted beam loss inside the undulators. Furthermore, the
absence of the kicked bunch downstream of the off-axis screen is detected by the TPS and an alarm
is generated as well.

Electronic circuits have been developed to mask both the analogue signals generated by the
BLMs [Göt04] and a bunch gate received by the TPS for the duration of the kicked bunch (∼ 1µs).
The timing of the BLM and TPS mask can be set in accordance with the kicked bunch used for diag-
nostics.

5.3.2 Implementation onMATLAB interface

Control and data analysis of the monitor is first implemented using the MATLAB R⃝ interface to the
control system. A screen shot of the MATLAB graphical user interface (GUI) is shown in Fig. 5.11,
where the second bunch out of two bunches are used for the monitor. The processed image, the
longitudinal profile as well as the histories of the peak current, the rms bunch length and the full-
width-at-half-maximum (FWHM) bunch length are displayed. Depending on the size of the image,
results are provided with ∼ 1Hz.
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5.3 Longitudinal profile monitor

Figure 5.11: Screen shot of the MATLAB GUI for operation with the longitudinal profile monitor. The dis-
played beam parameters are: (First row from left) the processed image, the history of the peak current;
(Second row from left) the longitudinal current profile, the history of the rms bunch length, the history of
the FWHM bunch length.

5.3.3 Integration in the control system

After the successful operation on the MATLAB interface, the algorithm has been adapted and in-
tegrated as a C++ based middle layer server of the accelerator control system [YBG+13, Wyc]. The
longitudinal profile server adds more functionality to the monitor and enables full data utilization
rate at 10Hz.

A simplified diagramwhich illustrates the data flow for the longitudinal profile server is depicted
in Fig. 5.12. At FLASH, communication with hardware is realized by front-end servers of the dis-
tributed object-oriented control system [DOO]. Both beam images taken with the camera and the
bunch charge recorded with the toroid are read out by their corresponding front-end servers, and
the data is transferred to the shared memory of the data acquisition system (DAQ) [AAD+08]. All
front-end servers receive unique identifiers from the timing system for each bunch train, and collec-
tor processes take care that the data from all distributed front-end servers is sorted according to the
bunch train in the shared memory of the DAQ. In case data is received, the DAQ delivers the raw
image and bunch charge to the longitudinal profile server. The server performs the image processing
and sends calculated parameters of the bunch back to the shared memory of the DAQ.

The longitudinal profile monitor is extended with a TDS RF phase feedback server. Any timing
change between the arrival time of the bunches at the TDS and the TDS RF phase results in a centroid
deflection of the bunches. Arrival time changes can be caused by RF amplitude or phase changes of
the accelerating modules upstream of the bunch compressors, leading to path lengths changes in the
magnetic chicanes. Changes of the TDS RF phasemay originate from length changes of the RF cables
due to temperature drifts. In order to keep the beam in the centre of the imaging screen, a slow TDS
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5 Measurement at FLASH: longitudinal diagnostics with TDS and off-axis screen
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Figure 5.12: Flow diagram of the longitudinal profile monitor in the DOOCS [DOO] control system. For a
detailed description see the text.

RF phase feedback has been implemented as a middle-layer server. The server is an adaptation of the
slow phase feedback [KS13] for the accelerating modules. When the longitudinal profile server sends
a centre-of-mass beam position to the shared memory of the DAQ, the position is sent to the slow
TDS RF phase feedback server. The value of the centre-of-mass position is compared to the target
value, and a proportional-integral (PI) controller calculates the corrected TDS RF phase set-point
which is then written to the corresponding property of the TDS RF front-end server.

5.4 Studies on initial correlations in bunch

As described in Section 2.2.1, longitudinal profile measurements with the help of TDS are affected
by the initial correlations in the transverse-longitudinal plane inside the bunch. Largely different re-
sults could be yielded at different TDS RF zero-crossings. Influence of the initial correlations on the
measured longitudinal profiles has been observed at FLASH. In order to obtain the real longitudinal
profile, measurement at one TDS RF zero-crossing is not sufficient, and reconstruction method re-
quiringmeasurements at both TDS RF zero-crossings, as described in Section 2.2.1, has to be applied.

The TDS diagnostic section at FLASH provides the opportunity to measure the longitudinal pro-
files at two different sections, allowing for an investigation of the effectiveness of the reconstruction
method. At three accelerator settings with different compression schemes, the longitudinal profiles
are measured in the dispersive and non-dispersive section with the TDS operated at two different RF
zero-crossings. The electron bunches have an energy of 700MeV and a bunch charge of 0.33nC. The
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Figure 5.13: Longitudinal profiles measured with the TDS operated at the RF zero-crossings φ+,−: Setting A
with low compression. The images are single-shot images.

reconstructed profiles obtained in the two sections are compared with each other.
Figure 5.13 shows the longitudinal profiles measured at the machine setting A in the dispersive

(blue) and non-dispersive (red) section with the TDS operated at the RF zero-crossings φ+,−. The
electron bunch is slightly compressed with a linear chirp. Small variations of the profiles are visible
at the two phases. Both sections measured a wider profile at φ+ with a small local peak at the bunch
tail on the negative time axis. In the images taken in the dispersive section (left), microstructures are
visible in the longitudinal phase space.

Comparison of the results obtained at the machine setting B with moderate compression is pre-
sented in Fig. 5.14. The non-dispersive section measured profiles with pronounced discrepancies at
the two phases, while the dispersive section measured comparable profiles. The local peaks at the tail
of the bunches, measured at the TDS RF phase φ+, are underestimated in the longitudinal profiles
measured at φ−.

Figure 5.15 shows the longitudinal profiles measured at the machine setting C with strong com-
pression. Large energy spread of ∼ 2% peak-to-peak leads to cut-off of the beam on the screen in the
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Figure 5.14: Longitudinal profiles measured with the TDS operated at the RF zero-crossings φ+,−: Setting B
with moderate compression.

dispersive section, as can be seen in the middle left image. Both sections observed large deviation in
the longitudinal profiles measured at the two phases. In general, the non-dispersive section is more
sensitive to the initial correlation due to the relatively weak streaking effect from the TDS resulted
from the accelerator optics.

Figure 5.16 compares the reconstructed profiles with indication of the calculated rms bunch
length. Although the individual profiles measured at each RF phase display noticeable deviations,
very good agreement is achieved in the reconstructed profiles. In setting C with very short bunches
(< 70 fs), the two small local peaks at the edges of the bunch cannot be resolved in the non-dispersive
section. This might result from the worse rms longitudinal resolution of ∼ 38 fs compared to ∼ 12 fs
in the dispersive section.

The rms bunch lengths of the profiles measured at the two TDS phases φ+,− and these of the
reconstructed profiles, as well as the measured longitudinal resolutions are listed in Table 5.2. The
statistical errors are given. The successful application of the reconstruction method proves it to be
necessary and useful.
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5.5 Comparison with the coherent intensity spectrometer
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Figure 5.15: Longitudinal profiles measured with the TDS operated at the RF zero-crossings φ+,−: Setting C
with strong compression.

5.5 Comparisonwith the coherent intensity spectrometer

Complementary to the time-domain longitudinal profile measurements using TDS are frequency-
domainmeasurements, which are realized at FLASHwith the coherent intensity spectrometer [Wes12].
The spectrometer measures the spectral-resolved intensity in the 5µm−430µmwavelength range of
the transition radiation emitted from the electrons. In this wavelength range, the intensity is domi-
nated by the coherent part of the transition radiation. Taking into account the bunch charge, the ab-
solute value of the longitudinal form factor ∣F(λ)∣, the Fourier transform of the normalized longitu-
dinal profile (see Eq. 4.2) can be computed. Furthermore, an approximate longitudinal profile can be
retrieved from ∣F(λ)∣with the help of the Kramers-Kronig relations for phase retrieval [LS97, GS06].
Detailed descriptions of the coherent intensity spectrometer and the method for reconstructing the
longitudinal profile can be found in Refs. [Wes12, WSB+11].

For all three machine settings studied in Section 5.4, the longitudinal profiles have been retrieved
using the coherent intensity spectrometer as an independent diagnostic method. The spectrometer
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Figure 5.16: Comparison of the reconstructed longitudinal profiles measured in the dispersive and non-
dispersive section. The profiles are averaged over 20 single-shots. The rms bunch lengths are indicated
with statistical errors.

is located directly after the last accelerating structures (see Fig. 5.1). In Fig. 5.17, the retrieved profiles
from the spectrometer measurements are compared with the reconstructed profiles obtained from
the measurements at both TDS RF phases. The overall shapes of the profiles from TDS measure-
ments agree with those from spectrometer measurements. At the machine setting C, a pronounced
local peak current at t ∼ −70 fs is observed in the retrieved profile from spectrometer measurements
(green). This local peak current is underestimated in the reconstructed profile from TDS measure-
ments in the dispersive section (blue), and not resolved in the measurements in the non-dispersive
section (red). The limited longitudinal resolutions of TDS measurements (see Table 5.2) might ac-
count for the suppression of the local current peak. At the ends of the bunch towards the positive
time axis, the retrieved profiles from spectrometer measurements show small oscillations containing
currents with negative values. The rms bunch lengths are determined from the retrieved profiles ex-
cluding the oscillations. The bunch lengths obtained with different methods agree with each other,
except in case C where the bunch length from spectrometer measurements exceeds those from TDS
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5.6 Summary

Table 5.2: Summary of the rms bunch lengths σt ,+ , σt ,− , σt ,recon measured at the two TDS phases φ+ , φ− and
of the reconstructed profile, as well as the measured rms longitudinal resolution Rt . The values are given
with statistical errors in the unit of [fs].

dispersive section non-dispersive section
setting A

σt,+ 232 ± 4 279 ± 7
σt,− 201 ± 9 209 ± 5
σt,recon 219 ± 3 238 ± 3
Rt ∼ 15 ∼ 34

setting B
σt,+ 122 ± 4 140 ± 5
σt,− 103 ± 6 89 ± 4
σt,recon 110 ± 3 111 ± 2
Rt ∼ 17 ∼ 45

setting C
σt,+ 74 ± 4 84 ± 4
σt,− 64 ± 5 58 ± 5
σt,recon 66 ± 2 69 ± 3
Rt ∼ 12 ∼ 38

measurements by ∼ 30%.

5.6 Summary

A system consisting of a longitudinal profile monitor utilizing a TDS, a fast kicker magnet and an
off-axis screen has been commissioned at FLASH, which is now used routinely by the operators and
other users. In order to comply with long-time machine operation, different technical obstacles have
been overcome and software for data analysis has been prepared.

Themonitor serves as a platform to test various prototype components and ideas for the European
XFEL. Calibration of the prototype kicker magnet has been performed and the value adopted in
the design of the accelerator optics for the European XFEL. In order to resolve the problem that
two consecutive bunches arriving at the same screen may not be distinguishable, a remedy has been
proposed based on the results of the investigation on the camera gate timing.

Deviation of the longitudinal profiles measured at different TDS RF zero-crossings indicates the
existence of systematic errors resulting from the initial correlation in the transverse-longitudinal
plane of the electron bunch. The reconstruction method as described in Section 2.2.1 has been ap-
plied. Comparisonwith the longitudinal profiles obtained in longitudinal phase spacemeasurements
has demonstrated good agreements of the reconstructed profiles, and proved the efficiency of the re-
construction method. Comparison with the results of the independent spectrometer measurements
has further confirmed the reliability of the reconstruction method.

Stable performance of the monitor during FEL deliveries has validated the feasibility of the idea
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Figure 5.17: Comparison of the reconstructed profiles (presented in Fig. 5.16) with the retrieved longitudinal
profiles from spectral measurements using the coherent intensity spectrometer. The rms bunch lengths
are indicated.

of online longitudinal diagnostics with TDS in pulse-stealing mode, and provided valuable practical
experiences for the implementation of similar systems at the European XFEL. It should be especially
emphasized that measurement of the longitudinal profile at one TDS RF zero-crossing is not suffi-
cient, when there exist initial correlations inside the electron bunch. Measurements at two different
TDS RF zero-crossings are necessary to reconstruct the longitudinal profile, and to calculate the
length of the electron bunch.
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6 Measurement at SITF
Comparative emittancemeasurements using quadrupole scan andmulti-screenmethod

The projected emittance and slice emittance of electron bunches are crucial parameters to the perfor-
mance of the FELs. Reconstruction of projected and slice emittance can be realized bymeasuring the
beam sizes of the bunch at locations with different transfer matrices (see Section 1.2). Quadrupole
scan and multi-screen method are the two most widely used methods for emittance measurements.
The quadrupole scan varies the transfer matrices by changing the strengths of the quadrupoles, and
thus the accelerator optics between the reconstruction and the measurement point. When multiple
quadruples are used, the accelerator optics can be changed freely and the steps of the variations can
be organized with flexibility. However, it cannot be performed parasitically during the generation
of FEL pulses. In the multi-screen method, the accelerator optics remain unchanged, and measure-
ments are performed at different locations to obtain various transfer matrices. It requires dedicated
diagnostic section, where the number of the screens defines the number of measurement points. The
multi-screenmethod provides the possibility of parasitic emittancemeasurements without interrupt-
ing the generation of FEL pulses in a so-called pulse-stealing mode: One or several bunches from a
bunch train are deflected onto off-axis screens for diagnostic purpose, and the remaining bunches
are not affected and traverse through the undulator for the generation of FEL pulses. Such online
diagnostics are highly demanded for high repetition multi-bunch FELs.

The European XFEL will employ the multi-screen method with off-axis screens for online emit-
tancemeasurements during the generation of FELpulses in the pulse-stealingmode (see Section 3.2.1),
and at the same time retain the possibility of using the quadrupole scan method for the commission-
ing period. The implementation of off-axis screens and fast kickermagnets for online diagnostics has
been validated at FLASH (see Section 5.3). It is important to gather experience with the procedures
of emittance measurement and investigate the performance of these two methods compared to each
other.

The SwissFEL Injector Test Facility (SITF) at PSI, Villigen, Switzerland provides an existing diag-
nostic section, where the quadrupole scanmethod has been established as a standard tool for routine
use in emittance measurements [PA14, Pra14]. With the installation of a transverse deflecting struc-
ture, the diagnostic section allows furthermore longitudinal diagnostics, such as longitudinal profile,
longitudinal phase space and slice emittance [PAB+14]. Multiple screens that are originally planned
for emittance measurements using the multi-screen method have been installed and are available
in the diagnostic section. In this thesis, first application of the multi-screen method for emittance
measurements at SITF has been achieved. Results of the projected and slice emittancemeasurements
using themulti-screenmethodhave been comparedwith those using the established quadrupole scan
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6 Measurement at SITF: emittance measurements

method. Measurements with both compressed and uncompressed bunches have been performed.
In this chapter, the experimental setup at the SITF is described and the results of the measure-

ments of projected and slice emittance using both methods are presented. Following that, discussion
of the deviation in the results and correction of the results with systematic errors are described. In
the end, a summary with learnt experience for the European XFEL is given.

6.1 The SwissFEL Injector Test Facility

The SwissFEL, a normal-conductingX-ray free-electron laser, is under construction at the Paul Scher-
rer Institut (PSI) in Switzerland and will commence commissioning in 2016, with first FEL operation
expected by 2017. It will serve two undulator beamlines delivering FEL pulses in the range from
0.1−7nm [G+12]. In order to demonstrate the feasibility of the SwissFEL, the SwissFEL Injector Test
Facility (SITF) [P+10] has been built, where different concepts and prototype components are tested.

A schematic layout of the SITF is shown in Fig. 6.1. The electron bunches are generated in a
laser-driven RF gun and then further accelerated in four S-band normal-conducting accelerating
structures, which are operated at a frequency of f ≈ 3GHz. An X-band system working at the
fourth harmonic of the S-band structures with f ≈ 12GHz is installed to linearise the longitudinal
phase space before the electron bunches are compressed longitudinally in themagnetic chicanes. The
maximumbeam energy after compression is 250MeV and the nominal charge formachine operation
can be varied from 10pC to 200pC.

Photocathode
Laser

3 GHz Accelerating Structures

FODO Cells

TDS: Transversely Deflecting Structure
FODO: Focusing - Drift - Defocusing - Drift

TDS

Spectrometer

Spectrometer
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Accelerating

Structure

Gun

Figure 6.1: Schematic layout of the SwissFEL Injector Test Facility at PSI. Figure adapted from Ref. [IBSS09].

The compact and complete diagnostic section is located downstream of the bunch compressor
and comprises various components for different diagnostic purposes. An S-band transverse deflect-
ing structure (TDS), which provides a maximum effective voltage of 5MV, streaks the bunch in the
vertical direction. It allows for time-resolved longitudinal diagnostics and enables slice emittance
measurement in the horizontal plane. A Focusing-Drift-Defocusing-Drift (FODO) section is in-
stalled downstream of the TDS for the emittance measurements, where multiple transverse imaging
screens can be employed for both quadrupole scan and multi-screen method. At the end of the SITF
beamline, the bunches can be deflected by a dipole magnet into the energy spectrometer. In com-
bined use with the TDS, the longitudinal phase space can be obtained there.
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6.2 Experimental details for the multi-screen and quadrupole scan method

6.2 Experimental details for themulti-screen and quadrupole scan
method

The emittancemeasurements based on the quadrupole scan andmulti-screenmethod are performed
in the diagnostic section. Figure 6.2 shows the detailed arrangement of the accelerator components
starting from the TDS to the last transverse imaging screen. The TDS is followed by five quadrupoles,
which are used for the quadrupole scan method, and a 3.5-cell FODO section with seven standard
screen stations (marked as red dots in Fig. 6.2), which are designed for the multi-screenmethod. The
seven standard screen stations are equipped with optical transition radiation (OTR) and scintillator
screens. A high-resolution transverse profile monitor [IT14] (marked as a green dot in Fig. 6.2) is
available at the end of the section.

TDS Quadrupole OTR/Scintilattor screen

Spectrometer

Scintillator screen

Figure 6.2: Schematic layout of the diagnostic section for emittance measurements. It comprises one S-band
TDS, five quadrupoles used in the quadrupole scan method, and a FODO section with multiple screen
stations used in the multi-screen method.

6.2.1 Accelerator optics

As can be seen in Eq. 1.21, accuracy of emittance measurement is sensitive to the accelerator optics.
In addition, accelerator optics influence the longitudinal resolution of the TDSmeasurement as well.
Careful calculation in the accelerator optics is essential for a robust emittance measurement. Differ-
ent accelerator optics are designed for the projected and slice emittance measurements using these
two methods.

Multi-screenmethod

Figure 6.3 shows the symbolic beamline layout of the diagnostic section starting from the TDS (top)
and the design optics for the multi-screen method (bottom). The same accelerator optics is adopted
for both projected and slice emittance measurements. It should be mentioned that although there
exists different optimum accelerator optics for them, a shared optics simplifies the measurement
procedures by avoiding changing and matching the optics.

At the TDS, a large βy = 40m in the streaking direction is essential for a good time resolution (see
Eq. 2.21). The beam is thenmatchedwith help of five quadrupoles into the 3.5-cell asymmetric FODO
section with phase advances of 72○ and 52○ in each cell in the x and y plane, respectively. Seven OTR
and scintillator screens (i.e. seven data points) are available for each measurement. The value of the
emittance is reconstructed at the entrance of the first quadrupole. In addition, the Twiss parameters
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6 Measurement at SITF: emittance measurements

at the reconstruction point are designed to share the same value as these for the slice emittance mea-
surement using the quadrupole scan method, making an extra comparison of the Twiss parameters
possible.
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Figure 6.3: Symbolic beamline layout (top) and design optics (bottom) for the emittance measurement using
the multi-screen method. The beamline from the TDS to the end of the FODO section is depicted. The
orientation of the blue bars, representing the quadrupoles, indicates the sign of the quadrupole field (pos-
itive and negative orientation means focusing in the x and y plane, respectively), and the height of the
bars scales with the strength of the quadrupole field. The multi-screen method employs the same optics
for both slice and projected emittance measurements.

The phase advances ∆µx and ∆µy from the TDS to the individual screens are shown in Fig. 6.4
(left). For the measurement of projected emittance, a total phase advance of 206○ and 153○ are cov-
ered in the x and y plane, respectively. Only five screens are utilized for the measurement of slice
emittance, as measurements at the first and last screen in the FODO cell with phase advances of
∆µy = 189○ and ∆µy = 342○, respectively, have worse longitudinal resolution from the TDS due
to the sin(∆µy) term in Eq. 2.21. Compared to the fourth screen with ∆µy = 270○, the obtainable
longitudinal resolutions at the first and last screen are expected to increase by a factor of 6.4 and 3.2.

Quadrupole scanmethod

The quadrupole scan method is the standard method for measuring projected and slice emittance at
the SITF [PAB+14, Pra14]. It is well established and has been used routinely during machine setup.

A high-resolution profile monitor, dedicated for the quadrupole scan method, has been installed
at the end of the FODO section (denoted with a green dot in Fig. 6.3). The large space and num-
ber of available quadrupoles between the TDS and the high-resolution profile monitor provide more
flexibility and easier realization in designing the accelerator optics for the quadrupole scan method.
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Figure 6.4: Phase advances of the optics designed for the slice emittance measurement: (left) from the TDS to
each screen for the multi-screen method and (right) from the TDS to the high-resolution profile monitor
at each quadrupole setting for the quadrupole scan method.

One single quadrupole (the fifth quadrupole in Fig. 6.3) is scanned for the measurement of projected
emittance, covering phase advances in total of approximately 180○ in both x and y planes at the same
time [Pra14]. Five quadrupoles (the first five quadrupoles in Fig. 6.3) are employed together for the
measurement of slice emittance [PAB+14]. The reconstruction point for the slice emittance and its
value of Twiss parameters are the same as those in the multi-screen method, which makes addition-
ally a comparison of the reconstructed optics using these two methods possible. The phase advances
for themeasurement of slice emittance are displayed in Fig. 6.4 (right). With the combined use of the
five quadrupoles, the horizontal phase advance ∆µx covers from 30○ to 180○ with equal steps. Rela-
tive constant ∆µy around 90○ is achieved to maximize the streaking effect of the TDS and maintain
constant longitudinal resolution throughout the scans. In addition, the horizontal beta-functions at
the high-resolution profile monitor are designed to be constant at βx = 40.5± 3.1m during the scan.
The large value of beta-function leads to a large beam size on the screen, thus improving the accuracy
of beam size measurement. The constant beam sizes ensure comparable error contributions from the
screen resolution.

6.2.2 Imaging system

The screen monitors inside the FODO section [IBO+10] are equipped with multiple screens and op-
tical systems (see Fig. 6.5). One OTR (aluminium-coated silicon mirror) and one scintillator screen
(LuAG:Ce, i.e. lutetium aluminium garnet doped with cerium) are rotated in the horizontal plane
at an angle of 45○ between the screen normal and the incoming beam axis. The optical system, con-

113



6 Measurement at SITF: emittance measurements

sisting of a room-temperature CCD camera1 and a commercial macro lens2, is positioned to detect
the light emission at an angle of 90○ to the beam axis. With a calibration of 4.55µm/pixel, the field
of view of the imaging system amounts to 5.46mm and 7.28mm in the x and y plane, respectively.
As the Scheimpflug criterion [Sch04] is not fulfilled in the imaging system, only the central horizon-
tal part of the screens with a width of about 1mm can be imaged within depth of field to achieve
reasonable resolution. The LuAG screen has much higher light yield than the OTR screen, which
is very desired for operation with low-charge bunches, but it provides worse spatial resolution due
to the finite thickness of the scintillator screen (compare Section 4.3.1). Therefore, the OTR screens
are chosen for the emittance measurements using the multi-screen method. The spatial resolution is
determined according to ISO12233 standards [IOS00] to be 150 lp/mm using uniform illumination.
Taking into account the angular distribution characteristic of OTR, the resolution with real beam is
estimated to be below 15µm full-width-at-half-maximum (FWHM) [IBO+10].

Alignment hole and 

calibration scale

Wire scanner

OTR screen

(Al-coated Si wafer)

Scintillator screen

(Ce:LuAG)

RF shield

beam axis 

 

Camera

Mirror

Vertical insertable 

screen holder

Figure 6.5: Screenmonitor used for themulti-screenmethod at the SITF. (Left)The screen holder with scintil-
lator andOTR screens. (Right) Chamber of the screenmonitor containing the camera, mirror and vertical
insertable screen holder. Figure adapted from Ref. [IBO+10].

The high-resolution profile monitor, which is employed for the quadrupole scan method, is de-
signed in a special configuration to achieve a resolution much smaller than the thickness of the scin-
tillator. It ismore robust than theOTR screen for operationwith low-charge bunches due to its higher
light yield. A detailed description of the profile monitor can be found in Section 4.3.1.

1Sony ICX274AL.
2Micro Nikkor 200mm f/4.
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6.2 Experimental details for the multi-screen and quadrupole scan method

6.2.3 Error discussion

statistical error

As given in Eq. 1.27, error propagation method can be used to estimate the statistical error of the
reconstructed emittance resulting from statistical error in the beam size measurements. However,
when the optics have a large mismatch parameter, the probability distribution of the measured emit-
tance is no longer in a Gaussian shape and cannot be sufficiently described by the approach of error
propagation. One more elaborate method is to use Monte-Carlo simulation to compute the proba-
bility distribution of the emittance.

Monte-Carlo simulations are performed for slice emittance measurements with the transfer ma-
trices (from the reconstruction point to the individual measurement point) that are used later in the
real measurements, and the parameters similar to that in the real measurements, i.e. normalized
emittance of εN = 0.5µm, beam energy of E0 = 200MeV. A beam size error of 5% is assumed,
which is comparable to the beam size errors measured in the experiments presented in Sections 6.3
and 6.4. The Twiss parameters at the reconstruction point are varied. For each combination of beta-
and alpha-function, reconstruction of the horizontal emittance is repeated for 1000 samples of beam
sizes with Gaussian distributed error. From the probability distribution of the 1000 reconstructed
emittance values, the mean value ε̄ and the standard deviation σε are evaluated. Detailed explanation
of the procedure of Monte-Carlo simulations can be found in Section 1.3.1.

Figure 6.6 shows the relative deviation of themean value of emittance ε̄ from the design emittance
εN in a colour code. The quadrupole scanmethod (right) works for a slightly larger range of the initial
Twiss parameters than the multi-screen method (left). For initial Twiss parameters of mismatch
parameter up to M = 1.5, both methods yield reconstructed emittances with deviations of smaller
than 4% from the design emittance. Outside of a certain range, the deviation could increase rapidly
so that both methods fail.

Figure 6.7 shows the relative standard deviation σε/ε̄ of the probability distribution of the re-
constructed emittance from the 1000 samples for different combinations of the initial Twiss param-
eters. For matched beams (M ≈ 1), the probability distribution of the measured emittance is still
in Gaussian shape, and its standard deviation agrees with the error obtained from the error propa-
gation method. At the design optics (M = 1) using the assumed statistical beam size error of 5%,
the deviation of the mean value ε̄ from the design emittance is determined to be less than 0.2% for
both methods, and the relative standard deviation σε/ε̄ is 5.7% and 2.9% for the multi-screen and
quadrupole scan method, respectively. The quadrupole scan method is more robust for mismatched
beam: the error is below 10% for bunches with mismatch parameter up to M = 1.5, while in case of
the multi-screen method the error exceeds 10% for bunches with mismatch parameter of M > 1.1.
For mismatched beams with M > 1.5, the multi-screen method expects relative standard deviations
larger than 30%, although the mean value could still have discrepancy of less than 10% from the
design emittance.
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6 Measurement at SITF: emittance measurements
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Figure 6.6: Statistical error in slice emittance measurements estimated with Monte-Carlo simulations: Devi-
ation of the mean value of the reconstructed emittances ε̄ from the design emittance εN using (left) the
multi-screen method and (right) the quadrupole scan method. The colourmap is limited to the value of
30% to be capable of displayingmore details in the areas with smaller values. The design optics is indicated
by the circle in the middle, and the Twiss parameters with mismatch parameters of M = 1.1 and M = 1.5
are highlighted in the figure as well.

systematic error

One of themain contribution to the systematic error is the screen resolution. The different spatial res-
olutions of the OTR screens (15µm [IBO+10]) and high-resolution profile monitor (8µm [IKL+14])
result in different systematic errors of the two methods. Depending on the actual beam size, the in-
fluences of the screen resolutions could differ strongly, and be dominating in some cases. Therefore,
systematic errors due to screen resolution are discussed individually in Section 6.5.

The accuracy of beam size measurement is affected by the screen calibration error as well, which
is estimated to be in the order of 1% at SITF. In the quadrupole scan method, all beam sizes σi are
measured using the same one screen, and have errors of the same factor of ∆i = ∆ ∼ N (0, 1%2)3 from
the real beam sizes. The emittance, which is reconstructed from the squared beam size σ2 ∼ (1+∆)2,
has accordingly an error of (1 + ∆)2 − 1. In case of a small calibration error of 1%, the error of the
measured emittance can be approximated by the first order term 2∆ = 2%. The situation is different
for themulti-screenmethod, where beam sizemeasurements were performed using different screens.
Each measured beam size σi has an uncorrelated error of the factor of ∆i ∼ N (0, 1%2), ∆i ≠ ∆ j. The
influence of the calibration errors of the individual screens can be investigated using Monte-Carlo
simulation similar to that for the statistical errors (see Fig. 6.6 and 6.7). When the beam is matched
to the design optics, the calibration error of 1% leads to a relative standard deviation of < 1% of the

3The probability distribution of ∆ is a normal distribution centred at 0 and with a standard deviation of 1%.
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6.3 Experimental results for uncompressed bunches
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Figure 6.7: Statistical error in slice emittance measurements estimated with Monte-Carlo simulations: Rela-
tive standard deviations of the reconstructed emittance using (left) the multi-screen method and (right)
the quadrupole scan method. The colourmap is limited to the value of 30% to be capable of displaying
more details in the areas with smaller values. The design optics is indicated by the circle in the middle,
and the Twiss parameters with mismatch parameters ofM = 1.1 andM = 1.5 are highlighted in the figure
as well.

reconstructed emittance in the multi-screen method.
Other important systematic errors include quadrupole field error (0.2% at SITF), error in energy

measurement (0.1% at SITF) [PA14] and beam size definitions. Both quadrupole field and energy
error translate into inaccuracy of the transfer matrix. Furthermore, the errors in energy measure-
ment affect the normalization of the measured emittance to normalized emittance. Compared to the
influences from optics mismatch and beam size errors, the errors from these sources are negligible.

6.3 Experimental results for uncompressed bunches

Comparative measurements were performed using uncompressed electron bunches with an energy
of 200MeV. All accelerating modules were operated on-crest. The highest possible charge of 200pC
was chosen in order to maximize light emission from the unstreaked and streaked bunches using the
OTR screens.

The quadrupole scan has been used routinely for optimizing the slice emittance at the SITF
[PAB+14] and usually the optics can be matched within 2 to 3 matching iterations. Before start-
ing the comparative measurements, the necessary matching of the accelerator optics was performed
using the quadrupole scan method. For the matching of the optics used in the multi-screen method,
the quadrupole scan method was employed, since they share the same Twiss parameters at the re-
construction point. It should be noted that for the multi-screen method, the optics is not matched
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6 Measurement at SITF: emittance measurements

for the projected bunch, but for the central slice of the bunch.
During the measurements, the last OTR screen in the FODO section was defect, which left 6

screens available for the projected emittance measurement using the multi-screen method, and 5 for
the slice emittance measurement. For each beam size measurement, multiple images were recorded
for statistical reason (20 single shot images for the multi-screen method, 10 for the quadrupole scan
method). Each image was first subtracted with background images and then processed to reduce
noise (see Appendix D). Since the beam profiles were in Gaussian shape for measurements with both
the uncompressed and compressed bunches, the beam sizes are determined by using Gaussian fit to
the transverse profiles. On the other hand, determination of beam sizes from Gaussian fit is more
robust than rms values in the case that the OTR screens have very low signal to noise ratio. The errors
given in the following sections include only statistical errors and are determined according to error
propagation (see Eq. 1.27).

During the slice emittance measurements, the bunch length is determined from Gaussian fit.
Each slice is defined with a width of 1/5 of the bunch length and the central slice as the one at the
longitudinal mean position of the bunch. The same definition is used in both methods for consis-
tency.

6.3.1 Projected emittance

During themeasurement using themulti-screenmethod, the images taken with the 4th. OTR screen
displayed two beamlets similar to the features of the OTR point spread function (see Fig. 6.8) and
therefore were omitted for the reconstruction of the emittance.
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Figure 6.8: Example beam image taken with the 4th. OTR screen during the projected emittance measure-
ment with uncompressed beam. Two beamlets are visible.

For each of the method, one measurement was performed. The results of the projected emittance
measurements are presented in Fig. 6.9, and the reconstructed normalized projected emittances εx ,y
together with the mismatch parametersMx ,y are summarized in Table 6.1. The results obtained with
these two methods are comparable, but the normalized emittances derived using the multi-screen
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6.3 Experimental results for uncompressed bunches

method are slightly larger than that using the single quadrupole scan method in both planes. Errors
from optics mismatch are minimized in the single quadrupole scan method, while the mismatch pa-
rameters of 1.13 and 1.07 in the multi-screen method indicate that there is still an error contribution
stemming from the optics mismatch.
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Figure 6.9: Fits of the beam ellipses using (left, solid lines) the multi-screen method and (right, dashed lines)
the single quadrupole scan for themeasurement of horizontal (blue) and vertical (red) projected emittance
with uncompressed bunches. The lines represent each measured beam size. The results are presented in
normalized coordinates as given in Eq. 1.26.

Table 6.1: Summary of projected emittance measurements with uncompressed bunches.

multi-screen method single quadrupole scan

εx 487 ± 8 nm 486 ± 2 nm
Mx 1.13 1.00

εy 479 ± 6 nm 458 ± 3 nm
My 1.07 1.06
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6 Measurement at SITF: emittance measurements

6.3.2 Slice emittance

The accelerator was operated with the same settings as for the projected emittance measurement.
Several matching iterations were performed tomatch the central slice to the design optics. The bunch
length was determined from Gaussian fit and amounts to approximately 3 ps. Each slice was chosen
to have a width of ∼ 0.6 ps.
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Figure 6.10: Slice emittance measured at the first TDS RF zero-crossing with uncompressed bunches using
(top, solid) multi-screen and (bottom, dashed) quadrupole scan method. The red lines represent the mis-
match parameter with respect to the design optics. The grey lines (with filled areas) represent the longitu-
dinal profile in arbitrary units. The head of the bunch is on the right hand side of the horizontal axis.

The deflecting power of the TDS PTDS was kept at amoderate value complying with the following
restrictions: (i) The beam size of the streaked bunch on the OTR screens should be relatively small so
that there will be still enough light emission from the OTR screens, (ii) The longitudinal resolution is
still enough to resolve the slices. The TDS power PTDS remained constant for all the measurements
using the multi-screenmethod (PTDS = 0.07MW) and quadrupole scanmethod (PTDS = 0.11MW),
so that influence from the TDS induced effects can be excluded in the reconstruction of emittance.
Due to the significant differences in the spatial resolutions and light yields of the OTR and high-
resolution screens, as well as the accelerator optics, an identical TDS power for both methods was
not possible. As expected from Fig. 6.4, themeasured longitudinal resolution on the first OTR screen
was only 1/2 of the bunch length and therefore not usable for slice emittance measurement.
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6.3 Experimental results for uncompressed bunches
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Figure 6.11: Slice emittancemeasured at the secondTDSRF zero-crossing (i.e. with 180○ phase shift compared
to Fig. 6.10) with uncompressed bunches using (top, solid) multi-screen and (bottom, dashed) quadrupole
scan method. The red lines represent the mismatch parameter with respect to the design optics. The grey
lines (with filled areas) represent the longitudinal profile in arbitrary units.

Figure 6.10 shows the normalized horizontal slice emittance and slice mismatch parameter ob-
tainedusing (top)multi-screen and (bottom) quadrupole scanmethodwith theTDSoperated around
the RF zero-crossing. The grey lines (with filled areas) represent the current in each slice. The re-
constructed slice emittance from these two methods shows the same behaviours along the slices:
constant emittance for the slices with positive indices and increasing emittance values towards the
negative indices. The slice mismatch parameter from these two methods show the same feature as
well. The slice emittance values obtained with the multi-screen method are in general larger than
those obtained with the quadrupole scan method.

In order to investigate the influence of the TDS streak and the initial bunch correlation in (y, z)
and (y′, z) on the reconstructed longitudinal distribution, the slice emittance measurement was re-
peated at the other TDS RF zero-crossing (see Fig. 6.11), i.e. with 180○ phase shift compared to
Fig. 6.10. The consistency of the reconstructed slice emittance and slice mismatch parameter de-
rived for these two TDS RF zero-crossings excludes the influence of an initial bunch correlation and
further confirms the reliability of the measured results. The fact of measuring larger slice emittance
from the multi-screen method than the quadrupole scan method is still observed.

121



6 Measurement at SITF: emittance measurements

Table 6.2: Summary of the central slice parameters measured with uncompressed bunches.
unit multi-screen quadrupole scan

1st. TDS phase
εx nm 369 ± 11 314 ± 7
Mx 1.10 1.19
βx m 6.58 ± 0.32 5.73 ± 0.18
αx −0.95 ± 0.05 −0.90 ± 0.02

2nd. TDS phase
εx nm 353 ± 13 321 ± 7
Mx 1.18 1.12
βx m 6.23 ± 0.31 6.19 ± 0.21
αx −1.03 ± 0.04 −0.86 ± 0.02
βDesign,x m 9.43
αDesign,x −1.02

Since the design Twiss parameters at the reconstruction point are the same in the measurements
using these two methods, they can be compared as well. Table 6.2 summarizes the reconstructed
parameters for the central slice, which was the one matched during the matching iterations. Al-
though the slice emittancemeasured with themulti-screenmethod is larger than that measured with
quadrupole scan method, the Twiss parameters measured with both methods and at both TDS RF
zero-crossings show good consistency. In all cases, the measured beta-function has a large deviation
of ∼ 40% to the design value, while the alpha-function is matched within ∼ 10% to the design value.
Better matching could not be achieved during the matching iterations at the beginning of the mea-
surement series. According to Figs. 6.6 and 6.7, the relative deviation of the reconstructed emittance
(measured at the initial optics of β ≈ 6 m and α ≈ −1) from the real value is estimated to be below
2% for both methods, and the relative standard deviation of the reconstructed emittance below 10%.
It cannot fully explain the discrepancy of the emittance of ∼ 15% measured using the two methods.
Possible systematic errors resulted from the screen resolution are discussed in Section 6.5.

6.4 Experimental results for compressed bunches

It is important tomeasure and control the slice parameters for compressed bunches, since they are re-
quired for the SASE process to generate FEL pulses. Comparison of the twomethods, as described in
the latter section, is repeated for compressed bunches with identical beam energy and bunch charge.
The bunches were compressed slightly4 with a compression factor of ∼ 6. Themeasured bunch length
amounts to ∼ 500 fs as determined from a Gaussian fit.

4The compression factor of 6 is comparable to the design nominal compression factor of 8 to 12 at the first bunch com-
pressor for the SwissFEL.
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6.4 Experimental results for compressed bunches

6.4.1 Projected emittance

Figure 6.12 compares the results of the projected emittance measurements for compressed bunches.
The reconstructed normalized projected emittances εN together with the mismatch parametersMx ,y

are summarized in Table 6.3. The results obtained with these two methods are comparable in the x
plane, while a large discrepancy is observed in the y plane. It can be seen in Fig. 6.12 (bottom left)
that one beam size measurement has large offset to the fit with the ellipse probably due to systematic
error, which could then result in inaccuracy of the reconstructed emittance.
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Figure 6.12: Fits of the beam ellipses using the (left, solid lines) multi-screenmethod and (right, dashed lines)
the single quadrupole scan for the measurement of the horizontal (blue) and vertical (red) projected emit-
tance with compressed bunches. The lines represent each measured beam size.

6.4.2 Slice emittance

For slice emittancemeasurements with compressed bunches, the deflecting power of the TDSwas in-
creased to have better longitudinal resolution than for themeasurementswith uncompressed bunches.
In order to have enough signal to noise ratio in the images takenwith theOTR screenswith themulti-
screen method, the TDS power was chosen to be below the maximum value. The TDS power for the
multi-screen and quadrupole scan method was 0.76MW and 1.99MW, respectively. The slice width
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6 Measurement at SITF: emittance measurements

Table 6.3: Summary of projected emittance measurements with compressed bunches.

multi-screen method single quadrupole scan

εx 676 ± 11 nm 675 ± 8 nm
Mx 1.10 1.00

εy 639 ± 12 nm 743 ± 11 nm
My 1.13 1.05

is chosen to be 1/5 of the bunch length, i.e. 100 fs. The relative small TDS power for the multi-screen
method leads to relatively worse longitudinal resolution at the OTR screens, whose influence on the
slice emittance measurements are discussed later in Section 6.5.

Figure 6.13 shows a comparison of the slice emittance andmismatch parametermeasuredwith the
multi-screen (top) and quadrupole scan method (bottom). An increase of the mismatch parameter
along the slices with negative indices is observed in both methods. The multi-screen method shows
a slow increase, while the quadrupole scan method displays rapid growth. Large discrepancy of the
slice emittance appears in the slices with large mismatch parameters.

Results obtained at the second TDS RF zero-crossing are shown in Fig. 6.14. Both methods show
the same tendency in the evolution of the slice mismatch parameters as those observed at the first
TDS RF zero-crossing. The multi-screen method yields larger emittance than the quadrupole scan
method, which is observed in the comparativemeasurementwith uncompressed bunches aswell. The
parameters for the central slice are summarized in Table. 6.4. Although both the beta- and alpha-
function deviate from the design values, the emittance measured at this mismatched optics will have
deviation of less than 1% and an error of less than 5% according to Figs. 6.6 and 6.7. The discrepancy
of the measured emittance with the two methods is more than 15%, and cannot be fully explained
by optics mismatch. A possible systematic error accounting for this discrepancy is discussed in Sec-
tion 6.5.

Comparison of the Twiss parameters measured with uncompressed and compressed bunches
reveals that different optics were generated during the matching iterations at the beginning of each
measurement series. The values of projected and slice emittancemeasured with compressed bunches
are larger than these with uncompressed bunches. This emittance growth (∼ 40% in the projected
emittance and ∼ 25% in the central slice emittance) is probably induced by coherent synchrotron
radiation (CSR) and longitudinal space charge (LSC) in the bunch compressor chicanes, as well as
systematic errors due to dispersive effects and coupling in the transverse plane.

6.5 Correctionwith screen resolution

In general, it has been observed that with the multi-screenmethod larger emittances have beenmea-
sured than with the quadrupole scan method. One possible explanation for this discrepancy of the
values obtained with these two methods could be the worse resolution of the imaging systems used
for the multi-screen method. The resolution of the OTR screen stations in the FODO section was
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6.5 Correction with screen resolution
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Figure 6.13: Slice emittance measured at the first TDS RF zero-crossing (the same as for Fig. 6.10) with com-
pressed bunches using (top, solid) the multi-screen and (bottom, dashed) the quadrupole scan method.
The red lines present the mismatch parameters with respect to the design optics. The grey lines (with filled
areas) represent the longitudinal profile in arbitrary units.

estimated to be 15µm. With a design beta-function of 3m, the beam sizes at the OTR screens are
expected to be 62µm (assuming a normalized emittance of 0.5µm and beam energy of 200MeV),
which is significantly influenced by the errors arising from the screen resolution. Themeasured beam
size σ is larger than the real one, and given by σ =√σ20 + σ2resol , with σ0 the real beam size and σresol
the screen resolution. Correction with this systematic error is performed: the resolution has been
subtracted quadratically from the measured beam sizes, and the emittance has been reconstructed
then with the corrected beam sizes. Since the high-resolution profile monitor has better resolution
of 8µm and the beam sizes are expected to be 226µm (calculated for the design beta-function of
βx ,screen ∼ 40m assuming a normalized emittance of 0.5µm and beam energy of 200MeV), the
correction with the screen resolution in case of the quadrupole scan method is within error bars of
statistical error. For example of the real measurement, the smallest beam size 125.7 ± 4.1µm of the
central slice will be corrected to 125.4µm.

Figure 6.15 shows the results of slice emittance measurements with uncompressed bunches after
the corrections with screen resolutions. Compared to the results without corrections with the screen
resolutions (see Fig. 6.10 and 6.11), the discrepancy of 15% of the measured emittance for the central
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6 Measurement at SITF: emittance measurements
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Figure 6.14: Slice emittancemeasured at the secondTDSRF zero-crossing (the same as for Fig. 6.11) with com-
pressed bunches using (top, solid) the multi-screen and (bottom, dashed) the quadrupole scan method.
The red lines present the mismatch parameters with respect to the design optics. The grey lines (with filled
areas) represent the longitudinal profile in arbitrary units.

slice is significantly reduced. At both TDS RF phases (top and bottom), excellent agreements of the
measured values (within the error bars) of slice emittance and mismatch parameter are achieved in
most slices.

In the case of compressed bunches (see Fig. 6.16), these two methods show much improved con-
sistency in the results after corrections with screen resolutions. A good agreement especially in the
slices with small mismatch parameter (M < 1.5) is obtained. For the central slice, the deviation of
the measured value for the slice emittance is reduced from 15% to 7%, which is then in the order of
the statistical and systematic error. For the slices at the tails of the bunch (with negative slice indices),
where the mismatch parameter measured with the quadrupole scan method is larger than 1.5, errors
in the reconstructed emittance could increase rapidly above 10% as indicated in Fig. 6.7.

For themeasurements with compressed bunches, the limited longitudinal resolution on the OTR
screens used in themulti-screenmethod has pronounced influences on the dividing of the slices. For
example, the measured longitudinal resolution on the 6th. OTR screen was approximately 1/5 of the
bunch length, which then equals to the chosen width of each slice, whereas the one on the 4th. OTR
screen was 1/16 of the bunch length. Although the slices have the same length, the same slice in the
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6.6 Summary

Table 6.4: Summary of the central slice parameters measured with compressed bunches.
unit multi-screen quadrupole scan

1st. TDS phase
εx nm 449 ± 11 372 ± 6
Mx 1.05 1.15
βx m 12.57 ± 0.51 15.18 ± 0.18
αx −1.19 ± 0.06 −1.28 ± 0.03

2nd. TDS phase
εx nm 457 ± 13 388 ± 5
Mx 1.06 1.13
βx m 13.26 ± 0.63 14.92 ± 0.3
αx −1.30 ± 0.07 −1.35 ± 0.04
βDesign,x m 9.43
αDesign,x −1.02

measurement on each screen do not contain the identical electrons due to the different longitudinal
resolutions. As can be seen in Fig. 6.13 and 6.14, the longitudinal current profiles measured with the
multi-screen method differ slightly from these measured with the quadrupole scan method, which
is an indication of inconsistencies of the slices. The worse and differing longitudinal resolutions at
the OTR screens in the measurements with the multi-screen method can account for the deviation
of the results. Taking into account this influence, excellent agreements of the measured values have
been achieved using the two methods.

6.6 Summary

Comparative measurements of projected and slice emittance have been performed using the multi-
screen and quadrupole scanmethod at the SITF. The measured projected emittance is larger than the
emittance of the central slice by a factor of about 1.5 and 1.7 for the uncompressed and compressed
bunches, respectively. It has been observed that the optics and emittance of the slices vary quickly
along the slices, which may result in different lasing performance of the slices when the bunch is
used for the generation of FEL pulses. Therefore, the time-resolved slice parameters are necessary
and more crucial to describe the quality of the bunch than the projected parameter.

Emittance growth of compressed bunches has been measured: ∼ 40% in the projected emittance
and ∼ 25% in the central slice emittance. It could be probably induced by CSR and LSC in the bunch
compressor chicanes, as well as systematic errors due to dispersive effects and coupling in the trans-
verse plane.

Monte-Carlo simulations for the multi-screen and quadrupole scan method reveal that the emit-
tance error resulted from statistical beam size error of 5% is small when the beam is matched: 5.7%
and 2.9%, respectively. Errors below 10% are expected in the quadrupole scan method for bunches
with mismatch parameter M < 1.5 , and in the multi-screen method for M < 1.1. The quadrupole
scan is more robust for mismatched beams due to the larger number of measurement points.
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Figure 6.15: Results of slice emittance measurements with uncompressed bunches after the beam sizes cor-

rected with the screen resolution. The values of slice emittance and slice mismatch parameter obtained
with (solid line) the multi-screen and (dashed line) the quadrupole scan method are compared. Re-
sults measured at both TDS RF zero-crossings are displayed (top: 1st. zero-crossing, bottom: 2nd. zero-
crossing).

The first experimental results has shown slight discrepancy of the values obtained with the two
methods. The screen resolution was the dominating factor in the systematic errors and has strong
influence on the beam sizemeasurements in themulti-screenmethod, in which the screen resolution
was worse and the beam size was smaller due to a smaller beta-function. After correction with the
screen resolution, excellent agreement (within error bars) of the central slice emittance measured
with the two methods has been achieved for uncompressed bunches. In the case of compressed
bunches, deviation of the central slice emittance measured with the two methods has been reduced
from 15% to 7%. In order to minimize the crucial influence of the screen resolution on the emittance
measurement, either an imaging system with high-resolution is required, or the beta-function at
the screens should be large to have large beam size. The latter can be more easily achieved in the
quadrupole scan.

Consistency of the slice parameters obtained at both TDS RF zero-crossings excludes systematic
errors due to initial correlation in the transverse-longitudinal plane. For themulti-screenmethod, the
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6.6 Summary
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Figure 6.16: Results of slice emittance measurements with compressed bunches after beam sizes corrected

with the screen resolution. The values of slice emittance and slicemismatch parameter obtainedwith (solid
line) the multi-screen and (dashed line) the quadrupole scan method are compared. Results measured at
both TDS RF zero-crossings are displayed (top: 1st. zero-crossing, bottom: 2nd. zero-crossing).

low light yield of theOTR screens put restraints on the streaked beam sizes, resulting in a limited TDS
power and thus worse longitudinal resolution on the screens. Furthermore, different longitudinal
resolutions have been measured on different OTR screens, which leads to inaccuracies of the slice
definitions. In contrast, it is easier in the quadrupole scanmethod to achieve comparable longitudinal
resolutions for the measurement points by using multiple quadrupoles at the same time.

Matching iterations are essential, since confidential measurements require matched beam for
both methods. For the slice emittance measurement, where the slice parameters could differ largely
along the bunch, the matching procedure should be applied to the slices instead of the projected
bunch.

The measurements at the SITF provide valuable experience for the design of the emittance mea-
surement procedure at the European XFEL, where themulti-screenmethod will be mainly employed
for the emittancemeasurements, accredited to its capability of carrying outmeasurements during the
generation of FEL pulses by implementing off-axis screens and fast kicker magnets. Taking into ac-
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6 Measurement at SITF: emittance measurements

count the experiences from theSITF, optimization of the design accelerator optics of emittance mea-
surements for the European XFEL has put especially emphasis on the error sensitivity due to optics
mismatch, the longitudinal resolutions at the screens and the influence of screen resolution on the
relatively small beam sizes on the screens in the multi-screen method.
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7 Summary

The European XFEL will generate coherent X-rays with wavelengths in the (sub-)Ångström-range
for the study of ultra-fast processes in the femtosecond regime. In this thesis, three high-resolution
longitudinal diagnostic sections with transverse deflecting structures (TDS), whichwill providemea-
surements of the longitudinal profile, the longitudinal phase space, the slice energy spread and the
slice emittance, have been designed for the European XFEL. The requirement of being (quasi) non-
destructive to the generation of FEL pulses has been fulfilled by the implementation of fast kicker
magnets and off-axis screens.

Extensive modelling of the measurements have been conducted for the designed diagnostic sec-
tions. Error analysis using both analytical and numerical methods has proved the reliability of the
design for the emittance measurements. In the studies presented for the BC1 section, statistical beam
size errors of 5% lead to statistical errors of 5% on the measurements of both the slice and projected
emittance, when the normalized emittance is assumed to be 1µm. Investigation on the systematic
errors resulting from various sources has revealed that errors caused by the dispersions generated by
the kicker magnets are especially sensitive to the variation of the actual beam parameters of the elec-
tron bunch. Particle tracking simulations using S2E bunches have verified that reliable slice emittance
measurements can be obtained in the online mode with the kicker magnets switched on, while pro-
jected emittance measurements should be performed in the offline mode. Influences of other issues
that can be encountered in practice on the performance of the slice emittance measurements have
been studied using simulations which lead to the following conclusions: (i) The beam size defini-
tions using rms value and Gaussian standard deviation yield different results, (ii) Large TDS effective
voltage is desired to minimize overlapping of the slices, (iii) The slice width should be chosen with
respect to the longitudinal resolution, (iv) As the variation of the Twiss parameters along the bunch
increases, accurate emittance measurements can be only achieved in the slices with small mismatch
parameters.

For the longitudinal phase space measurement designed, the achievable longitudinal resolutions
are expected to be in the 100 fs range in the injector section, and 10 fs in the BC1 and BC2 sections.
Simulations using S2E bunches have shown good agreement between themeasured longitudinal pro-
file and the reference. However, the measured slice energy spread has shown significant deviation
from the reference value, which can be explained neither by the induced energy spread from TDS
nor by the energy resolution in the dispersive plane. A special slicing procedure has been developed
and applied, which results in remarkable improvement in slice energy spread measurement. When a
slice width of 60 fs is chosen, deviation of the measured slice energy spread from the reference value
has been reduced significantly from 18% using the common slicingmethod to < 1% using the special
slicing method.
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7 Summary

Several aspects of the concept have been investigated at various existing FEL facilities. Coherent
emission of transition radiation in the optical wavelength regime may hamper the beam imaging di-
agnostics, which is an essential part of the longitudinal diagnostic sections. Incoherent beam imaging
can be achieved using a scintillator screen together with the spatial separation method to suppress
the co-existing COTR. First experimental study of the spatial separationmethod has been performed
at LCLS, which proves the method capable of fully suppressing COTR at nominal operation settings.
These experimental results predict successful future operation of the TDS diagnostic sections de-
signed for the European XFEL, where the same spatial separation method with different geometrical
layout will be employed.

First implementation of the concept of using fast kicker magnets and off-axis screens to real-
ize diagnostics that are (quasi) non-destructive to the generation of FEL pulses has been achieved
at FLASH in the form of an online longitudinal profile monitor, the high demand of which proves
the importance of longitudinal diagnostics with online capability for the European XFEL. During
the operation of the monitor, disagreements have been observed in the profiles obtained at different
TDS RF phases. It has been concluded for the future operation at the European XFEL that longitu-
dinal profile measurement at one TDS RF phase will be insufficient, when there exists a transverse-
longitudinal correlation inside the bunch. Systematic studies on the reconstruction method have
been performed, in which the bunch lengths measured at the two TDS diagnostic sections have been
compared to those determined independently using the coherent intensity spectrometer. Deviation
between the bunch lengths are below 6%at the investigatedmachine settingswhere the bunch lengths
are comparatively long. At a setting where the electron bunch length is below 100 fs, the deviation
increases to 30%, which may be attributed to the limited resolution of the TDS measurements and
the systematic errors in the phase retrieval using the spectrometer measurement.

Practical experiences with emittance measurements have been gained at the SITF, with emphasis
on the comparison of the multi-screen method with the quadrupole scan method. The screen reso-
lution has dominated the systematic errors of the measurements using the multi-screen method due
to the small beam sizes in the FODO cells. After the measured beam sizes have been corrected with
the screen resolution, deviation between the central slice emittances measured with the twomethods
has been removed from the initial 15% for uncompressed bunches, and reduced from 15% to 7% for
compressed bunches. The longitudinal resolution has strong influences on the slice definitions in
the measurements using the multi-screen method, and should be kept as constant as possible on all
screens. The experience gained at SITF has been applied to the design for the European XFEL.
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A Monte-Carlo sampling of correlated
multivariate Gaussian distribution

As described in Section 1.2.1, the vector o and its covariance matrix Σo can be determined using
linear least square methods. The sought-after emittance ε (see Eq. 1.22) and Twiss parameters α0, β0
(see Eqs. 1.23 and 1.24) are non-linear functions of the variables o1, o2, o3. For the error analysis of
ε and α0, β0, Monte-Carlo method can be applied to sample the variables o1, o2, o3 of o and then
pass the sample through the non-linear functions to obtain samples of the emittance and the Twiss
parameters.

As noted in Eq. 1.21, the covariancematrix Σo is not diagonal matrix, which indicates correlations
between the variables o1, o2 and o3. One way to sample from a correlated multivariate Gaussian
distribution is to use Cholesky decomposition such that the covariancematrix Σo can be decomposed
as [GHM12]

Σo = L · L∗, (A.1)

where L is a lower triangularmatrix1 with non-negative diagonal elements and L∗ its conjugate trans-
posematrix. Let δ be an uncorrelated random vector of the form δ = (δ1, δ2, δ3)T with δi ∼ N (0, 1),
then o + L · δ is a random variable that follows a multivariate Gaussian distribution with covariance
matrix Σo.

From each sample o + L · δ, the Twiss parameters and emittance can be calculated. Repeated
sampling yields the probability distribution of the parameters, denoted as PMCch . Furthermore, the
mean value and standard deviation σMCch of the probability distribution can be determined.

As a demonstration, Fig. 1.2 is augmented with the probability distributionP(ε)MCch of the emit-
tance estimated using this method. Comparison of the relative standard deviations obtained with the
error propagation method (denoted as σε,EP/εN ), the Monte-Carlo simulation with direct sampling
of ⟨x(i)2⟩ (denoted as σε,MC/ε̄MC) and the Monte-Carlo simulation with sampling of o (denoted as
σε,MCch/ε̄MCch ) is shown in Fig. A.1. As expected, the two Monte-Carlo methods are equivalent to
each other.

1L is a lower triangular matrix, if L i j = 0 for j > i.

133



A Monte-Carlo sampling of correlated multivariate Gaussian distribution
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Figure A.1: Comparison of the distribution of the emittance ε obtained with different methods: (blue)Monte-
Carlo simulation with direct sampling of ⟨x(i)2⟩, (green)Monte-Carlo simulation with sampling of o. This
figure is an augmentation to Fig. 1.2, where more details can be found.
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B Optimization of the accelerator optics
design for emittancemeasurements

At the European XFEL, the multi-screenmethod is adopted for online diagnostics (see Section 3.2.1).
The accuracy of emittance measurement depends on the transfer matricesR(i) from the initial po-
sition to the screens, the initial Twiss parameters α0, β0, as well as the errors in the computation
of the beam sizes (see Eq. 1.27). The latter is obtained individually during each real measurement,
whereas the transfer matricesR(i) and the initial Twiss parameters α0, β0 can be fixed to their opti-
mal values in the design. For an emittance measurement performed with n screens, i.e. n different
transfer matricesR(i), the values ofR(i) and α0, β0 are optimized when the covered phase advances
∆µ(i) (see Eq. 1.9) of the subsequent screens are increased from 0○ to 180○ in equal separation of
180○/n [Röh08].

Optimization of R(i) and α0, β0, which will be referred to as optimization of the accelerator
optics, have many degrees of freedom: the beamline lattice (including the number of quadrupoles
and screens, the locations of the quadrupoles and screens, and the quadrupole field strengths) and the
values of the initial Twiss parameters α0, β0. Optimization of the accelerator optics for the projected
and slice emittance measurements are presented in this chapter.

B.1 Projected emittancemeasurements

A beamline lattice consisting of symmetric FODO cells1 with screens located at the end of each cell
is an ideal candidate for fulfilling the requirement of equal phase advance steps in the x and y planes
simultaneously. However, a lot of space and a large number of quadrupoles are needed for such a
lattice. Due to the constraints on the available space in the beamlines, 1.5-cell FODO structures with
4 screens each located in themiddle of the subsequent quadrupoles are chosen for the EuropeanXFEL
instead. Asymmetric FODO cells are considered for optimizing projected emittance measurement
in both transverse planes at the same time. The Twiss parameters have identical values at the four
screens (when the optics are matched to the periodic solution of the asymmetric FODO cell), which
means identical beam sizes are expected. This allows an easy and quick estimation on the matching
of the accelerator optics.

At the start of this Ph.D. research, the allowed positions of the quadrupoles in the beamlines
1A FODO cell consists of a focusing quadrupole, a drift space, a defocusing quadrupole and again a drift space. The
Twiss parameters at the entrance and exit of a FODO cell are identical. As a result, a series of FODO cells have periodic
Twiss parameters. A FODO cell is described as "symmetric" when the field strengths of the focusing and defocusing
quadrupoles have the same value with opposite signs.
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B Optimization of the accelerator optics design for emittance measurements

were quite limited. The optimization procedures are then based on the provided arrangements of
the quadrupoles and screens. One example of the BC1 section of the European XFEL is shown in
Fig. B.1. Taking into account the fixed positions of the quadrupoles and screens together with the
constraints on the periodic Twiss parameters of a FODO cell, a given pair of the phase advances(∆µx ,cell, ∆µy,cell) in one cell determines uniquely the quadrupole field strengths and the initial Twiss
parameters αx ,0, βx ,0, αy,0, βy,0 in both the x and y planes. Therefore, the degrees of freedom in the
optimization of the accelerator optics are reduced to the two variables ∆µx ,cell and ∆µy,cell.

Lcell=3.8m 

lquad=0.2m

ldrift=0.85m

k1>0 

k2<0 

k3=k1 

Δμx,cell=?, Δμy,cell=?

quadrupole

screen

Figure B.1:Arrangement of the beamline components for the optimization of projected emittance measure-
ment in the BC1 section of the European XFEL. A 1.5-cell asymmetric FODO structure with a cell length
of Lcell = 3.8m is equipped with four screens (red dots), each located at an equal distance of ldrift = 0.85m
to the nearest quadrupoles (blue bars). The first and the third quadrupoles have identical positive values
for the field strengths, i.e. k1 = k3 > 0, whereas the second quadrupole has negative field strength k2 < 0. A
periodic solution of the Twiss parameters (identical Twiss parameters at the entrance and exit of a FODO
cell) is sought for the asymmetric FODO structure. These preconditions reduce the degrees of freedom to
the phase advance ∆µx ,cell and ∆µy ,cell per cell in the x and y plane, respectively.

The following parameter values are adopted for the optimization procedures: a normalized emit-
tance of εN = 1µm in both x and y planes, a beam energy of 700MeV and a relative statistical error
of 5% in beam size measurement. For each pair of (∆µx ,cell, ∆µy,cell) with unique transfer matrices,
the standard deviation σε,x of the reconstructed emittance is computed using the error propagation
method (see Eq. 1.27) for the following 5 different initial Twiss parameters:

• the periodic solutions αx ,0, βx ,0 of the FODO cell,

• a set of the initial beta-function of βx ,1 = 90%βx ,0 and the alpha-function αx ,1, which together
correspond to a mismatch parameter of M = 1.1 with respect to αx ,0, βx ,0,

• the second set2 of the initial beta-function of βx ,2 = 90%βx ,0 and alpha-function αx ,2, which
together correspond to a mismatch parameter of M = 1.1 with respect to αx ,0, βx ,0,

• a set of the initial beta-function of βx ,3 = 110%βx ,0 and the alpha-function αx ,3, which together
correspond to a mismatch parameter of M = 1.1 with respect to αx ,0, βx ,0,

• the second set of the initial beta-function of βx ,4 = 110%βx ,0 and the alpha-function αx ,4,
which together correspond to a mismatch parameter of M = 1.1 with respect to αx ,0, βx ,0.

2Themismatch parameter is a second order function of the alpha-function (see Eq. 1.25). For a givenmismatch parameter
and beta-function, there exist up to two solutions for the alpha-function.
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B.2 Slice emittance measurements

The standard deviations determined for all five situations are normalized as σε,x/εN and equally
weighted. The maximum of the five values max[σε,x/εN] is shown in Fig. B.2 (left). The same proce-
dure is applied in analogy for the y plane, with the results presented in Fig. B.2 (right).

The objective of the optimization is to find a pair of (∆µx ,cell, ∆µy,cell), at which the minimum of
max[σε,x/εN] and max[σε,y/εN] are obtained at the same time. It can be seen that the choice of the
phase advances has larger influence on the emittance measurement in the x plane than the y plane:
max[σε,x/εN] varies between 7% − 21%, while max[σε,y/εN] between 5% − 10%. The combination
of ∆µx ,cell = 90○ and ∆µy,cell = 76○, which leads to max[σε,x/εN] = 7% and max[σε,y/εN] = 5%, is
adopted for simultaneous projected emittance measurement in the x and y planes.
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Figure B.2:Maximum standard deviation of the reconstructed emittance due to statistical errors in the x plane
(left) and the y plane (right) for different combinations of phase advances per cell. The white dots at
∆µx ,cell = 90○ and ∆µy ,cell = 76○ indicate the adopted design for projected emittance measurement.

B.2 Slice emittancemeasurements

Slice emittance measurement has to be performed in the same beamline section that is used for pro-
jected emittance measurement. Optimization procedure presented in Section B.1 has indicated that
a phase advance of ∆µy,cell = 76○ in the y plane is particularly suitable for emittance measurement
because of the small relative standard deviation of ∼ 5% in the reconstructed emittance. Therefore a
phase advance of 76○ is adopted for the y plane of the FODO cell, which is the plane for measuring
the slice emittance. The phase advance in the x plane is closely related to the streaking effect of TDS.
According to Eq. 2.21, the longitudinal resolution Rz scales inversely with sin(∆µx ,TDS→screen) and
is optimized at a phase advance of 90○. Unfortunately the optimized phase advance of 90○ cannot be
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B Optimization of the accelerator optics design for emittance measurements

obtained at all four screens at the same time. In the optimization procedure, the phase advance in
the x plane from the centre of the TDS to the middle position between the second and third screen
is assumed to have a fixed value of 90○. Figure B.3 shows the arrangement of the beamline section
and the corresponding preconditions for slice emittance measurement. The degree of freedom in the
optimization is reduced to the phase advance ∆µx ,cell in the x plane only.

Lcell=3.8m 

lquad=0.2m

ldrift=0.85m

k1>0 

k2<0 

k3=k1 

Δμx,cell=?, Δμy,cell=76

quadrupole
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Δμx=90

TDS

Figure B.3:Arrangement of the beamline components for the optimization of slice emittancemeasurement in
the BC1 section of the European XFEL. The positions of the quadrupoles (blue bars) and screens (red dots)
are the same as those used for projected emittance measurement (see Fig. B.1). The streaking plane and
emittance measurement plane are in x and y, respectively. The horizontal phase advance from the TDS,
located upstream of the first screen, to the centre of the 1.5-cell FODO structure (i.e. the centre of the
second quadrupole) is assumed to be 90○. The phase advance of one FODO cell is fixed to ∆µy ,cell = 76○
in the emittance measurement plane. With these preconditions, the phase advance ∆µx ,cell per cell in the
streaking plane remains as the only degree of freedom.

The phase advance ∆µx ,cell determines uniquely the accelerator optics inside the 1.5-cell FODO.
For each value of ∆µx ,cell, the following parameters and aspects are considered:

• The minimum of sin(∆µx ,TDS→screen) amongst the values obtained for the four screens:
min[sin(∆µx ,TDS→screen)]. A large value of this parameter is desired, since it means (i) good
longitudinal resolution at the four screens, and (ii) small variation of the longitudinal resolu-
tions at the four screens.

• The horizontal beta-function βx ,screen at the four screens3. The streaking effect of TDS scales
linearly with

√
βx ,screen (see Eq. 2.18), and determines the beam size of the streaked bunch.

Therefore βx ,screen should be chosen in accordance with the screen dimensions and the design
of the imaging system.

• The vertical beta-function βy,screen at the four screens. The beam size in the y plane for slice
emittance measurement is given as ∼√εyβy,screen, with εy the emittance in the y plane. In or-
der to obtain accurate beam size measurements, βy,screen should be chosen with consideration
of the spatial resolution of the imaging system.

• The maximum standard deviation of the reconstructed emittance estimated for five dif-
ferent initial Twiss parameters: max[σε,y/εN]. The procedure of the error analysis and the

3The beta-functions at the four screens have identical values, when the optics are matched to the periodic solutions of
the FODO cell.
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B.2 Slice emittance measurements

choices of the Twiss parameters are the same as described in Section B.1.
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Figure B.4:Variation of various parameters with respect to the horizontal phase advance ∆µx ,cell in (top) the
streaking plane and (bottom) emittance measurement plane.

Figure B.4 shows the four parameters calculated for phase advances ∆µx ,cell in the range from 10○
to 50○. In the streaking plane x (Fig. B.4 top), the parameter min[sin(∆µx ,TDS→screen)] reduces from
0.99 to 0.83 with increasing ∆µx ,cell. It implies that small values for the phase advance ∆µx ,cell are
preferred due to the better longitudinal resolution yielded. However, the beta-function βx ,screen at the
screens is too large at small ∆µx ,cell, for example, βx ,screen = 23mat ∆µx ,cell = 10○. As a result of having
large βx ,screen and sin(∆µx ,TDS→screen) at the same time, the beam size of the streaked bunch can be
prohibitively large for the imaging of the bunch at the screens. In the emittance measurement plane
y (Fig. B.4 bottom), the influences of the phase advance ∆µx ,cell are negligible on both max[σε,y/εN]
and βy,screen. For a change of ∆µx ,cell from10○ to 50○, themaximumof the relative standard deviations
max[σε,y/εN] reduces by a factor of 2% and the beta-function at the screens βy,screen increases by a
factor of 3%. Taking into account the performance in both planes, a horizontal phase advance of
∆µx ,cell = 30○ is chosen. In summary, the 1.5-cell FODO for slice emittancemeasurement is designed
with phase advances of 30○ and 76○ per cell respectively in the streaking plane and the emittance
measurement plane.
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C Generalized formalismof transition
radiation

When a charged relativistic particle passes through the intersection between two media with differ-
ent dielectric constants, transition radiation (TR) is emitted. The Ginzburg-Frank formula [GF35]
describes the TR process in an ideal case: a single relativistic electron travels from vacuum through
an infinite metallic half plane. The radiated energy per angular frequency ω and solid angle Ω is
given as

d2UGF
dωdΩ

= e2

4π3ε0c
· β2 sin2 θ(1 − β2 cos2 θ)2 , (C.1)

where β = v/c describes the relative velocity of the electron in comparison to the speed of light c,
θ the angle with respect to the specular reflection axis of the incident electron, −e the charge of an
electron and ε0 the vacuum permittivity. With the substitution of cos2 θ = 1 − sin2 θ, Eq. C.1 can be
written as

d2UGF
dωdΩ

= e2

4π3ε0c
· β2

( 1−β2sin θ + β2 sin θ)2 . (C.2)

It can be then easily derived that the maximum radiated energy is obtained at an angle

θmax = arcsin(
¿ÁÁÀ1 − β2

β
) ≈ 1

γ
, (C.3)

with γ = 1/√1 − β2 being the Lorentz-factor of the electron and γ ≫ 1 used for relativistic electron .

Now we consider a realistic case using the coordinations illustrated in Fig. C.1: the radiation
source has a round shape with a finite radius, and the radiated energy at a observation point within
certain distance is considered. An expression for such generalized Ginzburg-Frank formula is de-
rived and given in Eq.25 in Ref. [CSS05] as:

d2Ugeneral ized

dωdΩ
∝ ∣∫ a

0
J1(kρ sin θ)K1(kρβγ ) exp(ik ρ

2

2R
)ρdρ∣2, (C.4)

where J1 and K1 are the Bessel function of the first and second kind, and k = ω/c the corresponding
wavenumber. If the far-field condition

a ≥ γλ = γ2π
k

(C.5)
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C Generalized formalism of transition radiation
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Figure C.1: Coordinate system used for describing the generalized Ginzburg-Frank formular. The radiation
source has a round shape with a finite radius of a. Radiated TR energy is calculated for an observation
point (yellow dot) at a distance of R = D/ cos θ to the centre of the source.

and the effective-source condition
D ≥ γ2λ (C.6)

are fulfilled, Eq. C.4 reduces to the Ginzburg-Frank formular as given in Eq. C.1.
The integration in the generalized Ginzburg-Frank formular in Eq. C.4 cannot be solved analyt-

ically. Numerical computation is possible, and applied to generate Fig. 4.7.
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D Algorithm for image processing

Each raw image of the beam recorded with a camera is processed before it is used for evaluating the
beam parameters. The algorithm of image processing is explained with an example image obtained
at the dispersive section of FLASH (see Section 5.2).

Firstly, the background image is determined. The background is defined as the signal recorded
with the camera when the electron beam is switched off. The background signals originate mainly
from dark current, i.e. undesired release of electrons inside the beam pipe of the accelerating struc-
tures due to field emission [Frö07]. Another source of background signals is the noise in the CCD
sensor. Multiple background images are taken for statistical reasons, and the mean value of the back-
ground images is subtracted from the raw beam image. The raw image and the image after the sub-
traction of background are shown in Fig. D.1 (a) and (b), respectively. It should be noted that some
pixels may have negative values after the subtraction.

Then the intensity of the noise signal in the image with the background subtracted is estimated.
As illustrated in Fig. D.1 (c), the frequencies of the pixel intensities are counted and plotted in a
histogram. The intensities with dominant appearances are attributed to the noise signal. A split
Gaussian fit1 is applied to the intensity histogram. The mean value determined from the Gaussian fit
is termed the mean noise intensity µnoise , and the larger one of the two variances as the variance of
the noise intensity σ2noise . The mean noise intensity µnoise is then subtracted from each pixel of the
image (b), and the image corrected with noise is shown in (d).

Image (d) could contain areas not belonging to the beam, but with intensities comparable to the
actual beam, for example due to dirts and defects on the screen. Image (d) is then convoluted with
a 7 × 7 Gaussian matrix. As a result, the image is blurred and appears smoother, as can be seen in
(e). The parameters µnoise and σnoise of image (e) are determined with the procedure described for
image (c). All pixels in image (e) with values smaller than the threshold of µnoise + 2 · σnoise are set
to zero. The remaining pixels are highlighted in image (f). The one isolated area in the middle of the
image is selected and defined as the region of interest (ROI), as shown in image (g). All pixels outside
the ROI are again set to zero, and all pixels inside the ROI are restored to their original values after
background subtraction, i.e. the values in image (b). The final processed image is shown in (h). This
method has successfully identified and isolated the beam in an arbitrary shape.

1 f (x) = Aexp(− (x−µ)
2

2σ21
), if x < µ; f (x) = Aexp(− (x−µ)

2

2σ22
), otherwise.
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Figure D.1: Procedures of image processing: (a) raw image, (b) image after background subtraction, (c) his-
togram of pixel intensities for image (b), (d) image corrected with noise, (e) smoothed image, (f) pixels
with intensities larger than the threshold, (g) the region of interest, (h) final processed image. It should be
noted that the images (b), (d), (e) and (h) may contain pixels with negative intensities, which are displayed
with the same colour code as for pixels with intensities of 0.
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