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Abstract

The upcoming generation of hard X-ray free-electron lasers (XFEL) delivers X-ray
pulses with unmatched brilliance at megahertz repetition rates based on supercon-
ducting linear accelerators. The European XFEL, the first XFEL of this generation,
accelerates bursts of up to 2700 electron bunches every tenth of a second over a
distance of 1.7km to energies as high as 17.5GeV. The bunches are distributed in-
dividually at a maximum of 4.5MHz to three FEL beamlines, where they generate
ultrashort radiation pulses in the soft and hard X-ray regime. The electron bunch
current profile is of fundamental importance for the generation of these XFEL pulses
and is required to have kilo-Ampere peak currents. However, diagnosis is challeng-
ing because bunch durations as short as a few femtoseconds have to be measured
bunch-resolved at MHz repetition rates. In the scope of this thesis, the single-shot
spectrometer CRISP has been installed and commissioned at European XFEL. Mon-
itoring of coherent diffraction radiation (CDR) enables for the first time noninvasive
and bunch-resolved form factor measurements in two frequency bands: 0.7 THz —
6.6 THz (438 pm — 45pum) and 6.9THz - 58.4THz (44 pym - 5.1 um). The detector
electronics and signal processing of the CRISP spectrometer have been modified for
MHz repetition rates and exhibit in combination sufficient sensitivity for the range
of bunch charges at European XFEL from 50 pC to 1nC. The current profiles are
reconstructed from the measured form factors with a further developed iterative
procedure. Using a transverse deflecting structure and a bunch compression moni-
tor, the current profiles have been confirmed by established comparative diagnostic
measurements. The measurements presented in this thesis cover rms bunch dura-
tions from 6 fs to 100 fs and peak currents up to 10 kA. Variations of bunch duration
and peak current within the bursts of electron bunches have been identified with a
relative rms bunch duration resolution of less than 1 fs.






Kurzfassung

Eine neue Generation von Freien-Elektronenlasern im harten Rontgenbereich (XFEL)
erzeugt Rontgenstrahlungspulse von unerreichter Brillianz mit Wiederholraten im
Megahertzbereich, basierend auf supraleitenden Linearbeschleunigern. Der Euro-
pean XFEL, der erste XFEL dieser Generation, beschleunigt jede Zehntelsekunde
einen Pulszug von bis zu 2700 Elektronenpaketen tiber eine 1.7 km lange Strecke
auf maximal 17.5GeV Strahlenergie. Die Elektronenpakete werden dabei mit bis
zu 4.5 MHz einzeln auf drei FEL Strahllinien verteilt, in denen sie ultrakurze Strah-
lungspulse im harten und weichen Rontgenbereich erzeugen. Das Stromprofil ist
dabei von fundamentaler Bedeutung fiir die Erzeugung dieser XFEL-Pulse und be-
notigt Spitzenstrome im Kiloamperebereich. Allerdings gestaltet sich seine Dia-
gnose, bei der Elektronenpaketdauern runter bis zu wenigen Femtosekunden mit
MHz-Wiederholraten vermessen werden miissen, schwierig. Im Rahmen der vor-
liegenden Dissertation wurde das Einzelschussspektrometer CRISP am European
XFEL installiert und in Betrieb genommen. Die Aufnahme des Spektrums koharen-
ter Diffraktionsstrahlung (CDR) ermdglicht zum ersten Mal Messungen des Form-
faktors der einzelnen Elektronenpakete in zwei Frequenzbandern von 0.7 THz -
6.6 THz (438 pm — 45 ym) und 6.9 THz — 58.4 THz (44 pm — 5.1 um), ohne die Elektro-
nenpakete dabei fiir den FEL Betrieb untauglich zu machen. Die Detektorelektronik
sowie Signalverarbeitung des Spektrometers wurden speziell fiir MHz-Wiederhol-
raten angepasst und verfiigen in ihrer Kombination iiber geniigend Sensitivitat fiir
Paketladungen im Bereich von 50 pC bis 1nC am European XFEL. Die Strompro-
file werden mit einem weiterentwickeltem iterativem Verfahren zur Phasenriickge-
winnung aus den gemessenen Formfaktoren rekonstruiert. Mittels einer transversal
ablenkenden Struktur sowie eines Kompressionsmonitors wurden die Stromprofile
durch Vergleichsmessungen etablierter Diagnostik bestitigt. Die in dieser Arbeit
gezeigten Messungen decken eine Bunchdauer von 6 fs bis 100 fs (rms) sowie Spit-
zenstrome bis zu 10kA ab. Verdnderungen der Paketdauer und des Spitzenstroms
innerhalb eines Pulszuges wurden mit einer relativen Auflosung der Bunchdauer
(rms) von weniger als 1 fs ausgemacht.






vii

Contents

(I__Introduction| 1
(I.1_Free-Electron Lasers| . . ........................... 1

1.2 wvation| . . ... 4
2__Linear Accelerators for XFELs| 7
2.1 Acceleration and Compression| . . . .. .................. 7

ive Effects| . . . ... ... ... 11

2.3 European XFEL| . . ... ... .. ... oo oo 13
2.4 Longitudinal Diagnostics|. . . . . . . . ... oo oo 18

B Coherent Radiation Diagnostics | 23
BI CoherentEmission] . . . . . . . .. oottt 24
B2 Form Factor and Current Profile] . ... .................. 26
3.3 Current Profile Reconstructions| . . . . ... .. .............. 28
B.4 Transition and Diffraction Radiation| . . . . .. .............. 33

4 Experimental Setup | 41
M1 ScreenStationl. . .. .. ... .. ... ... L o 41
42 THzBeamline|. . ... ... ... ... ... . ... . ... ..., 46
4.3 CRISP Spectrometer| . . . . ... ... ... ... . ... 50

[> Spectrometer Sensitivity | 57
BI Modeling|. . .. ....... ... ... .. 58
652 In-Situldentification] . . . . . ... ..................... 62
0.3 Saturationl . ... ... 68
P4 TR/DR Comparison| . . . ............ .. ............ 69
b.5 OrbitDependencies|. . . . . ... ... ... . 71

[6  Benchmarking Based on Complementary Diagnostics | 75
6.1 DataProcessing| . . .. ... ... .. .. ... . . . L. 75

6.2 Comparative Measurements with TDS . . . . .. ........... .. 79

0.3 Comparative Measurements with BCM| . . . . ... .. .. ... .. .. 84
64 Conclusion| . . ... ... ... .. ... 89

[7 Megahertz Operation| 93
71 Pileup|. . .. ... .. .. 93
[72 Comparative Measurements| . . . . ... .................. 100
[73  Results during FEL Operation| . . . . .. .................. 105
..................................... 110

113



viii

|A Radiation Propagation Based on Fourier Transform |
A.1 Principle of Radiation Propagation| . . . . ... ... ... ........

A2 Optical Elements| . . . ... ... ... ... ... .............
A3 Numerical Implementation] . . . . ... ..................

B_Resolution
.1 Overall BunchShape| . . . . ... .. ... ... ... ... ... ...
B.2 Pronounced Peaks with High Current| . . . .. ... ... ........

I[C_Online Measurements|
C.1 Single Grating Set Operation| . . .. ... .. ...............
C.2 Single ShotOperation] . . . .........................

Bibliography;

st of Publications

[Acknowledgements/Danksagung]

115
115
116
117

119
119
123

125
125
128

131

139

141



Chapter 1

Introduction

Since the discovery of X-rays in 1895 by W. C. Rontgen [Ron98], this part of the
electromagnetic radiation spectrum has played a major role in science and research.
In addition to their applications in medicine, X-rays have also enabled studies of
smallest structures using diffraction patterns of crystals, which was pioneered by
the work of Max von Laue [Eck12] in 1912. A famous example is the structure of
DNA, that was decoded with the help of X-ray diffraction patterns in 1953 [WC53].
Another example, which is currently of utmost importance for people’s life around
the globe, is research carried out within the scope of the COVID-19 pandemic. X-rays
have been used to characterize the virus” properties and helped to identify possible
drugs and vaccines in the fight against it (e.g. [Cus+20; Sie+20]). The potential of
synchrotron radiation for X-ray applications has been realized very soon after it has
first been discovered at a circular accelerator [Eld+47].

A key parameter for the classification of X-ray sources and their applicability in
experiments is the brilliance B, which is defined as number of photons AN, per time
t, area A and solid angle AQ) within a certain spectral bandwidth AA/A [AM11]:

AN,

B=— 1 . (1.1)
AA
t-A-AQ -8

The historical overview in Fig.[I.]|demonstrates that advantages in accelerator
physics led to an enormous increase of the achievable X-ray brilliance starting from
Rontgen’s X-ray tube. In the beginning, scientists took advantage of synchrotron
radiation generated as a byproduct of accelerators built for nuclear and particle
physics. This is now called the first generation of synchrotron light sources [Wil00].
Today, synchrotron light sources of the fourth generation, which generate highly
brilliant X-ray radiation, are being built or already in operation. This generation is
not only characterized by transversely diffraction limited radiation properties due to
a tremendous electron bunch quality [Tav+18; CJ18] but also by coherent and ultra-
short radiation pulses. X-rays with the latter properties are a product of free-electron
lasers (FEL). They are able to produce X-ray pulses with full transverse and partial
temporal coherence. Pulse lengths down to a few femtoseconds and below render
the exploration of ultra-fast phenomena on the atomic scale, which is a reason for
the fast growing scientific interest in these light sources [Dun18].

1.1 Free-Electron Lasers

The development of FELs started in 1971 when John Madey first published the fun-
damental principle [Mad71]. It is based on stimulated emission of radiation, which
is caused by the interaction of electrons with a radiation field while they are mov-
ing along the periodically alternating magnetic field of an undulator. The process of
stimulated emission can be understood as follows (see e.g. [Sch+14]):
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FIGURE 1.1: Historical evolution of the exponentially growing peak brilliance of X-ray
sources. The developments of synchrotron light sources are summarized in different gen-
erations and form clusters of similar peak brilliance. Free-electron lasers as part of the 4th
generation are on top. Data taken from [Shi07].

Inside the undulators with period length A, and undulator parameter K, rela-
tivistic electrons with Lorentz factor 7y emit radiation at the wavelength

A K?
AL = 272 (1 + 2) (1.2)

due to their sinusoidal trajectory. At the same time, radiation at this wavelength
sustains an energy exchange with the individual electrons as electric field and elec-
tron movement are in phase. Hereby, electrons gain or lose energy depending on
the phase relation between their transverse motion and the radiation field. This
phase relation depends on the longitudinal position of the electron inside the elec-
tron bunch that spans along many radiation wavelengths. Additionally, an energy-
dependent path length inside the undulator causes the formation of a region with
electron surplus and a region with electron deficit within each radiation wavelength.
This phenomenon is called microbunching. In order to avoid a balance between gain
and loss, the microbunches must be properly positioned with respect to the radia-
tion field. If this is the case, stimulated emission (electrons loosing energy to the
radiation field) predominates over absorption (electrons gaining energy from the
radiation field) such that the radiation field is amplified.

Two ways to generate the required relation between electron density and radi-
ation field are established. The first method is a so-called low-gain FEL. The radi-
ation field is stored in an optical cavity consisting of high reflectivity mirrors. An
electron beam with an energy < slightly above the resonance condition of Eq.
is repetitively passed through the undulator. The energy transfer of each passage
amounts only to a few percent of the radiation field and the corresponding amount
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FIGURE 1.2: Measured FEL pulse energy as function of the used undulator length, which
is often referred to as gain-curve, at the SASE FEL of the TESLA Test Facility. Data taken
from [Ayv+02]. As illustrated in red, the FEL amplification process is driven by the for-
mation of microbunches, which are separated by the FEL wavelength A;. At the final
undulator length, the FEL process has reached saturation.

of intensity exits the cavity, where it is guided to an experiment. Beforehand, the
continuous grow of the radiation intensity inside the cavity with each passage of the
electron beam has led to an equilibrium between intensity increase and cavity loss.
The amount of energy stored in the cavity is thus sufficient to generate FEL pulses
of high brilliance even though the energy transfer amounts only to a few percent.
This method is mainly limited to wavelengths in the infrared and optical regime as
building optical resonators for shorter wavelengths becomes a difficult task [KSRO8].
For wavelengths in the X-ray regime, the amplification has to take place in a single
passage of a long undulator, which is called a high-gain FEL. The emerging den-
sity modulation leads to an alteration of the phase velocity of the electric field. In-
trinsically, the microbunches start to position themselves at proper phases with re-
spect to the radiation field. The intensity of the radiation field grows, which leads
to even more stimulated emission caused by the formation of microbunches. This
self-amplification results in an exponentially growing intensity of the X-ray pulse.
The high-gain amplification process is either started by an initial radiation field
or density modulation, which is externally generated (seeding [Reil3]), or it is made
use of the Self-Amplified Spontaneous Emission (SASE) process [KS80]. In the SASE
case, the initial spontaneous undulator radiation is amplified, which has the advan-
tage of being applicable at any wavelength. Due to the stochastic behaviour of the
spontaneous radiation, SASE exhibits drawbacks compared to seeding, such as de-
creased temporal coherence or shot-to-shot stability. However, in the X-ray regime
robust — but at the same time versatile — seeding techniques are not yet established
such that SASE is currently the most popular method for so-called XFELs.
Anillustration of the exponential growing SASE FEL pulse energy while the elec-
tron bunch is propagating through the undulator is presented in Fig.[.2l In the
beginning, there is not much energy gain (lethargy regime), but microbunches (il-
lustrated in red) start to form. A key parameter for a successful FEL operation is the
FEL parameter ppgr. It determines the slope of the exponential growing region in
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Fig.[1.2] but also the FEL pulse energy at the finally occurring saturation. The FEL
parameter scales with the beam’s current density jy as [BPN84]

1
K2 j)
PFEL°<< p~ ]°> (1.3)

and must be maximized. Besides the slope of the exponential increase (gain length),
the FEL parameter also determines many other fundamental aspects, like e.g. band-
width and coherence time.

Technical restrictions limit the feasible undulator period A, to a few centime-
ters [Bah11] with an undulator parameter near one. Consequently, hard X-ray FEL
radiation with wavelengths below < 0.1nm (photon energies above 10keV) de-
mands several GeV electron beam energy to provide a sufficient Lorentz factor <y
(see Eq. (1.2)). The small FEL wavelengths require a very high beam current density
(see Eq. (1.3)) and thereby put strict limits on the 6-dimensional phase space distri-
bution of the electron bunch. The required peak currents in the kilo-Ampere regime
can only be generated in linear accelerators (linac) while maintaining small energy
spreads and high transverse beam quality. Repelling Coulomb forces between the
electrons deny highly-dense bunches at low beam energies and they must be grad-
ually compressed during acceleration. Nonetheless, Coulomb forces and collective
emission of radiation may still strongly influence the 6-dimensional phase space dis-
tribution of the electron bunch. Thus, diagnostics monitoring the current profile of
the electron bunch are of fundamental importance for successful FEL operation.

Fourth generation synchrotron light sources based on storage rings do not gen-
erate X-ray pulses with the coherence properties and short-time scales of XFELs, but
profit from high pulse repetition rates (~GHz). Because, in contrast to circular ac-
celerators, the particles in linear accelerators are only accelerated once inside each
rf cavity, these machines require substantially more rf power to reach the required
beam energies within available distances. As a consequence of the rf power dissipa-
tion, the accelerating field inside normal conducting cavities is only present for short
fractions of time such that acceleration is limited to a few hundred bunches per sec-
ond. Using superconductive cavities, the rf power dissipation is strongly reduced
and longer rf flat-tops or even continuous-wave (cw) operation is possible [Sch02].
In this case, more than several thousand electron bunches can be accelerated per sec-
ond and the gap between the overall photon flux at storage rings and linac-driven
FELs is strongly reduced.

1.2 Motivation

Because of the strong dependency of the SASE FEL pulse on the current density jo
(see Eq. (1.3)), the current profile of the electron bunches influences decisively the
intensity and temporal structure of the X-ray pulses. The electron bunches must
be compressed to current densities that are easily affected by collective effects and
instabilities. Diagnostics for the longitudinal electron bunch properties are indis-
pensable. Studies of coherently emitted radiation are a powerful method to monitor
the longitudinal electron bunch structure.

Coherent emission of radiation is achieved by a fixed phase relation between the
individual emitters (electrons) of wavefronts. This leads to many orders of magni-
tude more intense radiation than in the incoherent (randomly distributed phase rela-
tions) case. As the spatial structure of the electron bunch and the coherent radiation
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spectrum are connected via Fourier transform, spectral measurements of the emit-
ted radiation can be used to retrieve information about the longitudinal current pro-
file [Sch+18]]. The underlying radiation process must yield sufficiently broadband
radiation in order to cover the entire frequency range of the longitudinal electron
bunch structure. In order to cope with the stochastic nature of possible current pro-
file instabilities, the spectral properties of the coherent radiation must be detected on
single-shot basis. As a consequence of the frequency range of interest, which lies in
the THz/FIR regime, and the need to cover frequencies orders of magnitude apart,
suitable commercial spectrometers are rare. Instead, a novel single-shot spectrom-
eter covering an order of magnitude in frequency in THz and FIR regime has been
developed in a collaboration of DESY and the University of Hamburg solely for this
purpose [Wes+11].

The Coherent Radiation Intensity Spectrometer (CRISP) has been deployed at the
soft X-ray FEL FLASH [Ack+07]]. Using invasive transition radiation [GF45], CRISP
at FLASH has been used for research on current profile reconstruction from mea-
sured coherent radiation spectra. Recent results — also profiting from work within
the scope of this thesis — have demonstrated robust and accurate current profile mea-
surements with few-femtosecond resolution [Sch+20].

At European XFEL [Dec+20], the CRISP spectrometer has the potential to be op-
erated with noninvasive diffraction radiation due to roughly 10-times higher beam
energy compared to FLASH. The single-shot capabilities, together with modifica-
tions of pulse-shaping and readout electronics, open up the possibility to diagnose
all 2700 bunches within one rf pulse of European XFEL. The rf pulse is divided in
different regions for the parallel operation of three SASE FEL beamlines, such that
the longitudinal properties of the electron bunches are individually optimized.

In this thesis, noninvasive current profile measurement of bunches with rms du-
rations to below 10 fs are carried out at megahertz (MHz) bunch repetition rates. The
following chapter explains how electron bunches with durations in the femtosecond
regime and the required peak currents are generated at European XFEL and the fa-
cility itself is introduced. In the next chapter, the principle of coherent radiation
diagnostics is explained. The connection between coherent radiation spectrum and
current profile by the form factor is in detail examined. Transition and diffraction
radiation as invasive and noninvasive radiation sources are compared.

Chapter 4 describes the experimental setup that realizes current profile measure-
ments based on coherent diffraction radiation with MHz bunch repetition rates for
European XFEL. The design of radiation source, radiation transport to the CRISP
spectrometer, as well as modifications of the spectrometer itself are motivated and
presented. The spectrometer sensitivity, which is mandatory for an accurate deter-
mination of the coherent radiation spectrum, is investigated in the next chapter. As
the sensitivity depends on radiation source and transport, while possibilities for an
external calibration of the spectrometer are limited, the sensitivity must be deter-
mined in-situ. Besides a modeled sensitivity, this thesis also presents a systematic
procedure to obtain the in-situ sensitivity. In chapter 6, the current profile recon-
struction at European XFEL is presented. In single bunch operation (i.e. 10 Hz bunch
repetition rate), the results of the CRISP spectrometer are benchmarked with com-
parative diagnostics. Finally, current profile reconstructions along the bunch train
(MHz repetition rates) of European XFEL are presented in chapter 7 and an outlook
to possible applications of the spectrometer is given. The thesis ends with a sum-
mary and appendices include studies of the temporal resolution and online current
profile measurements of single bunches.






Chapter 2

Linear Accelerators for XFELs

Electron bunches with peak currents of several kA, small transverse diameters and
low energy spread, which is required for the high-gain FEL process in the X-ray
regime, are generated by linear accelerators (linac). The repelling Coulomb force
between the individual electrons denies acceleration of initially ultrashort (<5100 fs)
electron bunches. Instead, the high peak currents are achieved by exploiting the de-
crease of the Coulomb force with the Lorentz factor v and gradually compressing
the electron bunch at increasing beam energies. The FEL pulse duration limits the
temporal resolution of pump-probe experiments [MR15]. As the pulse duration is
determined to a large extent by the electron bunch duration [Beh+12], experiments
request for ever shorter bunches in order to develop higher resolution. This chapter
demonstrates the demands for the noninvasive current profile diagnostic for fully
compressed electron bunches at European XFEL. The fundamental relations intro-
duced here are required to comprehend the experimental results presented in this
thesis.

The first section deals with the acceleration of electron bunches to the required
beam energies above several GeV and their longitudinal compression to shortest
possible bunch durations. Depending on bunch charge, bunch durations down to
a few femtoseconds can be reached. The high electron densities modify the elec-
tron bunch properties, which will be described in the second section, and it will be
shown that longitudinal diagnostics are indispensable. The layout and operation of
the X-ray free-electron laser facility European XFEL, at which the experiments pre-
sented in this thesis are carried out, is described to the required extent. Finally, the
longitudinal diagnostics at European XFEL for bunches with < 100 fs rms duration
are shortly discussed and serve as a typical example for current profile monitoring
at XFELs. Fundamental expressions from the field of accelerator physics that are not
explicitly introduced can be found in [Wiel5].

2.1 Acceleration and Compression

The description of electron bunch acceleration above several GeV and their compres-
sion to the femtosecond scale in this section follows closely [DLEO5] as well as sec-
tions 1.3 and 1.4 in [Wes12|]. High-quality electron bunches for XFELs are generated
either by the photoelectric or thermionic effect. In the first case, a short laser pulse
of typically a few picosecond duration penetrates a photocathode and the emitted
electrons are immediately accelerated by a strong electric field to several megaelec-
tronvolt beam energies [Dwe+97;|Zho+19]]. In case of thermionic emission, the emit-
ted electron pulse is first several microsecond long but is chopped and bunched to
several picosecond long bunches while being accelerated to beam energies of sev-
eral megaelectronvolt. At these energies, the electrons are already relativistic with
a Lorentz factor v > 10 and travel approximately with the speed of light c. They
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enter radio-frequency (rf) cavities, where they are accelerated using the TM01 mode
[Wil00] of the electromagnetic field. Hereby, standing-wave cavities are designed
such that the time needed by the electrons to pass a single cell equals half of the
rf oscillation time. The field direction has inverted when the electrons arrive at the
next cell and thus they are continuously accelerated. The energy gain of an electron
with elementary charge e and longitudinal intra-bunch coordinate { after passing
through a resonator of length L is

AW = e EgLcos ( fACC§+ Pa cc) (2.1)

The center of the electron bunch is injected at phase ¢acc with respect to the accel-
erating rf field with average amplitude Ej along the cavity and frequency facc. The
overall accelerating voltage is V = EyL. The electron bunch is much shorter than the
rf wavelength ({ < ¢/ facc) and maximum mean beam energies are reached using
on-crest acceleration (¢pacc = 0).

The slope of the electric field along the accelerating phase will be transferred
onto the energy distribution of the bunch. Electrons in the front of the bunch sample
different electric field strengths than electrons in the back of the bunch. A Taylor
expansion of Eq. around ¢ = 0 yields:

AW () ~ AW, (1 o %h'gz + %h”? e (g‘*)) , 22)
where AWy = eV cos ¢pacc is the energy gain of the bunch center. The parameter

eV 2mfacc . fACC
h = AW, ¢ o° ————(+¢dacc

(2.3)

{=0

and its derivatives /', i’ describe the variation of the relative electron energy devia-
tion 6 = (AW — AWp) /AW, along the intra-bunch coordinate {

ds
¢

As the parameter /1 defines the linear dependency of the energy along the bunch it
is in analogy to optics called chirp.

The dependency of the electron energy along the bunch is exploited for bunch
compression. This is not done by different velocities (as the electrons are highly
relativistic, the differences are negligible) but by a magnetic chicane consisting of
several dipoles. An example of such a bunch compressor is a widely-used C-chicane
shown in Fig.[2.1} The Lorentz force inside the dipole magnets will deflect electrons
with negative relative energy deviation (6<0) stronger than electrons with positive
energy deviation (6>0). As a consequence, electrons with less energy travel a longer
path and fall back while electrons with higher energy move ahead. For now, the
change of the intra-bunch coordinate will be considered only in first order of the
relative energy deviation [DLEO5]:

~h+hT+ h"§2 (2.4)

A7 = — (Rss 6+ O (6%)). (2.5)

The parameter Rse is given by the magnetic structure of the bunch compressor.
Higher orders are neglected at this point because the first order dominates strongly,
which is caused by small relative energy deviations in the order of 6 ~ 1073. The
first order is sufficient to describe the fundamental principle of bunch compression.
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FIGURE 2.1: Principle of a magnetic bunch compressor. Particles with different relative
energy deviations & with respect to the bunch center experience different bending radii
in the dipole magnets (gray rectangles) which leads to path length differences. Electrons
with higher energy (green) travel a shorter path than electrons with less energy (red).
For relativistic electrons the difference in velocity is negligible, and particles with higher
energy move up (+A() while particles with less energy fall back (—A{) with respect to the
bunch center (blue).

Considering a perfectly linear energy-position relationship (W' = 0,h” =0, ...)
of the bunch, the relative energy deviations of the electrons with individual intrinsic
energy deviation ¢; are

d=h-T+6;. (2.6)
The magnetic chicane will transform the intra-bunch coordinate as
€ g é — Rs66 = (1 — hR56)€ — Rs66; . (27)

Consequently, the length of the bunch with energy spread ¢ and initial bunch length
oz will be

07 = /(1 hRss)? 02 + Ry (2.8)

As the intrinsic energy spread ¢; from the gun is small, the first term dominants,
which allows to define the compression factor as
0'5 — 1

c==%

N ——— . 2.9
0'5 1-— hR56 ( )

For the most common types of bunch compressors the Rss parameter is negative,
and thus a negative relation between energy and intra-bunch coordinate is needed
(49/dz < 0) to compress the bunch. This is achieved by injecting the electron bunch
off-crest (pacc > 0). Chirp h and beam energy AW are strongly coupled. Therefore,
if the chirp shall be increased at the same beam energy, it is required to inject the
bunch further off-crest and increase the rf amplitude (see Eq. (2.3)). This limits the
available chirp range because of limited rf power. In addition, the derivatives of the
chirp contribute significantly to the energy-position relation, which is not linear as
assumed in Eq.(2.6) and leads to an inhomogeneous compression along the bunch.
A linear relation can be achieved by introducing a cavity module operating at the n-
th harmonic of the fundamental accelerating frequency, which adds more flexibility
to the bunch compression scheme. The longitudinal energy distribution in terms of
Eq. is then given by [DLE05]

1 1 0 1 0 eVi cos ¢
h . 0 —k 0 —(nk) 6V1 sin (l)1
AWo Wl |-k 0 —(nk)? 0 eVycosgy |’ (2.10)

h" 0o K 0 (nk)3 eV, sin¢g,
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FIGURE 2.2: Linearization of the overall accelerating voltage by introducing third har-
monic cavities. The higher order parameters 1/, h"’ of the chirp can be completely removed
at the position of the bunch center ¢ = 0. The longitudinal phase space (i.e. the energy-
position relation) of the bunch is linearized.

where k = 27 facc/ ¢ is the wave number of the fundamental accelerating frequency.
The accelerating voltages and phases for the fundamental (V;,¢1) and the higher
harmonic (V;, ¢,,) can be calculated analytically from the desired beam energy AW
and parameters h,1',h”. As demonstrated in Fig. the removal of curvature /'
and third derivative 1" leads to a more linear energy position relation compared to
the solely fundamental case while maintaining beam energy and chirp.

This linear relation between intra-bunch coordinate ¢ and relative energy devia-
tion 0 is required for a homogeneous compression inside the magnetic chicane along
the entire bunch for different compression settings as shown in Fig.[2.3] The off-crest
acceleration leads to an increased overall energy spread. Only the energy spread o}
within short slices along the temporal axis (slice energy spread) before the bunch
compressor is still defined by the intrinsic energy spread ¢;. The longitudinal phase
space of the electron bunch is sheared by the magnetic chicane. Thus, the initial
chirp determines the strength of the compression and the resulting bunch duration
as given by Egs. (2.82.9). The minimal achievable bunch duration is determined by
the intrinsic energy spread ¢;. For a very strong chirp (red), the compression factor
turns negative and the shearing exceeds the optimum point of compression. The
energy chirp is reversed, which is called over-compression. For FEL operation, this
is generally not a desirable state as the bunch passes the delicate point of maximum
density (see Sec.. It should also be noted that the slice energy spread, which is of
fundamental importance for the FEL performance, increases as 05 ; = C - 055 because
the phase space density must be preserved.

In reality, higher order chicane parameters in Eq. as well as nonlinearities
of the relative energy deviation are not negligible, especially when approaching full
compression ( h1Rss — 1). Moreover, the compression is subject to effects that cannot
be sufficiently described analytically (see Sec.2.2). Thus, the compression is empir-
ically optimized starting from the results of numerical simulations to achieve best
possible conditions for the users of the FEL pulses. The four parameters (AW, i, IV,
h") of Eq. allow a well manageable change of the compression, which are then
converted to voltages and phases of the rf by the accelerator control system. Addi-
tionally, compression of the electron bunch to kiloampere peak currents with just one
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FIGURE 2.3: Linearized longitudinal phase space before (left) and after (right) a perfectly
linear (see Eq. (2.7)) bunch compressor. The strength of the chirp determines the compres-
sion factor for a given chicane as it shears the longitudinal phase space along the {-axis. If
the compression factor is negative, the distribution is sheared above the point of shortest
electron bunch duration and the slope reversed. Besides increasing the peak current, the
shearing also increases the energy spread ¢; ; within one longitudinal slice.

bunch compressor would lead into complications. At low energies, the beam qual-
ity would degrade because of Coulomb repulsion. At high energies, the required
chirp results in a large slice energy spread after the bunch compressor. Therefore,
the bunch compression is usually carried out in a multi-stage setup. Another ad-
vantage is that the requirements on rf phase stability for a steady compression are
decreased (see e.g. [DLO5])). Figure[2.4]illustrates qualitatively how different orders
of the nonlinear energy position relation effect the shape of the current density pr,
downstream of the bunch compressor because of inhomogeneous compression. For
the operation of the FEL, these higher orders are of fundamental importance. They
are used to generate specific current profiles for an optimized operation. In Chap.[}
the parameters of the accelerating rf are varied to characterize the spectrometer with
a variety of current profiles. The measurements in Chap.[7] show the influence of
empirical bunch compression optimization for individual FEL beamlines.

2.2 Collective Effects

While the previously neglected nonlinear terms of the rf slope as well as higher order
terms of the chicane still allow to clearly calculate the electron bunch compression,
other effects that depend strongly on the charge distribution of the bunch itself do
not. Because of high charge densities, interactions of the electrons with each other
and their surroundings become very important. These effects that change the mo-
mentum of the electrons are usually combined under the keyword collective effects.
As the parameters of the six-dimensional phase space are coupled (e.g. by the Rs¢
of the bunch compressors), they influence the entire electron bunch phase space.

In the following, the most important collective effects and their influence on the
electron bunch will be introduced. The discussion is oriented on the stated effects in
[Sch+14]. In general, the influence of these effects cannot be calculated analytically
and one has to rely on numerical simulations as for example described in [Fen+].
The nonlinear behaviour of these effects can lead to drastically varying results even
for small changes of the electron bunch properties. As the FEL intensity depends
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FIGURE 2.4: The shape of the longitudinal density profile p;, changes after the compres-
sion depending on the nonlinear orders of the energy-position relation. If the energy-
position relation is not purely linear, the bunch is not homogeneously compressed. Here,
the chirp is the same for all settings and only /' and i” vary. Blue: i/ = 0, i’ = 0; Green:
W #0,h" =0;Red: ' = 0,1 #0.

strongly on the peak current, diagnostics monitoring the current profile of the elec-
tron bunch are indispensable for successful operation of linear accelerators driving
XFELs.

Longitudinal space charge

The Coulomb forces of dense electron distributions lead to a repulsive force act-
ing back on the electrons. A discussion of the resulting forces inside the bunch can
be found in [FMP13]. The longitudinal force pushing the electrons apart scales in-
versely with the relativistic factor as 72 and is thus especially problematic for low
energy electron beams. As mentioned earlier, this is the reason why the electron
bunches cannot be compressed to several kiloampere peak currents at beam ener-
gies below the GeV-regime. Nevertheless, even at high beam energies (> GeV) this
effect cannot be neglected if the electron bunch density is extremely high and can
have a severe influence [SSY04]. Moderate longitudinal space charge forces result in
a positive energy chirp as electrons in the front gain momentum and electrons in the
back lose momentum. It can be utilized to remove the negative chirp remaining close
to full compression downstream of the final compression stage (see e.g.[ZDT19]).

Coherent synchrotron radiation

In the dipoles of a magnetic chicane, electrons emit broadband synchrotron radi-
ation. For wavelengths with the same length as the electron bunch or larger, this
radiation will be emitted coherently (see Sec.. In this case, the radiation is called
coherent synchrotron radiation (CSR) and its intensity as well as the energy loss of
the electrons scales quadratically with the number of electrons involved Icsg ~ N?
[Der+95]. Consequently, small variations of the electron density along the bunch re-
sult in a strongly varying energy loss. This increases the energy spread of the bunch
and, due to energy dependent path lengths in the bunch compressors, also the slice
energy spread. In addition, the coherent synchrotron radiation emitted at the tail of
the electron bunch overtakes the electrons in the magnetic chicanes and may interact
with electrons further up in front [SSY97]. This can lead to significant modifications
of the relative energy distribution as was observed in e.g. [Beu+06].
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Wake fields

The Coulomb field generated by an electron bunch is modified by the boundary
conditions of the accelerator beam pipe. The fields may act back on the bunch or
following bunches and are called wake fields [Cha93|]. In accelerators, considerable
wake fields are excited by the beam pipe having only a finite conductivity (resistive
wakes) and variations of the beam pipe cross sections (geometric wakes). Influences
on the operation of linacs for FELs are studied in e.g. [DL97].

Microbunching instability

The combination of collective effects and bunch compressors can lead to another se-
vere phenomenon of longitudinal electron beam dynamics. Even immediately after
its generation, the electron bunch will always contain some statistical density gran-
ularity and energy modulation. By collective effects like CSR and energy dependent
path length as e.g. in the bunch compressor, density and energy modulations are
strongly linked and may amplify each other. As a consequence, the initial granular-
ity can evolve and vary highly in modulation scale and depth during a multi-stage
bunch compression scheme which impedes the microbunching process of the FEL.
This build-up of charge-driven current modulations is called microbunching insta-
bility [SSY04] and has been observed for example in [Wes+09; Rat+15]. It has to be
taken into account while designing the bunch compression scheme of a XFEL facility
and may be countered by artificially increasing the energy spread of the bunch. This
can be achieved with a device called laser heater [Hua+10].

2.3 European XFEL

European XFEL is the first hard X-ray free-electron laser facility driven by a super-
conducting linear accelerator. With a length of 1.7 km it is also the longest and most
powerful superconducting accelerator. The whole 3.4 km long facility is located in
5.2 m diameter tunnels, which are 25 m to 6 m underground and run from the DESY
campus in Hamburg to Schenefeld in Schleswig-Holstein [DW17]. Since its inau-
guration in September 2017, the world’s largest X-ray laser delivers X-ray pulses of
extremely high brilliance to a large variety of scientists and industrial users world-
wide [Eur].

A schematic overview of the layout of European XFEL with its four accelerating
sections (yellow rectangles), which in total contain more than 7000 rf cavity cells, and
three self-amplified spontaneous emission (SASE) [KS80] FEL undulator beamlines
(SASE1, SASE2, SASE3) is given in Fig.2.5l An overview paper of the setup and
operation of European XFEL can be found in [Dec+20]. General parameters of the
European XFEL facility are listed in Tab.2.1]
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FIGURE 2.5: Layout of European XFEL with its superconducting accelerating sections (L1, Ly, L3, main linac) separated by three bunch compressors (BCq,
BC,, BC3) at the stated beam energies. The third harmonic module in the L;-section linearizes the longituinal phase space for the threefold compression. A
transverse deflecting structure (TDS) allows longitudinal beam characterization at final compression but not at full beam energy. This is only possible by
using the CRD beamline in front of the undulator switchyard (see Chap.[#). A combination of fast kicker magnets and septi allows to distribute the bunches
inside the bunch train as requested by the users of the XFEL pulses to the three SASE undulator beamlines (SASE1, SASE2, SASE3). The stated chirps h,
compression factors C and Rsg-values only indicate typical estimates as they vary depending on FEL operation and optimization [ZDT19} Fen+].

TABLE 2.1: General parameters of European XFEL [DW17}[Dec+20]. TABLE 2.2: Simulated rms bunch durations inside the different ac-
celerating sections for the range of bunch charges at European XFEL.
norm. slice emittance 0.4-1.0 mm mrad For better comparison, the rms bunch durations are estimated from
accelerating frequency 1.3GHz the fwhm values in [Fen+| under assumption of Gaussian profiles.
rf pulse rep. rate 10 Hz charge | L1 L2 L3 | main linac

rf pulse length <600 s 20pC | 45ps | 1.5ps | 190fs | 5fs

# bunches per rf pulse 1-2700 100pC | 48ps | 1.6ps | 200fs 12fs

max. rep. rate 4.5MHz 250pC | 53ps | 1.7ps | 220fs | 25fs

SASE1/2 photon energy 4-24keV 500pC | 6.0ps | 2.0ps | 260fs 43 fs

SASE3 photon energy 0.25-3keV InC | 6.8ps | 22ps | 300fs |  84fs

4!
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Electron bunches with a charge of up to 1 nC are generated by photoelectric emis-
sion from an ultraviolet laser pulse hitting a Cs;Te photocathode inside the rf gun
[Dwe+97]. The laser pulse has a length of around 3 ps rms [CZD20] and transfers its
longitudinal and transverse properties to the electron bunch. The gun itself is a nor-
mal conducting 1.5-cell cavity operated at 1.3 GHz which allows field amplitudes
up to 60MV/m. Exiting the gun with an energy of roughly 6 MeV the electrons
are further accelerated by the first accelerating section L; to 130 MeV. In total, the
accelerating sections host 97 modules based on TESLA design. Each module con-
sists of eight 9-cell cavities made out of niobium, which are assembled together in
a cryostat and cooled down to around 2K by superfluid helium reaching the state
of superconductivity. The cavities are operated at 1.3 GHz with an average accelera-
tion gradient of around 25MV /m [Wal+16]. Four modules are fed by one rf station,
which results in a total of 25 rf stations. The Li-section also hosts a module oper-
ated at the third harmonic (3.9 GHz) for the linearization of the longitudinal phase
space (see Sec.[2.1), as well as a laser heater to counteract microbunching instabil-
ities [Ham+17]. Following the first bunch compressor BC;, four modules increase
the electron beam energy to 700 MeV until they are further compressed by BC,. An-
other combination of bunch compressor (BC3z) and 12 modules leads to an energy of
2.4 GeV with which the electrons enter the main linac. Typical compression factors
for the three bunch compressors are C; ~ 3.5, C; = 8 and C3 ~ 16 [ZDT19]. The
main linac with a length of rougly 1km consists of 80 modules and is able to reach
final beam energies of 17.5GeV. In order to protect the sensitive permanent mag-
nets of the undulators, the electron beam is bend in the collimator section and an
aperture removes particles with unsuited energies and beam halo. In the end, the
electron bunches are distributed to the three FEL undulator beamlines where they
generate hard X-ray (4 keV to 24 keV in SASE1 and SASE?2) or soft X-ray (0.25keV to
3keV in SASE3) FEL radiation before being dumped [Dec+20]. More details on the
operation of European XFEL are given in Sec.2.3.1]

As mentioned in Sec.[2.2} the strong dynamics of collective effects make numer-
ical start-to-end simulations of the whole accelerator indispensable. In this way,
suitable operation points for the bunch compression can be found. The results of
such an optimization for European XFEL and 250 pC bunch charge are presented
in Fig.2.6| The collective and nonlinear effects play a major role and indicate the
sensitivity of the entire bunch compression scheme. Nonlinearities of the acceler-
ating rf and the chicane setups are visible at all compression stages of the off-crest
acceleration in L; to L. The main linac is operated on-crest, but space charge forces
remove the negative chirp in the center of the bunch. Resistive wake fields imprint
the current profile onto the longitudinal phase space in the collimator section. These
simulations model the operation mode which has been mainly used during the mea-
surements in Chaps.[} [7/] and serve as a reference. An overview of the simulated
bunch durations for 5 kA peak current with different charges is listed for the four
compression stages of European XFEL in Tab.[2.2] Due to the decreasing influence of
collective effects, shorter bunch durations can be reached with lower bunch charge.
Longitudinal diagnostics are indispensable to set up the accelerator in a way that its
bunch properties match those desired from simulations. Small uncertainties in com-
bination with the nonlinearities of collective effects can lead to strong differences of
longitudinal beam properties.
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FIGURE 2.6: Simulated longitudinal phase space and resulting current profile of Euro-
pean XFEL at the end of the respective sections for optimized operation at 250 pC with
5kA peak current. The simulation includes all collective and nonlinear effects, and its
data is taken from [Zag20]. Starting from the last bunch compressor BC3, the influence
of collective effects is clearly visible. In the end, the electron bunch is compressed and
the peak current increased by a factor of almost 400. Positive times mark the head of the
bunch and negative times the tail.
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2.3.1 Megahertz XFEL operation

The X-ray properties of FELs are of crucial importance for many experiments in pho-
ton science and immensely in demand [O’S01; [Dunl18; BFH18]. However, the com-
plexity of a XFEL along with enormous construction and operational costs limits
the number of available facilities, and the available beam time for user experiments
is highly overbooked. At this point, the main advantage of superconducting accel-
erator technology comes into play: Whereas normal conducting cavities can only
accelerate up to a few hundred electron bunches per second with reasonable elec-
tric field strengths, the many orders of magnitude reduced rf power dissipation of
superconducting cavities [Sch02] allows to accelerate over one million bunches per
second [Gall8; Gen+14]. The increased integrated photon flux shortens the time
required by each experiment to collect sufficient data and increases the availability
of the limited number of XFELs. Besides European XFEL and the soft X-ray FEL
FLASH [Ack+07], LCLS-II [Gal18]] as well as SHINE [YD19] are now being build as
XFELs based on superconducting technology.

The superconducting accelerator of European XFEL is operated in pulsed mode
and accelerates up to 2700 bunches at a maximum repetition rate of 4.5MHz every
tenth of a second (burst mode). In addition, not only one but three FEL beamlines
(SASE1, SASE2, SASE3, see Fig. are supplied with bunches during one rf pulse.
A typical structure of bunch destinations along one rf pulse is shown in Fig.2.7]
Electron bunches are injected with a fixed temporal spacing and, in order to assure
stable conditions for each FEL experiment, a fast kicker-septum arrangement guides
bunches not requested by the FEL experiments to the dump upstream of the FEL
beamlines (see Fig.[2.5) [Fro+19]. This way the bunch patterns in the individual FEL
beamlines can be independently set without changing the accelerator bunch pattern.
Also, bunches that are injected during rise or fall time of the flat-top magnetic kicker
for the SASE2 beamline are sent to the dump upstream of the FEL beamlines. The rf
pulse has a duration of up to 600 ps and can be split into different flat-tops. These
flat-tops allow to individually optimize the rf properties for SASE1/3 and SASE2
bunches within certain limits. By shifting the timing of the SASE2 flat-top kicker, the
position of the SASE1/3 and SASE2 bunches may also be reversed.

As discussed in Sec.[2.2} the high electron beam densities for XFELs make longitu-
dinal beam diagnostics indispensable. Additionally, many FEL experiments profit

< 600 s -— SASE1
f | — SASE2
_ _ — SASE3
flat-top 1  flat-top 2 dump
i ‘ ‘ — ] time
100 ms

FIGURE 2.7: Schematic of a possible bunch pattern along one rf pulse of European XFEL.
Electron bunches (vertical lines) are sent by magnetic kickers to their respective destina-
tions as indicated by the different colours. Bunches during rise or fall time of the SASE2
kicker (yellow) are sent to the dump upstream of the FEL beamlines. For independent
optimization of the different FEL beamlines, the rf (purple) amplitude and phase can be
individually optimized by dividing it in up to three rf flat-tops.
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from the knowledge of the photon pulse duration which is determined by the elec-
tron bunch profile to a great part [Beh+12]. Hence, the following section deals with
typical implementations of longitudinal beam diagnostics at XFELs using the exam-
ple of European XFEL.

2.4 Longitudinal Diagnostics

Longitudinal current profile monitors are essential to understand the physical pro-
cesses during acceleration and compression as well as to optimize and stabilize the
FEL radiation pulses. They are a prerequisite for feedback systems on bunch com-
pression and beam energy. However, the FEL radiation pulses that are generated by
the electron bunches are used to study shortest processes on the molecular level and
belong to the shortest events that have ever been directly created by mankind. Thus
it is clear that well-known reference processes, which could be used to sample the
electron bunch itself, are not yet available. Instead, the characterization of the cur-
rent profile relies on creative solutions to translate the temporal profile of the bunch
to another measurable distribution. For diagnostics at XFELs, spatial and spectral
domain are employed to monitor the current profile. An overview of applied diag-
nostics is given in e. g.[Sch16]. This section however is restricted to methods imple-
mented at European XFEL, which enable bunch duration monitoring down to the
femtosecond level. These diagnostics are used in Chaps. [} [7] as references for the
noninvasive current profile monitor installed within the scope of this thesis.

2.4.1 Transverse deflective structure

A technique utilizing the spatial dimension for longitudinal bunch profile measure-
ments at linacs with few-femtosecond resolution is based on a so-called transverse
deflecting structure (TDS). It was first introduced at SLAC [EFKO00; |Akr+01] and is
currently used at many existing FEL facilities worldwide (see e.g. [Mae+12;|Kre+13])).
Ongoing research and development yielding new possibilities (see e.g.[Cra+20])
underline the versatility of this method. The basic principle is to deflect the electrons
in transverse direction while the strength of the kick depends on their longitudinal
position inside the bunch. In this way, the longitudinal distribution is transferred
to a transverse distribution and can be monitored on e.g. a scintillation screen. The
derivation here follows closely the detailed description in [Yan15|], where also the
TDS setups at European XFEL are presented. European XFEL hosts a TDS in the
L; section and after the BC3 section. However, the TDS principle will be explained
using the setup downstream of the BC3 section (see Fig.[2.5) and the TDS setup is il-
lustrated in Fig.2.8 In this section, the current profile is monitored at final compres-
sion. It will be of importance for the determination of the spectrometer sensitivity
(Chap. as well as for benchmarking the reconstructed current profiles (Chaps. @

The electron bunch (gray) enters the Ltps = 3.6 m long TDS, which is operated at
frps = 2.997 GHz and is designed to mainly contain a horizontal electric field mode
with a phase velocity close to the speed of light ¢ [Zav16]]. While the electrons with
momentum p pass the structure their phase with the electric field (orange line) of
amplitude Ey remains constant and they obtain a horizontal kick given by

Ax' (0) = eE(;LpTDS sin <ZZTfTDSC + 4)TDS>- (2.11)
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FIGURE 2.8: Schematic overview of the TDS section after last bunch compressor BC3. In-
side the TDS, the electrons experience a horizontal kick depending on their longitudinal
intra-bunch coordinate. This kick results downstream in horizontal offset and the longi-
tudinal bunch profile can be monitored on an off-axis scintillation screen onto which a
magnetic kicker deflects the bunch. In combination with a vertical deflecting dipole fur-
ther downstream, the energy distribution is simultaneously mapped to the vertical axis.
This allows measurements of the longitudinal phase space with high temporal resolution
(>51s) in the local dump section.

Depending on their longitudinal position ¢ inside the bunch the electrons experi-
ence different kick strengths (1). The maximum effective voltage is hereby 27 MV.
For diagnostics purposes, it makes sense to operate the TDS at ¢rps = 0, 77,... as
this results in the largest kick slope along the bunch and no deflection of the bunch
centroid. The bunch length is small compared to the wavelength of the rf field and

Eq. can be approximated by

EoL
Ax' ~ 42 PE0LTDsfIDS /. (2.12)

c2p

At position s; downstream of the central TDS position sy, the kick results in an offset
of the horizontal centroid position x( for each temporal slice within the bunch (2).
The offset is determined by the parameter R;, of the magnetic transfer lattice:

x (s1) = x0(s1) + RipAx" = x0 (s1) + S - . (2.13)

The dimensionless streak parameter S of the TDS represents the mapping of the lon-
gitudinal intra-bunch J to the horizontal coordinate x, which allows to characterize
the longitudinal current profile using the horizontal axis of a scintillation screen (3).
From Eq. it is obvious that observations on the longitudinal current profile can
only be made if the offset due to the TDS is larger than the unstreaked (S = 0) beam
size at the screen. As a consequence the intrinsic beam size 09 = /Bx (51) €nxy !
in combination with the streak parameter yields the achievable resolution of a TDS
measurement

0x0
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c

_‘ c p Enx 1
27te EgLtpsftps \| ¥Bx (S0) sin Ay

) (2.14)

which is obtained after replacing the parameter Ry = +/Bx (51) Bx (S0) sin Ay of
the magnetic lattice with the horizontal S-functions and the phase advance A, be-

tween TDS and screen. Optimizing the resolution requires a magnetic lattice that
maximizes the horizontal beam size inside the TDS B« (so) and a phase advance Ay,
between TDS and screen close to 77 /2.
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By inserting a dipole magnet, that bends the electron beam in vertical direction,
the energy distribution can be characterized as well. This electron beam spectrome-
ter (4) will result in a vertical offset of the electrons depending on their energy (blue,
red, green). Thus, the longitudinal phase space distribution (,y) is mapped to the
observable transverse dimensions.

For measurements of the longitudinal phase space at European XFEL, a dipole
magnet deflects the beam into a diagnostics dump (see Fig.[2.8). The temporal reso-
lution can be as high as ~5 fs with a relative energy resolution around 10~* [Yan15].
These resolutions are achieved with a special electron beam optic that is not compat-
ible with FEL operation. This high resolution mode is used for the calibration of the
spectrometer (Chap.[5) as well as for comparative measurements in single bunch op-
eration (Chap.[6). During FEL operation, the TDS can be used in combination with
a kicker for current profile measurements. Depending on the bunch repetition rate,
the TDS is able to streak one to four consecutive bunches out of the bunch train with-
out disturbing the remaining bunches inside the train due to its filling time below
1 ps. The fast kicker deflects one of the streaked bunches onto an off-axis screen (see
Fig.. In this so-called pulse-stealing mode, current profile measurements of a
selected bunch of the train are possible without disturbing the FEL operation of the
remaining bunches. It is used in Chap.[7|for comparative measurements of the cur-
rent profile along the bunch train. The energy axis of the longitudinal phase space is
not accessible and the temporal resolution suffers from the compatibility with FEL
operation. The resolution is limited to ~15fs [Yan15].

2.4.2 Bunch compression monitors

Another possibility for longitudinal diagnostic at XFELs is to monitor the bunch du-
ration in the spectral and not spatial domain as in the case of a TDS. As time and
frequency domain are linked by Fourier transform, shorter bunches yield a wider
frequency spectrum (see Chap.[3). This effect is exploited at European XFEL by the
bunch compression monitors (BCM) [PDG14]. Downstream of each bunch compres-
sor, they measure the total radiation intensity emitted by the electron bunch within
a certain frequency range. As the bunch duration decreases with each compression
stage, the frequency range to be measured shifts to higher frequencies. This is real-
ized by the setup of the BCM stations shown in Fig.[2.9]

After the first compression stage the frequency range to be detected is in the mi-
crowave regime (see Tab.[2.2). Therefore the first BCM station hosts rf detector an-
tennasﬂ with central detection frequencies around 100 GHz. All following stations
are equipped with pyroelectric detectorsE] to detect the intensity in the infrared (IR)
regime. Each BCM station hosts two detectors D1/D2. The spectral sensitivity of
each detector can be independently optimized to serve different purposes such as
coarse and fine channel. The spectral intensity of the radiation transmitted through
the beam splitter (BS) can be altered by inserting optical filters (F1/F2) into the beam
path. Another possibility is to remotely change the position of the detectors with re-
spect to the focal point of the radiation by the focusing mirrors (transverse) and the
linear-motion stages (longitudinal) on which the detectors are mounted. The com-
bination of detectors and pulse-shaping electronics is fast enough to resolve single
bunches during MHz operation of European XFEL.

As the BCM detectors carry out an integral measurement of the electron bunches
frequency spectrum multiplicated with their spectral sensitivity, they do not yield

IMillitech DET-08, Virginia Diodes WR5.1R6
2InfraTec LIE-301-X004 (custom made)
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FIGURE 2.9: Schematic overview of the setup for the bunch compressor monitors at Eu-
ropean XFEL. Coherent diffraction radiation (CDR) enters the aluminum tank through
a vacuum window (W) separating the BCM setup from the accelerator vacuum. For the
BCM after the last bunch compressor BC3, the aluminum tank is evacuated and a diamond
window instead of a z-cut quartz window is used. If the beamsplitter (BS) is inserted, the
radiation is focused by gold-coated parabolic mirrors M1/M2 in each path onto the detec-
tors D1/D2. The transmitted beam path hosts the opportunity to insert up to two filters
(F1/F2) with different spectral transmissions into the beam path.

any information about the shape of the longitudinal electron bunch distribution. The
detected signal only allows a determination of the overall bunch duration. However,
as will be studied in Sec.[6.3.2} different bunch durations with different shapes can
lead to the same signal at the BCM.

Nonetheless, as the BCMs are served by noninvasive coherent diffraction radiation
(see Sec.[3.4) they enable an online monitoring of the longitudinal bunch properties
for all bunches inside the train. This opens up the possibility to correlate experi-
mental data obtained with the X-ray FEL pulse with the longitudinal electron bunch
properties. Additionally, this information can be used to stabilize the accelerator
operation along the bunch train [Din18].

If the complete frequency spectrum of the electron bunch is known, the shape
of the current profile can be characterized as well. This requires spectral measure-
ments over large frequency ranges with a large variation of intensity. The work of
this thesis enables these measurements on single-shot basis at European XFEL using
coherent diffraction radiation. Thus, the following chapter deals with the fundamen-
tal properties of transition/diffraction radiation as well as the connection between
current profile and coherent radiation spectrum.
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Chapter 3

Coherent Radiation Diagnostics

The technique used in this thesis to characterize the electron current profile is based
on coherent radiation diagnostic (CRD). CRD makes use of the fact that the spectral
distribution of radiation emitted by a short electron bunch depends on its longitu-
dinal structure. In the introduction of this chapter, the underlying fundamental pro-
cess of coherent emission of radiation is shortly motivated before it will be studied
in detail in the following sections.

In case of a radiation wavelength much shorter than the electron bunch itself,
the phase relation of wavefronts from individual electrons is randomly distributed
(see Fig.B.T)left). This stochastic superposition leads to an overall amplitude of the
electric field scaling with the square root of the individual emitters. Thus, the inten-
sity of the radiation scales linearly with the number of electrons N, inside the bunch.
This process is called incoherent emission. However, if the wavelength of the ra-
diation is much longer than the electron bunch, the phase difference between the
individual wavefronts is small and the whole bunch radiates like a single particle
(see Fig.B.1]right). In this case, the field amplitude increases linearly with the num-
ber of electrons — constructive interference — and the intensity consequently scales
quadratically with the number of electrons involved. This process is called coherent
emission.

An electron bunch used in XFELs has typically a charge of a few ten picocoulomb
up to one nanocoulomb. Thus, the ratio of radiated intensity in the fully coherent to
the incoherent regime is N, ~ 108-10°. The radiation intensity of short bunches is
higher at short wavelengths (high frequencies) than those of long bunches. Of pecu-
liar interest for CRD is hereby the frequency range in which the transition from the
fully incoherent to the fully coherent regime takes place. Here, the spectral distribu-
tion is described by the specific details of the longitudinal structure and not only the
overall length of the electron bunch.

- -

I~ N, I~ N2

FIGURE 3.1: Incoherent (left) and coherent (right) emission of radiation from an electron
bunch. For incoherent radiation, there is no fixed phase relation. If the wavelength of the
radiation is longer than the electron bunch, the wavefronts add up coherently due to the
fixed phase relation which leads to a quadratic increase of the intensity I with the number
of electrons Ne.
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FIGURE 3.2: Geometry of vectors and positions for the mathematical derivation of coher-
ent emission. Within the ensemble of density p(7), electrons are distributed with position
7; along transverse (1) and longitudinal axis (z). The observer of the emitted radiation
is located at point P. The distance to the observer is assumed to be much larger than the
dimensions of the bunch as indicated by the discontinuity on the z-axis. 7i; and 7; are
normalized vectors.

In the following section, the mathematical description of coherent emission from
an electron bunch will be derived and lead to the definition of the form factor. The
connection between current profile and form factor are studied thereafter, before
transition and diffraction radiation as source for coherently emitted radiation are
investigated.

3.1 Coherent Emission

This section follows closely the elaboration in [GS06]. Figure[3.2]illustrates the geo-
metrical setup with a spatial distribution of electrons described by the density p(7)
and an observation point P. The distance to the observer is assumed to be much
larger than the dimensions of the electron ensemble. This results in the far-field con-
dition 7i;7; &~ 1 and each electron i emits the same electric field E; only with a time
offset At; to a reference electron at the origin

N, N,
E(ty=Y E(t)=Y_Ei (t+At). (3.1)
i=1 =1

1
The spectral energy density dU/dw per solid angle () in the far field regime is propor-
tional to the square of the absolute electric field (see e.g. the appendix of [GS06])
d*u (@) ‘
dwdQ

L2
H@\ (3.2)
The electric field E(w) in the frequency domain can be retrieved by applying a
Fourier transform to the total electric field E(t) in time domain. The Fourier trans-
form can be decomposed into the product of the electric field of a single electron and

the sum over all phase terms after substituting the integration variable t = T — At;:

E ((U) = L /+OO % El (t + Atl) e*ia]tdt — L % /’+°° El (T)E*Z‘w(T*Ati)dT

— Ne .
= El ((U) ZEZWAti .
i=1

(3.3)
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The time shift induced by the path length difference can be expressed by using the
far field condition #7; ~ 1 and 7; + R;#; = Rq7i; as

R, — Ry i1 7; k7;
At; = = =— =——. 3.4
! c c ck (34)

Here, the wave vector k = 7i;w/c has been introduced. The spectral energy density
becomes

N

2
El(w) Zefi?,-k —

i=1

dzu
dwdQ)

X

(3.5)
i=1

with the spectral energy density of a single electron [4*U/dwdq];. The quadratic ab-
solute value of the sum can be segmented into the two complex conjugates

N, 2

Z e—iE?,-

i=1

- Ne Ne . Ne |
—ik¥; e+1kr]- — Ne + Ze—lkri Z elkr]" (36)
1 i=1 j=1

j#

Ne
= Z e
i=1

j=

After inserting the Dirac function é(x), integration and sum can be reversed

Ne . Ne “+o0 .
Y ek Y / 5(7 —7;)e Fidr = /
i=1 =17

—+o0 Ne —
Y 6(F—F)e Ndr. (3.7)

This allows to change from the microscopical positions of the electrons to the nor-
malized density function of the ensemble average

N,
() =+ <26(?—7i)>, (3.8)

such that Eq. (3.6) becomes

N, 2

- “+o0 e (o8] s
Y e ™| =N, +N, / o(F)eFd7 - (N, — 1) / o) dr.  (39)
i=1 —oo —o0
With the definition of the form factor
Fo(f) = [ p@eFar, (3.10)

as the Fourier transform of the bunch density function, the spectral energy density
according to Egs. (3.5), finally reads

d?u F) = d?u
dwdQ "’ | dwdQ

]1 (E) (Ne £ Nu(Ne — 1) ‘Fg,D(E)

2
> . (3.11)

The overall spectral energy density is a superposition of incoherent and coherent
part. As mentioned in this chapter’s introduction, the spectral intensity of the inco-
herent part increases only linearly with the number of electrons inside the bunch and
is independent of the bunch structure. In contrast, the coherent part scales quadrat-

ically and depends on the form factor ‘FgD(E) ‘ of the electron bunch.
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FIGURE 3.3: Different longitudinal electron bunch distributions (left) and the correspond-
ing form factor modulus (right). The Gaussian, rectangular and exponential-step like pro-
files exhibit a distinct and characteristic form factor modulus.

3.2 Form Factor and Current Profile

As seen in Sec.[3.1} the form factor depends generally on the full three dimensional
distribution of the electron bunch. Radiation emitted by highly-relativistic electrons
with Lorentz factor 7 is mainly concentrated in a small cone with opening angles in
the vicinity of 1/ (see e.g. Sec.[3.4). Thus, radiation is usually emitted within a few
milliradian, and the time difference of the individual emitters is mainly given by the
longitudinal distribution. This suppresses the influence of the transverse electron
distribution, such that it is appropriate to decompose the form factor into a trans-
verse and longitudinal component as a function of k = (ki ky,k.) by neglecting
transverse-longitudinal correlations [GS06]:

Fp( E / Qtrans (X, V)€ i(kex-thyy dxdy/pL e k2dz = Fr(ky, ky) - Fr(k2).
(3.12)

It will be shown in Sec.3.4} that it is also appropriate to neglect the influence of
the transverse form factor for the experimental methods applied in this thesis and

assume ‘E‘ ~ k, such that f = k:¢/27 as well as |Fr(f)| = 1. The measured spectral

energy density according to Eq. (3.11) becomes consequently for the large number of
electrons inside the bunches of XFELs:

T~ [GF0] (NN OPR). 61

Figure[3.3|shows the relation of three different density profiles on the form factor
modulus |F.(f)| which defines the spectral distribution of the coherently emitted
radiation. For all profiles, the depicted form factor modulus approaches |F.(0)| = 1
as a consequence of the normalized density function [ p(t)dt = 1 and the definition
of the form factor in Eq. (3.10). The form factor decreases towards high frequencies
with different behaviour depending on the density profile. While the form factor
of a Gaussian profile exhibits a steep and continuous drop, interference due to the
edges of the rectangular profile leads to an oscillating behaviour with pronounced
minima. The sharp edge of the exponential-step function leads to high frequency
components and a slowly decreasing form factor.
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FIGURE 3.4: Current profiles (left) from start-to-end simulations for different operation
modes (1nC, 250 pC, 100 pC bunch charge) of European XFEL [Zag20|] and their corre-
sponding form factors (right). The transition between coherent and incoherent emission
described by the form factor takes place in the THz and infrared regime, which is thus the
frequency range for current profile diagnostics.

Current profiles and resulting form factors of start-to-end-simulations of Euro-
pean XFEL are presented in Fig.[3.4] The current profiles (left) of different operation
modes vary strongly in duration (see Tab.[2.2) and show a complex temporal struc-
ture. The structure also results in a complex behaviour of the form factors (right)
compared to the model functions shown in Fig.[3.3 The form factor of shorter pro-
files extends to higher frequencies. For all three operation modes, the form factor
decreases within the frequency region 1THz to 100 THz by more than an order of
magnitude, which indicates the frequency region of interest for CRD.

Experimentally, the form factor modulus can be determined by

du du

df df
if the coherent part of Eq. is much more intense than the incoherent back-
ground. This approximation allows form factor measurements down to |Fr| 2
10/+/N,. For XFELs, this results in a well tolerable limit of roughly |F| > 107* —
—1073. High frequency structures resulting in even smaller form factors are anyway
only due to negligible nuances of the current profile. If both, the ratio of the spectral
energy density of the coherent radiation to the spectral energy density of a single
electron and the number of electrons inside the bunch, are known, the longitudinal
form factor modulus can easily be identified. Spectroscopic measurements yielding
the ratio of the spectral energy density are the main subject of this thesis and require

a good knowledge of the expected signal from a single electron, i.e. the incoherent
radiation (see Chap.[).

(f) ~ [ (f)]lNZ E(AI, (3.14)

3.2.1 Ambiguities

Only the form factor modulus is experimentally accessible by spectral measurements
according to Eq. (3.14). The phase ¢(f) of the complex form factor

FL(f) = [FL(f)] V), (3.15)
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FIGURE 3.5: Example of different density profiles (left) yielding different phases but the
same modulus of the form factor (right).

which is needed to obtain the density profile p () based on Fourier transform

pult) = o [EL(P) e, 616

remains unknown. This leads in general to inevitable ambiguities between current
profile and spectral energy density [Sch+18]:

e Inverting the temporal density profile pr.(t) — pr(—t) leads to the same spec-
trum.

* A time shift of the temporal density profile pr.(t) — pr(t + At) results in the
same form factor modulus.

¢ Different current profiles may lead to the same form factor modulus and only
the form factor phase is different.

A time shift is of no importance for longitudinal current profile measurements and
the time direction may already be expected from simulation results or once identified
by a comparative diagnostic. The ambiguity of the associated current profile how-
ever requires adequate considerations. A famous example is given by the functions
considered by Akutowicz [Aku56] which are presented in Fig.[3.5| Even though the
blue current profile on the left shows large modulations which are not present for
the red current profile, the form factor modulus on the right is identical. In order
to calculate a current profile using the Fourier transformation of Eq. the phase
¢(f) is mandatory. Retrieval methods that yield adequate phases of the form fac-
tor from its modulus alone are studied in the following section for realistic electron
bunch current profiles.

3.3 Current Profile Reconstructions

For reconstructions of the current profile from the form factor modulus, the follow-
ing very important fact must be considered: It is mathematically impossible in the
one dimensional case (see [BN85] for a detailed discussion) to retrieve an unam-
biguous phase from the form factor modulus. Thus, also a mathematically exact
and unique density profile cannot be calculated by applying Eq. to the results



3.3. Current Profile Reconstructions 29

I
— profile 1

02} ]--- KK1 8
. —— profile 2
= --- KK2
SK
2
@ 01} 1
<)
o
0 (- L
-15 =10 -5 0 5 10 15
time ¢ (a.u.)

FIGURE 3.6: Example for a failure of the Kramers-Kronig phase. For profile 1 the current
profile can be well reconstructed. This is not the case for profile 2 due to zeros of the form
factor in the upper half of the complex w plane (see [Sch+18]).

of spectroscopic measurements, i.e. Eq. (3.14). Nonetheless, it will be shown that for
applications as longitudinal diagnostics it is possible to specify an associated current
profile with sufficient significance. In order to empower online measurements, this
reconstruction method must not only yield a trustworthy and well-defined density
profile, but must also be fast and reliable. This section will introduce methods based
on analytical and iterative approaches and study them with respect to the above
requirements. This will finally lead to the reconstruction algorithm that has been
developed for current profile measurements as presented in this thesis.

The Kramers-Kronig dispersion relation [de 26; Kra27] links real and imaginary
part of the Fourier transform of causal functions. It has been adapted to retrieve the
phase from the modulus alone [Woo72], which — applied to form factor of electron
bunches — yields the principle-value integral [LHS94]

2 ®In|F(f')|—In|F
The Kramers-Kronig phase ¢xk is derived by an expansion to the complex w plane
and using a fundamental assumption: The complex form factor does not have any
zeros in the upper half of the complex w plane. For a mathematical derivation and
rigorous description of this problem please refer to [Sch+18||. At this point it is only
important to know that this assumption cannot considered to be true for all possible
current profiles. It also cannot be determined from the form factor modulus whether
this requirement is fulfilled or not. An example for the violation of this assumption
is given in Fig.3.6] The form factor of profile 1 has no zeros in the upper half of
the complex w plane. The Kramers-Kronig phase is calculated from the form factor
based on Eq. (3.17). The resulting Kramers-Kronig profile (dashed line) reconstructs
the actual profile well. The form factor of profile 2 exhibits zeros in the upper half of
the complex w plane and thus violates the assumption. Here, the Kramers-Kronig
phase leads to significant differences between the density profile reconstructed from
the form factor modulus and the actual density profile. It should be noted that inde-
pendently of fulfilling the assumption or not, the profiles do not exhibit inconceiv-
able structures for bunches at XFELs. Nevertheless, also for profile 2 peak current,
bunch duration and overall structure are still satisfactory reproduced. With respect
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FIGURE 3.7: Density profile reconstruction using the Kramers-Kronig phase retrieval.
Form factors (right) without any deviation (blue) and with small deviations (green) yield
different reconstructions to the actual current profile (left, blue). While without noise the
density profile is almost perfectly reconstructed (red), the form factor deviations lead to
an unphysical density function with negative values (green).

to an application as an online monitor, the analytic Kramers-Kronig phase enables
fast reconstructions with an unique current profile for each form factor.

However, the analytical evaluation of Eq. requires and exact specification
of the form factor and does not consider any uncertainties. In reality, this cannot
be fulfilled as uncertainties on the measured form factor are always present. As
a consequence, even a minor misconduct of the form factor may yield a density
profile with negative currents as is shown in Fig.[3.7] These form factor deviations
often lead to an unphysical density profile with long tails and negative undershoots.
For trustworthy current profile reconstructions, the spectrometer sensitivity must
be precisely known to avoid misconducts in form factor measurements. For the
spectroscopic measurements in this thesis, a systematic procedure to identify the
sensitivity is given in Chap.[5|

The Gerchberg-Saxton algorithm has been initially developed to retrieve the phase
of two-dimensional problems, e.g. to retrieve the complex wavefront from image
and diffraction pattern [GS72], for which a quasi-unambiguous solution exists [KIi06].
It was the first iterative method to be introduced to the one-dimensional problem of
longitudinal beam diagnostics [Baj+13] and other algorithms have followed (see e.g.
[Hei+15]). The principle of the Gerchberg-Saxton algorithm is illustrated in Fig.
The algorithm starts with any initial phase function ¢o(f) to form the initial complex
form factor together with measured modulus |Fy.(f)|. The respective density profile
0, is obtained by an inverse fast Fourier transform (IFFT) and is inspected to fulfill
the fundamental constraints in the time domain (e.g. p(t) £ 0). If the constrains are
violated the density profile is adjusted accordingly to p, (). A fast Fourier transform
(FFT) yields a new complex form factor with modulus |F,(f)| and phase ¢, (t). The
modulus is replaced with the measured modulus |F.(f)|. The phase ¢,(f) based
on the adapted time domain profile p, () is kept and used as the input for the next
loop n — n + 1 of the algorithm. The algorithm is executed until the time domain
constraints are fulfilled or |F,(f)| converges.

The final current profile of the Gerchberg-Saxton algorithm depends on the initial
start phase as is depicted in Fig.[3.9} As a consequence of the ambiguity (see Sec.[3.2),
the same form factor measurement results in a variety of current profiles. Hereby
not all of them reproduce the actual current profile precisely. The solution can be
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FIGURE 3.8: Block-diagram of the Gerchberg-Saxton algorithm implemented in this thesis
which utilizes the Kramers-Kronig phase as start phase. In each loop, a density profile
o (t) is calculated by fast inverse Fourier transform (IFFT) of the measured form factor
modulus |Fp,(f)| combined with the phase of the previous loop ¢, (f). The density profile
is adapted such that it does not contain negative currents. For the results in this thesis,
the constraint on intermediate zeros has been added with respect to [Sch+20]. From the
complex form factor of the adapted density profile p,(t) the phase is taken as input for
the next loop while the modulus is replaced by the measurement where it does not agree
within its uncertainty A |Fp(f)].
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FIGURE 3.9: Three solutions (1,2,3) of the iterative Gerchberg-Saxton algorithm starting
with random phases. Using random phases, the density profiles of the iterative algorithm

often result in complex structures which are much less likely to present current profiles at
XFELs.
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arranged in clusters, defining a possible parameter space of the longitudinal current
profile [Has18|]. However, for this the algorithm has to be executed numerous times
while each execution needs many iterations. Thus, this method is not desirable for
online current profile measurements. Furthermore, the individual solutions of the
algorithm do not necessarily reflect compact bunch shapes as expected at XFELs.

The convergence of the algorithm can be sped up if it is not started with com-
pletely random phases, but with phases already having some connection to a rea-
sonable density profile [Fie78|]. Additionally, a unique result can be retrieved if
the Gerchberg-Saxton algorithm is started with the Kramers-Kronig phase ¢xk as
was introduced in [Sch+20]. By this implementation of the Gerchberg-Saxton al-
gorithm, which has been illustrated in Fig.[3.8} the start phase of the algorithm is
always clearly defined and leads to a unique solution for each form factor. The
algorithm quickly removes the tails and negative undershoots of the current pro-
file reconstructed with the Kramers-Kronig phase ¢k for small misconducts of the
measured form factor (see Fig.3.7). Because this requires mostly only small mod-
ifications of the initial density profile, the algorithm converges extremely fast (see
Fig.[6.3). The result is still subject to the assumption that there are no zeros of the
complex form factor in the upper half of the complex w plane. Nevertheless, the it-
erative reevaluation of the current profile leads to a highly improved robustness and
trustworthiness. In addition, even if the fundamental assumption of the Kramers-
Kronig phase is violated, bunch duration, peak current and characteristic properties
may still be correctly retrieved as illustrated in Fig.[3.6] In studies, which have been
also based on work carried out in this thesis, this method has enabled accurate cur-
rent profile measurements at FLASH. These results were confirmed using a trans-
verse deflecting structure and compared to other phase retrieval methods [Sch+20].
Another important feature of this method is that it allows small variations of the
form factor within the measurement uncertainties |AF, (f)| (see Fig.[3.8). A detailed
discussion of the general aspects of analytical and iterative phase retrieval algorithm
can be found in [Sch+18].

The current profile reconstruction procedure of [Sch+20] has been further devel-
oped for the results of this thesis. A constraint that denies intermediate zeros in the
current profile, i.e. p(f < t < t) > 0 while p(t < t;) = 0and p(t > t;) = 0, has
been added (see Fig.[3.8). This results in an even faster convergence of the algorithm
and compact current profiles. The constraints in the frequency domain |AF; (f)| have
been optimized and represent the measurement uncertainties of the form factor in an
accurate way. Now a successful convergence towards only positive density profiles
is guaranteed. An example showing the individual steps of the algorithm for data
preparation and current profile reconstruction is given with data of an actual mea-
surement in Sec. With this procedure, a fast (<100 ms), unique and trustworthy
current profile reconstruction is implemented, which is perfectly suited for online
monitoring.

The numerical evaluation of the density profile from the complex form factor
based on the fast Fourier transform algorithm (FFT) requires not only knowledge
about modulus and phase of the complex form factor on a linear grid, but also links
this spectral grid of the form factor to a temporal grid of the density profile. As a
consequence, the highest frequency fmax of the form factor determines the temporal
spacing At = 1/2 fma and thereby the smallest resolvable features of the density
profile (see e.g. [RG75]]). Additionally, the form factor must be known all the way

1The factor 2 appears because the total frequency and time window is given by (— fmax, fmax) and
respectively (—fmax,tmax)-
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down to |F; (0)] = 1, and the frequency grid spacing Af (and by this the small-
est frequency f > 0Hz) results in the time window tmax = 1/2Af of the density
profile. At European XFEL, this requires to monitor the form factor from frequen-
cies around 1THz, where it has reached its asymptotic limit of 1 (see Fig.[3.4), up
to any frequency which results in the temporal resolution of the measurement (see
Sec.[6.1.1} App.[B). Above frequencies of 100 THz however, the form factor has usu-
ally decreased to small values and any significant contribution is due to small sub-
structures of the current profile and not its overall shape.

3.4 Transition and Diffraction Radiation

As seen in the previous sections, the form factor must be determined over a wide
frequency range for reliable reconstructions of the longitudinal electron bunch struc-
ture. In consequence, the single electron radiation process has to support the re-
quired spectral interval (see Eq. (3.14)). For this purpose, several radiation sources
have been utilized. A widely used technique (e.g. [LHS94; Shi+94; Max+13]) is tran-
sition radiation (TR), which is — as will be shown in this section — very broadband
and easily accessible, but invasive to the electron beam. Typical noninvasive ra-
diation sources are diffraction radiation (DR) (e.g. [Cas+01]]), synchrotron radiation
(e.g. [LHS94]), edge radiation (e.g. [And+09]), Smith-Purcell (e.g. [And+14]) and
Cherenkov diffraction radiation (e.g. [Cur+20]). At European XFEL, the closely
related transition and diffraction radiation are employed for longitudinal electron
bunch diagnostics.

TR occurs when a relativistic charged particle crosses the boundary between vac-
uum and a medium [GF45|]. The difference of the dielectric constants requires a re-
configuration of the electric field which leads to the emission of backward directed
radiation when the particle enters the medium. The same fundamental process leads
to the emission of diffraction radiation when the particle does not impinge on the
medium but passes within the extension of the particle’s Coulomb field. However,
while TR has enabled current profile characterization of bunches with rms durations
below 100 fs [Sch+20]], DR has been restricted to sub picosecond bunch durations due
to lack of intensity in the infrared region [CSS05]. In this section, it will be demon-
strated that the beam energies of XFELs overcome this limitation and DR empowers
similar conditions as TR while being noninvasive.

Due to field retardation, the electric field of relativistic single electrons is essen-
tially transverse, which allows to utilize the Weizsadcker-Williams method of virtual
quanta [Jac03] for the computation of the radiation field. The virtual photons of the
Coulomb field are converted to real photons at the surface of a metallic screen and
the electric field is thus reflected. This method is explained in [CSS05] and the de-
scription here follows this reference. At the screen in transverse distance p from the
electron, the created radiation field is described by the radial Coulomb field of the
electron with charge e

__ ¢ 0
Eolt,p) = — e (T R (3.18)
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circular screen observation plane

FIGURE 3.10: Geometric definitions for the calculation of transition and diffraction radi-
ation in distance D from a circular screen with radius a an aperture g.

with the electron’s velocity v = Bc normalized to the speed of light ¢ and the vacuum
permittivity eo. The calculation of the spectral energy density requires as in Sec.[3.]|
the Fourier transformed electric field as a function of circular frequency w

1 o i —ew w

As the Bessel function K; is small for arguments bigger than one, the size of the
Coulomb field is characterized by the effective radius [CSS05]]

ep

Peff = w Nﬁ' (3.20)

The effective source size increases with electron beam energy v and decreases with
radiation frequency f. This sets two very important requirements for the screen
design at fixed electron energy: (1) A sufficiently large screen to efficiently generate
low frequency radiation. (2) An aperture size that is small enough for the highest
frequency of interest.

The geometrical setup for the calculation of the electric field at an observation
point P is shown in Fig.[3.10] The circular screen has radius a and aperture size g.
Due to radial symmetry, the observation point can be positioned on the x-axis with-
out any restrictions to the result. According to the Huygens-Fresnel principle, each
point of the electromagnetic wave at the source can be considered as the origin of a
spherical wave. These wavefronts emitted at the screen interfere at the observation
point and create a new wavefront

ik r2m pa oikR’
— / Eo(w, p) cos ¢ R pdpdf. (3.21)
8

Ex(P,w) = “27 )

As the distance to the observer is usually much larger than the transverse di-
mensions of the screen, the distance R’ is expanded up to second order using R? =
D? + x? and the binomial approximation:

2

R = \/Dz—f— (x — pcosp)?+ p?sin® ¢ = R\/l + % — ZRizpcosq) (3.22)
2

~ R+ PP s . (3.23)

2R R
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The R’ in the denominator of Eq. only changes the amplitude and can be ap-
proximated by R, whereas for the phase the complete approximation has to be con-
sidered in order to properly account for interference. The field at the observer be-
comes by inserting x = Rsin6

_ ew ik 1kR —ikp cos ¢ sin 6
Ex(P,w) = 2 e fi 2 ARC // < ) cos¢ge’ e pdpde.
(3.24)

The integration over the azimuthal angle can be carried out analytically and yields
the modified Bessel function J;

27 . .
/ cos peRPCOsPSINOqy — il (kosing). (3.25)
0

With this the spectral energy per solid angle dQ) = dA/R? (see [CSS05]) results in

¢ . ko ikp?
[t (2)or ()

In general, the integration along the radial dimension of the screen can only be car-
ried out numerically.

In the far-field approximation, which means not considering the second order
of the R" approximation and thus the phase factor eike* /2R , Eq. (3.26) can be solved
analytically. The phase factor can be neglected for distances D from the screen that
hold (see [[CSS05])

2
dzu 2wt

dwdQ ~ 4713¢005 Bry?

(3.26)

2
2nf’

For a screen with infinite radius 4 — oo and no aperture ¢ = 0, the result is the
famous Ginzburg-Frank formula
d®Ugr e? B*sin” @

= . 2
dwdQ  47eoc (1 — B2 cos? §)? (328)

D > vpet = (3.27)

The resulting one and two dimensional intensity profiles of the transition radiation
are shown in Fig.[3.11] The spectral intensity does not depend on the frequency. The
vanishing intensity on-axis results from the radial polarization and for highly rela-
tivistic electrons the radiation is emitted in a narrow cone with maximum intensity at
Omax =~ 1/. The total radiated spectral energy density of Eq. is approximated
by [CSS05]

du e

which shows that the intensity increases only weakly with the electron beam energy
Y.
For finite screens with radius 2 and aperture g, Eq. (3.26) results in [CSS05]
U dUcr
dwdQ  dwdQ

wa wasinf wa wa wasinf wa
T, (0, = K - Ko [ —
(6,0) 057]O< c > ! (Cﬁ’r> " Cﬁz’rzsm9h< c > 0 (Cﬁ’r)

_wg wgsin 0 wg wg wgsin 6 “3
Ty (6,w) = cﬁ7]0 ( c ) f (Cﬁ’Y> " Cﬁz”YzSinf)h ( ¢ ) o (C57>
(3.30)

Ty (6,0) — Ty (6,0)]
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FIGURE 3.11: Intensity distribution of transition radiation according to the Ginzburg-
Frank formula shown as one and two dimensional illustration. The characteristic
‘doughnut’-shape results from the vanishing intensity on-axis and the maximum inten-
sity at the opening angle Omax = 1/ for highly relativistic electrons.
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FIGURE 3.12: Normalized transverse TR and DR profiles for two different frequencies at
1 m distance from a 16 mm wide screen (with 1 mm aperture) emitted by an electron beam
of 7GeV. The profiles have been obtained by numerical evaluation of Eq. (3.26).

which in the limit of ¢ — 0 and a4 — co resembles the Ginzburg-Frank formula.

At hard XFELs, the TR source size in the THz regime is much larger than the
dimension of the screen (~ cm) due to the high beam energy (y > 5000), but most
importantly, the far field condition is not fulfilled. It would require not realizable
distances from the screen for a few GeV electron beam energies (D > 1km) in the
THz regime. Thus in these cases, neither Eq. nor Eq. can be utilized to
calculate the spatial distribution of the spectral energy density and Eq. has to
be numerically integrated over the screen. In App.[A] an efficient numerical method
based on Fourier transforms, which was introduced in [CSS05], is described to solve
this equation for arbitrary screen dimensions also in the near-field regime.

The unfulfilled far-field condition as well as interference effects coming from
the screen edges and aperture lead to significantly different transverse distributions
than the idealized Ginzburg-Frank formula would predict. Examples of transverse
spectral energy profiles at a beam energy of 7 GeV — the smallest expected beam en-
ergy at European XFEL — are shown in Fig.[3.12|for TR and DR in the THz (1 THz)
and FIR (30 THz) regime. The simple relation of 6 - v = 1 from the Ginzburg-Frank
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FIGURE 3.13: Transverse form factor at an observation angle of 10 mrad as function of the
rms width of a transverse Gaussian distribution of the electron bunch. To avoid unwanted
influences of the transverse form factor especially at high frequencies, the electron bunch
should be sufficiently focused.

formula for the angle of maximum intensity is strongly violated, and the radiation
properties can only be adequately described by numerical simulations. Especially
at low frequencies (blue), the profile is much wider than in the Ginzburg-Frank case
due to diffraction. At higher frequencies (red), the profile becomes narrower but
near field diffraction leads to significant modulations on the profile. At typical beam
energies of XFELs and within the required frequency range for current profile mea-
surements, the differences between the profiles of TR (dashed) and DR (solid) at only
few mm-wide apertures are small. Additional interference effects by the aperture re-
sult in slightly different modulations.

In the previous section the decomposition of the form factor into transverse
and longitudinal component has been justified by the dominating time difference of
the longitudinal distribution due to small opening angles. Even the opening angle
of the 1 THz profile in Fig. results in roughly 10 mrad, which confirms the small
angles. The influence of the transverse form factor at this observation angle is plot-
ted as a function of the width of a Gaussian transverse density profile in Fig.[3.13|
At high frequencies, the transverse form factor can have a significant influence if the
beam is not sufficiently focused. Especially at low beam energies (< 1GeV) (for ex-
ample at soft X-ray FELs) with larger emittanceﬂ the transverse beam size has to be
considered and may limit the frequency region of coherent emission. It may also be
required to determine the transverse electron distribution for accurate longitudinal
form factor measurements, which is not a trivial task (see e.g. [Yan11]]). For diffrac-
tion radiation, the influence of the transverse beam size is suppressed as according
to Gauss’s law the electric field of a charge density, which only depends on the dis-
tance to its center, is given by the enclosed charge alone. Monitoring the transverse
beam size is not required.

An advantage at XFELs is that small emittances lead to generally small beam
sizes. Yet the screen should be placed at a position with reasonable small B-functions.
At European XFEL, the beam size at the position of the screen for the spectrometer
(see Sec.[4.1) is dominated by the horizontal plane with a design p-function of ~50 m.
For a normalized emittance of €, = 1um [Dec+20], the largest expected beam size

2The emittance € is a fundamental property of the transverse beam quality. Together with the B-
function for example, it determines the transverse beam size. See [Wiel5| for a detailed discussion.
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FIGURE 3.14: Transverse form factor of a Gaussian distribution with 50 pum rms width as
function of the normalized angle for a direct comparison with Fig.[3.12] The influence of
the transverse form factor can be neglected within the opening angles in the THz and FIR
regime.

amounts to roughly oy = /Be,/y = 50pum at the lowest expected beam energy
of 7GeV. The influence of the transverse form factor of a corresponding Gaussian
distribution is plotted in Fig.[3.14 as a function of the normalized emission angle
6 - . For direct comparison, the scale is identical to Fig. In the THz and FIR
regime, the opening angles of the radiation containing the most part of the intensity
are too small to be significantly influenced by the transverse form factor |Fr| at this
beam size. Its influence (|Fr| 2 0.95) on the spectral distribution of the coherent
radiation can thus be neglected.

The total emitted spectral energy density of TR and DR can be determined based
on Eq. and a numerical integration along the solid angle (). The total spectral
energy density does not change at the transition from near-field to far-field regime.
Nevertheless, the exact spectral distribution at any detector in the near-field regime
can only be determined by numerical simulations which include the actual screen
geometry and the acceptance angle of the detector (see Sec.d.I). An example for
the total emitted spectral energy density from typical screen geometries is shown in
Fig.[3.15|for 1GeV and 7 GeV beam energy. The screen has a radius of 4 = 16 mm
with (in the DR case) a ¢ = 1 mm aperture in the center. The influence of the limited
screen size is visible for both beam energies. At 1GeV beam energy, the plateau of
the Ginzburg-Frank formula (dashed) is reached at frequencies of around 10 THz,
whereas the increased effective source size (Eq. (3.20)) at 7 GeV shifts the beginning
of the slightly higher plateau to 70 THz. As mentioned in [CSS05], the plateau is
already reached at frequencies that hold ps < 3a.

The dotted lines mark the diffraction radiation spectrum for an infinite screen,
i.e. a — co. Due to the aperture, the intensity decreases towards higher frequencies.
The effective source size gets smaller with frequency. The Coulomb field outside
the aperture contains less high frequency components which could be converted to
real photons. Because the source size increases with beam energy, the DR spectrum
shifts to higher frequencies for larger beam energies. Additionally, the influence of
effective source size on the limited screen flattens the spectrum.

At 1GeV, the combination of these two effects lead to a strong drop of DR inten-
sity in the IR regime (>10 THz), whereas at 7 GeV this cut-off shifts to much higher
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FIGURE 3.15: Total spectral energy densities of TR and DR for two different beam energies
emitted by a point-like electron bunch of 1nC charge at a screen with 4 = 16 mm radius.
The aperture radius for DR is ¢ = 1 mm. The dashed and dotted lines mark the respective
spectral energy density for an infinite screen.

frequencies (>100THz). DR at beam energies below 1GeV is not well suited for
longitudinal form factor measurements of femtosecond bunches because of weak
spectral energy density in the IR regime and an overall uneven spectrum which
complicates the construction of a single-shot spectrometer. For multi-GeV beam en-
ergies however, the cut-off shifts to frequencies which are above the frequency re-
gion linked to the overall current profile of the electron bunch. Consequently, DR
can be utilized for longitudinal form factor measurements (compare with Fig.[3.4) of
bunches with a few femtoseconds duration at hard X-ray FELs.

At the beam energies of hard XFELs, diffraction radiation offers a fairly flat single
electron radiation spectrum over a wide frequency range and requires only a com-
paratively simple setup, which consists only of a screen as illustrated in Fig.[3.16]
Besides the spectral, also the spatial properties of DR are in this case very similar
to those of TR (see Figs.[3.12} and can be utilized in the same manner for lon-
gitudinal diagnostics. In addition, DR has the benefit of a clear separation between
the applied spectral diagnostic and generation of radiation. DR and TR are easily
accessible if the screen is tilted by 45° with respect to the electron beam path. The
radiation is then emitted under an angle of 90° with respect to the electron beam axis
which has only a minor influence on the emitted radiation by an inclination factor
cos 8 [CSS05]. The DR spectrum is also not affected by the transverse beam size. This
makes DR an ideal source for noninvasive longitudinal electron bunch diagnostics
at hard X-ray FELs.
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FIGURE 3.16: Simplified illustration of TR and DR at a screen enclosing an angle of 45°
with respect to the electron beam axis. The transversely concentrated electric field of a
highly relativistic electron bunch is reflected at the surface of a metallic screen and pro-
duces transition radiation. In case of diffraction radiation, the electron bunch does not
impinge on the screen but passes through an aperture (dashed).
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Chapter 4

Experimental Setup

The experimental setup for longitudinal bunch profile characterization at European
XFEL shall fulfill several requirements in order to provide potent diagnostics for
accelerator operation and FEL experiments. The setup should be

¢ able to resolve bunch profiles down to 10 fs rms bunch duration,
® noninvasive,
* capable of characterizing all bunches at MHz bunch repetition rates.

In order to reconstruct the temporal profile of the electron bunches and their sub-
structures of only a few femtoseconds from the frequency domain, a broadband
spectrometer is mandatory (see Sec.[3.2). At DESY, a single-shot spectrometer called
CRISP, which fulfills this requirement by covering the frequency range 0.7 THz to
60 THz, has been developed and successfully operated at FLASH with transition ra-
diation (TR) at 10 Hz repetition rate [Wes12;|Sch+20]]. In this work, the spectrometer
has been adapted to achieve operation compatible with the MHz repetition rates of
European XFEL using a noninvasive radiation source and modified readout elec-
tronics. The experimental setup at European XFEL is shown in Fig.[4.1} and the
individual parts of the setup, i.e. the screen station for the generation of coherent
radiation, THz beamline, spectrometer and readout electronics, are described and
explained.

4.1 Screen Station

As elaborated in Sec.[3.4} the spectral and spatial properties of noninvasive DR are
similar to those of invasive TR at multi-GeV beam energies. Therefore, the intensity
level of noninvasive DR at European XFEL is suitable for the CRISP spectrometer as
it can expected to be comparable to TR intensity at FLASH. The experimental setup
for DR does neither put extraordinary restrictions on electron beam optics nor re-
quire a complicated setup. Nevertheless, it enables to monitor all bunches inside the
bunch train. This is of huge advantage for superconducting FELs with respect to
accelerator operation and FEL experiments. Thus, European XFEL, the first super-
conducting XFEL with multi-GeV beam energy and MHz repetition rates, has been
equipped in this work with a diagnostics based on coherent DR spectroscopy for
noninvasive current profile reconstructions with femtosecond resolution.

The design of the diffraction radiator for the CRISP spectrometer has been adopted
from the bunch compression monitors (BCMs) at European XFEL. These screens
[PDG14] are mounted inside a special component of the evacuated accelerator beam
pipe called screen station. A technical drawing of the screen station for BCMs and
the CRISP spectrometer is shown in Fig.[4.2] The screen itself consists of 1 mm-thick
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screen station
with mover

THz

FIGURE 4.1: 3D model (left) and photograph (right, Courtesy of D. Nolle) of the exper-
imental setup for noninvasive longitudinal bunch profile diagnostics at MHz repetition
rates based on CDR. In both cases the electron beam is coming from the right. CDR (or
CTR if desired) is emitted at the screen inside the screen station (green). Four focusing mir-
rors (M1-M4) inside the THz beamline (blue) guide the radiation down to the spectrometer
(red). The spectrometer is placed on a adjustable support-structure which is attached to
the floor.

solid body aluminum and has an area of 32 mm x 80 mm. The surface of the screen
has been machined with a diamond milling cutter and has a roughness < 1pum. It
comprises 5mm and 7 mm apertures in bottom and top section of the screen (see
right part of Fig.[4.2). The aperture sizes have been chosen such that also at the BCM
stations with low beam energy and thus larger beam sizes the electron beam is en-
sured to pass without beam loss. The screen is mounted on a remotely-controllable
linear motion vacuum feed-through (screen mover) to move either the central part
or the apertures vertically onto the nominal beam path. The screen can thus be op-
erated as a transition or diffraction radiator with two different apertures. The screen
normal encloses an angle of 45° with respect to the electron beam axis. Backward
TR or DR is emitted in the horizontal plane perpendicular to the electron beam axis
where it enters the THz beamline through a diamond windowEl with 20 mm circular
aperture. The diamond window has a 1° wedge shape in the vertical direction to
suppress etalon oscillations (see Fig.[#.6) and is 0.5 mm thick.

In order to maximize the effective source size of the radiation, the screen station
for the CRISP spectrometer is positioned after the main linac at full beam energy of
up to 17.5GeV. The location downstream of the collimator section and upstream of
the undulator switchyard (see Fig.2.5) has several advantages:

¢ The collimator removes dark current and beam halo as well as any other off-
energy particles what significantly reduces the beam losses at the diffraction
radiator aperture.

IDiamond Materials GmbH
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FIGURE 4.2: Screen station to produce coherent diffraction or transition radiation (left)
and a schematic view of the aluminum screen itself (right) for the CRISP spectrometer
and the BCMs. The screen consists of two diffraction radiator sections (top/bottom) and
a transition radiator section (middle), which can be moved into the electron beam path
depending on demand by the screen mover (linear motion vacuum feed-through). The
elliptical holes result in circular apertures when seen under 45° on the electron beam axis.

* In front of the undulator switchyard all bunches can be monitored even if they
are sent to different destinations (i.e. dump, SASE1/3, SASE2).

* Itis located downstream of the fast transverse orbit feedback. Thereby it is en-
sured that all bunches inside the train have almost the same orbit and position
dependent effects are eliminated.

¢ It enables longitudinal profile diagnostics at full compression. This can also
be done with a TDS after the last bunch compressor BC3z, however there the
bunches have not yet reached final beam energies and still have to pass the
main linac and roughly two kilometers before they reach the FEL undulators.

¢ The bunches have reached their final beam energies and the spectral energy
density of DR is maximized.

To validate the applicability of the screen station for longitudinal current profile
measurements, the emission curves of the different screen sections are studied. They
are obtained by integrating the spectral energy density over the vacuum window in
55 mm distance to the beam axis for the lowest beam energy to be expected (7 GeV
during a possible CW operation [Bri+14]) and the highest beam energy (17.5GeV).
To account for the actual screen geometry and the window aperture, the spectral
energy densities are calculated based on the Fourier transform method described in
App.[A] The results are shown in Fig.[4.3]as solid lines for a bunch with 1nC charge.
They are compared to the results and discussions of Sec.[3.4} For this, the total emit-
ted radiation of a circular screen is calculated by integrating Eq. numerically
over the entire half sphere in the far-field. These spectra are depicted as dashed lines.
The frequency range of the CRISP spectrometer is marked by vertical lines.

The spectral energy density of transition radiation on the diamond window con-
tinuously increases for all expected beam energies towards high frequencies due to
the limited source size as was already discussed in Sec.[3.4] For 7 GeV, the plateau of
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FIGURE 4.3: Spectral energy density of transition and diffraction radiation integrated
over the window aperture at lowest and highest expected electron beam energies and il-
lustrated as solid lines. These calculations are based on the numerical method described
in App.[A] The dashed lines present the results of the entire emission using Eq. for
a circular screen. The vertical lines mark the frequency range of the CRISP spectrome-
ter. Deviations between the total emitted spectral energy density and the spectral energy
density on the window are due to near-field diffraction at the window aperture.

the intensity on the diamond window is reached around 70 THz just like in the ide-
alized far-field case (see also Fig.[3.15). At 17.5GeV, the plateau is reached outside
of the shown frequency range. Advantages of a larger screen, which would shift the
plateau to slightly lower frequency are inessential. Anyway, the focus at European
XFEL lies on noninvasive operation using diffraction radiation.

Diffraction radiation holds — in comparison to TR — a very flat spectrum along
the entire frequency range of the CRISP spectrometer for both screen apertures at
17.5GeV. At 7 GeV, the decreased source size leads to a small drop of the DR spectral
energy density for frequencies above 30 THz. The drop of the spectral energy den-
sity at the high frequency end of the CRISP spectrometer is negligible for 17.5 GeV
beam energies. At the lowest expected beam energy of 7GeV, the spectral energy
density decreases towards the highest frequencies of the CRISP spectrometer only
by roughly one third for both apertures. Overall, DR exhibits a radiation spectrum 3
to 5 times less intense than TR along the CRISP spectrometer’s frequency range.

For all settings, there is a noticeable offset between the total emitted spectral en-
ergy density according to Eq. and the actual spectral energy density passing
the window. This is due to near-field diffraction, which leads to a beam profile with
an extended region of low intensity. The transverse TR and DR beam profiles at the
window plane are depicted in Fig.[d.4]for a frequency at the low and high frequency
end of the spectrometer. The window aperture (red circle) of 20 mm is sufficient
for the main radiation spot at all frequencies and the overall evolution of the spec-
trum is thus similar to the entire emitted radiation. As can be seen in Fig.[4.3] the
maximum achievable increase by a larger window results — in an idealized case —
to 30 % for DR. In reality however, the additional radiation intensity inside the ex-
tended region of low intensity can neither be completely covered by any feasible
window aperture nor efficiently transported by a beamline. It should be noted that
even at 7 GeV beam energy and radiation frequencies of 100 THz, the far-field is only
reached for distances around 100 m from the screen. At frequencies above the spec-
trometer range, the influence of near-field diffraction decreases and the DR spectral
energy density on the window approaches the spectral energy density of the total
emitted radiation (see Fig.[4.3).
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FIGURE 4.4: Simulated intensity profiles at the window plane for TR and DR at the 5 mm
aperture for 1THz and 10THz and 17.5GeV beam energy. The red circle indicates the
aperture of the diamond window. Near-field diffraction leads to transverse intensity dis-
tributions with extended regions of low intensity. Nevertheless, the main radiation spot
is well transmitted through the window aperture for all screen settings and frequencies.
Thus, the overall evolution of the radiation spectrum on the window is similar to the entire
emitted radiation calculated in the far-field regime (see Fig..

From experience with THz spectroscopy at FLASH, it is known that TR at beam
energies of about 1GeV generates sufficient intensity along the whole frequency
range of the CRISP spectrometer for bunch profile reconstructions with a few fem-
toseconds resolution [Wes12; Sch+20]]. Due to weak scaling of TR with beam energy
(see Sec.[3.4), the TR spectral energy densities at FLASH are comparable to those in
Fig.[4.3] In this regard, the intensity decrease of DR at the screen station of European
XFEL is acceptable especially under consideration of the large influence of current
profile and bunch charge on the coherent radiation intensity (see Sec..1I). For the
entire range of beam energies expected during FEL operation, the high frequency
cut-off of DR does not lead to a drastic drop of spectral energy density within the
spectrometer range. The diffraction radiation screen stations of European XFEL are
a promising noninvasive source for coherent radiation for the CRISP spectrometer.
The following sections of this chapter study beam transport and detection.
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FIGURE 4.5: Schematic of the optical components inside the THz beamline with distances
d (bottom) between the elements and their focusing lengths f (top). The wedge-shaped di-
amond window separates the accelerator vacuum from the THz beamline vacuum. Four
focusing mirrors (M1-M4) guide the radiation through the THz beamline and collimate it

inside the spectrometer. The polarizer marks the first optical element inside the spectrom-
eter (see Sec.[{.3). Not to scale.

4.2 THz Beamline

The 3D model and photograph of the experimental setup at European XFEL in
Fig.[4.1] illustrates the layout of the THz beamline that connects the screen station
with the spectrometer. The THz beamline serves three main aspects: First of all, the
optical layout of the THz beamline has to ensure an efficient transport of coherent
radiation to the spectrometer over the entire frequency range. In order to properly
focus the radiation onto the detectors, the radiation must be sufficiently collimated at
the THz beamline exit. This is achieved by four focusing mirrors (M1-M4). Secondly,
if the radiation transport would take place in air, the frequency spectrum would be
distorted by water vapor absorption lines [Cas+06|]. To prevent this, the THz beam-
line is evacuated by vacuum pipes of 150 mm inner diameter . Last but not least, the
sensitive electronics of the spectrometer should not be exposed to ionizing radiation
in order to prevent damage. The THz beamline separates the spectrometer from the
accelerator beam axis by sufficient distance to minimize the level of harming ioniz-
ing radiation. In addition, the spectrometer is placed directly downstream of a rack
housing made out of concrete, which shields the spectrometer from Bremsstrahlung
in case of beam loss in the collimator section. The spectrometer is attached to a
table-like support-structure mounted onto the floor, which provides easy access to
the spectrometer.

The four focusing mirrors (M1-M4) are custom made by an industrial companyﬂ
with a projected diameter of 100 mm onto the THz beamline axis. They have toroidal
shape for focusing and are mounted on remotely controllable mirror holders for
alignment. The optical design of the THz beamline has been carried out by P. Peier
before the start of this thesis, but its realization has been part of this thesis. The
focusing lengths and distances between the optical elements are given in Fig.[4.5
Besides collimating the beam, the gold-coating of the mirrors also provides an effi-
cient transport of radiation from the THz to the visible regime. The THz beamline
transmission is defined as the ratio of the spectral energy density entering the spec-
trometer to the density on the diamond window. It is shown for DR at the 5mm
aperture as a function of frequency for both polarizations in Fig.[4.6] The transport
of the radiation through the THz beamline has been simulated under consideration

2LT Ultra-Precision Technology GmbH
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FIGURE 4.6: Transmission of the THz beamline for both polarizations with respect to the
screen. Only the vertical polarization is detected due to a polarizer inside the spectrometer

(see Sec..

of all diffraction effects by using the Fourier transform method described in App.[Al
Absorption due to the diamond window, its induced kick due to the wedge-shape as
well as the focusing mirror reflectivity of 0.97[Cas+09] at the frequencies of interest
have been included. The transmission is a flat function of frequency with an overall
transmission of 0.6 mainly given by the diamond window [Dia]] and the reflectivity
of the four focusing mirrors 0.97% = 0.89. Only at frequencies below 1THz, the di-
amond window leads to a modulation of the THz beamline transmission. Without
the wedge shape, the diamond window transmission would vary between 50 % and
100 % [[Cas+09] due to etalon oscillations. The wedge shape suppresses these oscil-
lations due to the different time offsets between the internal reflections along the
transverse radiation profile. Especially for the vertical polarization, whose radiation
profile spans along the wedge axis, the modulation of the transmission is strongly
reduced. At 50THz to 60 THz phonon absorption in the diamond window leads to
a dip with transmissions below 0.4.

The simulated beamsizes of the different radiations along the THz beamline and
the region of the spectrometer (pol — G4, see Sec.[.3) are illustrated in Fig.[4.7] for
a set of representative frequencies. Hereby the rms beam size is calculated consid-
ering both polarizations of the radiation and the position of the optical elements is
indicated by the gray vertical lines. As the beam sizes in the horizontal and ver-
tical plane are almost identical, Fig.[4.7 presents only the results of the horizontal
beam size. The influence of the beam energy above 10 GeV is negligible, however it
shall be stated that the results have been obtained with 15GeV beam energy. This
energy has been chosen, because it represents roughly the central beam energy of
European XFEL during this thesis (11 GeV — 17.5GeV). For all radiation types, the
beam size along the beamline is sufficiently small even for frequencies below 1 THz
and ensures no significant intensity loss at the aperture of the focusing mirrors. The
focusing mirrors M2 and M3 form a periscope which translates vertical polarization
at the screen to horizontal polarization inside the spectrometer. As the spectrome-
ter is only sensitive to horizontal polarization (see Sec.[4.3), the detected radiation
corresponds to vertical polarization at the screen. The focusing properties of the
spectrometer result in a collimated and sufficiently small DR beam along the path
inside the spectrometer for its entire frequency range (see Sec.[#.3). Because the THz
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FIGURE 4.7: Simulated beam sizes along the THz beamline and CRISP spectrometer (see
Sec.[£.3) for different radiation frequencies in the THz and FIR regime and the three ra-
diation types at 15GeV beam energy. The radiation is well contained within the 100 mm
limiting aperture of the focusing mirrors (M1 — M4) such that a loss free radiation transport
is ensured. Inside the spectrometer (pol — G4), the radiation is sufficiently collimated.
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FIGURE 4.8: Single pyroelectric detector setup for the measurement of the focusing prop-
erty of the THz beamline. The pyroelectric detector is mounted on a linear motion stage,
which allows to change the distance to the z-cut quartz window. Transverse scans of the
intensity profile are carried out by tilting the last focusing mirror M4.

beamline is optimized for DR, the beam size of TR is slightly larger and less colli-
mated inside the spectrometer for low frequencies. However, this has no significant
influences on the operation of the spectrometer (see Sec.5.4). Higher frequencies
are in general focused to smaller beam diameters as the effective source size of the
emitted radiation and the influence of diffraction decreases.

421 Beamline commissioning

Before the spectrometer was attached to the THz beamline, the properties of the col-
limated radiation have been measured and compared with the results of simulations.
A pyroelectric detector has been mounted on a linear stage after the THz beamline
which was sealed with a z-cut quartz window. An image of this setup is shown in
Fig.[4.8] The used pyroelectric detector system is similar to the detector system of the
spectrometer, which is described in Sec. The setup allows to vary the distance
between the pyroelectric detector and the last THz beamline mirror along the opti-
cal beam path. In addition, as all THz beamline mirrors are remotely controllable
by in-vacuum linear actuators, the last focusing mirror is able to scan the diffraction
radiation over the detector measuring the transverse distribution.

An example of a measured transverse profile of the diffraction radiation at the
5mm aperture is shown in Fig.[4.9, where the obtained profile is compared to the
simulation results. The beam energy amounts to 14 GeV. For the simulation, the
electron bunch current profile was assumed to be Gaussian with a rms duration of
25fs. The simulated transverse profile is generated by multiplication of the trans-
verse profiles of each radiation frequency with the form factor as well as the trans-
mission of the z-cut quartz window and the sensitivity of the detector. The trans-
verse dimensions of the detector have hereby explicitly not been considered to vi-
sualize even fine structures of the radiation profile. Both profiles agree in size of
the diffraction radiation spot and exhibit the characteristic low-intensity center. The
asymmetry visible in both profiles is due to the toroidal mirrors and the 45° angle
between electron beam axis and DR screen.

The measured and simulated evolution of the transverse beam size after the THz
beamline is shown in Fig.[4.10] The measured transverse rms beam size of colli-
mated beam after the last THz beamline mirror agrees within 10% to the results of
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FIGURE 4.9: The measured transverse profile of diffraction radiation (left) in comparison
to simulations (right). Measurement and simulation (not considering detector size) agree
even within fine details like the slight asymmetry. Both profiles show the characteristic
low intensity center for diffraction radiation.

the simulation. These small deviations can be understood by the sensitivity of the
experimental rms beam width to fluctuations of the measured profile on the finite
measurement grid.

The commissioning results demonstrate that radiation emission, transport and
detection are well understood and that the spectrometer provides suitable radiation
properties along the frequency range of the CRISP spectrometer.

4.3 CRISP Spectrometer

As mentioned in the beginning of this chapter, a single-shot spectrometer for lon-
gitudinal bunch profile measurements is operated at FLASH. This Coherent Radi-
ation Intensity SPectrometer (CRISP) is installed in a modified version at the THz
beamline of European XFEL. A detailed description of the spectrometer is given
in [Wes+11; |Wes12] and latest experimental results from FLASH are presented in
[Sch+20]. Here, the main aspects of the spectrometer will be discussed.

For single-shot spectroscopy, optical reflection gratings are useful to disperse
polychromatic radiation into its spectral components. For radiation wavelength A,
the dispersion angle g with respect to the normal of the grating is given by the grat-
ing equation

m % = sina +sinp withm € Z, (4.1)

where « is the angle of incidence, d the grating period and m the dispersion order.
A fundamental limitation of reflection gratings for broadband radiation follows di-
rectly from Eq. (.1). It is possible that higher orders (m > 1) of smaller wavelengths
are dispersed into the same angle 8 as the first order (m = 1) of the frequency of
interest. Thus, the influence of higher orders must be sufficiently reduced in order
to allow broadband spectroscopic measurements. The efficiencies of higher orders
and reflective mode (m = 0) depend strongly on the actual grating geometry and
the angle of incidence «.
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FIGURE 4.10: Simulation and measurement of the transverse beam size after the THz
beamline detected by scanning a single pyroelectric detector. The evolution with distance
agrees very well with the simulations and the beam sizes deviate by less than 10% from the
simulation. The measured rms beam width is sensitive to fluctuations of the low intensity
part of the beam profile on the measurement grid, and an estimation of systematic errors
therefore omitted at this point.

In [DHO8]|, a grating configuration with the efficiencies shown in Fig.[4.11|for the
horizontal polarization has been found. Wavelengths between 0.724 and 1.32d are
efficiently dispersed in first order (m = 1) into a large angle interval f = [27.0°,79.9°]
for detection of the spectral intensity. Simultaneously, the grating acts like a mirror
for wavelengths above Ay = 1.32d as they are efficiently reflected (m = 0). Due
to the sharp transition from dispersive to reflective behaviour, the grating can be
understood to operate like band-pass and low-pass. Radiation within the band-
pass is dispersed, while radiation with wavelengths above the low-pass threshold is
reflected. The angle of incidence hereby accounts to & = 19°.

The spectral properties of the grating configuration allow to overcome the lim-
itations of a single reflection grating by cascading several gratings with different
grating periods d. Hereby, the low-pass properties of each grating act like a filter
for the higher orders at the next grating. The application of this principle at the
CRISP spectrometer is illustrated in Fig.[£.12] Each grating disperses a certain wave-
length interval and guides longer wavelengths (smaller frequencies) onto the next
grating. The grating period d hereby increases from grating to grating by roughly
1.7, which is determined by matching the lower edge of the dispersion region to the
higher edge of the previous grating. The first grating GO is not used to disperse the
radiation onto the detectors but to remove higher orders of the grating stage G1.

The polarizer shown in Fig.[#.12] transmits only the horizontal polarization for
which the gratings were designed. With a free aperture of 40 mm the polarizer is
the smallest optical component inside the spectrometer. According to Fig.[4.7] the
aperture is at least 4-times larger than the rms beam width except for low frequency
radiation — especially at TR — where a small fraction of intensity may be cut. This
however has no significant influence on the spectrometer sensitivity (see Sec.[5.4).
Two mirrors Al and A2 are used to align the incoming radiation and ensure a =
19 ° within a sufficiently small margin (< 1°) to neglect deviations [Wes12]. Two
different sets of five cascaded gratings are installed inside the spectrometer such that
the spectrometer can be operated in THz and far infrared (FIR) regime. The grating
constants and frequency ranges of each grating for these two sets are summarized in
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FIGURE 4.11: Computed efficiency of the reflective (m = 0) and first dispersive order
of the gratings (m = 1) as a function of wavelength normalized to the grating period d
for a horizontal polarization of the electric field. Wavelengths above 1.32d are efficiently
reflective (low-pass) while wavelengths below are dispersed in first order down to 0.724.

Adapted from [Sch+18].
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FIGURE 4.12: Layout of the CRISP spectrometer with five cascaded gratings (left). The po-
larizer transmits only the horizontal polarization for which the spectrometer is designed.
The mirrors Al and A2 are used to align the radiation inside the spectrometer. The first
grating filters out high frequencies that would otherwise lead to higher order dispersion
effects. For gratings G1-G4, a parabolic ring mirror focuses the radiation on a pyroelectric

detector array above (right). Adapted from [Wes12].
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TABLE 4.1: Grating period d and resulting characteristic frequency fy, which marks the
transition between low-pass and dispersive behaviour. For both grating sets, the de-
tectable frequency range of each grating is given by fmax and fmin-

THz FIR
d/um | fmax/THz | fmin/THz | fo/THz || 4/pm | fmax/THz | fmin/THz | fo/THz
GO || 33.33 6.82 417 54.54
G1 || 58.82 6.62 3.88 3.86 6.67 58.48 34.21 | 34.09
G2 || 100.0 3.90 2.28 227 || 11.11 | 35.05 20.55 | 2041
G3 || 181.8 2.14 1.25 1.25 20.0 19.48 11.41 11.36
G4 || 333.3 1.17 0.69 0.68 || 33.33 | 10.91 6.90

black polymer % radiation
20nmNiCr

27 pm LiTaOy [~ [
5nm NiCr h

Ta

FIGURE 4.13: Layout of the used pyroelectric detector LIM-107-X005 made by InfraTec.
The pyroelectric LiTaOj3 crystal is embedded by NiCr electrodes and a black polymer coat-
ing increases the sensitivity for frequencies above 3 THz. Adapted from [Wes+11].

Tab.[.1} The two grating sets are mounted on top of each other on a vertical linear-
motion stage and can thereby be remotely interchanged.

An illustration of the setup focusing the dispersed radiation onto detectors is de-
picted on the right of Fig.[#.12] The dispersed radiation of each grating is reflected
upwards and focused by ring-shaped parabolic mirrors covering the dispersion an-
gle interval of [25.5°,85.5°]. Above each ring mirror an array of thirty pyroelectric
detectors is placed inside the focus to detect the dispersed radiation. The detectors
are arranged in a circular arc that covers the dispersion angle intervall [26.4°,81.8°].

4.3.1 Detection and pulse shaping electronics

The pyroelectric detectors have been developed by an industrial company to have a
fast thermal response and sufficient sensitivity for the detection of coherent transi-
tion and diffraction radiation. The layout of the used detectors with 2 x 2 mm? active
area is shown in Fig.[£.13] The 27 pm thick pyroelectric lithium tantalate (LiTaOs)
[RB73] crystal is embedded in 20 nm respectively 5nm thick NiCr electrodes. With
this configuration, the usual strong frequency-dependent sensitivity oscillations of
pyroelectric detectors are suppressed [Wes+11]. A black polymer coating on the
front side increases the absorption above 3 THz. The considered response of the
detector is shown in Fig. (line), which has been obtained by extrapolating mea-
surements (dots) using a suitable model [Beh08]. The spectral sensitivity however
depends on the actual layer thicknesses which vary due to fabrication tolerances and
are one error source for the modeled sensitivity of the spectrometer (see Sec.[5.1).
Upon absorption of radiation the pyroelectric crystal undergoes a thermal expan-
sion which creates surface charge. As depicted in the schematic illustration of the
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FIGURE 4.14: Considered response of the LIM-107-X005 detector which is obtained by
fitting a model to available experimental data (dots) [BehO8|]. The detector response also
depends on the actual thickness of the different layers, which varies due to limited manu-
facturing precision [Wes12].

readout electronics in Fig. a charge-sensitive preampliﬁetﬂ converts the charge
to a voltage signal. The preamplifier has been exchanged with a faster version com-
pared to the spectrometer at FLASH. Here, the preamplifier generates an exponen-
tial step-like function with a decay time of only 1.4 us compared to 140 pus at FLASH.
During bunch train operation with the highest possible repetition rate of 4.5MHz,
the signal of the preamplifier reaches a steady state after about 25 bunches as illus-
trated in Fig. At this time, the influence of the first bunch is not significant any-
more and the signal reaches values around 7-times the signal amplitude of a single
bunch. Smaller time constants decrease the signal-to-noise ratio, but for larger time
constants, the steady state occurs later with higher signal level, which potentially
is in the saturation regime of the electronic pulse-shaping and readout chain (see
Sec.[p.3). The signals are guided outside the spectrometer via shielded twisted-pair
cables and RJ-45 connectors to a MicroTCA 4 crate for signal shaping and digitiza-
tion by a combination of rear transition module (RTM) and advanced mezzanine
card (AMCQ).

The shaping takes place on four Tews RTM TAMC532-TMEI each with 32 channels
which are organized in four blocks. For each block, the input gain can be set to 1,2,5
or 10. A differentiator and two 2nd order low-pass filter form the shaping amplifier,
which converts the step-like voltage signals to Gaussian-like signals. For each block,
the rms width of the shaping can be selected to 0.1 ps, 1 ps or 10 ps. In order to obtain
well-separated Gaussian signals for each bunch at MHz repetition rates, the shaping
width is set to 0.1 ps. The input buffer gain is set to 1 as no improved signal-to-noise
ratio was observed and this minimizes the saturation threshold in single-bunch op-
eration (see Sec.[5.3). Each channel exhibits an adjustable pole-zero compensation to
restore the baseline after the bunch induced signal and an adjustable baseline shift
at the output buffer.

The signals are digitized by four Tews AMC TAMC532—1ORH which are synchro-
nized with the timing system of the European XFEL accelerator. The ADCs are ca-
pable of running with a sampling rate up to 75 MHz and have 12-bit resolution. In

3custom CR110 rev.2 (R =1MQ), C = 1.4 pF) by Cremat Inc.
4www . tews . com/Products/ArticleGroup/TAMC/TAMC532-TM. html
Swww.tews.com/Products/ArticleGroup/TAMC/TAMC532 . html
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FIGURE 4.15: Schematic illustration of the spectrometer readout electronics. For each
channel a charge sensitive preamplifier converts the surface charges at the pyroelectric
crystal to an exponential step-like function inside the spectrometer. Gaussian shaping
amplifiers on a MicroTCA.4-crate RTM card generate Gaussian-like signals for each bunch
which are then digitized by ADC cards inside the crate.
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FIGURE 4.16: Illustration of the steady state of the signal after the preamplifier at a repe-
tition rate of 4.5 MHz. The signal S is normalized to the amplitude S; of a single bunch.
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interest of the same sample position for each bunch, the ADC sampling rate is set
to a multiple of the maximum 4.5 MHz bunch repetition rate. The sampling rate of
54 MHz (12th multiple) yields a good compromise between manageable data size
and resolution of the 0.1 ps wide Gaussian signals.

Pyroelectric detectors suffer from mechanical crystal oscillations which result in
a ringing after the bunch induced signal by the piezoelectric effect [GCA70]. The
characteristic modulation frequency of the ringing is in the MHz regime and — as this
is near the bunch repetition rate — not removed by the pulse shaping electronics. This
ringing influences the signal of preceding bunches during MHz operation (pileup),
but can be removed by signal processing as will be shown in Sec.[7.1] However, the
current status of the readout electronics denies operation with the maximum bunch
repetition rate of 4.5MHz at European XFEL and is currently limited to repetition
rates of 2.2 MHz and below. Anyway, the repetition rate within FEL operation has
been mostly limited to 2.2 MHz or smaller during the time of this thesis.
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Spectrometer Sensitivity

The longitudinal form factor can be determined based on spectroscopic measure-
ments by rearranging Eq. (3.14) to

FL(F)| ¢ i;[(f)/ [i?(f)]l o (5.1)

if the ratio of the emitted coherent spectral energy density d—g (f) and the single elec-

tron spectral energy density [%}( f )} LT together with the number of electrons N,

inside the bunch — are known. Each detector channel m covers a certain frequency
range with central frequency f,,. The detector voltage signal vy, is proportional (lin-
ear) to the spectral energy density, such that Eq. (5.1) is for measurements reformu-

lated as
Um 1 Um 1
F =\ — —==4/5 = 2
’ L(fm)’ Um,1 Ne Rm Q (5 )

Introducing the bunch charge Q, the single electron signal vy, 1 is replaced by spec-
trometer sensitivity R, = vm,1/ ¢ normalized to the elementary charge e.

The application of Eq. in order to convert the ADC signals v,, of the CRISP
spectrometer to a form factor requires the following;:

* A measurement of the bunch charge, which can be carried out by well-established
methods, e. g. toroids [N6109].

¢ A mapping from spectrometer channel m to frequency f,,.

* The spectrometer sensitivity R;, to convert the voltage signal v, to a form fac-
tor value |F(f)].

The latter is especially difficult to obtain because the single particle, i.e. the inco-
herent, spectrum is much less intense (see Sec.[3.1) and thus too weak to be detected
by the CRISP spectrometer. Furthermore, missing well-characterized sources and
detectors in the THz regime [Kle07|] prevent an absolute calibration of the spectrom-
eter along its entire range in the frequency domain. The spectral energy density en-
tering the spectrometer depends strongly on radiation emission and transport (see
Chap.[d). Therefore, even if an external absolute calibration was accessible, the sen-
sitivity of the CRISP spectrometer would have to be determined anew for every
experimental setup. This is also true for different beam energies as the radiation
properties change.

For the setup at European XFEL, the spectrometer sensitivity is identified in two
ways. First, the sensitivity of the spectrometer is modeled based on numerical simu-
lations and - as far as available — external calibrations of its individual components
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[BehO08; Wes12; Kov16|]. This sensitivity has been the basis for the design of the
experimental setup (e.g. detector electronics). However, the spectrometer is very
sensitive to its internal alignment such that an in-situ identification of the spectrom-
eter sensitivity is mandatory for accurate current profile reconstructions. Thus, the
second approach to identify the spectrometer sensitivity at European XFEL is based
on an in-situ calibration using time domain measurements of a transverse deflecting
structure (TDS) as well as beam-based methods. Within the scope of this thesis, such
a systematic procedure for the identification of the in-situ sensitivity of the CRISP
spectrometer has been carried out for the first time. It is studied whether a possible
saturation of the spectrometer signals influences form factor measurements and if
the use of noninvasive DR leads to considerable drawbacks compared to invasive
TR. As the CRISP spectrometer has not been operated with DR before, it must be
clarified how electron beam orbit variations influence the radiation emission and
thereby the spectrometer sensitivity.

5.1 Modeling

Both, assignment of spectrometer channels to frequencies and spectrometer sensi-
tivity, are modeled based on the Fourier transform method (see App.[A). In Chap.[4}
the radiation emission of a point-like particle and the radiation transport through
the THz beamline is described. Now, the radiation is also tracked through the spec-
trometer itself. The spectrometer is modeled in the same way as described in [Wes12]
such that the structure of this section is closely related to this reference. The model
takes the reflectivities and efficiencies of the optical components into account. For
illustration purposes, only the results for the 5mm diffraction radiator at an elec-
tron beam energy of 15GeV are presented. It should be noted that the DR intensity
changes at maximum by 5 % at the high frequency channels within the typical range
of beam energies from 11 GeV to 17.5GeV at FEL user operation. This difference is
smaller than the shot-to-shot fluctuations of form factor measurements in this fre-
quency region as well as uncertainties of the spectrometer sensitivity itself. The
spectrometer sensitivity obtained at 15GeV can thus be applied within this beam
energy range without restrictions. For a possible future cw operation with lower
beam energies, the spectrometer sensitivity will have to be determined in a similar
way.

The dispersion at the gratings is modeled in the simulation according to the grat-
ing equation

B = arcsin (;d — sin 06) , (5.3)
where B is the angle of dispersion with respect to the grating normal, & = 19° the
angle of the incoming radiation, f the frequency of the radiation, d the grating pe-
riod and ¢ the speed of light. By explicitly tracking the radiation from screen to
detector plane, the profiles and positions on the detector are obtained for 300 fre-
quencies along the spectrometer range. From those simulated radiation profiles, a
morphing algorithm interpolates the profiles and positions on the detector array for
500 frequencies at each grating stage. The profiles are integrated over the trans-
verse dimensions of each detector, which results in the spectral energy density on
the detector. By multiplicating it with the detector sensitivity (Fig.[4.14) and includ-
ing the pulse shaping electronics, it is converted to an ADC signal per frequency
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FIGURE 5.1: Modeled sensitivity of the spectrometer for diffraction radiation at the 5mm
aperture and 15GeV beam energy. For each channel at both grating sets (FIR/THz), the
central frequency f,; and the sensitivity R,, 04 are obtained by simulations of radiation
emission and transport as well as a model for the detector sensitivity.

doma/df(f). The integration over all frequencies and normalization to the elementary
charge yields the modeled spectrometer sensitivity

1 1 doy,
Rm,mod = 67/0 Zfl (f) df . (54)

The central frequency of each detector channel is calculated as the first moment

by

_ dvm 1
fo=g—a | S 5

The central frequencies obtained hereby agree very well with the frequencies result-
ing from simple geometric considerations based on the grating equation and devi-
ations, which are mainly present at channels at the edge of each grating stage, are
limited to less than 1 %.

The modeled spectrometer sensitivity R, moq as function of the central frequency
fin of the respective channel is shown for the THz and FIR grating set in Fig.[5.1] The
spectrometer sensitivity is mostly defined by effects inside the spectrometer, while
contributions due to the spectral distribution of DR are not visible on this scale. First
of all, the eight grating-stages are clearly distinguishable by a sawtooth-like struc-
ture. At each grating stage, the sensitivity increases with dispersion angle and thus
frequency. This is due to the non-linearity of the dispersion angle p with frequency
(see Eq.(5.3)). At smaller frequencies, the slope of the dispersion angle is steeper
such that less frequencies are dispersed in the same dispersion angle interval. In
addition, the transverse radiation profile is strongly contracted for large dispersion
angles (low frequencies) at the grating — as it is not reflected but diffracted — and is
thus not optimally focused in the detector plane. Both effects result in a lower sen-
sitivity. Some channels at the edges of the grating stages experience a large drop in
sensitivity due to the limiting aperture of the focusing ring mirror (see Fig.[4.12). The
overall decreasing sensitivity towards small frequencies is due to stronger diffrac-
tion at low frequencies. Frequencies in the THz regime are not focused down to the
detector size of 2mm. Modulations within the grating stages itself are due to the
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FIGURE 5.2: Resolution of the spectrometer for DR at the Smm-aperture and 15 GeV elec-
tron beam energy. The resolution is determined by the second moments of the modeled
ADC signals per frequency dom1/df(f) (see Eq. (5.7)).

response of the pyroelectric detectors (Fig.[4.14) and the polarizer inside the spec-
trometer [Wes12]. Variations from channel-to-channel are introduced by a system
calibration of the CRISP spectrometer carried out at an FEL operating in the IR-
regime [Kov16|], which is also considered.

The detector noise floor puts a limit to the smallest significant value of measured
form factors at channel m according to Eq. (5.2). This confidence threshold L(f)
is defined by the form factor calculated from the rms detector noise S,,. Here, the
confidence threshold is set to 2¢° of the electronic noise. When averaging over N rf
pulses, the rms signal noise floor decreases such that:

28n 1 V2 [Sul

VNR, QYN .

£(fm) =

5.1.1 Resolution

The spectral resolution of the spectrometer is in analogy to Eq. (5.5) characterized by
the second moment

Afm 1 1 1 dvml(f)
fm_fm\/Rm,modez/O f (f fm) f 67)

The resulting simulated resolution is shown in Fig.5.2] It varies between values
smaller than 0.1 % up to 1.7 % with large variations along each grating stage. The
overall increase towards small frequencies is due to increasing beam size at the
detector, which also causes the decrease of the spectrometer sensitivity in Fig.[5.1}
Within one grating stage, the resolution is — like the sensitivity — dominated by the
non-linearity of the dispersion angle  with frequency in Eq. (5.3). The spectral res-
olution improves within each grating stage towards lower frequencies because the
number of frequencies dispersed into a certain angle interval decreases. At low fre-
quency channels and respectively large dispersion angles, the outer edges of the
focusing ring mirror clip parts of the transverse profile and limit the spot size on the
detector element. As a result the resolution improves artificially.

In order to visualize the effects of the spectral resolution on form factor mea-
surements, the DR of a rectangular bunch with 100 fs duration is explicitly tracked
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FIGURE 5.3: Simulated influence of the spectrometer resolution on a form factor mea-
surement (blue crosses) of a rectangular current profile with a length of 100fs, which is
compared to its actual form factor (red line). The spectral resolution of the spectrometer
allows to resolve fine structures of the form factor up to high frequencies.

through THz beamline and CRISP spectrometer. With this, the influence of overlap-
ping frequencies on the detectors will be accurately modeled. The analytical form
factor |F rect. (f)| of a rectangular bunch with its oscillating behaviour and sharp
minima is well suited to demonstrate the capabilities of the spectrometer in terms of
spectral resolution. The modeled spectrometer signals v,, are converted by Eq.
to yield the simulated form factor measurement |Fy.(f)|. The influence of detector
noise is here explicitly not considered as the focus lies on the spectral resolution it-
self (for studies thereof please refer to App.[B). In Fig.[5.3} the simulated form factor
measurement is compared to the actual form factor of the bunch. Fine structures are
correctly reproduced even at high frequency channels of the spectrometer, and the
evolution of the form factor is accurately monitored. The spectral resolution of the
experimental setup does not influence the quality of form factor measurements for
current profile reconstructions.

The result of an actual form factor measurement at European XFEL, which was
obtained by converting the spectrometer signals v;, to a form factor using the mod-
eled sensitivity R, mod. in Eq. , is shown in Fig. The measurement was car-
ried out with a bunch charge of 250 pC and a beam energy of 14 GeV during single
bunch operation. The data points are averaged over 100 rf pulses for each grating
set, and the error bars mark the rms shot-to-shot fluctuations. The gray area indi-
cates the confidence threshold L(f,,) of the spectrometer measurement due to the
noise floor as given by Eq. (5.6). The form factor exhibits an overall reasonable evo-
lution: As expected it decreases continuously towards high frequencies, but shows
non-physical oscillations and channel-to-channel fluctuations. Especially at the tran-
sitions between the individual grating stages, the form factor varies strongly. These
are consequences of small misalignment inside the spectrometer and uncertainties —
e.g. the sensitivity of the pyroelectric detectors — of the modeled spectrometer sensi-
tivity. This is by no means in contradiction to a well understood radiation emission
and transport process. As the spectrometer sensitivity depends strongly on the beam
sizes at the detectors, it is also very sensitive to the exact internal alignment. Thus, an
in-situ calibration with an independent device is a great advantage as the accuracy
of longitudinal form factor measurements is increased.
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FIGURE 5.4: Form factor measurement based on the CRISP spectrometer and the mod-
eled spectrometer sensitivity using DR at the 5mm aperture. The overall evolution of
the decreasing form factor looks reasonable, but a non-physical oscillatory behaviour and
channel-to-channel variations make an in-situ identification (Sec.p.2) indispensable for
current profile reconstructions. The gray area marks the confidence threshold L(fy) due
to noise floor, and the error bars represent the rms shot-to-shot fluctuations.

5.2 In-Situ Identification

5.2.1 Calibration with TDS

The spectrometer sensitivity is calibrated over a wide frequency range of the spec-
trometer by comparative TDS measurements after the final magnetic bunch com-
pressor BC3 (Sec.[2.4.T). This can be done because the collimator section of European
XFEL is designed to be achromatic and isochronous. As can bee seen in Fig.[2.6] there
is no significant contribution of the Rs¢-parameter from the location of the TDS to
the spectrometer position, which would influence the electron bunch current profile
[Fen+].

The electron bunch current profile measured with the TDS is shown on the left
hand side of Fig.5.5 Hereby, the accelerator is operated with a single bunch (i. e.
no MHz bunch train) and special TDS beam optics in the local dump section (see
Sec.2.4.1). With a bunch charge of 150 pC, the average profile of 5 rf pulses at
each zero-crossing of the transverse deflecting field is taken. This allows to correct
for transverse-longitudinal correlations [Sch+20] and yields a rms bunch duration,
which is calculated from the measured current I(t) as

o JI)(k=t)2dt o [I(t)-tdt
O’m—\/ TT00 at W1tht—W, (5.8)

of 7, = 14.3 fs and a peak current close to 5 kA. The correction of transverse-longitu-
dinal correlations are also applied to the unstreaked profile at the observation screen
in order to obtain the temporal resolution of the TDS. The result is depicted in Fig.[5.5]
and yields a rms resolution of R; = 5.9 fs. Subtracting this resolution quadratically

results in a rms bunch duration of 0 = /02 — R? = 13.0fs. The TDS profile shape
is asymmetric with a slower decrease of the current towards the tail (f < 0) of the
bunch. The measured bunch properties, like rms duration and peak current, agree

with those expected from start-to-end simulations during FEL user operation (see
Sec.2.3). The shot-to-shot fluctuations (see Fig.[5.5) of the rms duration of the TDS
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FIGURE 5.5: Electron bunch current profile (left) obtained with the TDS downstream of
BC3 as average of a total of 10 single shot profiles (light green). The average is used to
calibrate the spectrometer sensitivity. From the resolution function of 5.9 fs rms duration
and the 14.3 fs rms duration of the average profile, the rms bunch duration is calculated.
The bunch head corresponds to positive values of t. The profiles result in the form factors
on the right. The resolution function reduces the sensitivity of the TDS towards higher
frequencies.

profile as well as the uncertainty on the streak parameter (see Sec.2.4.1) are small
(<5 %) and thus not further considered at this point. The spectrometer sensitivity
calibration is carried out with respect to the form factor. Therefore, the TDS profile
and resolution function are transformed into frequency domain based on Eq. (3.16).

The form factors associated to the measured profiles are presented on the right
hand side of Fig.5.5 The blurring of substructures due to the TDS resolution is
expressed in the frequency domain by a decrease of the form factor |Fz| of the the
resolution function. A form factor of the resolution function smaller than 1 reduces
the sensitivity of the TDS at these frequencies. Consequently, if the resolution form
factor |Fr| is significantly smaller than 1, the TDS is not able to detect any structures
in this frequency region.

For the CRISP measurement, the beam optics are switched back to usual FEL
operation, and the single bunch is not terminated in the TDS diagnostics dump.
The form factor is obtained by the modeled spectrometer sensitivity and averaging
over 50 rf pulses for each grating set. The result is depicted in Fig.[5.6] with error
bars marking the rms shot-to-shot fluctuations. The gray area marks the confidence
threshold L(f,,) of the measured form factor signals. For comparison, the form fac-
tor of the TDS profile is shown as well. Compared to the spectrometer measurement,
which results again in non-physical oscillations and channel-to-channel fluctuations,
this is a smooth function of frequency. However, both form factors agree in their
slowly and continuously decreasing behaviour. At the grating stage with highest
frequencies, the CRISP measurement exhibits large relative shot-to-shot fluctuations
due to small signal-to-noise ratio below the confidence threshold.

As mentioned above, the TDS resolution leads to a reduced sensitivity at high fre-
quencies. In this case, a conservative approach (|Fz | > 0.4) limits the TDS frequency
region to f < 30THz. Besides, the reduced sensitivity also leads to a steeper de-
crease of the form factor associated to the measured TDS profile than the form factor
of the bunch itself. As this is described by convolution with the resolution function
in time domain, it equals multiplication in frequency domain. Inside the sensitive
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FIGURE 5.6: The form factor of the spectrometer with the modeled sensitivity (blue) fol-
lows the overall evolution of the Fourier transform of the TDS current profile (green). The
TDS resolution allows a calibration of the spectrometer sensitivity up to frequencies of
30 THz after correcting for the temporal resolution of the TDS (red).

frequency region of the TDS (f < 30THz), the form factor of the electron bunch
can thus be approximated by dividing the measurement with the resolution |Fg|.
The result is illustrated as red line in Fig.[5.6/and the in-situ identified spectrometer
sensitivity is set to yield the same results based on Eq. in this frequency region.

5.2.2 Beam-based methods
High charge

By increasing the bunch charge to 500 pC, the coherent radiation intensity and thus
signal-to-noise ratio increases by more than a factor of 10 compared to the 150 pC
bunch charge used in Sec.[5.2.1} This yields a simple way to identify the spectrom-
eter sensitivity at low frequency channels much more precisely. The form factor of
such a bunch — TDS calibration already applied — is presented in Fig.5.7] At the low
frequency grating stages, the form factor has almost reached its asymptotic limit of
1. It decreases monotonously into a local minimum at around 12 THz. At low fre-
quencies up to the minimum, the measurement is well approximated by a Gaussian
profile. The fit (green) is used to correct the TDS calibration up to 2.3 THz such that
the in-situ identified sensitivity leads to the same result.

Low charge

A calibration of the frequency channels above 30 THz based on TDS measurements
is not possible as the TDS is not sensitive to structures at these frequencies (see
Sec.5.2.1). Nevertheless, the in-situ spectrometer sensitivity in this region can be
identified using bunches with low charge in combination with the results of the al-
ready TDS calibrated region. These bunches with charges of 50 pC or below can
be compressed to very short durations of only a few femtoseconds (see Tab.[2.2).
In this case, the frequencies of the current profile substructures lie already outside
of the frequency range of the CRISP spectrometer. The form factors consequently
decrease slowly and monotonously along the entire frequency range (compare also
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FIGURE 5.7: Measured form factor (red) of a bunch with 500 pC charge based on a com-
bination of the TDS calibrated (f;; < 30THz) and modeled spectrometer sensitivity. The
increased charge and thus more intense DR allows a more precise identification of the
spectrometer sensitivity for frequencies below 2.3 THz based on a Gaussian fit after the
TDS calibration.

with Fig.[3.4). Thus, the spectrometer sensitivity at high frequencies must yield a ho-
mogeneous extrapolation above the TDS calibrated region. This allows to identify
the in-situ spectrometer sensitivity.

Figure[5.8|presents the form factor |Fy.(f,)| obtained with the spectrometer sensi-
tivity of the previous subsection. In the TDS calibrated region, the form factor mod-
ulus decreases only down to 0.7 and fulfills the expected behaviour of a slowly and
monotonously decreasing form factor. Above this region, the form factor based on
the modeled sensitivity shows oscillating behaviour as well as non-physical jumps
from channel-to-channel. However, the rms shot-to-shot fluctuations are low and
indicate a stable bunch compression. In fact, the form factor in this region follows
the form of the modeled sensitivity (Fig.[5.1) in its strong deviations between edge
and central channels of the grating stage as well as channel-to-channel fluctuations.
The ADC signals v,, itself behave in comparison rather uniformly at these frequency
channels. Therefore, the oscillatory behaviour of the measured form factor is due to
the spectrometer sensitivity instead of the electron bunch itself. As the form factor
is in this case not sensitive to substructures, spectrometer sensitivity and measured
form factor can be flattened by an extrapolation of the calibrated spectrometer region
(fm < 30THz) using a suitable function describing the current profile envelope.

Modeling is carried out by different analytical functions (e.g. Gaussian, rectan-
gle, sawtooth, composition of two Gaussians) in order to find the best matching form
factor in the TDS calibrated frequency range. As illustrated in Fig.[5.8} the different
functions lead only to small differences above 30 THz. This confirms that in this case
the form factor in the spectrometer frequency region is not sensitive to substructures
of bunch shape and the extrapolation based on an envelope function is a well suited
approach. However, the best agreement in the TDS calibrated region is obtained
with the form factor of a composition at the origin of two Gaussian functions with
different durationﬂ and 11.8fs total rms duration. The form factor of this profile
is illustrated by the green line. The beam-based identification of the spectrometer

1 (t=to)? (t=to)?
exp (— 20%) ) for t < tgand exp (— 2(7;2) ) fort > tg
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FIGURE 5.8: Measured form factor of a short electron bunch with 50 pC charge (red dots).
The underlying spectrometer sensitivity is based on TDS calibration (Sec.[5.2.1) and high
bunch charge correction which both exclude the region above 30 THz. In order to identify
the in-situ sensitivity in the remaining frequency range several envelope functions are ad-
justed to fit the TDS calibrated region. The best fit yields a composition at the origin of two
Gaussian functions with different durations (green line) and a total rms bunch duration of
11.8 fs. This profile is used for the in-situ sensitivity identification above 30 THz.

sensitivity R,, above 30 THz is to set in accordance to this extrapolation.

The results in Chap.[p| and [7] will show that the systematic identification of the
in-situ sensitivity empowers accurate and absolute current profile measurements of
varying bunch shape and durations down to a few femtoseconds. The systematic
identification of the in-situ spectrometer sensitivity thus determines the sensitiv-
ity sufficiently precise. Minor deviations especially at high frequencies are possible
but do not significantly influence current profile reconstructions. This in-situ iden-
tified sensitivity of the CRISP spectrometer, which has never before been obtained
by such a systematic procedure, is compared to the modeled sensitivity in Fig.[5.9]
The differences are small compared to the variation of the sensitivity within each
grating stage. To the biggest differences of the identified sensitivity R,, belong ad-
justments of edge channels, which are very sensitive to the internal alignment of the
spectrometer. Around 10 THz the response of the pyroelectric detectors, which has
been considered in the modeled sensitivity, exhibits a region with high sensitivity
(see Fig.[.14). The influence of this increased sensitivity region as well as absorp-
tion bands of the polarizer at the two grating stages with highest frequencies (see
[Wes12]) are attenuated by the in-situ identification. The remaining differences can
be explained by minor misalignment as well as manufacturing tolerances of the py-
roelectric detectors.

A comparison of the form factors obtained with the modeled and identified
spectrometer sensitivity of the bunch already shown in Fig.[5.4)is given in Fig.[5.10}
The modifications due to the in-situ identification are clearly visible in the double-
logarithmic illustration of the form factor. The identified sensitivity removes the
oscillatory behaviour of the measured form factor and results in smoother transition
between the single grating stages. While the overall evolution of the form factor does
not change, this uniform behaviour is of extreme importance for the current profile
reconstruction. Only with the applied TDS calibration and beam-based methods, the
form factor can be sufficiently well characterized along the entire frequency range.
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FIGURE 5.9: Comparison of the modeled and the spectrometer sensitivity, which has been
identified based on TDS measurements and beam-based methods. Even though the vari-
ation of the spectrometer sensitivity within each grating stage is larger than the difference
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FIGURE 5.10: Form factor of a bunch with 250 pC charge and 14 GeV beam energy mea-
sured with the CRISP spectrometer and DR at the 5mm aperture. From the same spec-
trometer signals the form factor was obtained once with the modeled (red) and once with
the in-situ identified sensitivity (blue). Using the identified sensitivity the oscillating be-
haviour is removed and the transition between the grating stages is smooth.
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Otherwise, jumps and oscillatory behaviour would inevitable lead to current pro-
tiles incompatible with electron bunch properties. Before the in-situ spectrometer
sensitivity is identified, the TDS is needed for reliable statements about the electron
bunch current profile and thus a substantial part of the systematic identification of
the in-situ sensitivity. The modeled sensitivity is important for the design of the
experimental setup but also of great advantage for the application of beam-based
methods to the in-situ sensitivity identification.

The in-situ identified spectrometer sensitivity depicted here is used for all fol-
lowing form factor measurements in this thesis based on DR at the 5 mm aperture.
The large variety of bunch shapes and duration as well as the elapsed time between
the individual measurements show that the spectrometer sensitivity does not change
rapidly. Once determined by the here stated procedures, it can be applied as long
as the THz beamline or spectrometer alignment is not modified. This also includes
small variation of the electron beam orbit, which will be studied in Sec.[5.5

5.3 Saturation

The in-situ identified spectrometer sensitivity allows to determine the form factor
level at which the pulse-shaping and readout components saturate. This is of fun-
damental importance for the applicability of the spectrometer. For MHz operation,
the limiting factor is the RTM’s input acceptance range of £2.5V. The steady state
of the superimposing signals at the preamplifier, which reaches roughly 7-times the
signal of a single bunch (see Fig.[4.16) must not overcome this voltage level. This
limits signals of a single bunch at the RTM input to S max = 2.5V/7 = 0.36 V. The
single bunch signal S; at the RTM input is amplified by a factor 4 (see Fig.}4.15) to
yield the signal vy, at the ADC. During single bunch operation, the signals are not
superimposed at the RTM input and the limiting factor is the ADC voltage range of
2 V. This however does not influence the saturation at MHz repetition rates, because
the saturation limit is higher (51 max - 4 < 2V) and not further considered at this
point. The maximum detectable form factor, which is due to saturation at the RTM,
can be estimated in analogy to Eq. by

S max
i (i) s = \/Té . 69

The resulting limitations for detectable form factors (solid lines) are shown in
Fig.[5.11]for the most common charge of 250 pC during FEL operation and the maxi-
mum bunch charge of 1nC. For comparison, the form factors from start-to-end sim-
ulations (see Sec.[3.2) at these charges are illustrated. The bunch carrying 1nC is
not compressed to bunch durations as short as in the 250 pC case. Consequently,
the form factor drops already at low frequencies. The saturation level |F, (fm)|ax
for 250 pC is at all channels above 1 and — as |F. (f)| < 1 - does not limit form
factor measurements even for an infinitesimal short bunch. At 1nC, the DR inten-
sity increases by a factor of 16 (due to the quadratic dependency on bunch charge
Q) compared to the same form factor at 250 pC. However, as the form factor scales
with the square root of DR intensity and respectively signal v, (see (Eq.5.2)) the
form factor saturation limit |Fy, (fm)|,,,, decreases only by factor 4. This leads to
undetectable regions of form factors close to 1. The size of these regions increase
with frequency. However, the measurement of a form factor as expected from the
start-to-end simulations is not affected.
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FIGURE 5.11: Form factor saturation limit | i, ( fm) |, due to the pulse-shaping electron-
ics of the CRISP spectrometer at 250 pC and 1 nC bunch charge for multi-bunch operation
at 45MHz. For comparison, the corresponding form factors of optimized bunches from
start-to-end simulations of European XFEL are illustrated (dashed lines). Only for bunch

charges above 250 pC, form factor measurements can be affected (|F., (fm)| . < 1)- How-

ever, due to limitations of achievable bunch duration by collective effects, the spectrometer
is not expected to saturate even for operation with highest charge (1 nC).

The limitations of the dynamic range of the spectrometer for bunches above
250 pC due to saturation are not an issue for current profile reconstructions. While
the saturation limit | Fi, (fm )|, decreases with charge, also the form factor at the fre-
quency channels limited by saturation decreases. The minimum achievable bunch
durations are dominantly restricted by charge-dependent CSR and space charge ef-
fects. Thus, — as shown by the example from start-to-end simulations — the spec-
trometer signals are not expected to saturate with increasing charge. Due to the
sawtooth-like structure of the saturation limit only single channels would start to
saturate for bunches with high charge and unexpectedly short durations. The form
factor at these channels can however easily be interpolated.

5.4 TR/DR Comparison

As described in Sec.[3.4} the intensities and spatial properties of DR and TR are com-
parable at electron beam energies above several GeV. Therefore, the spectrometer
sensitivity of DR promises to be in the vicinity of the TR sensitivity and not to yield
any major disadvantages in form factor detection for current profile reconstructions.
A measurement of the intensity ratio of DR at the 5 mm aperture to TR using the sig-
nals v, of the CRISP spectrometer at the same bunch compression setting is shown
in Fig.5.12l A bunch with 250 pC charge ensures sufficient signal along the entire
spectrometer range if compressed to adequate bunch durations. The barely visible
error bars mark the statistical error on the average of 50 rf pulses while single chan-
nels with signals below the confidence threshold are excluded from analysis. For
comparison, the ratio of the modeled sensitivities Ry,oq4 for TR and DR are illustrated
in the same figure.

As expected from the simulated emission at the screen (see Fig.[4.3), the ratio of
TR to DR intensity —and thus spectrometer voltage signal v,, — does not show a steep
drop of DR intensity. The characteristic DR cut-off lies outside of the spectrometer
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FIGURE 5.12: TR-to-DR ratio of the measured signal v, and modeled spectrometer sen-
sitivities Ry,oq. Overall the emission process leads to TR between 1.2-times and 4-times
more intense than DR.
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FIGURE 5.13: Form factor measurement with DR and TR at the bunch compression setting
used for the comparison in Fig. The TR measurement utilizes its modeled spectrom-
eter sensitivity together with the corrections from the DR in-situ identification.

frequency range. Instead the ratio increases continuously with frequency from 1.2 to
4. The TR intensity increases due to the decreasing radiation source size on the finite
screen. The DR intensity remains approximately constant because this effect is com-
pensated by the aperture. The experimental observations are in conclusion to the
ratio of the modeled spectrometer sensitivities, which is illustrated for comparison
and its overall evolution agrees.

The form factors associated to the intensity ratio measurement are illustrated in
Fig.[5.13] Using TR and DR, bunches with the same compression settings are charac-
terized. The TR spectrometer sensitivity is modeled — analog to DR — in first place.
Afterwards, the TR sensitivity is adjusted using the corrections of the in-situ iden-
tification of the DR sensitivity to its model. This TR sensitivity results in almost no
non-physical oscillatory behaviour and channel-to-channel fluctuations if compared
to form factors obtained with the modeled DR sensitivity (see Fig.[5.4). This demon-
strates that differences between the modeled and final sensitivity are mainly due
to effects inside the spectrometer (alignment, detector sensitivity,...) which are not
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FIGURE 5.14: Ratio of the measured shot-to-shot form factor fluctuations of DR to TR.
Compared to TR, the DR fluctuations increase overall by less than a factor of two, and are
therefore not causing considerable limitations.

considered by the model and independent of radiation source. The TR sensitivity is
finally calibrated by matching the resulting form factor to the DR measurement.

As the form factor scales with the square root of the spectrometer signal |F(fi)]
VO (see Eq.(5.2)), the up to five-times increased signal level of TR decreases the
confidence threshold L(f,) only by a factor ~2. Also, the measured shot-to-shot
fluctuations of the form factor A |F(f,;)| scale by error propagation of intrinsic sig-
nal fluctuations Av,, inversely with the square root of the spectrometer signal
A|F.(fm)| o< Avy//Um and respectively radiation intensity. An increase of shot-to-
shot fluctuations A |F.(f)| by factor ~2 when switching from TR to DR would be
expected. The ratio of the fluctuations from the above measurement is presented in
Fig.[5.14, It shows that — except for some edge channels — even at high frequencies,
where the TR signal is overall four-times higher, the rms fluctuations increase on
average nevertheless by a factor < 2. This is because the signal rms fluctuations are
also caused by changes of the electron bunch compression itself, and because the
intrinsic detector fluctuations Av,, are increasing with signal amplitude v,,. As the
increased spectrometer sensitivity also reduces the saturation limit, the use of DR at
European XFEL does not cause any major disadvantages in accuracy and dynamic
range of form factor measurements for current profile reconstructions. However, DR
yields the big advantage of being noninvasive and thereby allowing to monitor all
bunches inside the train simultaneously.

5.5 Orbit Dependencies

The DR screen for the CRISP spectrometer is located downstream of the fast trans-
verse orbit feedback, which ensures a stable orbit along the bunch train. How-
ever, the reference electron beam position of the orbit feedback may vary on the
day/week time scale due to empirical accelerator optimization. In this section, the
consequences of electron beam misalignment with respect to DR screen on the spec-
trometer sensitivity are studied using simulations. The electron beam may be mis-
aligned with respect to the DR screen and thereby its nominal orbit in two ways: A
transverse position offset and an angle with respect to the nominal beam path.
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FIGURE 5.15: Simulated radiation profiles for the vertical polarization on the diamond
window using the same color scaling with and without vertical Ay and horizontal Ax
electron beam displacement at the screen. The offsets modify the transverse radiation
properties and lead to an increase of intensity.

An offset of the electron beam with respect to the center of the DR aperture mod-
ifies the transverse intensity distribution. This is illustrated by the transverse radi-
ation profiles at 15GeV beam energy for the vertical polarization in Fig.[5.15 This
polarization on the diamond window (see Sec.[4.T) corresponds to the polarization
used inside the CRISP spectrometer. While the radiation profile is almost — inclina-
tion factor cos 6 (see Sec.[3.4) — perfectly symmetric without electron beam offset, the
symmetry is broken in the direction parallel to electron beam offset. For a vertical
offset, this results in an asymmetry along the polarization axis. The maximum radia-
tion intensity is hereby significantly increased. For an horizontal offset, this leads to
an asymmetry perpendicular to the polarization axis, which blurs the characteristic
double peaks of DR. The region with radiation close to the maximum intensity is
larger in comparison to the case without electron beam offset.

As already indicated, an electron beam offset leads not only to asymmetric ra-
diation profiles, but also effects the totally emitted spectral energy density. This is
illustrated in Fig.[5.16] For offsets in any direction (parallel or perpendicular to the
polarization axis), the spectral energy density on the diamond window increases.
For 0.5 mm offset the intensity increases by little more than 1 %, whereas it is roughly
6 % more intense for 1 mm offset. The spectral energy density thus gets progressively
more intense for larger offsets. Both effects are a consequence of the scaling of the
Coulomb field with distance p (see Sec.[3.4). An electron bunch centered with respect
to the aperture minimizes the radiation intensity, and any offset leads to an increase
of the emitted radiation. Hereby, the intensity increases nonlinear with offset. The
fact that the spectral energy density grows roughly by the same amount for both
directions is caused by the distances of the electron beam to the edges of the screen
aperture in the polarization direction. The distance perpendicular can be neglected
as almost no radiation is generated there. For a parallel (Ay) offset, one edge gets
closer to the beam while the other moves further away. For a perpendicular beam
offset (Ax), both edges get closer to the beam but are further away than the closest
edge for the same parallel offset. The resulting intensity increase by two edges be-
ing slightly closer or one edge becoming significantly closer while the other moves
further away are almost identical.



5.5. Orbit Dependencies 73

9| |
N
a
@)
~
3 ]
=
~ IO
o SR BN T Ax,y = 0mm Ax = 0.5mm "’:
o === Ay =0.5mm — Ax = 1mm
=== Ay = 1mm
70 [ T y T T T | | |
06 1 3 6 10 30 60
frequencies f (THz)

FIGURE 5.16: Simulated spectral energy density on the diamond window of vertically
polarized DR for different electron beam displacements with respect to the aperture center.
A beam energy of 15 GeV was considered.

The beam offsets in Fig.[5.16] are considered for illustration purposes only, be-
cause at the DR screen of European XFEL they are expected to be significantly smaller.
The long-term orbit variations due to empiric accelerator optimization are usually
limited to few 100 pm. In order to give an upper limit on the influence of the spec-
trometer sensitivity, an offset of 0.5 mm is assumed in the following. The spectrom-
eter sensitivities have been modeled for vertical and horizontal beam displacement.
The ratios of the sensitivities Ry, ¢ to the modeled sensitivity without offset R;; moq
are presented in Fig.[5.17] Overall the spectrometer sensitivity increases only by little
more than 1%, which is expected from the spectral energy density on the diamond
window (see Fig.[5.16). However, at the edge channels of the individual grating sets
the sensitivities deviate by up to 20 % or more. Here, not only the intensity but also
modifications of the transverse radiation profile have a strong influence, because the
radiation is partly cut by the focusing ring mirrors. The transverse radiation profile
is also the reason for a slightly decreased sensitivity at low frequencies with vertical
offset. The asymmetry intensifies the radiation loss at vertically limiting apertures.
At these frequencies, the beam profiles are comparatively large (see Fig.[4.7).

Variations of angle between electron beam and DR screen do not lead to an in-
crease of intensity. Instead, they only change the path of the radiation inside THz
beamline and CRISP spectrometer. However, for reasonable long term variations
(Ax’, Ay’<0.1 mrad) this has — except from some edge channels at high frequencies
—no influence on the spectrometer sensitivity as shown in Fig.[5.17 The inclination
factor (see Sec.[3.4) varies so little that there are no effects on the transverse radiation
properties. The slightly different path of the radiation does not lead to considerable
differences in frequency-channel assignment.

If the measurement of the form factor |F.(f)| does not account for the spec-
trometer sensitivity change by orbit offsets the error is given by error propagation of

Eq. as

1 Um

= — [ -ZAR,,, (5.10)
20V R3 T

AFL(fm)]
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FIGURE 5.17: Ratios of the modeled spectrometer sensitivities R,, o¢ for different elec-
tron beam orbits to the on-axis case R, moq- A position offset leads to a slightly increased
emission of radiation and affects mainly edge channels due to a modified transverse radi-
ation profile. Variations of the electron beam angle with respect to the DR screen have no
considerable consequences.

where AR,, marks the absolute difference of the actual to the on-axis spectrometer
sensitivity R,,. The relative form factor error is thus

AF(fu)| _ 1AR,
()l 2 R

This result demonstrates that there is no need to adjust the spectrometer sensitivity
for usual electron beam orbit variations. The errors of the spectrometer sensitivity
are further reduced such that the overall form factor error is smaller than 1 %, which
is below the shot-to-shot fluctuations caused by electron bunch and detector elec-
tronics. At edge channels, where the differences of the spectrometer sensitivities are
larger, the uncertainties are in general also larger because of low signal-to-noise ratio.
Additionally, form factor variations at edge channels are filtered by data processing
(see Sec.[6.1.1). The presented comparison with TDS measurements in Chaps.|6]
have been carried out on different dates and are subject to the usual variations of the
electron beam orbit. The results confirm that an adjustment of the spectrometer sen-
sitivity due to electron beam orbit variations is not necessary. The orbit variations
explain however the small and occasional deviations of the measured form factor
|FL(fm)| at spectrometer edge channels.

(5.11)
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Chapter 6

Benchmarking Based on
Complementary Diagnostics

This chapter presents comparative measurements of the CRISP spectrometer and
complementary diagnostics at European XFEL. The transverse deflecting structure
(TDS) and bunch compression monitor (BCM) downstream of the last bunch com-
pressor (see Sec.[2.3) are used to characterize the current profile at final compression
of the electron bunch. The TDS enables a direct comparison of current profiles, while
the BCM, which is operated with diffraction radiation, allows comparison of coher-
ent radiation. The measurements have been carried out during beam time dedicated
to this thesis. The accelerator has been operated in single bunch mode. Instead of
a bunch train filled with MHz repetition rates, only one bunch per rf pulse at 10 Hz
repetition rate is generated and accelerated. In this mode, the temporal resolution of
the TDS is optimized by special magnetic beam optics inside the diagnostics dump
(see Sec.2.4). If not stated otherwise, all data in the following chapters are obtained
using diffraction radiation at the 5 mm aperture.

First, the processing of the spectrometer data is described and the current profile
reconstruction is illustrated for a measured data set. A variety of distinct current
profiles and the influence of systematic changes of the bunch compression on the
current profile properties are characterized with CRISP spectrometer and TDS. Fi-
nally, a comparison with the BCM is carried out. Not only is the measured coherent
radiation spectrum compared to BCM signals, but one BCM detector is calibrated to
yield rms bunch durations.

6.1 Data Processing

As detailed in Sec.[3.2) measurements of the coherent radiation spectrum only yield
a direct measurement of the form factor modulus. The phase of the complex form
factor, which is mandatory for the calculation of the current profile, remains uniden-
tified and must be retrieved by a current profile reconstruction algorithm. The used
current profile reconstruction is a further development of the algorithm, that has
been applied to CRISP spectrometer data based on transition radiation at FLASH in
[Sch+20]. This method combines analytical and iterative phase retrieval. Its prin-
ciple and some developments carried out within the scope of this work have been
described in Sec.[3.3] On the one hand, artifacts with negative currents, that result
from minor misconduct in analytical phase retrieval, are removed. On the other
hand, ambiguities resulting from arbitrary start phases of the iterative algorithm are
avoided. Before the measured spectrometer data can be used for current profile re-
constructions however, the data must be processed with respect to the form factor.
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FIGURE 6.1: Measured form factor data of the CRISP spectrometer (top) and the tasks
of the data processing (bottom). By filtering (i) the form factor becomes robust against
the influence of detector noise. The Gaussian extrapolation (iii) assures proper sampling
of the reconstructed current profile. The rms shot-to-shot fluctuations (error bars) and
confidence threshold are basis for allowed form factor variations (ii) during the iterative
algorithm.

6.1.1 Form factor

An example of measured spectrometer data is shown in the top part of Fig.[6.1} The
spectrometer signals v,, are an average of several rf pulses (here N = 20) and con-
verted based on Eq. as well as charge measurements of a nearby toroid to the
form factor modulus |F.(fy;)|- The error bars show the corresponding rms shot-to-
shot fluctuations. Over a wide frequency range, the form factor data exhibit neither
large shot-to-shot nor channel-to-channel fluctuations except from edge channels.
But as the form factor modulus decreases, the data points approach the confidence
threshold L(f), which is given by 20 of the detector noise as defined in Eq. (5.6).
Here, the relative shot-to-shot fluctuations increase. If the form factor is below the
confidence threshold, the signal is dominated by detector noise. In that case, not only
the shot-to-shot fluctuations grow, but the channel-to-channel variations increase as
well. These measurement points with large uncertainties require an adequate filter-
ing of the spectrometer data. It is carried out as the first of three tasks of the data
processing: (i) filtering, (ii) variations and (iii) extrapolation.

(i) Data points, that do not fulfill the confidence criterion and are below the gray
area of L( f,,), are discarded. Additionally, the frequency range is restricted towards
high frequencies by the first occurrence of 15 consecutive channels below the confi-
dence threshold. Otherwise, the required interpolation (see (iii)) leads to a consider-
able bias of the reconstructed current profile depending on the form of interpolation.
An example for remaining measurement points is presented by the blue dots in the
bottom part of Fig.[6.1 The confidence threshold limits in this case the frequency
range of the form factor measurement to f,, < 33 THz. Finally, the data points are
linearly interpolated (see (iii)) and smoothed using a Savitzky-Golay filter. The result
is shown in the bottom part of Fig.[6.1} The confidence threshold ensures that form
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FIGURE 6.2: Visualization of the need for form factor extrapolation to high frequencies.
The form factor (left) without extrapolation exhibits only few points along the recon-
structed (see Sec.[6.1.2) current profile (right). An extrapolation using a Gaussian function
increases the number of points in the time domain without generating additional structure
and key parameters (e.g. peak current) can be specified.

factor measurement and current profile reconstruction are not artificially altered by
detector noise.

(ii) To ensure a convergence of the iterative Gerchberg-Saxton algorithm towards
a physical solution of the current profile, measurement uncertainties have to be con-
sidered. This is done by defining a region A |F(f)| in which variations of the form
factor are allowed. An example is shown by the red area in Fig.[6.1] If the form factor
of the previous iteration lies outside this region, it is replaced by the measured form
factor (see Fig.[3.8). Within the scope of this thesis, the performance of the iterative
algorithm has been significantly improved by optimizing the allowed variations of
the form factor modulus. The filtered form factor data as an average of several rf
pulses may not represent the physical properties of one individual current profile
due to fluctuations in bunch compression. Therefore, the rms shot-to-shot fluctua-
tions are the basis for allowed form factor variations of the filtered measurement. In
regions, where measured data points are below the confidence threshold, all varia-
tions of the form factor modulus below the confidence threshold L( fy,,) are allowed.
Uncertainties of the spectrometer sensitivity (e.g. electron beam orbit, beam energy)
are considered by granting relative deviations of the form factor by at least 10 % even
if the shot-to-shot fluctuations are smaller.

(iii) The numerical Fourier transform (FFT) requires a linear grid in frequency
domain. The highest frequency of the grid defines the spacing in time domain (see
Sec..2). An illustration of the consequences for current profile reconstruction on
form factor measurements is given in Fig.[6.2] In this case, the frequency range of
the filtered measurement is limited to form factor values above |F| > 0.1. Con-
sequently, the reconstructed current profile (see Sec. is sampled by only two
points with considerable current. Key parameters of the current profile — e.g. peak
current — cannot be specified. It is thus mandatory to extrapolate the form factor data
to higher frequencies (smaller form factors) in order to properly sample the current
profile as shown in Fig.[6.2l A Gaussian extrapolation resembles a limited temporal
resolution and minimizes the additionally generated structure on the current profile
[Sch+20]. In Fig.[6.2} a Gaussian fit to the few samples of the current profile yields a
similar result than the Gaussian extrapolation.
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The form factor processing automatically detects the required frequency grid. The
grid points f; = kf,/5 are generated for k = 0,...,1023 and the spacing Afy = f./5
is determined by the channel at which the filtered form factor (i) has decreased for
the first time to |F.(fg)| < 0.7. For typical bunch durations during FEL operation,
this results in a corresponding time window of 1 ps with 1 fs spacing. The Gaussian
extrapolation above the highest frequency f, of the filtered data is carried out by

RG> f)l = oxp (28 | witha, = [~ S2 61
L(fk e exp 207 with o, SRR (6.1)

The transition from measured form factor data to extrapolated region is smooth (see
Figs.[6.1} [6.2). The extension of the frequency range is also considered for the form
factor variations of task (ii): In the extented frequency range which is in principle
still covered by the spectrometer (0.7 THz -58 THz), all variations of the form fac-
tor below the confidence threshold are allowed during the current profile iteration.
Outside of the spectrometer range, no restrictions on the form factor modulus are
applied.

The linear frequency grid may also require an extrapolation to frequencies below
the spectrometer range. At European XFEL, this is generally uncritical during FEL
user operation as the form factors have reached their asymptotic limit of |F. | — 1.
However, to extend the dynamic range of current profile reconstructions, an extrap-
olation is carried out by a Gaussian curve through |F.(0)| = 1 and the form factor at
the lowest frequencies of the filtered data.

6.1.2 Current profile

The form factor modulus |F(fi)| after the form factor processing (Fig.[6.1] (i) and
(iii)), is used to calculate the Kramers-Kronig phase ¢k on the frequency grid ac-

cording to Eq. (3.17) as

(i) = 2 fi 3 ln|FL(fk;)|_—2|FL(fk)‘Afk. 62)
T pZk fi = fio

The corresponding current profile for the form factor measurement is shown in
Fig.[6.3 Its complex form factor |F. (fi)|exp (i¢kk) is the input for the Gerchberg-
Saxton algorithm together with the allowed form factor variations A | (f¢)| (Fig.[6.1]
(ii)). The negative currents of the Kramers-Kronig profile vanish within the first it-
erations 7 as depicted in Fig.[6.3] The algorithm terminates if the form factor of the
adapted current profile is within the allowed variations. Usually, this occurs within
the first 1-2 iterations and latest within less than 100 iterations.

In this thesis, the form factor of the reconstructed current profile is always com-
pared to the filtered data of the measurement as done on the right hand side of
Fig.[6.3] The comparison demonstrates that with the allowed form factor variations
during the reconstruction a solution of the current profile in accordance to the form
factor measurement itself is found. The overall computation time including data
processing amounts to around 20ms on an usual office computer and has been
significantly improved compared to previous implementations of the Gerchberg-
Saxton algorithm for CRISP spectrometer data.

The processing of the form factor measurement leads to a reconstructed current
profile, which is robust against spectrometer detector noise. In addition, it ensures
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FIGURE 6.3: Results of the Gerchberg-Saxton algorithm. The misconducts on the pro-
cessed form factor measurements are small such that the current profile (left) of the
Kramers-Kronig phase exhibits only small negative current undershoots. They are quickly
removed by the iterative algorithm. In this case, the first iteration (n = 1) already yields
the reconstructed current profile whose form factor modulus agrees with the measurement
(right).

the specification of characteristic parameters like e.g. peak current. The current pro-
file of the Kramers-Kronig phase exhibits only small negative current undershoots,
which demonstrates the good characterization of the form factor thanks to the iden-
tified in-situ sensitivity and data processing. Negative currents are quickly removed
by the iterative algorithm under consideration of reasonable measurement uncer-
tainties. The temporal resolution of the combination of CRISP spectrometer and
data processing is studied in App.[Blusing simulated form factor measurements of
analytical profiles.

6.2 Comparative Measurements with TDS

The CRISP spectrometer is operated for the first time with noninvasive diffraction
radiation and the implementation of data processing and current profile reconstruc-
tion described in Sec. In order to benchmark the reconstructed current profiles,
comparative measurements with the TDS after the last bunch compressor BC3 (see
Fig.[2.5) in high resolution mode, and thus single bunch operation, have been carried
out. First, electron bunches with different current profiles but similar bunch dura-
tions are studied. These profiles have been generated using the most common bunch
charge (250 pC) during FEL operation and corresponding bunch durations. Bunch
duration and charge have also been modified to explore the dynamic range of the
CRISP spectrometer afterwards. Finally, both diagnostics are used to characterize
the influence of chirp scans in the L, and L3 sections on the electron current profile.

6.2.1 Current profiles

A selection of measured form factors from bunches with various compression set-
tings are presented in Fig.[6.4] Only the data points after the filtering (see Sec.[6.1.1),
which are used for the current profile reconstruction, are shown. The form factor
measurements are an average of 20-50 rf pulses at both grating sets. The charge
amounts to 250 pC and the beam energy to 14 GeV. Towards low frequencies, the
form factors of all settings asymptotically approach 1. Apart from this, they exhibit
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FIGURE 6.4: Form factors measured with the CRISP spectrometer for various settings of
bunch compression. The error bars mark the rms shot-to-shot fluctuations and the solid
lines the form factor of the reconstructed current profiles.
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FIGURE 6.5: Comparison of the current profiles reconstructed from form factor measure-
ments (dotted blue, green, red) shown in Fig.with current profiles obtained by the TDS
(thick gray). For better comparison, the reconstructed current profiles have been convo-
luted with the TDS resolution of 8fs (solid lines). Both devices yield conclusive results
with striking resemblance. Times with t > 0 mark the head and times with ¢ < 0 the tail
of the bunch. The rms bunch durations of the CRISP profiles are stated.

distinct behaviour. While setting 1 is continuously decreasing, the form factor of
setting 2 bends towards a steeper slope around 10 THz. The form factor of setting
3 is characterized by an oscillating behaviour. The solid lines show the form factor
modulus of the reconstructed current profiles, which are presented in Fig.[6.5]

The different behaviour of the form factors resembles differences in the current
profiles. Even though the reconstructed rms bunch durations ¢; — obtained with
Eq. — are comparable and vary only from 32 fs to 44 fs, the profiles (dotted) ex-
hibit distinct differences in shape: Setting 1 resembles an asymmetric triangular pro-
file, setting 2 has a Gaussian like shape with a slowly decreasing current towards the
tail. As expected from the oscillating form factor, the reconstructed current profile
of setting 3 offers a rectangular shape with a pronounced leading spike.

The current profiles obtained from TDS measurements are depicted for compar-
ison in Fig.[6.5] as well. Again (see Sec.p.2.1), the average profile of 5 bunches at
each zero-crossing is taken, which allows to correct for transverse-longitudinal cor-
relations by a reconstruction technique [Sch+20]. The special TDS beam optic in the
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FIGURE 6.6: Measured form factor of a short and long bunch with rms shot-to-shot fluc-
tuations as error bars to demonstrate the dynamic range of current profile reconstruction
with the CRISP spectrometer. The solid lines correspond to the form factors of the recon-
structed current profiles shown in Fig.[6.7]

local dump section of BC3 (see Fig.2.5) enabled TDS resolutions of R; = 8fs dur-
ing these measurements. The overall shapes and durations of the TDS and CRISP
current profiles agree. However, at setting 3, the CRISP profile exhibits more sub-
structure and thereby a higher peak current. These structures cannot be resolved
with the TDS resolution. For better comparison, the reconstructed current profiles
are convoluted with a Gaussian function representing the TDS time resolution R;.
Now (solid lines), the substructures are not resolved, which is in accordance to the
TDS measurement. The shot-to-shot fluctuations on the TDS current profile are small
(see e.g. Fig.[6.9), and as also the uncertainty of the streak parameter is small (<5 %),
they are not further considered here.

In order to demonstrate the large dynamic range of the reconstructed current pro-
files, the measured form factors of a comparably long and short bunch are presented
in Fig.[6.6l The measurement of the long bunch with 250 pC charge only yields data
points at the low frequency grating set (< 0.6 THz) due to decreased signal-to-noise
ratio at high frequencies. For the short bunch with 50 pC, the situation is reversed.
The coherent emission at high frequencies yields sufficient signal, but at the lowest
frequency grating set the charge generates not enough radiation intensity even for
entirely coherent emission. Nevertheless, for both bunches the form factor modu-
lus can be measured down to |F.(fm)| < 0.2 and the asymptotic approach towards
|FL(0)| = 11is well described.

The form factors of the reconstructed current profiles reproduce the measure-
ment points. The corresponding current profile of the long bunch on the left of
Fig.[6.7] agrees in overall shape and peak current with the TDS measurement. Due
to the reconstructed rms bunch duration of 100 fs, the TDS resolution of 9 fs is neg-
ligible for the comparison. The reconstructed current profile of the short bunch is
shown on the right. The rms bunch duration results in 6 fs and the peak current
exceeds 6 kA. The TDS resolution of this setting is R; = 12fs and dominates the
measured current profile of the TDS. Consequently, the CRISP current profile cannot
be confirmed. Nevertheless, if the CRISP profile is convoluted with TDS resolution,
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FIGURE 6.7: Comparison of measured current profiles of a long and short bunch by TDS
and CRISP spectrometer. The corresponding form factors are shown in Fig.[6.6] Stated are
the rms bunch durations of the CRISP spectrometer.

TABLE 6.1: Parameters of the current profiles compared in Figs. Even though
these parameters are very sensitivity to substructure and/or tails with low current, they
agree overall within ~ 10 % if the TDS resolution R is considered.

ot (fs) Ip (kA) Attyhm (fs)
CRISP \/TDS2 — 'R% CRISP | TDS | CRISP *R; CRISP | TDS | CRISP *R;
set. 1 44 43 2.7 3.0 25 83 73 89
set. 2 32 32 3.9 3.3 3.6 55 69 59
set. 3 35 33 4.5 29 3.1 30 104 105
short 6.0 6.1 6.8 2.7 3.0 14.0 36 31.6
long 103 93 1.07 1.07 1.05 204 216 204

both profiles agree. The CRISP spectrometer is able to characterize the current pro-
tile down to shorter bunch durations and more detail than the TDS, even though it
is operated with special magnetic beam optics.

Characteristic properties of the current profiles compared in this section are listed
in Tab. Besides the rms bunch duration o3, also peak current Ip and fwhm bunch
duration Atgyhm are given. Common practice is to consider the TDS resolution R
on the rms bunch duration by quadratic subtraction as in Sec.[5.2.1} For peak current
and fwhm bunch duration, the TDS resolution is taken into account by the convolu-
tion of the CRISP profile with the time resolution (CRISP+R;) before the parameters
are directly identified from the resulting profile. Without consideration of the TDS
resolution, there are partially large (> 30 %) deviations of peak current and fwhm
duration, which demonstrates the restrictions due to the TDS resolution compared
to the CRISP spectrometer. Even though the parameters are very sensitive to sub-
structure and/or low current regions extending at tail or head of the bunch, the
parameters agree overall by 10 % after considering TDS resolution. Some parame-
ters may deviate stronger even though the profiles itself agree as shown in Figs.[6.5]
6.7

6.2.2 Compression scans

For the results in this section, the bunch compression has been systematically changed
by performing chirp scans in the accelerating sections L, and L3 (see Fig.[2.5). The
energy dependent path lengths inside the magnetic bunch compressors result in dif-
ferent electron bunch durations (Sec.[2.1), which are detected by TDS and CRISP
spectrometer. Each scan has been performed three times. Once the beam has been
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FIGURE 6.8: Selected form factors of the chirp scans in the L, (top) and L3 section (bottom)
measured with the CRISP spectrometer.

terminated in the diagnostics dump to apply the special magnetic beam optics for
the TDS. The other two scans have been performed individually for FIR and THz
grating set of the spectrometer while the beam has been terminated just upstream
of the SASE undulators. The form factor at each step is obtained from the average
signal of 20 rf pulses. The beam energy amounts to 14 GeV.

A selection of form factors of both compression scans is presented in Fig.[6.8]
The top part shows the results of the L, and the bottom part of the L3 scan. A larger
negative chirp results in stronger compression and the coherent radiation spectrum
extends to higher frequencies. The increased signal also extends the detectable fre-
quency region of the form factor. The L3 scan covers a larger chirp region while its
form factor cut-off shifts by the same frequency interval. The chirp of the L, section
affects the bunch compression in BC; and BC3, whereas the chirp of the Lz section
only influences the compression in BCs. Starting from moderate compression at
hi; = —105m™~! and k13 = —6.0m™!, the form factor begins to extend towards
higher frequencies. At hi, = —11.5 m~! and I3 = —13.0m™!, the form factor ex-
tends to highest frequencies and thereby indicates strongest compression. For the
L, chirp scan, the measurement of an even stronger chirp (h1, = —12.0 m™ 1) results
in over-compression and a strong oscillatory behaviour of the form factor. In over-
compression, the energy dependent path lengths inside the magnetic bunch com-
pressor reverse the direction of the chirp as the electron bunch passes the delicate
point of full compression. The resulting current profile is very sensitive to higher
orders of the accelerating rf slope (see Sec.[2.1) and is strongly affected by collective
effects. Current profile and accordingly form factor are drastically modulated. Even
though each form factor measurement is the result of two individual scans for FIR
and THz grating set, no transitions between the two grating sets are visible. This
demonstrates the stability and reproducibility of bunch compression settings at Eu-
ropean XFEL on medium time scales (<days).
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As reconstructed current profiles of the CRISP spectrometer have already been
compared to TDS results for a large variety of current profile properties in Sec.[6.2.1}
these chirp scans are used to study only the characteristic properties of the current
profiles continuously over a large range. Rms ¢y and fwhm Aty bunch duration
as well as peak current Ip obtained with the TDS and from the reconstructed current
profiles of the CRISP spectrometer are compared for both chirp scans in Fig.[6.9]
The error bars of the TDS measurements indicate the rms fluctuations of single-shot
profiles. As in Tab.[6.1} the TDS resolution R; = 9fs is considered for the rms bunch
duration by quadratical subtraction. For the other properties, the TDS resolution is
considered by convolution with a Gaussian profile of respective duration.

The rms bunch duration increases from 14fs at hy » = —11.5 m~!, and 11fs at
hiz = —13.0m™!, to 92fs, and respectively 103 fs, at the end of the chirp scans.
Over-compression leads to an increasing bunch duration at i, = —12m™~!, which
is not reached in the L3 scan. Except for the over-compressed region, the rms bunch
duration evolves in both cases linearly with imprinted chirp as expected from the
analytical treatment in Sec.[2.1} The increasing deviations of the rms bunch duration
towards longer bunches are caused by differences in the low current regions at head
and tail of the bunch. An example for this behaviour is the long bunch in Fig.[6.7]
and the resulting deviations to the CRISP measurement in Tab.[6.1} The low current
regions have considerable influence on the rms bunch duration even though the
profiles agree overall as indicated by peak current and fwhm bunch duration.

The peak current evolves inversely to the rms bunch duration along both chirp
scans. Close to full compression there are large deviations (~ 30 %) between the
peak current detected by TDS and CRISP. They are caused by TDS resolution and
agree under the consideration thereof, which denies a detection and thus confirma-
tion of the reconstructed peak currents. The bunch duration Atgyn, of the CRISP
current profile expressed as fwhm shows partially significant differences to the rms
bunch duration. For both scans, the fwhm bunch duration is not decreasing linearly
towards full compression. While the rms bunch duration at over-compression of
L, increases strongly, the effect on the fwhm bunch duration is comparably small.
This is caused by a change of the current profile shape, which can be observed at
setting 2 and setting 3 of Fig.[6.5] These settings correspond to the measurements at
hip = —11.0m ! and h1, = —12.0m ™! of the presented compression scan. The TDS
is unable to resolve such contrasts between rms and fwhm bunch duration close to
full compression, because substructures of the current profile are not resolved. To
confirm the reliability of the current profile reconstruction, the relative deviations of
the characteristic properties to the TDS profiles are given under consideration of the

TDS resolution in Fig. (see Sec.[6.4).

6.3 Comparative Measurements with BCM

The compression scan in Sec.[6.2]is also used for comparative measurements in the
frequency domain. The BCM downstream of the last bunch compressor BC3 de-
tects the coherent diffraction radiation intensity emitted at a 7mm aperture (see
Sec.2.4.2). The same arguments as for the TDS comparison hold: The collimator of
European XFEL is designed to be achromatic and isochronous such that the electron
beam optics do not alter the current profile from BCM station to CRISP spectrometer.
The BCM hosts two pyroelectric detectors and one of them is operated with a 6 THz
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along the chirp scans in the L, and L3 section. For comparison, the TDS resolution R; has
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the CRISP current profile is convoluted with the resolution.
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FIGURE 6.10: Comparison of the measured (dots) BCM signals without and with low-
pass filter (LP) to simulated (crosses) BCM signals based on the CRISP form factor mea-
surement for chirp scans in the Ly and L3 section. In measurement and simulation the
low-pass filter leads to a less steep signal slope. The positions of maximum bunch com-
pression are in agreement with the results shown in Fig.

low-pass (LP) ﬁltelﬂ The purpose of the LP filter will become clear from the results
shown in this section.

6.3.1 BCM signal

The BCM signals of both chirp scans are normalized to the respective maximum and
illustrated in Fig.[6.10] Error bars mark the rms shot-to-shot fluctuations. In order
to compare the BCM signal to the form factor measurement of the CRISP spectrom-
eter, the form factors after filtering and extrapolation (see Sec.[6.1.T) are converted
to a simulated BCM signal. This simulated — yet CRISP based — signal, which is
illustrated by crosses with (LP) and without low-pass filter in Fig.[6.10} is obtained
using a modeled BCM sensitivity. The entire BCM setup (screen, beamline, detec-
tor) is simulated in a similar way to the spectrometer sensitivity (see Sec.[5.1). The
resulting sensitivity can be found in [Din18]. Without low-pass filter, the BCM is
roughly sensitive in the frequency range 1 THz — 60 THz. The simulated BCM sig-
nal is obtained by multiplication of the sensitivity with the square of the form factor
modulus and an integration over the entire frequency range. This simulated sig-
nal based on CRISP measurements is illustrated in Fig.[.10and agrees in its overall
evolution with the BCM measurements.

With and without low-pass filter, the maximum of the signal is located at chirps,
which also indicated maximum compression in Fig.[p.9] The signal slopes of the
detector operated with low-pass filter are significantly smaller than without low-
pass filter. The integrated energy density of the coherent radiation varies strongly
above 6 THz (see Fig.[6.8). Even though the form factor is smaller, the large frequency
range from 6 THz — 60 THz leads to comparable variations of the area beneath the
form factor — and thus total coherent radiation intensity — as for frequencies below
6 THz. Without low-pass filter, the deviations of simulated to measured signal in-
crease with decreasing bunch compression. Caused by reduced signal-to-noise ratio
at the CRISP spectrometer, the form factor can only be determined within a smaller
frequency range (see Fig.[6.9). Towards higher frequencies, the form factor is ex-
trapolated by a Gaussian function to avoid the generation of additional structure in

Imulti-mesh filter by QMC Instruments
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FIGURE 6.11: Simulated BCM signals Sporm with and without low-pass filter as function
of rms bunch duration ¢; for three different current profiles. With low-pass filter the signal
slope is smaller for short bunches, but the signals are less sensitive to the actual shape of
the current profile.

time domain (see Sec.[p.1.1). However, the Gaussian function most likely decreases
steeper than the actual form factor of the bunch. With low-pass filter, the deviations
may be caused by the actual position of the detector within the focus of the coherent
diffraction radiation. For low frequencies, the transverse beam size of the radiation
is larger than the detector itself.

6.3.2 BCM bunch duration calibration

For the results shown in Fig.[6.10} the BCM signals are employed as a relative mea-
sure of bunch compression at constant bunch charge. In this subsection, it is inves-
tigated whether the BCM may also be applicable as an indicator of the absolute rms
bunch duration. First, the emitted coherent radiation intensity and thereby the volt-
age signal Spcym scales quadratically with the charge Q of the electron bunch (see
Sec..1). Consequently, comparisons of the emitted coherent radiation and thereby
bunch compression at different bunch charges are only possible after normalization

S
Snorm = % (6.3)

The applicability of the two pyroelectic detectors of the BCM as absolute mea-
sures of the rms bunch duration after charge normalization are studied in Fig.[6.11]
The rms bunch durations o; of a Gaussian, rectangular and a current profile from
start-to-end (s2e) simulations (see Pig. are varied and the corresponding form
factors calculated. The simulated BCM signal Snorm is evaluated in the same way as
in Sec.[6.3.T|without (left) and with (right) low-pass filter. For illustration in Fig.[6.11}
the signals are normalized to their respective maximum. The signal slope without
low-pass filter is steeper for rms bunch durations below 40 fs. As a consequence, the
variation of the simulated BCM signal over the same region of rms bunch duration
from 10 fs — 100 fs is larger. However, without low-pass filter the relative signal dif-
ference of distinct shapes with same rms bunch duration is bigger. In combination
with the steeper signal slope below 40 fs rms bunch duration, this leads to a larger
range of possible rms bunch durations associated to the same BCM signal Snorm as
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FIGURE 6.13: Rms bunch duration of the current profiles reconstructed from CRISP spec-
trometer measurements depicted as function of the charge normalized BCM signal Snorm
with low-pass filter obtained during L, and L3 chirp scans. The horizontal error bars mark
the error of the mean BCM signal as an average of 20 rf pulses. As expected form simu-
lations (Fig.[6.12), a third order polynomial approximates the data and represents the rms
bunch duration calibration of the BCM detector.

compared to an operation with low-pass filter. Because at typical rms bunch dura-
tions of 250 pC FEL user operation the signal slope at the expected rms bunch dura-
tions 25 fs-35fs is not drastically decreased, the pyroelectric detector with low-pass
filter is better suited for an absolute characterization of the rms bunch duration.

The inverse functions yielding the rms bunch duration from the charge normal-
ized BCM signal with low-pass filter are illustrated on the left of Fig.[6.12] The over-
all shape is comparable for all three current profiles and can be approximated by a
third order polynomial in the range from 10fs — 100fs. A fit to the data of all cur-
rent profiles is illustrated by the dashed curve. The resulting deviations of the rms
bunch duration from the individual current profiles are shown on right of Fig.[6.12}
The polynomial approximation does not deviate by more than ~ 10 % from the ac-
tual rms duration of the current profiles.

Experimental results from the L, and L3 chirp scans are shown in Fig.[6.13] The
rms bunch duration of the current profiles reconstructed from CRISP measurements
are displayed against the charge normalized BCM signal Sporm at the same chirp
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FIGURE 6.14: Bunch lengths during the L, and L3 chirp scan obtained with the BCM
calibration compared to the results of the CRISP spectrometer.

setting. The error bars on the horizontal axis mark the error on the mean BCM signal
as an average of 20 rf pulses. The measured data points exhibit a similar behaviour
as the simulations in Fig.[6.12] and are well approximated by a fit of a third order
polynomial. This fit represents the calibration of the BCM with low-pass filter and is
used to calculate the rms bunch duration from the charge normalized BCM signal.

Figure[6.14] presents the bunch durations obtained by the BCM calibration. They
are compared to the reconstructed current profiles from the CRISP spectrometer for
the L, and L3 chirp scan. The behaviour and absolute values of the rms bunch du-
rations agree. Only at over-compression of the L, chirp (h; = —12m™1), there
is a fair deviation between both obtained bunch durations. The over-compression
leads to strong modulations of current profile and form factor (see Fig.[6.8). Over-
compression is anyway not foreseen for FEL user operation.

6.4 Conclusion

The results of the CRISP spectrometer have been confirmed by two independent di-
agnostics in frequency and time domain for the range of bunch durations during
FEL user operation. The change of BCM signals under systematic changes of bunch
compression have been reproduced based on the measured form factor of the CRISP
spectrometer. As the further developed current profile reconstruction from CRISP
spectrometer data is robust and fast, it is ideally suited for online monitoring. The
reconstructed current profiles have been confirmed by comparative TDS measure-
ments within the expected range of rms bunch durations (6 fs — 100 fs) during FEL
operation (see Tab.[2.2). The form factors have been recorded using the in-situ sen-
sitivity identified in Chap.pp|and under influence of usual long term variations of
electron beam orbit. Issues casued by the ambiguity of the Kramers-Kronig phase
(see Sec.[3.3) have not been observed and the current profiles agree within the TDS
resolution. A calibration of the BCM as a measure for the absolute rms bunch dura-
tion has been investigated and carried out using a low-pass filter.

The relative deviations between the properties of the CRISP current profile and
the results of BCM and TDS along the L, and L3 chirp scan are presented in Fig.[6.15]
The error bars mark the rms shot-to-shot fluctuations of the TDS profile and BCM
signal. The relative shot-to-shot fluctuations of the BCM bunch duration are large
for the shortest bunches (h1, = 11.5m™!, hj3 = 13.0m™!). This is caused by the
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in the calculation of these parameters. The error bars mark the corresponding rms shot-
to-shot fluctuations of BCM signal and TDS profile.
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low-pass filter which leads to a decreased sensitivity on the bunch duration in this
region (see Fig.[6.1T). For FEL operation with low bunch charge and short bunch
durations, the BCM detector without low-pass filter is required to detect changes of
the bunch duration. Apart from over-compression at i1, = —12m™!, the deviations
of the BCM are below 10 %. The characteristic properties of the TDS current pro-
files agree overall within ~ 15 % considering TDS resolution. Only the rms bunch
duration shows at some chirps larger deviations due to its sensitivity on low cur-
rent regions at head and tail of the bunch. These low currents regions however are
of little interest for FEL operation and optimization. TDS and CRISP spectrometer
complement each other. While the profile shape of long bunches (>100 fs) without
increased charge (<250 pC) cannot be reconstructed due to low signal-to-noise ratio
at the CRISP spectrometer, it exhibits higher temporal resolution for short bunches.
Due to missing comparative diagnostics with sufficient resolution and the complex
dependency on bunch charge and shape itself, the temporal resolution of current
profile reconstruction can only be studied based on simulations. These studies are
carried out in App.[B} Form factor measurements in single bunch operation, but also
the current profile reconstruction itself, have been established within this thesis as
a diagnostics with few-femtosecond resolution for bunches with properties that are
foreseen for user operation of European XFEL.
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Chapter 7

Megahertz Operation

The main motivation for the installation of the CRISP spectrometer at European
XFEL is the capability to characterize every bunch inside the bunch train at its fi-
nal compression and beam energy. Noninvasive diffraction radiation and fast detec-
tor electronics allow form factor measurements simultaneously to FEL operation of
bunch trains with MHz bunch repetition rates. For an optimized operation of multi-
ple FEL undulator beamlines, the accelerating rf pulse and thereby bunch compres-
sion is modified along the bunch train (see Sec.2.3.T). In this operation mode with
two rf flat-tops, the full potential of the CRISP spectrometer can be employed to
monitor and optimize bunch compression. The current profile reconstruction from
CRISP spectrometer data has already been confirmed by high-resolution TDS mea-
surements in the Chap.[p|and is the basis for the results obtained during MHz oper-
ation in this chapter.

In order to operate the CRISP spectrometer with MHz repetition rates, first sig-
nal modulations (pileup) due to signal oscillations of the pyroelectric detectors have
to be corrected. The pulse-stealing mode of the TDS in the BCz-section allows to
confirm the absence of artificial modulations on reconstructed current profiles after
pileup removal. Afterwards, results obtained parallel to FEL operation with differ-
ent rf flat-tops are presented and changes of electron bunch compression within the
rf flat-tops identified.

7.1 Pileup

The custom made pyroelectric detectors allow a compact realization of the spec-
trometer, exhibit sufficient sensitivity along the required frequency range and can be
operated at room temperature in an evacuated environment. However, as was al-
ready mentioned in Sec.[4.3.T} post-signal oscillations (ringing) distort the measured
spectrometer signal of following bunches. The reason are the piezoelectric proper-
ties of the pyroelectric crystals. The heat input to the crystal by the THz/FIR radia-
tion induces mechanical oscillations, which again lead to surface charges caused by
the piezoelectric effect and thereby a voltage signal after the pulse shaping electron-
ics. The characteristic frequencies of these oscillations depend on the geometrical
dimensions of the crystal. For crystals with thicknesses of a few ten micrometers
and transverse dimensions around 1 mm, these frequencies lie in the MHz and kHz
range [GA70].

An example for the ringing after the single bunch signal is shown in Fig.[7.1}
where the normalized ADC signal with a sampling rate of 54 MHz is depicted. The
oscillation amplitude decays slowly over several tens of microseconds while its fre-
quency spectrum lies around 1MHz (see Fig.[7.4 right). To cope with the bunch
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FIGURE 7.1: Post-signal oscillations after the induced signal of a single bunch (t = 0)
sampled with the ADC rate of 54 MHz (blue line) and the bunch repetition rate of 2.2 MHz
(red dots). The green crosses mark the entries of the resulting correction vector cy.,.

repetition rates of European XFEL (<4.5 MHz), the pulse-shaping electronics are de-
signed to provide a few MHz bandwidth and consequently do not filter these os-
cillations. The remaining fractions r;,, (red dots) of the single bunch signal at the
position of the i-th following bunch — in this case on a 2.2 MHz pattern — will super-
impose with the bunch induced signal of this following i-th bunch. A signal pileup
occurs. As each bunch leads to a ringing that distorts the signals of the following
bunches, the superposition of the measured signal v}, ,, of the n-th sample at the
bunch repetition rate is (with ¢, = 1) described by
n
ZJZ’m = Oum+"1,mOn—1m +12,mOn—2m+ "+ TnmOom = Z Vi mOn—im- (7-1)
i=0

Here, v; ,, are the actual bunch induced signals of the previous samples without dis-
tortion by pileup at spectrometer channel m. This description assumes the same
ringing for each bunch inside the bunch train and thus no modification of the me-
chanical crystal properties.

The effects of the piezoelectric oscillations on the signal of a bunch train with
2.2 MHz repetition rate are simulated in the top part of Fig.[7.2l The bunch train
starts at sample 1y (bunch #1) and the bunch induced signals v, ,;, are modeled to
be generated by two rf flat-tops. The second rf flat-top exhibits slightly more com-
pression and starts at bunch #450. The experimentally determined fractions r; ,, (see
Sec.[7.1.)) are used to simulate the measured signals v}, ,, under influence of pileup
using Eq. (7.1). The pileup leads to an artificial increase of the signal along the first
~100 bunches. Afterwards a steady-state is reached as the ringing of the first bunch
has decayed to negligibly small values. A striking consequence of the signal pileup
is that the measured signals v}, ,, are non-zero after the bunch train at bunch #1085
(vertical line), i.e. the signal baseline is not recovered. The experimentally measured
signals vy, ,, of such a bunch train with two rf flat-tops are shown in the bottom part
of Fig.[7.2} For comparison with the simulated signal, the trace is normalized to the
signal of the first bunch. As in the simulation, the signal increases along the first
few bunches followed by a steady state. After the bunch train, the measured sig-
nals deviate strongly from zero and the baseline is not recovered. The behaviour of
the measured signal agrees very well with the expectations from the simulation and
confirms that the pileup effect is well described by the considered model.
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exhibits a slight decrease along the first rf flat-top.
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By introducing the response vector consisting of the fractions normalized to the
bunch induced signal 7, = (1,71, "2, ---¥Nm), Eq. can be reformulated to de-
scribe an entire bunch train with N + 1 signal samples at the bunch repetition rate
using matrix formalism. With the vectors v_fn for the measured and 7,, for the bunch
induced signals along the bunch train, this is expressed by

1 0 ... 0
. . "1,m 1 ... 0 .
vy, = Dm0y = : : . Om. (7.2)
'Non TN—1,m 1

The response matrix Dy, is a lower triangular Toeplitz matrix, with its columns de-
termined by the entries 7; ,, of the response vector. The zeros in the upper triangular
half-space indicate that the signal oscillations do not influence the measured signals
of previous bunches. For the setup at European XFEL, this is the case for repeti-
tion rates of 2.2 MHz and below. At 4.5 MHz repetition rate, the width of the bunch
induced signals is too large and disturbs the signal of the previous bunch. There-
fore, Eq. is not applicable at this repetition rate with the current electronic pulse
shaping (see Sec.[4.3.1).

The matrix formalism allows to retrieve the undisturbed signals 7,, by inverting
the response matrix Dy, to the correction matrix Cp:

Oy = Dl vf, = Cn 05, . (7.3)

The response matrix can be inverted by either numerical algorithms or by exploiting
iteratively the properties of the lower triangular Toeplitz matrix. The inverse matrix
will also be a lower triangular Toeplitz matrix with its column entries described by
the correction vector ¢;,. The iterative procedure for the entries cy ,, of the correction
vector is [FSZ13]

k—1
com=1 Com=—3_ T jmCim (k=1,...,N). (7.4)
j=0

An example of the correction vector at 2.2 MHz is shown in Fig.[7.1] Its overall be-
haviour and decay is similar to the response vector. The results of applying Egs. (7.3),
to a pileup distorted measurement are presented by the red dots in the bot-
tom part of Fig.[72] Now, the signal increase along the first bunches induced by
the pileup is removed and also the baseline after the bunch train is recovered. As
will also be confirmed by the following results in this thesis, the pileup is sufficiently
characterized by determining the signals fractions r; ,, using a single bunch measure-
ment and the presented procedure allows to remove the influence of signal pileup.

7.1.1 Signal processing

The ADC sampling is synchronized to the accelerator timing system and is set to a
multiple of the injector laser system, which is also a multiple of all possible bunch
repetition rates. As illustrated in Fig. it is then possible to extract the signals o7,
covering all bunches inside the bunch train by simply further reducing the sampling
rate in the signal processing. The electronical detector noise floor S,,, which defines
the confidence threshold L(f;) (see Eq. (5.6)) of the spectrometer, is obtained by the
standard deviation of the samples in front of the bunch train. The fixed spacing
between the measured signals of the bunches ensures the applicability of the pileup
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FIGURE 7.3: The measured signals v}, of the bunches inside a bunch train are obtained
by simple division of the ADC sampling rate, which is a multiple of every possible bunch
repetition rate. For a bunch repetition rate of 2.2 MHz, every 12th sample (red circles) of
the ADC is further processed. The confidence threshold £(f) (see Eq. (5.6)) is defined by
the noise floor S, which is calculated by the standard deviation of the samples prior to
the bunch train.

removal routine as otherwise — e.g. peak detection schemes — the signal fractions 7; ,,
cannot be considered the same for every bunch.

The response vector 77, for a certain bunch repetition rate is determined by a
single bunch measurement with the sampling rate reduced to the respective bunch
repetition rate and normalizing it to the signal at the sample of the bunch. However,
as shown in Fig.[7.4, decay and frequency spectrum of the ringing are slightly dif-
ferent for each channel m of the spectrometer. This is due to fabrication tolerances
of the pyroelectric detectors but also depends on the currently inserted grating set
of the CRISP spectrometer. Frequencies are absorbed differently by the pyroelec-
tric detector with its complex structure consisting of multiple layers (see Fig.[4.13),
which leads to a slightly modified ringing at the same channel. The response vector
¥m must be determined for each of the 240 central frequencies individually. Thus, it
is very important to carry out the response vector measurements with highly com-
pressed bunches of increased charge in order to generate sufficient signal. However,
a successful pileup correction requires good knowledge of the response vector down
to small values and at some channels the response vector cannot be determined pre-
cisely enough due to signal noise. In this case, the measured response vector, or
a similar response vector of another channel, may be optimized by an empirical
method.

An example for corrected signals along the bunch train prior and after optimiza-
tion of the response vector 7y, is given in Fig.[7.5] The criterion for the quality of
the pileup removal is the restoration of the baseline after the bunch train. For this
purpose, the parameter

1 % v 2
Xm= ———— ( n’m> , (7.5)
(Nt — Np) . S

which sets the corrected signal v, ,, after the bunch train ending at sample Nj, in re-
lation to the intrinsic detector noise S, is introduced. Hereby, N; denotes the total
number of samples. Without any influence of pileup on the signals, the parameter
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repetition rate of 2.2 MHz. Using the initial correction matrix based on the recorded re-
sponse vector, the baseline is not perfectly restored. After slight numerical optimizations
of the response vector the baseline is much better restored as indicated by the decreasing

parameter x.



7.1. Pileup 99

—— measured | |
—— optimized

T

_0.1 11 | ! | ! | ! | ! | ! | ! —difference '_

l L
0 80 100 120 140 160 180 200
index i

L |
0 20 40 6

FIGURE 7.6: Top: Measured response vector (red, barely visible) in comparison to the
response optimized with an empirical method using a simplex algorithm (green). Bottom:
Difference between both response vectors. Even though the differences are in the order
1073, they have a significant influence on the pileup removal itself (see Fig..

Xm isnear 1. For the response optimization, a simplex algorithm empirically reduces
the x-parameter by adding a sixth order polynomial and an exponential decay with
varying coefficients to the initial response. This way, the influence of background
and noise distortions on the measured response vector can be removed. As can be
seen in Fig.[7.5] the initial deviation of the baseline after the bunch train from zero
vanishes and thereby also influences of the pileup along the bunch train are cor-
rected. The changes of the response vector itself are marginal and almost not visible
in Fig.[7.6] Practical experience has shown that the responses provide stable results
over long periods of time (>months) and are not affected by changes of the acceler-
ator settings.

For some channels, the fluctuations of the corrected signal after the bunch train
can be a few times higher than the fluctuations before the bunch train, which indi-
cates some residual pileup on the corrected signals. It is hard to classify the exact
effects of residual pileup on the corrected signals vy,. Thus, the influence of remain-
ing pileup effects is conservatively estimated for each channel by the maximum de-
viation P, from zero of the corrected signal after the bunch train. If the estimated
pileup error P, of a corrected signal averaged over several (>10) rf pulses is larger
than the shot-to-shot signal fluctuations, the pileup removal of this channel is con-
sidered not trustworthy and consequently removed before further analysis. Oth-
erwise, the estimated pileup error P, replaces — if larger — the detector noise floor
2S,, in Eq. and yields a new confidence threshold L(f,,) for bunch train mea-
surements. The estimated pileup error P, is also considered in the measurement
uncertainties by quadratical addition to the rms shot-to-shot fluctuations for the it-
erative current profile reconstruction.
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FIGURE 7.7: Schematic of rf pulse and bunch pattern for the comparative measurements
at 1.1 MHz bunch repetition rate. Two rf flat-tops with different bunch compression are
established by changing the chirp in the L, section. 387 bunches are generated and accel-
erated in total.

7.2 Comparative Measurements

In this thesis, current profile measurements have been realized for the first time at
MHz bunch repetition rates with the CRISP spectrometer by using noninvasive DR
and successful pileup removal as introduced in Sec.[7.1] In order to confirm that
the reconstructed current profiles are not influenced by remaining pileup effects,
comparative measurements at MHz bunch repetition rates are studied in this chap-
ter. The TDS after the last bunch compressor BC3 can be operated in pulse-stealing
mode (see Sec.2.4.1), which allows to monitor the current profile of a single bunch
inside the train. The bunch is streaked by the TDS and downstream deflected by a
fast magnetic kicker onto an off-axis screen (see Fig.[2.8). Timing of TDS and kicker
are scanned to select the bunches of the bunch train one after the other. This TDS
mode is compatible with FEL electron beam optics however, it results in a worse de-
sign resolution (~ 15 fs) compared to the one in the local diagnostics dump (~ 5fs)
[Yan15]. The bunch compression monitor (BCM) after BCj is as well capable of MHz
operation and has been calibrated in Sec.[6.3.2]to yield absolute rms bunch durations.
In contrast to the TDS, the BCM is — like the CRISP spectrometer — noninvasive to the
electron beam such that a scanning procedure along the bunch train is not required.

For the comparative measurements, which have been carried out during dedi-
cated beam time, electron bunches have been accelerated to 14 GeV beam energy at
a repetition rate of 1.1 MHz. Thereby, the electron beam has not been send to the
FEL undulator beamlines, but has been terminated in the dump just upstream of the
undulators (see Fig.2.5). As illustrated in Fig.[7.7] the accelerating rf pulse in the L,
section has been operated with two flat-tops in order to generate detectable changes
of the current profile properties along the bunch train. The chirp has been set to
hip, = —10.67 m~ ! inside the first and to k1, = —10.60 m~! inside the second rf flat-
top. Thus, the 60 bunches of the first rf flat-top experience a stronger compression
inside the bunch compressors BC, and BCjs than the 297 bunches of the second rf
flat-top (see Sec.2.I). Both compression settings are within the typical range of FEL
user operation. The total bunch train carries 387 bunches with 30 bunches inside the
rf transition region between both rf flat-tops.

The bunch charge is set to 250 pC, but exhibits variations along the bunch train
as shown in Fig.[7.8] The charge averaged over 20 rf pulses increases from 0.25nC
at the beginning to more than 0.27nC at the end of the bunch train. The error band
marks the rms shot-to-shot fluctuations. The charge remains constant along the first
approximately 10 bunches before it strongly increases within rf flat-top FT 1. After-
wards it approaches its asymptotic limit such that there are less variations along rf
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FIGURE 7.8: Charge along the bunch train for comparative measurements at 1.1 MHz
repetition rate. The error band represents the rms shot-to-shot fluctuations. The charge
increases within rf flat-top FT 1 and exhibits a sudden increase around bunch #10. In rf
flat-top FT 2, the charge variations are much smaller.
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FIGURE 7.9: Measured form factors of two bunches from each rf flat-top during bunch
train operation with 1.1 MHz repetition rate. The solid lines mark the form factor of the
reconstructed current profiles, which are presented in Fig.

flat-top FT 2. These variations are caused by the injector laser. During FEL user op-
eration, the injector laser intensity and thus charge is optimized and flattened along
the bunch train. However, for the comparative measurements in this section, the
charge variations are intentionally not removed. The charge affects the bunch com-
pression by e.g. collective effects, such that variations potentially have an influence
on the shape of the current profile. Such characteristic variations of the current pro-
file within the rf flat-tops consequently allow for a more comprehensive comparison
of CRISP with BCM and TDS than using rf flat-tops alone.

The form factors of two bunches from each rf flat-top recorded with the CRISP
spectrometer are presented in Fig.[7.9] They are an average of 50 rf pulses at each
grating set, and the error bars mark the combination of rms shot-to-shot fluctuations
and estimated pileup error (see Sec.[/.1.1). The frequency range and uncertainties
of the processed form factor data are comparable to single bunch operation (see e.g.
Fig.[6.4). The estimated pileup error has no considerable influence on form factor
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FIGURE 7.10: Current profiles of two bunches from each rf flat-top obtained with CRISP
spectrometer and TDS. The rms bunch duration o; of the CRISP profile is stated for each
bunch. For better comparison, the spectrometer results have been convoluted with the
respective TDS resolution R;. Times with ¢ < 0 indicate the tail of the bunch.

measurements, as the signal baselines after the bunch train are well restored. The
form factor of the reconstructed current profiles, that are presented as dashed lines
in Fig.[7.10} are in agreement with the measurements as shown by the solid lines.

Form factor and current profile exhibit distinct properties for both rf flat-tops.
The reconstructed rms bunch duration oy, which is noted in Fig.[7.10} increases by
more than 5 fs between both rf flat-tops, while the peak current decreases from more
than 5KkA in rf flat-top FT 1 to just more than 3 kA in rf flat-top FT 2. These obser-
vations are in agreement with the discussed expectations on the bunch compression
caused by different chirps imprinted in the L, section. Nonetheless, current pro-
file and form factor indicate not only differences between both rf flat-tops, but also
within the rf flat-tops. The peak current for example decreases by almost 1 kA from
bunch #10 to bunch #50 in rf flat-top FT 1. Inside rf flat-top FT 2, the reconstructed
current profile of bunch #300 exhibits significantly more substructure than bunch
#100, which reflects in stronger form factor modulations above 20 THz (see Fig..
The current profile shape of bunch #100 is similar to the current profiles in FT 1.
They are described by a Gaussian-like peak with slowly decaying current towards
the bunch tail.

As already mentioned, the CRISP spectrometer records the form factor of all
bunches within the train. The properties of all current profiles along the train are
thus available from the reconstructions of a single data set. Hereby, the frequency
grid of the reconstruction algorithm (see Sec.[6.1.2) is kept constant to avoid numer-
ical fluctuations of key parameters like e.g. rms bunch duration. The resulting rms
bunch durations are presented in Fig.[7.11} Along the first rf flat-top, it increases
continuously from 25fs to 28 fs with a steep increase after the first ten bunches. In
the transition region between bunch #61 and bunch #91, the bunch duration grows
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FIGURE 7.11: Comparison of rms bunch durations o} obtained with TDS and CRISP spec-
trometer along the bunch train with two rf flat-tops FT 1 and FT 2 at 1.1 MHz repetition
rate. The error bars of the TDS measurement mark the shot-to-shot fluctuations of the
measured TDS profile.

rapidly within 30 bunches to 35fs. Along the second rf flat-top FT 2, the bunch du-
ration increases only slightly. At the end of the bunch train, the rms bunch duration
amounts to roughly 36 fs.

As a first comparison, the results of the TDS at the same accelerator settings
are investigated. The TDS profiles are obtained by the reconstruction of the aver-
age profiles of 10 rf pulses at both zero-crossings (see Secs. [5.2.1) [.2). The tem-
poral resolution determined from the unstreaked profile varies between 14 fs and
17 fs. The resulting current profiles are compared to the reconstructed profiles of the
CRISP spectrometer in Fig.[7.10] Again, the TDS resolution denies a confirmation
of substructures and corresponding peak current. Instead, the CRISP profiles must
be convoluted (see Sec.[6.2) with the resolution R; to allow comparison. After the
convolution, all current profiles agree in overall shape and duration. At bunch #300,
the peak current of the reconstructed current profile varies by more than 10 % due
to the dominant substructure.

The TDS is only capable of monitoring single bunches of the bunch train and not
all current profiles of the bunch train are recorded. Instead selected bunch numbers
(10, 20, 30, 50, 100, 200, 300) are one after the other characterized. The rms bunch
durations of these profiles are compared to the CRISP results in Fig.[7.11] Hereby, the
TDS resolution has been considered by quadratical subtraction, and the error bars
mark the shot-to-shot fluctuations. Overall, the bunch durations of both devices
agree within 10 % under consideration of the bunch-to-bunch fluctuations. Both de-
vices detect a rms bunch duration increase of almost 10 fs between both rf flat-tops.

Using the calibration for an absolute rms bunch duration carried out in Sec.[6.3.2)
the BCM detector after the last bunch compressor with a 6 THz low-pass filter is
utilized as a second comparative diagnostic. The rms bunch durations obtained from
the average signal of 20 rf pulses and the corresponding shot-to-shot fluctuations are
compared to the results of the CRISP spectrometer in Fig.[7.12] The evolution of the
rms bunch duration of the BCM agrees with the results of the CRISP spectrometer.
The overall offset of around 1fs -2 fs (~5 %) is within the typical deviations caused
by different bunch shapes (see Fig.[6.12). The BCM measurement confirms the steep
increase of the rms bunch duration around bunch #10 for which no TDS data is
available. The shot-to-shot fluctuations of the BCM bunch duration are smaller than
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FIGURE 7.12: Rms bunch duration obtained with the BCM based on the calibration car-
ried out in Sec.[6.3.2] Except from an overall offset of around 1 fs, the bunch durations and
its evolution along the bunch train agree with the results of the CRISP spectrometer. The
BCM also detects a strong increase of the bunch duration around bunch #10.

the overall variations along the bunch train. This indicates that the BCM detector
with low-pass filter exhibits enough sensitivity to detect unintentional changes of
the rms bunch duration on the femtosecond scale for FEL user operation with 250 pC
bunch charge even on a single-shot basis.

The comparison with two independent diagnostics shows no indications for sig-
nal pileup effects on the properties of the reconstructed current profiles after the
pileup removal. Even though the TDS resolution hampers a comparison of sub-
structures inside the current profiles, the evolution of the bunch durations along the
bunch train are consistent. The substructure on the reconstructed current profiles at
the end of rf flat-top FT 2 (see bunch #300 in Fig.[7.10) is caused by an increasing form
factor at frequencies above 20 THz. However, this cannot be caused artificially by the
signal pileup effect, as this far inside the bunch train the pileup has reached an al-
most steady state (see Fig.. The steep increase of the rms bunch duration around
bunch#10 of the CRISP current profiles correlates with the observations on charge
and BCM signal. The BCM detector is a pyroelectric detector as well, which thus re-
quires the same pileup removal method, but detector layout and readout electronics
are fundamentally different. A similar behaviour of the signal pileup can therefore
be excluded. The rms bunch duration evolves in a similar way as the bunch charge
along the rf flat-tops even for the dynamic changes along rf flat-top FT 1. Further-
more, it should be noted that the bunches along the first 50 ps — 100 pis are not sent to
the FEL undulator beamlines during FEL user operation to avoid possible variations
of the FEL pulse. Wakefields caused by cavity misalignment — for example — lead
to orbit variations which reach a steady-state after ~50 us [Abe+06]. In summary,
the results of this section show that the CRISP spectrometer — with its modification
carried out within this thesis — is well suited for current profile measurements by
noninvasive operation with MHz bunch repetition rates simultaneously to FEL user
operation.
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FIGURE 7.13: Schematic of rf pulse structure, bunch pattern and SASE beamline settings
for the presented measurements at 1.1 MHz (top) and 2.2 MHz (bottom) bunch repetition
rate. During the 1.1 MHz measurement, the chirps in the L; and L, sections are modi-
fied between the rf flat-tops. At the 2.2 MHz measurement, only the L, chirp is adapted
for the second rf flat-top FT2. The bunch structure inside the rf flat-tops is only given
for illustration purposes and may not agree with the actual bunch patterns at the SASE
beamlines.

7.3 Results during FEL Operation

As the final step of a successful spectrometer commissioning carried out in this the-
sis, this section presents results obtained during FEL user operation. The insertion
of the 5mm diffraction radiator aperture (see Sec.[4.1) does not lead to any observed
consequences on electron bunch or FEL pulse quality. The current profiles inside
the bunch train can thus be monitored simultaneously to FEL operation with MHz
repetition rates and without any disturbances of the XFEL photon pulses. In or-
der to illustrate results, which are subject to long term variations and different FEL
operation modes, a measurement at 1.1 MHz and 2.2 MHz bunch repetition rate is
presented. Around 6 months passed between both measurements.

A schematic overview of the rf pulse structures and SASE beamline operations is
given in Fig.[7.13] A detailed explanation of the MHz operation mode of European
XFEL can be found in Sec.2.3.1} In both cases, the beam energy amounts to 14 GeV
and the bunch charge to 250 pC. The rf pulse is divided in two rf flat-tops FT 1 and
FT 2. While at 1.1 MHz, the flat-tops differ by the imprinted chirps in the L; and L,
sections, only the chirp in the L, section is adapted for the 2.2 MHz operation. The
chirp settings itself are results of empiric optimization of the SASE FEL intensity at
the respective FEL undulator beamlines. The photon energy of SASE1 is the same
for both measurements, but at the 2.2 MHz measurement SASE2 generates X-ray
pulses with higher photon energy. In total, 556 and respectively 1085 bunches are
accelerated. In both cases, rf flat-top FT 1 contains the bunches for the SASE2 undu-
lator beamline and FT 2 the bunches for the SASE1 and SASE3 undulator beamlines.
However, only a fraction of the bunches inside the individual rf flat-tops are gener-
ating SASE radiation inside the undulators. The remaing bunches are terminated,
like the bunches inside the transition region between both rf flat-tops, at the dump
upstream of the undulator beamlines (see Fig.[2.5).
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FIGURE 7.14: Normalized and pileup corrected ADC signals of three spectrometer chan-
nels for both data sets, which are sampled at the respective bunch repetition rate. The
channels represent a moderate low, central and moderate high radiation frequency along
the spectrometer range. The baseline after the bunch train is well restored, and the com-
pression settings of FT 2 lead in all cases to an increased CDR intensity.

The pileup corrected signals @, already allow an insight into the behaviour of
longitudinal bunch properties along the bunch train. They are presented for three
channels of the spectrometer in Fig.[7.14] The three channels represent lower, cen-
tral and high frequency region of the spectrometer. The baseline after the bunch
train is well restored for both repetition rates, which indicates a successful pileup
removal (see Sec.[7.1). For both measurements, the signals clearly exhibit differences
between the rf flat-tops. Hereby, the second rf flat-top yields more CDR intensity at
all frequencies. Especially, at high frequencies (see 26.6 THz) the signal differences
between the rf flat-tops are large with FT 2 yielding more than 4-times higher signal
than FT 1. At low frequencies, the differences are much smaller. The reason is clear:
At low frequencies, the form factor is close to its asymptotic limit of 1 and its rel-
ative changes depending on bunch compression are small. In contrast, the relative
changes of the form factor — and thus radiation intensity — at high frequencies are
more pronounced.

The spectrometer signals do not only show a difference between both rf flat-tops
but also modulations within the individual rf flat-tops. Especially along the first
approximately 50 and respectively 100 bunches (~50 ps), the spectrometer signals
evolve differently depending on the measurement set and frequency. Along the rf
flat-tops itself, the signals are in all cases continuously decreasing. Thus, the spec-
trometer sensitivity is not only sufficient to detect changes of the bunch compression
between the rf flat-tops, which are a result of empiric SASE optimization, but also
unintentional variations inside the individual rf flat-tops.

The resulting form factors of selected bunches along the bunch train are pre-
sented in Fig.[7.15] These bunches represent the beginning of rf flat-top FT 1, center
of FT'1, transition region and center of FT 2. After the data processing, the mea-
sured form factors cover frequencies up to at least f ~ 20 THz and values down to
|FL(fm)| =~ 0.1 and smaller. Thus also at 2.2 MHz operation, the bunch repetition
rate does not lead to considerable limitations of form factor measurements caused
by the pileup effect. For both data sets, the previous observation of an increased
CDR intensity in the second rf flat-top FT 2 is reflected in a form factor extending
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FIGURE 7.15: Measured form factors of selected bunches of the bunch train for both
measurements. In both cases, the form factors extend to higher frequencies in the second
rf flat-top FT 2. The form factors of the reconstructed current profiles are illustrated by the
solid lines.

to higher frequencies. Hereby, the 1.1 MHz measurement shows stronger variations
between the two rf flat-tops than the 2.2 MHz measurement. In addition, the form
factors of the 1.1 MHz measurement exhibit modulations. Especially in FT 2, there
is a pronounced substructure in the frequency range 10THz — 30 THz. The form
factors of the 2.2 MHz measurement are in contrast uniformly decreasing.

The reconstructed current profiles for the selected bunches are presented in
Fig.[7.16] Their form factors agree with the measurements as shown in Fig.[7.15|
The current profiles of both measurements and rf flat-tops exhibit the characteris-
tic asymmetric shape with a shoulder towards one site, which has also been ob-
served for several current profiles in Chap.[pl As mentioned in Sec.[3.2} the direction
of the current profile cannot be determined from form factor measurements alone.
Nonetheless, from simulations (see e.g. Fig.[3.4) and experiences of comparative
measurements with the TDS (Secs.[6.2}[7.2), the shoulder is assumed to be at the tail
of the bunch. The overall bunch durations of the current profiles from both mea-
surements are comparable (20 fs — 35 fs, see also Fig.[7.17) and in agreement with the
expectations from simulations of 250 pC FEL operation in Tab.2.2l The extension
of the form factor at rf flat-top FT 2 to higher frequencies reflects itself in a more
compressed region containing the high current. The peak current increases by 3 kA
for the 1.1 MHz measurement and almost 2kA for the 2.2 MHz measurement. The
1.1 MHz measurements exhibits more substructure on the current profile, which also
results in a reduced peak current at rf flat-top FT 1.

The rms bunch durations of the reconstructed current profiles of all bunches in-
side the bunch trains are depicted in Fig.[7.17, For both operation modes, the dif-
ference in bunch compression of the two rf flat-tops can be well observed in the
behaviour of the reconstructed bunch durations. For the 1.1 MHz measurement, the
rms bunch duration decreases by almost 10fs from 33 fs to 24 fs. For the 2.2 MHz
measurement, the difference amounts to roughly 5 fs, while the rms bunch duration
is at both rf flat-tops shorter than in the 1.1 MHz case. The first 50 and respectively
100 bunches exhibit in both cases a strong dynamic with rapidly changing bunch
durations. Whereas the bunch duration is increasing for the 1.1 MHz measurement,
it decreases for the 2.2 MHz measurement. Afterwards, the rms bunch duration in-
creases in both cases continuously along rf flat-top FT 1. At FT 2, the bunch duration
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FIGURE 7.16: Reconstructed current profiles based on measurements recorded simulta-
neously to FEL operation with 1.1 MHz and 2.2 MHz bunch repetition rate. Shown are
representative bunches from the beginning of the bunch train, FT 1, transition region and
FT 2. The bunch head is most-likely at times ¢ > 0.
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FIGURE 7.17: Rms bunch durations along the bunch train for both measurements. The
different bunch compression between the two rf flat-tops is well distinguishable. The first
bunches exhibit in both cases strong variations. The solid lines mark the result of a linear
fit for the bunch duration within each rf flat-top.
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TABLE 7.1: Standard deviation of the reconstructed rms bunch duration from the linear
fit along each rf flat-top (see Fig.[7.17), which gives an estimate of the relative rms bunch
duration uncertainty. The sensitivity of reconstruction and rms parameter itself depend
on the current profile shape, which leads to different values for the rf flat-tops and mea-
surements.
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FIGURE 7.18: Peak currents of the reconstructed current profiles along the bunch train for
the measurements at 1.1 MHz and 2.2 MHz bunch repetition rate.

remains constant within 1fs. The CDR intensity at high frequencies, which is pre-
sented in Fig.[7.14} exhibits a decrease along FT2 of the 1.1 MHz measurement. It
does not result in a stronger increasing rms bunch duration, but in a suppression of
substructure in the high current region (see Fig.[7.16).

The almost loss-free superconducting cavities are resonators of very high Q,
which allow only slow changes of the rf parameters along the bunch train [Aun+00].
It is thus reasonable to assume no short time (bunch-to-bunch) variations of the ac-
tual rms bunch duration caused by the accelerating rf. In this case, an upper limit
for the uncertainty of the reconstructed rms bunch duration can be identified by es-
timating a linear increase of the actual rms bunch duration along each flat-top. A
linear fit to the reconstructed rms bunch duration along each rf flat-top is presented
in Fig.[7.17] The uncertainty of the reconstructed rms bunch duration is estimated by
the standard deviation from these fits. The results are listed in Tab.[7.1} In all cases,
the estimated uncertainty of the rms bunch duration is below 1fs. Consequently,
small changes of the bunch duration along the train can be accurately detected on
the 1fs scale. The uncertainty of the reconstructed rms bunch duration depends
however on the current profile itself. For different bunch shapes, the sensitivity of
the current profile reconstruction on the form factor measurement varies. In addi-
tion, also the sensitivity of the rms parameter itself depends on bunch shape. These
effects lead to an uncertainty that is roughly two-times larger for the 2.2 MHz mea-
surement.

The peak current is less sensitive to small variations at the low current regions
of the longitudinal profile compared to the rms bunch duration and is shown in
Fig.[7.18 The bunch-to-bunch fluctuations of the 2.2 MHz measurement are strongly
reduced. Between the rf flat-tops, the peak current increases by more than 3 kA at the
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1.1MHz and around 2 kA at the 2.2 MHz measurement. This behaviour is consistent
with the the rms bunch duration in Fig.[7.17| However, the peak current decreases by
1kA along FT 2 of the 1.1 MHz measurement while the rms bunch duration shows
much less variation. This is a simple demonstration showing that a single parameter
of the current profile is not sufficient to describe the complex longitudinal electron
beam dynamics at XFELs.

The CRISP spectrometer in combination with noninvasive diffraction radiation
and the fast current profile reconstruction algorithm is a very powerful diagnostic
for the electron bunch current profile at FELs operating in the hard X-ray regime.
Within this thesis, the current profiles of all bunches inside the bunch train have been
measured for the first time simultaneously to FEL user operation at European XFEL.
As demonstrated, the spectrometer sensitivity and frequency range is well suited
to resolve variations of the electron bunch compression not only between but also
within the individual rf flat-tops. Using a single CRISP spectrometer measurement,
the current profiles of all bunches can be reconstructed. The reconstruction requires
only a few seconds to less than a minute on an usual office computer even for longest
possible bunch trains. The result is impressively visualized in Fig.[7.19, where the
form factors and current profiles of the 1.1 MHz and 2.2 MHz measurement along
the bunch train are presented. The current profile reconstruction is robust and yields
an unique insight into current profile evolution along the bunch train. For both
measurements, the increasing bunch compression in the transition region between
both rf flat-tops is well visible. The bunch duration decreases while the peak current
increases. At the same time, the form factor extends to higher frequencies. Because
the longitudinal current profile varies along the first ~50 ps of the bunch train, these
bunches are not used for the generation of XFEL pulses during user operation. It is
striking that the bunches inside rf flat-top FT 2, which are used for the SASE1/3 FEL
undulator beamline, exhibit in both cases a higher peak current independently of the
photon energy at the SASE2 FEL undulator beamline. This is the result of empiric
SASE optimization. It is well imaginable that the kicker-septum arrangement for the
SASE2 FEL undulator beamline further modifies the electron bunch properties even
though it is designed to avoid further compression by its Rss = 0 mm parameter
[Abe+06].

7.4 Outlook

Current profile measurements during FEL user operation with femtosecond resolu-
tion for all bunches inside the bunch train, open up many possible applications for
the CRISP spectrometer. The identified changes of the electron bunch compression
within the rf flat-tops proof that the spectrometer is an ideal candidate for longitu-
dinal — and especially intra bunch-train — feedbacks. Currently, bunch compression
feedbacks utilize noninvasive beam energy measurements as a monitor for the rf am-
plitude and the bunch compression monitors (BCM, see Sec.2.4.2) for the rf phase
[Din18]. However, the single signal of a BCM does not give sufficient insight into
the longitudinal beam dynamics to stabilize also the higher order parameters (cur-
vature I/, third derivative h") besides the chirp & (see Eq. (2.10)) of the accelerating rf.
Here, the spectrometer signals could help to identify proper feedback loops maybe
even without the need for current profile reconstructions. Furthermore, the tempo-
ral structure of the FEL X-ray pulse is to a great part defined by the current profile
[Beh+12]. For the analysis of experiments carried out with the X-ray FEL pulse,
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FIGURE 7.19: Form factors (left) and current profiles (right) of the reconstruction from
CRISP measurements at 1.1 MHz and 2.2MHz bunch repetition rate color-coded along
the bunch trains. The combination of noninvasive diffraction radiation and CRISP spec-
trometer gains an unique insight into the evolution of the current profile along the bunch
train during FEL user operation.



112 Chapter 7. Megahertz Operation

the reconstructed current profiles could thus be an important information [Dtis+14].
The spectrometer data can also support the optimization and generation of shortest
possible FEL pulses.

Currently, the pulse-shaping electronics allow the spectrometer to operate only
with bunch repetition rates of up to 2.2 MHz. Nonetheless, it is promising that the
readout electronics can be modified to operate also with 4.5 MHz repetition rate by
exchanging the Gaussian shaping amplifiers (see Fig.[.15) while maintaining suffi-
cient sensitivity. Additionally, the pyroelectric detector may be replaced by a similar
typeﬂ without polymer coating. This leads to a reduced sensitivity but at the same
time shorter signals at the charge sensitive preamplifier [Beh08; |Wes12]. This way,
the pileup effect may be further reduced. In general, the spectrometer and pileup
removal procedure can also be applied for continuous-wave (cw) operation. First
studies using an infinite impulse response filter have shown promising results and
allow very fast implementations of the pileup correction for intra bunch-train feed-
backs [Dur20].

For a measurement of the form factor at both grating sets, the CRISP spectrome-
ter requires roughly one minute because of the time needed to interchange the grat-
ing sets. The current profile reconstruction and data preparation are fast and require
together roughly 20 ms on an usual office computer for each bunch. Consequently,
the reconstruction of an entire bunch train takes less than one minute. However, for
online current profile measurements while optimizing and /or changing the acceler-
ator settings it would be desirable to carry out current profile reconstructions with
the data from a single grating set while immediately displaying the results. Current
profile reconstructions from the data of a single grating set and even single rf pulses
are studied in App.[Cl The current profile reconstruction in its current — not yet ex-
plicitly for online measurements optimized — implementation as a Python module
is in singe-shot operation able to reconstruct five current profiles for each rf pulse
on its 10Hz pattern. Another approach would be to gather the data along a few
rf pulses as a floating average and then update the current profile (or key parame-
ters) of representative bunches along the rf pulse on a 10 Hz basis. Optimizing the
current profile reconstruction routine for online measurements and distributing the
numerical calculations on several CPUs/GPUs is a promising outlook for actual on-
line current profile measurements on a single-shot basis for every bunch inside the
rf pulse.

Ibased on Infratec LIE-301-X004
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Chapter 8

Summary

The electron bunch current profile at European XFEL [Dec+20] is of fundamental
importance for the FEL process and the required peak currents, but also the demand
for ever shorter X-ray pulses, make diagnostics for the current profile inevitable
to ensure a successful operation and optimization of the FEL facility. Far-infrared
and THz spectroscopy of invasive transition radiation using the CRISP spectrome-
ter [Wes+11|] has demonstrated — also based on work carried out within the scope of
this thesis — to be a powerful diagnostic for this application [Sch+20]. At European
XFEL, the CRISP spectrometer is for the first time operated with noninvasive coher-
ent diffraction radiation (CDR) in order to characterize the form factor of all bunches
inside the bunch train, which is generated by a superconducting accelerator and ex-
hibits megahertz (MHz) bunch repetition rates. Current profile measurements of
these bunches have been realized in this thesis as follows:

The experimental setup consisting of DR screen, THz beamline and CRISP spec-
trometer has been installed, modeled and successfully commissioned. It has been
shown that the spectral radiation intensity emitted at the diffraction radiation screen
suits operation of the CRISP spectrometer. The DR screen does not influence accel-
erator or FEL performance while beam energies above 11 GeV do not lead to a fre-
quency cut-off at the 5 mm aperture within the frequency range of the spectrometer
(0.7 THz -58 THz). The spectrometer’s pulse-shaping electronics have been adapted
for MHz bunch repetition rates.

The in-situ sensitivity of the CRISP spectrometer has been identified for the first
time based on a systematic procedure. The procedure has utilized a transverse de-
flecting structure (TDS) and beam-based methods for adjustments of a modeled sen-
sitivity. Nonetheless, the modeled sensitivity deviates only within the single grat-
ing stages from the experimentally identified sensitivity, while the overall evolution
agrees. This underlines a good understanding of radiation emission, transport and
detection.

A fast and reliable current profile reconstruction from the measured form factor
modulus has been implemented, which is perfectly suited for online current pro-
file monitoring. Its results for the CRISP spectrometer at European XFEL have been
benchmarked with comparative measurements of a transverse deflecting structure
(TDS) and a bunch compression monitor (BCM). Hereby, a calibration of the BCM
signal with respect to the rms bunch duration has been investigated and carried out.
Current profile reconstructions of bunches with rms durations of 6 fs to 100 fs have
shown that CRISP at European XFEL covers the entire range of FEL user operation
with bunch charges from 50 pC to 1nC. The reconstructed current profiles exhibit
features that could not be resolved with the TDS resolutions (>5fs) even though
it has been operated in a special high-resolution mode. The BCM only yields the
overall bunch duration and not the current profile shape. In the regime of FEL user
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operation, the key parameters (i.e. rms bunch duration, peak current) of all three
diagnostics agree overall within ~15 % if the temporal resolution of the TDS is con-
sidered.

In order to realize current profile reconstructions of bunches with MHz repeti-
tion rates, the influence of signal pileup has to be removed. The pileup is caused by
mechanical oscillations of the pyroelectric crystals, which themselves lead to char-
acteristic frequencies in the MHz regime. A procedure to identify and eliminate the
signal pileup for all channels of the spectrometer has been introduced. Comparative
measurements along the bunch train with TDS and BCM have confirmed that the
spectrometer in its current implementation is capable of form factor measurements
up to bunch repetition rates of 2.2 MHz. Finally, the spectrometer has been used
to identify variations of electron bunch compression along the bunch train during
FEL user operation. Intentional variations introduced by different rf flat-tops for the
individual FEL SASE beamlines but also unintentional variations of the bunch dura-
tion have been identified with a relative resolution below 1 fs along the bunch train
during different operation modes of European XFEL.

In this thesis, noninvasive current profile measurements of electron bunches with
MHZz repetition rates and rms bunch durations down to a few femtoseconds (~6 fs)
have been carried out for the first time at European XFEL. The CRISP spectrometer
has been successfully adapted for MHz bunch repetition rates, before it has been
installed and commissioned. In combination with further developments of a fast
and reliable current profile reconstruction, it now becomes a standard tool for the
operation and control of the FEL facility, which allows to characterize the current
profile of more than 10000 electron bunches per second. This thesis proves that
CDR spectroscopy is a promising diagnostic for current profile measurements at the
upcoming generation of hard X-ray FELs [Gall8; [YD19]. The operation of XFELs
in ‘continuous-wave’ (cw) mode with MHz bunch repetition rates benefits greatly
from continuous and noninvasive monitoring.
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Appendix A

Radiation Propagation Based on
Fourier Transform

A.1 Principle of Radiation Propagation

A method for fast numerical propagation of THz radiation for arbitrary non-cylindri-
cal symmetries is presented in [CSS05]. It is based on two dimensional Fourier trans-
form, which can be efficiently calculated by numerical methods. Starting point is the
Huygens principle as in Eq. (3.21), but in Cartesian coordinates and without restric-
tion to the x-axis
ik oikR’
EPw) =~ [ E(Qw)dedy. Al

X( ) 27t J Jsource x(Q ) R’ g T ( )

Hereby Q = (,#,0) denotes the location on the source and P = (x,y, D) the point
on the target, i.e. the location at which the electric field shall be calculated. For
sake of compactness, only the horizontal field component will be explicitly derived.
The vertical field component follows in a corresponding manner. The distance from
source point to target point
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is approximated using the binomial approximation (1 + x)* ~ 1+ ax for small x.
In our case, this represents the legitimate assumption that the transverse source and
target dimensions are small compared to the distance between source and target.
The resulting replacement
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is inserted in Eq.(A.I) for the phase term only as the influence of the transverse
displacement is negligible for the amplitude:
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and

ik 2 2
Gy (C/ 77) = Ey (é, 77/“)) exp <1(§25_17)> (A6)

the integral of Eq. (A.4) can be expressed by a two-dimensional Fourier transform

Fe (ke ky) = % / /s  Gu@mep (i (kE +kyy))dzdy. (A7)

Using the properties of fast numerical Fourier transforms, the electric field at the
position (Dky/k, Dky/k) on the target can be efficiently calculated while covering
far-field and near-field diffraction. The expression for the vertical field component
is similar, only Gy must be replaced by

ik 2 2
Gy (L,1) = Ey (L1, w) exp (W) (A.8)

A.2 Optical Elements

This Fourier transform method also allows the implementation of optical elements
with non-uniform surfaces for e.g. focusing. Due to the geometry of the focusing el-
ements the electric field experiences a different path length depending on the trans-
verse position. This is easily included by introducing the resulting phase shifts of the
electric field at the surface of the focusing element, which depend on the transverse
position and lead to focusing. A derivation of the phase shifts for many different el-
ements obtained from their geometrical properties is given in [CSS05] and only the
important phase shifts in the scope of this thesis will be stated here.

For the toroidal mirrors in the THz beamline with 90° deflection the phase shift
amounts to

Apror = k (—2f—§+ \/—172 — 24+ 2V2f <w/2f2 — 12+ ﬁg)) (A.9)

and for the ring mirrors inside the spectrometer, which are described by parabolic
mirrors with direction away from focus, to

Mg =k (~f ~ 0+ [P +217) (A10)

The diamond window separating the accelerator vacuum from the secondary
beamline has a wedge shape in order to minimize the interference of internal reflec-
tions. Nonetheless, the wedge shape leads to a deflection of the beam and internal
reflections have to be considered. Their individual phase shifts still have to be taken
into account as they also lead to some interference effects. In the numerical model,
reflections up to the fourth order are considered as described in [Cas+06]. The first
order mainly experiences a vertical kick of ) = (19 — 1) & ~ 14.7 mrad due to the
wedge angle « = 1° of the window with an only slightly frequency dependent re-
fraction index #g.

Transverse deflections of the beam from the optical axis by — for example — tilted
mirrors are introduced by adding a linear phase term in the respective transverse
plane. For a horizontal deflection by an angle 0., the additional phase is given by

A¢rick = k Carctan 0y . (A1)
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A.3 Numerical Implementation

Based on the mathematical procedure above, a dedicated Python code has been de-
veloped which is closely related to the Mathematica code THz Transport (see [CSS05]).
It is used to compute the electric field of transition as well as diffraction radiation
and for their transport through a setup of optical elements. The emitted transition
or diffraction radiation of electron bunches with a transverse charge distribution that
depends only on the distance to the center can be calculated. According to Gauss’
law the electric field at any radial distance equals the electric field of a point-like
particle with the enclosed charge. From this, the electric field of the bunch is numer-
ically calculated on a fine grid covering the source coordinates (g,7). The electric
field on the grid is set to zero for positions outside of the arbitrary TR/DR screen
geometry. Finally, the horizontal and vertical electric field components at the target
are calculated using two-dimensional Fourier transforms as in Eq. (A.7). Care must
be taken in choosing the right span and step size of the source grid in order to cover
the required target size with appropriate resolution. Especially for diffraction radia-
tion in the IR region, many grid points are required. These high frequencies require
a fine step size due to the small effective source size (Eq. ), but the grid span
must still cover a sufficient part of the screen outside of the aperture.

The approach is similar for transport of radiation along the THz beamline or
inside the CRISP spectrometer. The electric fields on the grid outside of the optical
elements are set to zero, and the element specific phase shift is added at the source.
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Appendix B

Resolution

As a fundamental consequence of the Fourier transform, the temporal resolution
of the reconstructed current profile is closely linked to the frequency range of the
measured form factor. For this reason, the appendix studies the temporal resolu-
tion of the reconstructed current profiles from CRISP spectrometer data based on
the form factor processing illustrated in Sec.[p.1.1} The frequency range of the pro-
cessed form factor depends on the overall sensitivity — thus also on radiation source
and transport — but also on the current profile itself. External studies of the tem-
poral resolution of CRISP (e.g. at FLASH) are not applicable at European XFEL. As
demonstrated in Sec.[6.2} the transverse deflecting structure after the last bunch com-
pressor does not yield sufficient temporal resolution to characterize the resolution
limit of the CRISP spectrometer. The bunch compression monitors yield no infor-
mation about the structure and shape of the current profile. Studies of the temporal
resolution of the reconstructed current profiles at European XFEL can consequently
only be carried out based on simulations. It should be noted again that the tempo-
ral resolution and accuracy of form factor measurements depend strongly on bunch
charge and shape itself. The studied cases of this appendix are only examples to
illustrate the origin of limitations. The sole purpose is to give a rough estimate for
measurements with the CRISP spectrometer during European XFEL user operation.
Nonetheless, it will be shown that the highest frequency of the measured form factor
corresponds to an upper limit for resolvable current profile structures even though
the detection of shorter bunches is possible.

In the first section, the reconstruction of overall bunch shapes and their key pa-
rameters are investigated in the simulation as the bunch duration decreases. In the
second section, only a substructure with high peak current is varied while the overall
bunch duration remains constant.

B.1 Overall Bunch Shape

Three examples are used to represent different shapes of current profiles, which are
illustrated on the left of Fig.[B.T|for a rms bunch duration (see Eq. (5.8)) of o; = 20fs.
These profiles are defined by a (a) Gaussian function, (b) a composition at the origin
of two Gaussian functions with different durationsE] and (c) a result from a start-
to-end simulation with prominent substructures (see Fig.[3.4). While the Gaussian
profile represents an idealized case, the function of combined Gaussians resembles
the typical asymmetry of bunch shapes recorded during FEL operation (see Chaps. [}
[7). The corresponding form factor moduli are depicted on the right of Fig.[B.1] Of
course, the emphasized features of the profiles are clearly encoded in the frequency
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FIGURE B.1: Gaussian (a), composition of two Gaussian functions (b) and a current profile
from start-to-end simulations (c) to study the spectrometer resolution. Current profiles as
solid lines on the left and corresponding form factors on the right. The dashed lines on
the left show the reconstructions from the calculated form factors.

domain. The form factor of the Gaussian profile is steeply and uniformly decreas-
ing. While the profile of combined Gaussians is less steeply but still continuously
deceasing, the form factor of the start-to-end simulation exhibits significant modu-
lations above ~20 THz. The current profiles reconstructed from the calculated form
factors along the frequency range (1 THz — 250 THz) are illustrated as dashed lines
on the left. The reconstruction method itself retrieves the current profiles to great
level of detail if the form factor modulus is known over the entire frequency range
and is not limited by the ambiguities associated to the Kramers-Kronig phase (see
Sec.[3.3).

The rms bunch durations of the three profiles are successively decreased by
rescaling the time axis, while the peak current remains at 5kA — a typical design
parameter for FEL user operation [Fen+]. The spectrometer measurement for these
profiles are simulated using the in-situ sensitivity for DR at 15GeV beam energy
(see Fig.[5.9). The intrinsic detector noise is considered for the calculation of the con-
fidence threshold and the shot-to-shot fluctuations. Variations of the current profile
itself, which lead to larger shot-to-shot fluctuations in actual measurements, are not
taken into account. The form factor processing and current profile reconstruction
is carried out in the same way as for actual measurements (see Sec.[p.1.1). The re-
sulting processed form factors as a simulated average of 50 rf pulses at both grating
sets are presented in Fig.[B.2] for 20fs, 10fs and 5 fs rms bunch duration. With de-
creasing bunch duration, the form factor measurement is limited to higher values of
|F1| itself. For one thing, the bunch charge decreases which leads to an increase of
the confidence threshold. Secondly, the form factor cut-off shifts to higher frequen-
cies and thus outside of the spectrometer frequency range. Information about high
frequency components of the current profile are lost. A striking example are the os-
cillations of the form factor from the start-to-end simulation, which are not detected
by the spectrometer for 5 fs rms bunch duration.

The reconstructed current profiles are compared to the input profile (dashed) in
the right column of Fig.[B.2l For 20 fs rms bunch duration, all profiles show a good
agreement with the input profiles. Even though they are some differences, like the
very short feature at the bunch head of the start-to-end profile , the overall shapes
(i.e. duration, peak current, asymmetry) are retrieved. This short-time feature is en-
coded in the high frequencies of the form factor, which lie also for an overall rms
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FIGURE B.2: Simulation of form factor measurements and current profile reconstructions
for Gaussian (a, top), composition of Gaussian with different widths (b, center) and start-
to-end simulation (c, bottom) current profiles. The dashed lines on the right illustrated
the input current profiles and the solid lines the reconstructions. For Gaussian profiles
(a), the reconstructions overlap perfectly with the input profiles. The form factors of the
reconstructions are compared to the simulated form factor measurement and depicted as
solid lines as well.
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FIGURE B.3: Relative deviation of reconstructed rms bunch duration (left) and peak cur-
rent to the input as function of rms bunch duration. Down to bunch duration of 3 fs, the
key parameters rms bunch duration and peak current are determined with less than 10 %
deviation. Smaller bunch durations can due to dominating detector noise of these profiles
at 5kA peak current not be reconstructed.

bunch duration of 20 fs outside of the form factor measurement. If the form factor
would have been measured up to higher frequencies, the feature would have been
correctly retrieved (see Fig.[B.I). Comparable features are studied in detail in the
second section of this appendix. The shorter the profiles get, the more frequency
components of their characteristic features shift outside of the spectrometer range.
As a consequence, the reconstructed profile can be understood as the input missing
short time scale features. At 5fs rms bunch duration, the form factors can only be
measured down to |F | ~ 0.3 and are thus mainly described by the Gaussian extrap-
olation (see Sec.[6.1.1). Consequently, also the current profile reconstructions only
yield Gaussian profiles. Judging from Fig.[B.2} the correct reconstruction of the over-
all shape and asymmetry is limited to roughly 10 fs rms bunch duration at 5 kA peak
current. Nonetheless, peak current and overall duration are well retrieved even for
shorter bunch duration.

Figure[B.3|shows the relative deviation of the reconstructed rms bunch duration
and peak current to the input profiles along an even wider range of input rms bunch
durations. In contrast to the resolution of time domain measurements — like e.g. a
transverse deflecting structure —, the limited frequency region does not change these
parameters. For these bunch shapes without high current substructures, rms bunch
duration and peak current are correctly (< 10 %) retrieved down to 3 fs. However,
the reconstruction of such short bunches always yields a Gaussian profile and the
overall bunch shape cannot be retrieved. As the measured form factor region (not
only the frequency region) is affected by the charge dependent confidence thresh-
old and bunch duration, the deviations of the reconstructed profile are not con-
stant along the range of simulated bunch durations. Also at longer bunch duration
(0r ~ 20fs), the form factor shift to lower frequencies in combination with the com-
plex frequency dependency of the confidence threshold does not necessarily lead to
a form factor measurement range sufficient to reconstruct every detail of the current
profile.

The limitation for reconstructions of shortest rms bunch durations is given by
the accuracy of form factor measurements. As the reconstruction is dominated by
the Gaussian form factor extrapolation, it requires an accurate fit to the marginally
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FIGURE B.4: Simulation of form factor measurements and current profile reconstructions
for current profiles with a pronounced peak of high current (‘spike’) described by the
fwhm duration Atgypm,. The profile has been modeled based on a superposition of two
Gaussian functions. The dashed lines on the right show the input functions and the solid
lines the reconstructions.

changing form factor along the spectrometer range. At a peak current of 5kA, the
detector noise is too dominant to allow a fit for bunches with less than 3 fs rms bunch
duration (bunch charge Q < 30pC). For actual measurements this limit might be
slightly larger due to additional fluctuations caused by the bunches themselves.

B.2 Pronounced Peaks with High Current

While in the first section, overall shapes have been studied, the focus lies now on
substructures with high current. They are especially important as high currents are
not only fundamentally affecting the FEL process (see Chap.[I) but also have severe
influence on collective effects and thus the overall stability of accelerator and FEL
operation.

Here, a high current substructure is modeled by the superposition of two Gaus-

sian functions
—12 —(t—1t)?
I(t) =aq - — 24y - — =7 . B.1
(t) =ay -exp (203,1> + 2a4 exp( 2022 (B.1)

The amplitude 2a; of the second Gaussian is two times higher, which leads to the
profiles presented by the dashed lines on the right of Fig.[B.4, This time, the bunch
charge of 250 pC and the duration 0y; = 30fs of the Gaussian profile with less
amplitude remains constant, while the duration o}, of the second Gaussian is pro-
gressively decreased. The separation t, = 30fs is fixed. The resulting substructure
(spike’) of the current profile is defined by the fwhm bunch duration Atgpy,. The
simulated form factor measurements of these current profiles are depicted on the left
of Fig.B.4 In comparison to the previous section, the overall form factor does not
only shift to higher frequencies. Instead, the spike with high current additionally
modifies the form factor, which becomes more pronounced at short spike durations.

The current profiles reconstructed from the simulated measurement are depicted
as solid lines on the right of Fig.[B.4/and their form factors compared to the simulated
measurement by the solid lines on the left. The overall shape (duration, asymmetry)
of the reconstructed current profiles agrees with the analytical functions and also the
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FIGURE B.5: Correlation of spike duration Atf,, = of the reconstruction to spike duration
Attwhm Of the input function (left, red). Relative deviations of key parameters from the
reconstructed to the input current profile with high current spike (right).

presence of a high current spike is retrieved. The temporal offsets of the spike posi-
tion are caused by the Kramers-Kronig phase as input to the iterative current profile
reconstruction (see Sec.[3.3) and also occur when the form factor is exactly known
along its entire frequency range. In this section however, the focus lies on spike du-
ration and peak current: As the input spike duration decreases, the deviations of the
reconstructed spike increase.

The reconstructed fwhm spike duration Aty , = as function of the actual spike
duration Atqypm 18 shown on the left of Fig. Down to peak spike durations of
roughly 15 fs (~ 6.5 fs rms), the reconstructed spike duration follows the input func-
tion illustrated by the dashed line. At shorter durations, the high frequency limit of
the spectrometer is not sufficient anymore to cover the spike’s spectral shape. As a
consequence, the spike width, but also the peak current as demonstrated on the right
of Fig.[B.5 remains approximately constant. Nonetheless, the overall rms bunch du-
ration oy is still correctly (< 10 %) retrieved.

The results of this appendix indicate that the overall shape of current profiles is
well retrieved down to rms bunch durations of roughly 10 fs during FEL operation
with 5kA peak current. Nonetheless, the rms bunch duration can be monitored to
even smaller values around 3 fs. The same holds for the peak current if the profiles
do not contain pronounced structures with high peak current. Otherwise, these re-
gions can be resolved down to roughly 6.5 fs rms duration if the form factor has been
identified along the entire spectrometer range. The highest spectrometer frequency
of fmax ~ 60THz translates to a sampling of At = 1/2fnax = 8fs in time domain
and is in accordance with the duration of the resolved spike: The highest frequency
of the form factor measurement yields an estimation for the upper limit of resolvable
current profile features as expected from the sampling theorem.
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Online Measurements

As mentioned in the outlook (Sec.[7.4), it would be desirable for many applications,
but also for a machine optimization and tuning, to reconstruct the current profile
from one grating set alone. This would allow a constant monitoring of the current
profile without the waiting time of roughly one minute, which is needed to inter-
change the grating set. A single grating set operation would potentially also allow
single shot operation of the spectrometer without averaging the signals. The knowl-
edge of the current profile of every lasing bunch (i.e. within bunch train and each
rf pulse), is of great advantage for the analysis of experiments with XFEL pulses on
ultrashort time scales (fs) [Diis+14]. Possible correlations between experimental FEL
data and electron bunch current profile could help to characterize the underlying
ultra-fast processes.

In this appendix, both possibilities for the CRISP spectrometer at European XFEL
utilizing DR at FEL user operation are investigated.

C.1 Single Grating Set Operation

In order to study the single grating operation of the CRISP spectrometer, form factor
measurements from the TDS comparison in Fig.[6.2] are investigated. Two of these
form factor measurements at 250 pC bunch charge, which exhibit typical durations
for FEL user operation but distinct profiles (see Sec.[6.2), are presented in Fig.[C.1]
The dashed line marks the separation of THz and FIR spectrometer grating set at
~6.6 THz. The presented form factors are an average of 20 rf pulses and the error
bars mark the corresponding rms shot-to-shot fluctuations. Using a single grating
set, the form factor measurement is significantly restricted. On the one hand, the
form factor modulus at the THz grating set does not decrease to values small enough
to adequately describe the structure of the current profile. The THz grating set is thus
not suited for current profile reconstruction and may only be used to determine the
overall bunch duration (see App.[B). On the other hand however, the FIR grating set
denies a measurement down to the asymptotic limit | (0)| = 1 at low frequencies.

For single grating set operation, the measured form factors of the FIR grating
set are extrapolated by a Gaussian function as described in Sec. to |[FL(0)] =1
based on a fit to the data points at the lowest frequency channels. This yields a
very good approximation of the measured form factor along the THz grating set for
both settings as demonstrated by the dashed lines in Fig.[C.1] Variations from the
measurement at the THz grating set are barely visible.

The current profiles reconstructed only from the extrapolated FIR grating set data
are compared for both bunch compression settings to the reconstructions based on
the complete data set in Fig.[C.2] The form factors of the reconstructed current pro-
files (solid lines in Fig.[C.1) are in good agreement to the measurement using both
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FIGURE C.1: Form factors measured with the CRISP spectrometer using coherent diffrac-
tion radiation of bunches with distinct current profiles. The form factors at the THz grating
set (divided by the dashed vertical line) can be well approximated by a Gaussian extrap-
olation. The form factors of the reconstructed current profiles (Fig.[C.2) are illustrated by
solid lines.
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FIGURE C.2: Reconstructed current profile based on data of the FIR grating set compared
to reconstruction based on both grating sets. For bunches with around 5kA peak current
— typical for FEL user operation —, the FIR grating set is sufficient to retrieve the structure
of current profiles with 250 pC charge.
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FIGURE C.3: Simulated form factor measurement and current profile reconstruction of
a bunch from start-to-end simulations with long bunch durations (Q = 1nC). The FIR
grating set is, even for longest expected bunch duration at XFEL user operation, sufficient
to retrieve the current profile with its characteristic features.

grating sets. However, minor misconducts at low frequencies lead to small devia-
tions of the form factor on large time scales for both settings. Large time scales mean
that neither shape or peak current are significantly altered but low current regions at
head/tail of the bunch are modified. The pedestal of setting 2 is a striking example.
Nonetheless, these two distinct profiles — with partially exotic current profiles (set-
ting 2) — demonstrate that single grating operation of the CRISP spectrometer allows
an accurate retrieval of the current profile at 250 pC bunch charge during FEL user
operation.

Short bunches at the low charge end of the range of European XFEL user oper-
ation are even more favorable for measurements with the FIR grating set alone. In
this case, the form factor has almost reached its asymptotic limit limit of |F (0)] =1
at the FIR grating set (see Fig.[3.4). A contrary example for long bunches during FEL
user operation is the start-to-end simulation for 10kA peak current at 1nC bunch
charge. The current profile and its form factor are presented by the red curves in
Fig.[C3] A CRISP form factor measurement of this current profile is simulated in
the same way as in App.[B} but this time once for FIR grating set alone and once
with both grating sets. The resulting form factor and shot-to-shot fluctuations ob-
tained as the simulated average of 50 rf pulses at the FIR grating set are illustrated
on the left of Fig.[C.3] The current profile reconstructions based on the simulated
form factor measurements for both cases are compared to the bunch’s current pro-
file on the right. With and without consideration of the THz grating set, the current
profile structure is well retrieved. The minor deviation of the extrapolation from the
bunch’s form factor at the THz grating set leads again to small differences between
both reconstructions on large time scales. The low current tail (f < 0) of the bunch
decreases slightly faster, which nonetheless has only minor consequences on overall
shape and key parameters like peak current.

In the entire range of expected current profiles for FEL user operation, the FIR
grating set of the spectrometer is sufficient for current profile reconstructions. As
demonstrated with measurements and simulations, the minor deviations of the form
factor extrapolation at the THz grating set to the actual form factor have no severe
influence on the structure of the reconstructed current profiles.
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FIGURE C.4: Measured form factor (left) of single shots (rf pulses) at the FIR grating set
during FEL operation. The gray area shows the single shot confidence threshold L(fy).
The solid lines mark the form factors of the reconstructed current profiles (right). Duration
and overall shape of the reconstructed current profiles are similar and exhibit only small
fluctuations.

C.2 Single Shot Operation

Current profile reconstructions using a single grating set also open up the possibil-
ity to reconstruct the current profile from single shots (rf pulses). The left of Fig.[C.4]
presents the measured form factors of single shots during FEL user operation with
250 pC bunch charge. Hereby, the bunch charge of each rf pulse has been measured
to ensure a proper calculation of the form factor for each bunch regardless of charge
fluctuations. There are visible shot-to-shot fluctuations of the measured form factors.
Adjacent channels show a conclusive increasing or decreasing behaviour. Conse-
quently, the form factor variations are not dominated by detector noise, but by fluc-
tuations of the electron bunch compression itself. Only in regions close to the gray
illustrated single shot confidence threshold L(f,,) of 2c" detector noise (see Eq. (5.6)),
the single shot form factors exhibit large deviations. These measurement points are
anyhow not considered in the current profile reconstruction (see Sec.[6.1.T) and are
only presented here for illustration purposes. Instead of shot-to-shot fluctuations,
the allowed variations of the iterative algorithm are limited to 10 % of the form fac-
tor. The right hand side of Fig.[C.4] shows the resulting reconstructions. Overall
shape (duration, asymmetry) and peak current of the single shots are similar and
show only small fluctuations. The form factors of the reconstructions (left, solid
lines) are in good agreement to the respective measurement and conclusive to the
measured variations of the individual shots.

The form factor obtained from the mean spectrometer signals measured over
N = 50shots (rf pulses) and the corresponding shot-to-shot fluctuations are com-
pared on the left of Fig.[C.5|to the form factors of the reconstructed current profiles
of some individual shots. The calculation of the mean reduces the confidence thresh-
old such that the form factor is characterized up to higher frequency than for a part
of individual shots. The increasing confidence threshold above 30 THz (see Fig.[C.4]
left) however is still the limiting factor for the mean spectrometer measurement and
the confidence threshold only scales with N~1/4 (see Eq. ). As a result, the fre-
quency range is only marginal wider than in single shot operation. Apart from shifts
of the starting frequency for the Gaussian extrapolation towards higher frequencies
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FIGURE C.5: Form factor measurement (left) obtained from the measured mean spectrom-
eter signal over 50 shots (rf pulses) at the FIR grating set compared to the form factors of
the single shot reconstructions in Fig.[C.4l The average of the reconstructed single shot
current profiles (right) yields a similar result than the reconstruction from the mean spec-
trometer signals. As the level of detail is comparable, single shot operation of the spec-
trometer does not leads to severe restrictions for current profile reconstruction at 250 pC
user operation.

(see Sec., the reconstructions of the individual rf pulses are within the error
bars of the mean measurement.

The right hand side of Fig.[C.§ illustrates the current profile of the mean spec-
trometer signals and the average of the current profiles from each shot. Both av-
erages exhibit a similar current profile with only minor variations and comparable
level of detail. Single shot form factor measurements at 250 pC FEL user opera-
tion do thus not lead to significant drawbacks in the current profile reconstruction.
Peak current and rms bunch duration of the single shots exhibit less than 4 % rms
fluctuations. In regard of 1.5% shot-to-shot charge fluctuation, these fluctuations
demonstrate sufficient robustness and sensitivity of single shot current profile re-
construction using the CRISP spectrometer based on noninvasive DR at European
XFEL.
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