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Abstract

The Free-Electron Laser in Hamburg (FLASH) demands electron beams with high peak
current to generate high-brilliant, coherent X-ray pulses. Magnetic chicanes are used for
longitudinal compression of the electron bunches to achieve the required high peak current.
During bunch compression process, microstructures with a modulation length comparable
to the visible light can be induced inside the bunch. This leads to coherent emission of
optical transition radiation (OTR), which may impede the widely used beam diagnostic
based on OTR imaging.
In this thesis, two methods of using incoherent scintillation light are proposed to cir-

cumvent the problem of coherence effects in beam imaging diagnostics. The method of
temporal separation has been proved experimentally to have successfully suppressed co-
herence effects. The longitudinal beam profiles measured using this method are in good
agreement with reference measurements, verifying further the reliability of the method.
The method of spatial separation has been investigated in preparation studies, from which
an improved experimental setup has been designed.

Zusammenfassung

Der Betrieb des Freie-Elektronen Lasers in Hamburg (FLASH) erfordert Elektronenpakete
mit hohem Spitzenstrom zur Erzeugung von hoch-brillianten, kohärenten Röntgenpulsen.
Um den erforderten hohen Spitzenstrom zu erzielen, werden magnetische Schikanen zur
longitudinalen Kompression der Elektronenpakete eingesetzt. Mikrostrukturen im Elektro-
nenpaket, welche eine vergleichbare Länge zu optischenWellenlängen haben, können in dem
Kompressionsprozess erzeugt werden und kohärente Abstrahlung der Übergangstrahlung
im optischen Wellenbereich verursachen. Die vielseitig eingesetzte Strahldiagnostik, welche
auf der Abbildung von Übergangstrahlung im optischen Wellenlängenbereich basiert, kann
dadurch unbrauchbar werden.
In dieser Arbeit wird eine Technik mit inkohärentem Szintillationslicht vorgeschlagen,

die das Problem von kohärenten Effekten umgehen kann. Mit der Methode der zeitlichen
Separation wurde experimentell nachgewiesen, dass kohärente Effekte erfolgreich unter-
drückt wurden. Die mit dieser Methode gemessenen longitudinalen Strahlprofile waren
in guter Übereinstimmung mit den Referenzmessungen, welche die Zuverlässigkeit dieser
Methode bestätigten. Die Methode der räumlichen Separation wurde in vorbereitenden
Studien erforscht, mit welcher ein verbesserter experimenteller Aufbau entworfen wurde.

i





Contents

1 Introduction 1

2 FLASH 3
2.1 Bunch Acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Bunch Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.3 Third Harmonic Module . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Bunch Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.5 RF Timing Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Beam Diagnosis by Direct Imaging 9
3.1 Beam Imaging with OTR . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.2 Coherent Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3 Incoherent Imaging with Scintillation Screen . . . . . . . . . . . . . . . . . . 11

3.3.1 Temporal Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3.2 Spatial Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3.3 Spectral Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4 Temporal Separation for Beam Imaging 19
4.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 The Transverse Deflecting Structure (TDS) . . . . . . . . . . . . . . 20
4.1.2 Non-dispersive Section . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.3 Dispersive Section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.1 Image Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.2 Screen Calibration for Longitudinal Position . . . . . . . . . . . . . . 28
4.2.3 Charge Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 First Commissioning: Proof-of-Principle . . . . . . . . . . . . . . . . . . . . 31
4.4 Longitudinal Beam Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4.1 Slight Compression Setting . . . . . . . . . . . . . . . . . . . . . . . 33
4.4.2 Strong Compression Setting . . . . . . . . . . . . . . . . . . . . . . . 36

4.5 Measurements at Different Compression Settings . . . . . . . . . . . . . . . 39
4.5.1 Intensity Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5.2 Bunch Length Measurements . . . . . . . . . . . . . . . . . . . . . . 41

iii



Contents

4.6 Measurements at Different Bunch Charges . . . . . . . . . . . . . . . . . . . 45

5 Spatial Separation for Beam Imaging 49
5.1 Simulation with ZEMAX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2 Experimental Setup at MAMI . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3 Resolution of the Scintillation Screen . . . . . . . . . . . . . . . . . . . . . . 51

5.3.1 Influence of Scintillator Material . . . . . . . . . . . . . . . . . . . . 52
5.3.2 Influence of Observation Geometry . . . . . . . . . . . . . . . . . . . 53

5.4 Outlook: Experiment at FLASH . . . . . . . . . . . . . . . . . . . . . . . . 54

6 Conclusion 57

Appendices 61

A Temporal Profile of OTR from Single Electron 61

B Total Radiated Intensity of TR on a Detector Area 63

Bibliography 67

iv



List of Figures

2.1 FLASH overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Principle of bunch acceleration . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Principle of bunch compression . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4 Numerical simulation of bunch compression at FLASH . . . . . . . . . . . . 6
2.5 Bunch with microstructures measured at FLASH . . . . . . . . . . . . . . . 8
2.6 RF timing structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 Observation of COTR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Principle of temporal separation . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.3 TR angular distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.4 Principle of spatial separation . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.5 Numerical calculation for spatial separation . . . . . . . . . . . . . . . . . . 15
3.6 CTR spectra measured at FLASH . . . . . . . . . . . . . . . . . . . . . . . 16

4.1 Layout of the experimental setup at FLASH . . . . . . . . . . . . . . . . . . 19
4.2 Timing diagram of the ND-CCD camera . . . . . . . . . . . . . . . . . . . . 23
4.3 Components of the ND-ICCD camera . . . . . . . . . . . . . . . . . . . . . 24
4.4 Image processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.5 Noise estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.6 Extra step for processing images from the ND-ICCD camera . . . . . . . . . 28
4.7 Screen calibration for longitudinal position . . . . . . . . . . . . . . . . . . . 29
4.8 Results of the proof-of-principle experiments . . . . . . . . . . . . . . . . . . 31
4.9 Images from the measurements at slight compression . . . . . . . . . . . . . 34
4.10 Current profiles from the measurements at slight compression . . . . . . . . 35
4.11 Comparison of the current profiles from the measurements at slight com-

pression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.12 Images from the measurements at strong compression . . . . . . . . . . . . . 37
4.13 Current profiles from the measurements at strong compression . . . . . . . . 38
4.14 Comparison of the current profiles from the measurements at strong com-

pression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.15 Intensity measurements at different compression settings . . . . . . . . . . . 40
4.16 Bunch lengths measurements at different compression settings . . . . . . . . 41
4.17 Bunch length measurement at φACC1 = 2.95◦ . . . . . . . . . . . . . . . . . 42

v



List of Figures

4.18 Bunch length measurement at φACC1 = 3.75◦ . . . . . . . . . . . . . . . . . 43
4.19 Bunch length measurement at φACC1 = 4.05◦ . . . . . . . . . . . . . . . . . 44
4.20 Intensity measurements at different bunch charges . . . . . . . . . . . . . . 46

5.1 Schematic layout in the ZEMAX simulation . . . . . . . . . . . . . . . . . . 50
5.2 Simulation for BGO scintillator . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.3 Schematic layout of the setup at MAMI . . . . . . . . . . . . . . . . . . . . 52
5.4 Influence of scintillation material . . . . . . . . . . . . . . . . . . . . . . . . 53
5.5 Influence of observation geometry . . . . . . . . . . . . . . . . . . . . . . . . 55

A.1 Temporal profile of OTR from single electron . . . . . . . . . . . . . . . . . 61

B.1 Coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
B.2 Radiated intensity of TR on a detector area . . . . . . . . . . . . . . . . . . 64

vi



1 Introduction

Light sources delivering highly intense and ultra-short coherent pulses are strongly re-
quested in research fields of physics, chemistry, medicine and biology. With the devel-
opment of Free-Electron Lasers (FEL) driven by linear accelerators, radiation pulses with
wavelengths down to X-ray regime and high brilliance became realizable. The Free-Electron
Laser in Hamburg (FLASH) and the Linear Coherent Light Source (LCLS) are two leading
X-ray FEL facilities.
FLASH is based on Self-Amplified Spontaneous Emission (SASE), which happens during

the passage of the electrons through a long undulator. In order to achieve SASE, high-
brightness electron beams with small emittance, high peak current and low energy spread
need to be produced. For the optimization and control of the beam parameters, dedicated
beam diagnostic is required.
Many diagnostics for electron beams are based on direct imaging of the transverse charge

distribution due to its advantages such as straightforward observation, simple requirements
on the setup and fast responses. By analyzing the direct images of the beams, the transverse
beam profile and emittance can be measured. With the addition of other equipments,
such as the transverse deflecting structure (TDS), the longitudinal beam profile and slice
emittance can be obtained.
The most wide-spread method for beam imaging is to utilize transition radiation in the

optical regime (OTR) emitted by electrons at the transition between two media. However,
microstructures can be induced inside a compressed bunch due to microbunching insta-
bilities. The modulation lengths of the microstructures could be on the scale of visible
wavelengths, which leads to coherent emission of OTR (COTR) and hampers beam imag-
ing diagnosis. Observation of strong COTR has been reported at LCLS [LABD08] and
FLASH [WBSS09].
Possible concepts have been developed to circumvent the problem of COTR in electron

beam imaging, including suppression of microbunching instability by means of increasing
the energy spread with a laser heater [HBE+04] or TDS heater [BHX], and beam imaging
with incoherent TR at shorter wavelengths in the UV or EUV range [LSB+09, SGP10].
In this thesis, another alternative technique of beam imaging with incoherent scintillation
light instead of OTR is proposed and investigated.

This thesis proceeds with an introduction of FLASH in chapter 2. Following that in
chapter 3, the problematics regarding COTR and the proposed methods of using scintil-
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1 Introduction

lation light are explained. Chapter 4 presents the results of the experiments performed at
FLASH using the method of temporal separation. In chapter 5, preparation studies for
experiments using the method of spatial separation are described. Finally, a conclusion of
the results obtained is given in chapter 6.
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2 FLASH

The Free-Electron Laser in Hamburg (FLASH) is a high-gain FEL user facility which can
deliver at present thousands of femtosecond photon pulses per second in the wavelength
range from vacuum ultraviolet (VUV) to soft X-ray. The FEL lasing process is realized by
Self-Amplification Spontaneous Emission (SASE) generated during a single passage of the
high-brightness electron beams through the approximately 30m long undulator system.
The photon wavelengths can be tuned by changing the beam energy, and at a maximum
beam energy of 1.25GeV the corresponding wavelength of 4.12 nm lies in the water window
[GHM+11]. The charge of the electron bunches can be varied from about 0.1 nC to 3 nC
[SFF+10].

315 m
500 MeV 1.2 GeV150 MeV5 MeV

Laser

RF Gun

Diagnos-
tics Accelerating Structures

Bunch
Compressor

Bunch
Compressor Collimator

Undulators

Bypass
FEL

Experiments

sFLASH

3rd
harmonic

RF
Stations

ACC39

ACC2/3 ACC4-7ACC1

BC2 BC3

DS

Figure 2.1: Layout of FLASH (not to scale). The diagnostic section marked with “DS”, which is
described in this thesis, is located directly upstream of the undulators. Figure adapted from
[SFF+10].

A schematic layout of FLASH after the last upgrade is shown in Fig. 2.1. The electron
bunches are generated in the laser-driven radio frequency (RF) gun with an energy of about
5MeV and accelerated in the first 1.3GHz module ACC1 up to about 150MeV. Following
that, a third harmonic module operated at 3.9GHz is added for linearizing the longitudinal
phase space distribution (energy in dependence on the longitudinal bunch coordinate) of
the electron bunches. After passing through the first magnetic bunch compressor BC2,
the electron bunches are accelerated further in the modules ACC2/3 up to about 500MeV.
Then the bunches are compressed in the second magnetic bunch compressor BC3 and reach
an energy of up to 1.25 GeV after the final accelerating stage consisting of four modules
ACC4-7. After the linear accelerator section, the electron bunches are guided through the
“dog-leg” section, which acts as an energy collimator. In the final stage, the bunches pass
through the SASE undulators where the FEL pulses are generated. The FEL pulses can be
delivered into 5 beamlines in the experimental hall [TAvB+09], while the electron bunches
are separated from the photon pulses and transported to the dump. The diagnosis section
described in this thesis is marked with “DS” in Fig. 2.1 and located directly upstream of
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2 FLASH

the SASE undulators.

2.1 Bunch Acceleration

The acceleration of the electron bunches is realized in the accelerating modules ACC1 to
ACC7 and the newly installed ACC39. The module ACC39 will be introduced later in
chapter 2.3.
Each of the accelerating modules ACC1 to ACC7 contains eight superconducting TESLA

cavities. The 1.03m long cavities are nine-cell structures made from niobium and operated
at the resonance frequency of f0 = 1.3 GHz [ABB+00]. By exciting the cells of the cavities
in TM010-Mode, longitudinal electric fields are generated to accelerate the electron bunches.
The fields in the neighbouring cells have a phase difference of 180◦. The length of the cells
is equal to half the RF wavelength c/(2f0), which means that the electrons experience the
same electric field in each cell.

ζ

E
n
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g
y

ζ

ΦACC

VACC

(a) on-crest

(b) off-crest

E
n
er

g
y

Figure 2.2: Principle of bunch acceleration. The integrated mean energy gain VACC obtained by
the particle in one cavity is plotted as a function of the RF phase φACC , which is the phase at
the moment when the particle enters the cavity. (a) “on-crest” operation where φACC = 0. (b)
“off-crest” operation where 0 < φACC < π/2. In the case of off-crest acceleration, energy gains
depending on the internal longitudinal positions ξ of the bunch particles, which is termed as
energy chirp, are introduced with the head of the bunch having less energy gain than the tail
of the bunch. The energy chirp has the curvature of the sinusoidal energy gain.

The integrated mean energy gain in one cavity obtained by a relativistic particle is given
by

Vacc = V 0
acc · cos (φacc) , (2.1)

with V 0
acc being the maximum obtainable energy gain and φacc the RF phase at the moment

when the particle enters the cavity [Röh08]. As illustrated in Fig. 2.2, the maximum
acceleration of a particle bunch is achieved at so-called “on-crest” operation (Fig. 2.2(a))
where the RF phase φacc is equal to zero for the centre of the bunch. In this case, the
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2.2 Bunch Compression

energy gain for the head and the tail of the bunch are symmetric with the centre of the
bunch having maximum energy gain. If the RF phase is set at 0 < φacc < π/2, the so-called
“off-crest” operation (Fig. 2.2(b)), the head of the bunch experiences less energy gain than
the tail of the bunch, which results in a chirped bunch. The energy chirp (energy-position
correlation in the bunch) has the curvature of the sinusoidal energy gain and is, hence, not
linear.

2.2 Bunch Compression

High-brightness electron beams with high peak current and small transverse and longitudi-
nal emittance are required for the FEL lasing process. High peak currents can be achieved
by longitudinal compression of the electron bunch. Longitudinal compression should not
be performed in the electron gun directly, since at low energies, the resulting space charge
forces, scaling with 1/γ2, would dramatically increase the transverse emittance. Therefore,
longitudinal bunch compression has to be performed after bunch acceleration at higher en-
ergies.

(a) (b) (c)

Figure 2.3: Principle of bunch compression. First, the bunches are accelerated off-crest in the
module so that the leading part gains less energy than the trailing part. In the second step,
the bunches pass through a magnetic chicane consisting of four dipole magnets, where the
trailing part travels a shorter distance and catches up the leading part. The charge density
distribution and the longitudinal phase space are presented for one bunch (a) before the ac-
celerating structure, (b) after off-crest acceleration, (c) after the bunch compressor. Figure
adapted from [Isc03].

Longitudinal compression can be realized in magnetic chicanes consisting of dipole mag-
nets. The principle is illustrated in Fig. 2.3. An electron bunch with Gaussian charge
distribution receives an energy chirp after off-crest acceleration in the module. The charge
density and longitudinal phase space before and after the accelerating module are shown in
Fig. 2.3 (a) and (b), respectively. The head of the bunch with lower energy passes a longer
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2 FLASH

trajectory in the magnetic chicane than the tail of the bunch with higher energy. Since
the relativistic electrons travel with almost the same speed c, the head of the bunch needs
more time to pass through the magnetic chicane and, therefore, is caught up by the tail of
the bunch. The charge density distribution and longitudinal phase space after the bunch
compressor is shown in Fig. 2.3 (c). The compressed bunch can provide peak currents of
a few kA which is necessary for driving a high-gain FEL.

Collective effects occurring in the bunch compression process, such as coherent syn-
chrotron radiation (CSR) and space charge, may spoil the emittance and have to be taken
into account in the practical design [SSY02a, DFK+04]. By modeling these effects in parti-
cle tracking simulations, the layout of the bunch compressor can be designed. At FLASH,
two bunch compressors (BC2 and BC3) are used and located after ACC39 and ACC2/3,
respectively (see Fig. 2.1).

2.3 Third Harmonic Module

A third harmonic accelerating module ACC39 operated at 3.9GHz is installed downstream
of the first accelerating module ACC1 to linearize the longitudinal phase space of the
electron bunch. Due to the sinusoidal time dependence of the RF field in the 1.3GHz
cavities, which imprints an energy chirp of similar shape onto the electron bunch, the
charge density distribution of the bunch after compression has a leading narrow spike
reaching a peak current of kA and a long tail with very low current. The dominant part of
the charge (about 80-90% [SDR08]) is contained in the long tail where the local current is
too low to contribute to the FEL lasing process. The contribution of the bunch to the lasing
process and the longitudinal compression can be improved by linearizing the longitudinal
phase space with the third harmonic system ACC39.

Figure 2.4 shows simulations of bunch compression at FLASH (a) without ACC39 and (b)
with ACC39 [SDR08]. The influences of collective effects are not considered. The current
profile and longitudinal phase space of the electron bunch are shown for the position (left
column) before the first bunch compressor BC2, (middle column) after BC2, (right column)
after the second bunch compressor BC3. The movements of the different parts of the bunch
are indicated by three different colours. In the case without ACC39 (Fig. 2.4 (a)), a long
tail of about 1mm (∼ 3 ps) is formed after BC2 and the initial head of the bunch (blue) is
even overtaken by the middle part (green) as a result of so-called “over-compression”. In
the presence of ACC39 (Fig. 2.4 (b)), an almost linear energy chirp can be achieved. After
the compression process, almost all electrons are effectively concentrated into a short pulse
which provides high peak current required for the FEL lasing process.
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Figure 2.4: Numerical simulation of bunch compression at FLASH with ACC39 (a) off and (b) on.
Influences of collective effects are not taken into account. The dependence of electron beam
current and particle energy on the internal longitudinal bunch coordinate ξ are shown for (left)
before the first bunch compressor, (middle) after the first bunch compressor, (right) after the
second bunch compressor. Different colours indicate different parts of the bunch. Simulation
and figure adapted from [SDR08].

2.4 Bunch Structure

As shown in the simulation (Fig. 2.4 (b), right) for bunch compression in the presence of
ACC39 at FLASH, the compressed bunch has an almost Gaussian distribution and a large
portion of the bunch particles contribute to the high peak current. In practice, the charge
distribution of the compressed bunch has local peaks and microstructures. Figure 2.5 shows
the longitudinal phase space and the charge density distribution of a compressed bunch
measured downstream the second bunch compressor BC3 at FLASH. Microstructures of
the length of about 25 fs (∼ 6µm) are observed.

Microstructures inside the compressed bunch might be the result of microbunching insta-
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2 FLASH

bilities, which describes the amplification of initial density perturbations or transformation
of initial energy modulations into density modulations during the bunch compression pro-
cess [SSY02a]. Microbunching instabilities have been studied intensely and are suggested
to be induced by collective effects, such as CSR [BCE+02, SSY02b], longitudinal space
charge (LSC) [SSY03] and geometrical wakefields [Cha93].
The modulation lengths of the microstructures inside a compressed bunch can be on

the scale of visible wavelengths, which leads to coherence effects in the emission process of
synchrotron radiation and optical transition radiation (see chapter 3.2).
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Figure 2.5: Longitudinal phase space distribution of a compressed bunch with microstructures
measured downstream the second bunch compressor BC3 at FLASH (Courtesy C. Behrens).
The modulations are of the length of about 25 fs (∼ 6µm).

2.5 RF Timing Structure

t0

t0

100ms 200ms

800µs

µs

beam current

accelerating field

amplitude

a)

b)

min. 0.33

Figure 2.6: RF timing structure at FLASH. Figure adapted from [Isc03].

At FLASH, the RF accelerating field is pulsed with a flat-top duration of up to 800µs
and a maximum repetition rate of 10Hz (Fig. 2.6 (a)). This 10Hz frequency is called the
macropulse repetition rate. In each macropulse, a train of electron bunches is accelerated
(Fig. 2.6 (b)) and the bunch spacing is determined by the bunch repetition rate, which can
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2.5 RF Timing Structure

be increased to up to 3MHz (equal to about 0.33µs). A maximum of 2400 bunches per
bunch train at 3MHz repetition rate was achieved at FLASH [9mA09]. In the experiments
presented in this thesis, the machine was operated at 1MHz repetition rate with only 1

bunch per bunch train.
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3 Beam Diagnosis by Direct Imaging

A simple approach to beam imaging is using a normal charge-coupled device (CCD) cam-
era system to collect radiation in the optical regime emitted from electrons. The most
wide spread method used for high energy electron beams is to utilize transition radiation
(TR) in the optical regime. However, optical transition radiation (OTR) based diagnostic
is impeded by coherence effects in the emission process of OTR, resulting in an image not
capable of representing the transverse charge distribution. An alternative mechanism of
using incoherent scintillation light to image the beam is proposed. With different tricks,
the coexisting coherent OTR (COTR) generated at the boundary of vacuum and the scin-
tillation screen can be circumvented. In this chapter, OTR will be characterized and the
problem of coherence effects in the emission process of OTR will be addressed. The alter-
native method of using scintillation screens will be described from three possible aspects.

3.1 Beam Imaging with OTR

Transition radiation (TR) is emitted when a relativistic charged particle crosses the bound-
ary between two media with different dielectric constants. The first formalism to describe
TR was proposed by Ginzburg and Frank [GF35]. The TR is radiated in the forward
direction along the incidence, and in the backward direction around the specular reflection
of the incident beams. The backward TR is typically detected with an optical system,
since it can be easily separated from the electron beam.

In the following, a simplified case is treated to describe the formalism of TR [CSS05].
Assuming an electron passing through the boundary from vacuum to a perfect conducting
metallic half plane, the energy per spectral and spatial interval of the backward TR in the
far-field is given by the Ginzburg-Frank formula [GF35]

d2UGF
dωdΩ

=
e2

4π3ε0c
· β2 sin2 θ

(1− β2 cos2 θ)2 , (3.1)

where β = v/c describes the velocity of the electron and θ the angle against the backward
axis. A generalized formula, valid for finite circular screens of radius a and extended to the
near-field region, is derived in [CSS05], from which the Ginzburg-Frank formula Eq. (3.1)
can be reproduced if the effective source size and far-field condition are fulfilled. The
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3 Beam Diagnosis by Direct Imaging

effective source size condition is given as

a ≥ γλ (3.2)

where a is the radius of the screen, γ the Lorentz factor of the electron and λ the wavelength
of the radiation. The second condition is the far-field condition which is satisfied if

D ≥ γ2λ (3.3)

with D the distance from the screen to the detector.

Now we consider a transverse distribution of electrons. In case of incoherent radiation,
total intensity distribution of TR emitted from the particle distribution is a linear superpo-
sition of that from each particle in the transverse plane. When using an optical system to
measure the intensity distribution, the resulted image represents the transverse distribution
and can be considered as the convolution of the real particle transverse distribution with
the image of a single electron, which is in analogy to the point spread function (PSF) in
classical optics [Kub08]. The resolution of the measured transverse distribution is limited
by the PSF of TR in the imaging system and has been investigated intensely [CV98, RF93].
For a bunch of incoherently radiating electrons, the TR image, as an integration of the
images from each slice, represents the transverse distribution of the electron bunch.

TR in the optical wavelength regime (OTR) can be easily detected using a normal CCD
camera. Silicon wafers coated with aluminium are commonly used as OTR screens due
to its high radiation yield in the backward direction and good performance in surviving
thermal heatings [HBF+03]. For most OTR stations used for high-energy electron beam
diagnostics the Ginzburg-Frank formula is valid. For example, the OTR station described
in this thesis with a ≈ 0.01m and D ≈ 2m satisfies the conditions in Eqs. (3.2) and (3.3)
for γ = 1000 and all wavelengths in the optical regime. In the following, we constrict
to backward TR from screens of effective source size in the far-field, as described by the
Ginzburg-Frank formula in Eq. (3.1).

3.2 Coherent Radiation

Diagnosis based on transverse beam imaging with OTR fails when coherent radiation in the
optical wavelength regime occurs, in which case the radiation fields from single electrons
add up constructively and the radiation image is no longer a true representation of the
transverse charge distribution of the bunch.

The energy radiated per spectral and spatial interval from one electron bunch with N
electrons can be expressed using the radiation energy from a single electron (Eq. (3.1))
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3.3 Incoherent Imaging with Scintillation Screen

with the following relation

d2Ubunch
dωdΩ

=
d2UGF
dωdΩ

·N +
d2UGF
dωdΩ

·N (N − 1)
∣∣∣F (~k)

∣∣∣2 (3.4)

where ~k is the wavenumber and F (~k) the form factor of the bunch, which is the Fourier
transform of the normalized particle density distribution ρN (~r) = ρ(~r)/N of the bunch and
is given as

F (~k) =

∫ +∞

−∞
ρN (~r) exp(−i~k~r)d~r ,

∫ +∞

−∞
ρN (~r)d~r = 1. (3.5)

The second part of Eq. (3.4) describes the intensity from coherent radiation.
The three-dimensional form factor is wavelength dependent and has a value between 0

and 1, with |F |2 = 0 corresponding to incoherent radiation and |F |2 = 1 fully coherent
radiation. It has the property of F (~k) → 1 when λ = 2π

k � σbunch and F (~k) → 0 when
λ = 2π

k � σbunch, which means that all wavelengths much longer than the longitudinal
and transverse bunch sizes are radiated coherently while those much shorter are radiated
incoherently. When the bunch or parts of the bunch radiate coherently (|F | > 0), the
total radiated intensity Eq. (3.4) is dominated by the coherent part, since the number of
electrons in the bunch N is usually in the order of 109. In fact, the three-dimensional form
factor is strongly correlated to the longitudinal and transverse coherence inside the bunch
and could be very complicated. Beam imaging in the presence of coherent radiation can
not represent the true transverse density distribution of the bunch particles. For example,
if a bunch with circular symmetric density distribution has full coherence in the transverse
plane at wavelength λ and radiates coherently due to longitudinal structures in the scale
of λ, image from transition radiation at λ will not show the transverse density distribution
of the bunch, but a ring structure with no intensity in the centre [LABD08].
Coherent transition radiation in the optical regime (COTR) was initially not expected,

since the electron bunch size usually exceeds the optical wavelengths by far. But ob-
servation of COTR has been reported by several facilities [LABD08, WBSS09], where
microbunching instabilities (see chapter 2.4) are suggested to be the origin of COTR. The
microstructures of the size comparable to optical wavelengths inside the bunch radiate co-
herently. Two examples of COTR image measured at FLASH are shown in Fig. 3.1, with
typical characteristics of (a) ring-like structures and (b) extream high intensity saturating
the CCD chip.

3.3 Incoherent Imaging with Scintillation Screen

Inorganic scintillator has been widely used for particle detection in nuclear and high-
energy physics. According to [LAG+06], the scintillation process from one electron can be
summarized in three stages: (i) Creation of electronic excitations. The electron releases
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Figure 3.1: Observation of COTR at FLASH. (a) Typical ring structure in COTR measured with
OTR screen and longpass filter. (Courtesy C. Behrens) (b) Strong COTR effects lead to
saturation in the beam image.

energy to form electron-hole pairs. (ii) Transfer to luminescence centres. The electron-hole
pairs interact with the luminescence centres and transfer energy to them. (iii) Emission
of luminescence centres. The luminescence centres release the deposited energy in form of
photo radiation. For high-energy electrons, the energy transfer is dominated by ionization
and bremsstrahlung. The spectrum of radiated scintillation light is usually centred at a
wavelength which is characteristic for the scintillator material. The intensity of the emitted
light decreases exponentially with a decay time of typically a few hundred nanoseconds.
The scintillation light is emitted in a random direction, i.e. isotropically.

In the case of a bunch of electrons, for each of which a statistical scintillating process
from many luminescence centres takes place, the whole process is completely insensitive
to the longitudinal bunch structure or the microbunching, and therefore does not produce
coherence effects. The incoherent scintillation light can be used for electron beam imaging,
without being disturbed by coherence effects. By selecting a suitable scintillator material
with centred wavelength in the optical regime and adequate photon yield, a beam imaging
system consisting of a scintillation screen and a camera can be easily constructed similar
to that with OTR screen.

One disadvantage of scintillation screen compared to the OTR screen is the relatively
worse resolution. Along the trajectory of the electrons inside the scintillator crystal, there
is an electromagnetic shower generated, which results in an extension of the transverse size
of the radiation image. Furthermore, the resolution is worsened due to the total reflection
of the scintillation light inside the crystal. Since an inorganic scintillator has generally
large refractive index, the scintillation light is more likely to be reflected on the boundary
before leaving the crystal. Depending on the orientation of the scintillation screen and the
detector system, the resolution could differ largely [KBL10].

One remaining problem in the application of scintillation screens for beam imaging is the
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3.3 Incoherent Imaging with Scintillation Screen

fact that there is still backward OTR generated at the boundary of vacuum and scintillation
screen. Though the reflectivity of the scintillator surface is very low, the intensity of
COTR could still be comparable to that of scintillation light, making beam image useless
for diagnosis. For incoherent diagnosis with scintillation screens, this coexisting COTR
from the boundary of scintillation screen and vacuum has to be suppressed, which could
be achieved by separating them from the scintillation light and excluding from detection.
The OTR and scintillation light could be separated temporally by delayed recording of
images, spatially by suitable orientations of scintillation screen and camera, or spectrally
by inserting band pass filters. In the following, the three separation mechanisms used for
incoherent beam imaging with scintillation screens are described.

3.3.1 Temporal Separation

The temporal properties of the OTR can be obtained by considering the Fourier transfor-
mation of the radiation field in the frequency domain. For a single electron, the radiated
intensity is in good approximation constant for all wavelengths in the optical regime from
400 nm to 790 nm (equal to frequencies from 790THz to 400THz). Correspondingly, the
Fourier transformed radiation field in the time domain will have an effective duration in
the scale 1/∆ω ∼= 1/400THz/2π ∼= 1fs. Detailed calculations can be found in Appendix A.

In the case of a bunch of electrons, the bunch length, typically of a few hundred fem-
toseconds to one picosecond, far exceeds the radiation duration from single electrons. As
a result, the OTR from one bunch can be considered as emitted during the passage of the
bunch through the screen and has a pulse length in the scale of the bunch length. Com-
pared to the OTR, the emission of scintillation light is a long delayed process in the scale
of typically a few hundred nanoseconds. The method of temporal separation has utilized
the significant difference in the pulse durations of the OTR and scintillation light.

Time at the camera

camera gate opened

 bunch arrives the 

scintillation screen

exposure

Figure 3.2: Principle of temporal separation.

The principle of temporal separation is illustrated in Fig. 3.2. The camera observes
different pulse lengths between the OTR and the scintillation light from the scintillation
screen. By opening the camera gate after the short OTR pulse, the detection of the OTR
can be excluded and the recorded image has the only contribution from the incoherent
scintillation light. In order to measure sufficient intensities from the scintillation light, the
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3 Beam Diagnosis by Direct Imaging

opening of the camera gate should not be delayed too long to far exceed the decay time
of the scintillator. One camera system suitable for temporal separation is for example
the intensified CCD camera (ICCD), which has been employed in the experiments and is
described in chapter 4.1.2.

3.3.2 Spatial Separation

Before introducing the method of spatial separation, the spatial distribution of TR should
be treated. According to Eq. (3.1), the backward radiation intensity depends spatially only
on the angle θ w.r.t. the backward axis. The maximum intensity is obtained at

θmax = arcsin

(√
1− β2

β

)
= arcsin

(
1

βγ

)
∼=

1

γ
for γ � 1. (3.6)

Figure 3.3 shows the angular distribution of backward TR emitted from one electron of
γ = 1000, whose maximum intensity is reached at θmax ∼= 1/γ = 1mrad = 0.018◦. The
intensity drops rapidly with increasing θ, leaving only 0.05% of the maximum at θ =

87mrad = 5◦ and 0.01% at θ = 175mrad = 10◦.
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Figure 3.3: TR angular distribution.

While the intensity of TR has strong spatial dependence, the scintillation light is emitted
isotropically, which makes spatial separation possible. The principle of spatial separation
is illustrated in Fig. 3.4. Placing the detector system at the angle where the TR intensity
becomes negligible, i.e., far away from θmax, the incoherent scintillation could be separated
from the TR and used for imaging the beam.
Numerical calculation has been carried out for a detector system with an aperture size

of about 5000mm2 placed at a distance of D = 2m from the screen, which is similar to
that used in the experiments. (The details of the calculations can be found in Appendix
B.) The measurable intensity on the detector at the angle θ, normalized to I0 = I(θ = 0◦),
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Figure 3.4: Principle of spatial separation.

are plotted in one degree steps starting from θ = 5◦, as shown in Fig. 3.5. According to
the calculated results, the detectable intensity is reduced to about 1% at θ = 5◦ and 0.1%

at θ = 10◦, which means that the intensity of TR would be negligible when the detector is
placed away from the backward axis.
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Figure 3.5: Numerical calculation for a detector system similar to that used in the experiments.
The measurable spectral intensity on the detector is plotted as a function of the angle θ. Details
of the calculations can be found in Appendix B.

In case of using a scintillation screen in the presence of coherent radiation, the method of
spatial separation will be working only if the intensity of COTR is negligible compared to
the scintillation light. The influence of the low reflectivity of the scintillator surface has to
be taken into account. The intensity of TR from a scintillation screen with refractive index
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3 Beam Diagnosis by Direct Imaging

n is reduced by a factor of approximately
(
n−1
n+1

)2
compared to OTR screens1. For one

scintillation screen used at FLASH with n = 1.8 for the central wavelength, the intensity
of TR will be suppressed to about 8%. If using the method of spatial separation with a
scintillation screen of n = 1.8 at the central wavelength and a detector placed at θ = 10◦,
the intensity of TR will be suppressed to a factor of 8%·0.1% = 8·10−5. Since the intensity
enhancement of COTR can be up to a factor of N ∼ 109, the feasibility of the method of
spatial separation can be different, depending on the level of COTR.

3.3.3 Spectral Separation

The principle idea of spectral separation is based on imaging the beam in the wavelength
range where coherence effects do not occur, i.e., |F |2 is negligible. [LSB+09] has reported
one attempt using spectral separation to mitigate coherence effects at the Advanced Photon
Source (APS) [Adv]. With the evidence that the intensity of COTR is dominant at the
near infrared (NIR) end of the spectrum measured at APS, they achieved in mitigating
COTR by using a 400 nm bandpass filter in combination with a scintillation screen which
has peak emission at 415 nm.
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Figure 3.6: CTR spectra in the optical and NIR regime measured at four different compression
settings (a-d) at FLASH. The dashed line represents the incoherent radiation level. Figure
adapted from [WBSS09].

At FLASH, the measured spectral distribution of CTR is different from that at APS.
Figure 3.6 shows the CTR spectra in the optical and NIR regime measured at four dif-
ferent compression settings at FLASH, with the dashed line representing the incoherent

1In the virtual-photon method, formation of TR is modelled as reflection of virtual photons at the bound-
ary [CSS05].
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3.3 Incoherent Imaging with Scintillation Screen

radiation level [WBSS09]. For setting d, COTR is observed in the whole optical regime
with intensities exceeding the incoherent level at least by a factor of 10. With the help
of a bandpass filter in the ultra violet (UV) regime, the spectral content of COTR could
be completely suppressed. In this case, a CCD camera with sensitivity extending to the
UV regime is required. Investigation on spectral separation method for beam imaging at
FLASH can be found in [SGP10].
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4 Temporal Separation for Beam Imaging

In electron beam imaging using incoherent scintillation light, OTR generated at the bound-
ary of vacuum and scintillation screen, which could be radiated coherently, has to be
separated from the scintillation light and excluded from detection. One possible way of
separation is to delay the recording of the images, i.e., separating them temporally as de-
scribed in chapter 3.3.1. In this chapter, the results of the experiments are presented, in
which the technique of temporal separation was applied.

4.1 Experimental Setup

The experiments using the method of suppressing COTR by temporal separation were
performed at FLASH. A schematic layout of the experimental setup, which is located
directly upstream of the main undulators, is shown in Fig. 4.1. The quadrupoles in this
segment of the accelerator have been omitted for simplicity.

TDS (LOLA) Kicker Dipole

ND-CCD 

D-CCD

non-dispersive section

dispersive section

beam direction

ND-ICCD 

Figure 4.1: Layout of the experimental setup at FLASH. The quadrupoles in this segment of the
accelerator have been omitted for simplicity.

The accelerated beam first passes through a transverse deflecting structure (TDS) named
LOLA, which is a disc-loaded RF waveguide transforming the longitudinal charge distri-
bution of the electron bunch into a transverse charge distribution. By using an imaging
screen in combination with a camera system, the transverse charge distribution can be
measured to reconstruct the longitudinal charge distribution.
Downstream of the TDS, a fast kicker magnet can pick a single bunch out of the bunch

train and steer it onto an off-axis screen in the non-dispersive section where two camera
systems are installed. With the TDS switched on, the longitudinal beam profile can be
obtained; otherwise the transverse beam profile will be measured. This station is designed
for online measurements during SASE operation.
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4 Temporal Separation for Beam Imaging

A dipole magnet can deflect the whole bunch train into a dispersive section equipped
with a camera system. With the TDS switched on, longitudinal phase space measurements
became possible. The setup in the dispersive section serves as a stable and reliable station
for longitudinal phase space measurements at FLASH [BGZ09, BG10]. Since coherence ef-
fects have not been observed and proved to be suppressed in the dispersive section [BGK+],
this section is used as a reference for the measurements in the non-dispersive section. At
the end of the dispersive section, the electron bunches are absorbed in a beam dump.

The beam can be switched to the non-dispersive section by turning on the kicker or to
the dispersive section by using the dipole magnet. In the following, details about the TDS
and these two sections will be described.

4.1.1 The Transverse Deflecting Structure (TDS)

The 3.65m long TDS installed at FLASH is a LOLA-type TDS (named after its inventors
[ALL64]) built in 1968 at SLAC and located upstream of the main undulators. It is a
copper S-band RF structure operated with a frequency of f = 2.856GHz. The filling time
of the RF power τf amounts to 0.645µs, calculated from τf = L/vg with the length of
the structure L = 3.65m and the group velocity vg = 0.0189 · c. With the duration of the
RF pulses down to 2τf < 2µs, single bunch measurement can be realized with the TDS at
1MHz repetition rate. Since the unaffected bunches continue to contribute to the SASE
process, online measurements with the TDS are possible without interrupting FEL user
operation. The RF system is synchronized with the accelerator.

Time-dependent electromagnetic fields generated in the TDS interact with the electrons
in the bunch. We use a coordinate system (s, x, y) with s describing the longitudinal
position along the beam axis, x and y the horizontal and vertical position away from the
beam axis, respectively. The fields are organized in such a way that on-axis only vertical
electric field Ey and horizontal magnetic field Hx components occur. The electron, injected
into the TDS on-axis, senses therefore a vertical kick ∆y′ as given by

∆y′ (t) =
eV0

E
sin (2πct/λ+ φ) , (4.1)

where V0 is the maximum deflecting voltage, E the electron’s energy, λ = c/f ≈ 10.5 cm
the RF wavelength, φ the RF phase relative to the zero-crossing phase, and t = z/c the
coordinate describing the longitudinal position of the electron relative to the bunch centre
[Röh08].

Since the bunch length at FLASH is much shorter than the RF wavelength λ, which
means ct/λ � 1, Eq. (4.1) can be approximated by the first two terms in the Taylor
expansion around ct/λ = 0:

∆y′ (t) ≈ eV0

E

(
2π

λ
ct cosφ+ sinφ

)
. (4.2)
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The vertical kick from the TDS results in an additional vertical offset of the electrons
after they pass through the structure. With the assumption that the structure imposes an
instantaneous deflection ∆y′ to the particles at position s0 in the structure, the vertical
offset y (s, t) of the particle at a downstream position s is obtained with

y (s, t) = y0 (s) +My
12 (s, s0) ·∆y′ (t) , (4.3)

where y0 (s) is the vertical offset with the TDS switched off, My
12 (s, s0) the matrix element

R12 of the transfer matrix from s0 to s, and ∆y′ the kick angle according to Eq. (4.2).
Description of matrix formalism can be found in [Wie93]. The matrix element My

12 (s, s0)

is given as

My
12 (s, s0) =

√
βy (s0)βy (s) · sin (∆Φy) (4.4)

with βy (s0) and βy (s) the vertical beta functions at positions s0 and s, and ∆Φy the
vertical phase advance from s0 to s.

After the substitution of Eqs. (4.2) and (4.4) into Eq. (4.3), one gets

y (s, t) = y0 (s) +
eV0

E

√
βy (s0)βy (s) sin (∆Φy)

(
2π

λ
ct cosφ+ sinφ

)
. (4.5)

It is clear from this equation that operation near zero-crossing with φ ≈ 0 is preferred
to achieve the largest streaking effect. With the introduction of the shear parameter S
and the approximation for zero-crossing, the vertical offset of the particle at a position s
downstream of the TDS is given by

y (s, t) = y0 (s) + S · ct, S =
eV0

E

√
βy (s0)βy (s) sin (∆Φy)

2π

λ
(4.6)

The shear parameter is a measure for the strength of the vertical kick. Assuming a
screen is used to image the sheared bunch, the vertical position of the particles on the
screen depends linearly on their internal longitudinal position in the bunch. Therefore,
the transverse density distribution measured on the screen can be used to reconstruct the
longitudinal density distribution.

4.1.2 Non-dispersive Section

One of the beam lines used was the non-dispersive section including one fast kicker magnet,
one screen station equipped with two off-axis imaging screens and one camera system. Due
to the unexpected occurrence of COTR, this section failed in terms of beam diagnosis and
could not be used. An advanced camera system has been added to the existing section
with the aim to remedy the problem of coherence effects. In the experiments presented in
this thesis, both the old and new camera system in this section have been used.
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The kicker is located downstream of the TDS and deflects bunches horizontally onto
the off-axis screen in the non-dispersive section (Fig. 4.1). The strength of the kick is
adjustable. With a pulse duration of 400 ns, the kicker is also capable of deflecting single
bunches at 1MHz repetition rate. When the TDS is switched on, the single bunch sheared
by the TDS can be deflected by the fast kicker onto the off-axis screen for measurements,
while the rest of the bunch train is not affected and can contribute to the FEL lasing
process. Downstream of the off-axis screen, the kicked bunches are absorbed. This station
has been designed for online bunch length measurements.
The screen holder has its centre located with a distance of 15mm horizontally off-axis

from the main beam line. Two imaging screens, one OTR and one scintillation screen, are
mounted at an angle of 45◦ with respect to the incoming beam from the kicker. With the
help of a mover, the screen holder can be remotely controlled to choose one of the two
screens to be centred to the incoming beam. The details about the two screens are listed
in Table 4.1. In addition, arrays of small squares (1 × 1mm2) are marked on the screen
holder for calibration purpose.

Section Screen material Width Height Thickness
non-dispersive LuAG:Ce (Lu3Al5O12:Ce) 15 mm 25 mm 0.1 mm
non-dispersive OTR (Al coated silicon) 15 mm 25 mm 0.380 mm (150 nm Al)
dispersive YAG:Ce (Y3Al5O12:Ce) 40 mm 30 mm 0.1mm

Table 4.1: Properties of the imaging screens LuAG:Ce [Cryb], OTR [Crya] and YAG:Ce [Cryb]

The camera systems are mounted at 90◦ to the incoming beam for detection of the
scintillation light and backward OTR emitted perpendicular to the incoming beam. One
of the camera systems consists of a normal charge-coupled device (CCD) camera, denoted
as ND-CCD (non-dispersive-CCD), and the other of a fast gated intensified CCD (ICCD)
camera, denoted as ND-ICCD (non-dispersive-ICCD), both of which are adjusted to image
the same part of the screen. With a remotely controlled mirror system, the light radiated
from the screen can be directed either to the ND-CCD or ND-ICCD camera.
The ND-CCD camera (Prosilica GC1380) [All] has 1360×1024 pixels of 6.45×6.45µm2

size with dynamic range of 12 bit. An objective including a macro lens (f = 180mm)
and a tele-converter (× 1.4) is mounted to the camera. The camera system is placed on
a movable linear stage to vary the distance from the screen to the CCD sensor, providing
different magnifications. By imaging the calibration grid marked on the screen holder and
using an USAF-1951 test target, the magnification and optical resolution of the ND-CCD
camera system can be determined. The performance of the camera was investigated in
[BG10]. For the experiments presented in this thesis, the magnification of the ND-CCD
camera system was about 2: 1 (object size to image size) and the corresponding resolution
about 9µm. The camera is triggered externally with 10Hz and synchronized with the
accelerator.
The timing diagram of the ND-CCD camera is illustrated in Fig. 4.2. Separating tem-
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Figure 4.2: Timing diagram of the ND-CCD camera. The readout time, which means the clear
time of the pixels, takes about 50ms [All]. The minimum exposure time can be set to 10µs. To
separate OTR from scintillation light, the accumulated charges from OTR have to be cleared
before starting the exposure for the scintillation light. Since the clearing time of 50ms far
exceeds the decay time of the LuAG scintillator (70 ns), there will be no intensity from the
scintillation light detectable for the upcoming exposure. Temporal separation of the OTR
from the scintillation light is not possible with the normal ND-CCD camera.

porally the short OTR pulse from the delayed scintillation light is not feasible with the
normal CCD camera. Since the pixels of the CCD sensor are exposed to light continuously,
the accumulated charges in each pixel have to be cleared before exposure. This clearing
process happens automatically with the readout of the previous exposure. The readout
time of the ND-CCD camera, during which unwanted noise signals are cleared, takes about
50ms far exceeding the decay time of the LuAG scintillator of 70 ns [Cryb]. Even if the
clearing process starts directly after the OTR pulse, the intensity of the scintillation light
is reduced to almost zero after 50ms and not detectable in the upcoming exposure time.
The newly installed ND-ICCD camera is a commercial camera of the type DICAM PRO

from PCO AG [PCO]. It has 1280× 1024 pixels of 6.7× 6.7µm2 size and is equipped with
a macro lens (f = 150mm) and a teleconverter (× 1.4). Due to space constraints in the
accelerator tunnel, the positioning of the ND-ICCD camera was limited. The magnification
of the ND-ICCD camera has been optimized before each measurement and will be given
individually in the chapters describing the experimental results.
As shown in Fig. 4.3, the ND-ICCD camera is built up in 4 stages: i). Incoming photons

are converted to electrons by a photo cathode S201, which is connected to a voltage gener-
ating pulser. The applied voltage either accelerates the electrons towards a micro channel
plate (MCP) at −180V or constrains them in the photo cathode at +80V. The voltage
can be switched very quickly with a rise and fall time of 1− 2 ns, allowing it to act as an
electronic shutter. By varying the pulse length of the voltage, the delay and gate of the
camera can be regulated. ii). When the shutter is open, the electrons arrive at the MCP,
where they are multiplied. The MCP consists of about 106 − 107 microscopic channels of
6µm diameter and 0.5mm length, each of which represents a photomultiplier. The gain of
the camera is controlled by varying the MCP voltage with higher voltages corresponding
to more intensification. iii). A phosphor screen converts the multiplied secondary electrons

1Multialkali antimonide photocathode (Cs)Na2KSb, discovered by A. H. Sommer [Som74].
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back to photons. iv). The photons are detected by a CCD sensor.

Figure 4.3: Components of the ND-ICCD camera. The ICCD camera consists of a photo cathode,
a MCP, a phosphor screen and a CCD sensor [PCO].

The ND-ICCD camera can reach a delay time as short as 1 ns together with an exposure
time of 3 ns. The possibility of delaying the gate in the nanosecond range makes the
temporal separation of the OTR from scintillation light possible.
It should be mentioned that the gain of the camera, regulated by the MCP, might be

unstable for different densities of the incoming photons. As investigated in [LBEU09], the
gain stays constant up to a certain photon density, and then decreases rapidly at higher
photon densities. The gain stability of the ND-ICCD camera is under investigation.

4.1.3 Dispersive Section.

The dispersive section consists of a dipole magnet, a screen station and a camera system
(Fig. 4.1). It was commissioned in summer 2010 and is dedicated to longitudinal phase
space measurements.
The dipole magnet is located downstream of the TDS. While the TDS streaks the bunch

vertically, the dipole magnet deflects bunch particles horizontally and generates disper-
sion. The nominal bending angle of the dipole magnet is 2 × 5◦2. The transverse charge
distribution is then imaged using a screen and a camera system. The vertical position of
the particles on the screen is correlated to the internal longitudinal particle position and
the horizontal one to the energy deviation of the particles. This combined use of TDS
and dispersive section provides a means of direct measurements of the longitudinal phase
space.
Unlike the fast kicker for the non-dispersive section, the dipole magnet is not capable of

2The dipole magnet consists of two parts with each of them having a bending angle of 5◦.
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deflecting only one selected bunch out of the bunch train, since the duration of ramping up
and down the dipole magnet current lasts a few minutes3. Once the dipole magnet is turned
on, all bunches are deflected into the dispersive section, interrupting FEL delivery. Online
measurements of the longitudinal phase space in the dispersive section are not possible.
The construction of the imaging system is similar to that in the non-dispersive section.

A YAG screen is mounted at 45◦ with respect to the incoming beam. A camera system,
orientated at 90◦ to the incoming beam, detects the backward radiated scintillation light.
Details about the YAG screen are listed in Table 4.1. The D-CCD (dispersive-CCD) camera
is the same as the ND-CCD camera with the same equipment (see chapter 4.1.2). The
performance of the camera system has been investigated in [BG10]. For the experiments
presented in this thesis, the magnification of the D-CCD camera system was determined to
be about 2.7: 1 and the corresponding resolution 14µm. The camera is triggered externally
with 10Hz and synchronized with the accelerator.
Since coherence effects are suppressed and have not been observed in the dispersive sec-

tion, it is taken as a reference for the measurements with the ND-CCD and ND-ICCD
cameras in the non-dispersive section. The reason is that the microstructures inside the
bunch are strongly smeared in the dispersive section due to the relatively large matrix ele-
ment R51 coming from the dipole magnet. According to z(s) = R51xs0 in matrix formalism,
the particles which are initially at the same longitudinal position zs0 are distributed into
various longitudinal positions depending on their initial horizontal positions xs0 . The sup-
pression of microstructures in the dispersive section has been corroborated in theory and
simulations [BGK+].

4.2 Experimental Details

4.2.1 Image Analysis

The recorded CCD camera images have to be processed in several steps before they can be
used for evaluating the final parameters. The basic principle is subtracting background,
estimating noise and finding the region of interest (ROI). The process is explained in the
following with an example image from the ND-ICCD camera using the LuAG screen.
The background is defined as the signal recorded with the camera when the electron

beam is switched off. The background signals originate mainly from dark current, i.e.
undesired release of electrons inside the beam pipe of the accelerating structures due to
field emission [Frö07]. Another source of background signals is the noise in the CCD sensor.
For each of the measurements, 10 to 20 background images were taken for statistical reason
and the mean value of the background was subtracted from the raw beam image. Figure
4.4 (a) shows one raw beam image taken with the TDS switched on. The image after
subtraction of the background is shown in Fig. 4.4 (b).

3No beam operation is allowed during this process due to the beam inhibit system (BIS) of the accelerator.
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Then the intensity of the noise signal in the background subtracted image has to be
estimated. The process is illustrated in Fig. 4.5. The frequencies of the pixel intensities
are counted and plotted in a histogram (Fig. 4.5 (b)). The peak in the histogram, which
corresponds to the most frequent intensity, can be attributed to the noise signal. By
applying an asymmetric Gaussian fit to the intensity distribution, the mean noise intensity
µnoise and standard deviation σnoise can be determined. The larger one of the two values
of σnoise determined by the asymmetric Gaussian fit is then used for further processing. In
the example shown in Fig. 4.5, the mean noise intensity amounted to µnoise = 16.7 counts
with a standard deviation of σnoise = 13.7 counts.
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Figure 4.4: Illustration of image processing with an example from ND-ICCD camera with LuAG
screen. (a) Raw camera image. (b) After subtraction of background. (c) After subtraction of
mean noise. (d) After Gaussian smoothing. (e) ROI. (f) Processed image with a ROI including
only the beam.
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Figure 4.5: Left: Same image as Fig. 4.4 (b). Right: Distribution of the pixel intensities as
histogram. The peak in the distribution represents the intensity of the noise. By applying an
asymmetric Gaussian fit to the distribution, the mean noise and standard deviation can be
determined.

The mean noise intensity µnoise is to be subtracted from each pixel of the background
subtracted image. Figure 4.4 (c) shows the corresponding image after this process. Com-
pared to the original image Fig. 4.4 (a), most of the intensity outside of the beam has now
been reduced to zero (white colour code).

Apart from the beam image in the middle part, the two narrow structures on the top
and bottom, which correspond to the edges of the scintillation screen, have comparable
intensities to that of the beam. Since the relevant part for data analysis is only the actual
beam, a smaller area containing only the real beam, called the region of interest (ROI),
has to be extracted from the image corrected with noise. The algorithm applied here can
define a ROI for beams of arbitrary shape. The first step of the algorithm is Gaussian
smoothing in which the image is convoluted with a 7 × 7 Gaussian matrix. As a result,
the image is blurred and appears smoother, as can be seen in Fig. 4.4 (d). Then, the
mean noise intensity µnoise and the standard deviation of the noise σnoise are determined
from the Gaussian filtered image using the method described above. All pixels whose
values are smaller than µnoise + 2 · σnoise are assigned to zero. As a result, the image
may contain several isolated areas. Now, the following assumption is made: The beam
spot is constrained to the one area containing the pixel with the maximum intensity. This
area is then defined as ROI (Fig. 4.4 (e)) and all pixels outside the ROI are assigned to
zero. In the last step, all pixels inside the ROI are restored to their original values before
the Gaussian smoothing was applied. The processed image is shown in Fig. 4.4 (f). This
method has successfully distinguished the real beam from the disturbance signals of the
edges of the screens.

This image processing procedure was applied to all images taken with either of the 3
cameras. For the ND-ICCD camera, one extra step was added. As can be seen in Fig. 4.4
(f), there is always a halo surrounding the real beam, which has never been observed in
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Figure 4.6: For the images taken with the ND-ICCD camera, one extra step was applied to the
images to cut off the halo surrounding the beam. In this extra step, all pixels with intensities
smaller than 5% of the maximum pixel intensity are set to zero. Left: Same image as Fig. 4.4
(f). Right: Final processed image with the halo cut off.

the case of the normal CCD camera. In this extra step, all pixels with intensities smaller
than 5% of the maximum pixel intensity in the image are set to zero4. Figure 4.6 compares
the example image taken with ND-ICCD camera with (right) and without (left) this extra
step in the image analysis. It is assumed that this artificial halo is produced due to the
gain instability of the camera (see chapter 4.1.2). This effect is under investigation in the
laboratory.

4.2.2 Screen Calibration for Longitudinal Position

When the TDS is switched on, the longitudinal charge distribution can be reconstructed
from the transverse charge distribution measured with the imaging screens. Screen cali-
bration for longitudinal position is therefore needed and described in the following.

For bunches passing through the TDS at near zero-crossing of the RF deflecting field, the
vertical positions of the bunch particles at the imaging screen have in good approximation
a linear dependency on their internal longitudinal positions in the bunch. Derived from
Eq. (4.6), the vertical displacement of the particles on the screen is given by

∆y = y (s, t+ ∆t)− y (s, t) = S · c∆t (4.7)

as a function of their internal longitudinal distances c∆t. If the shear parameter S is
known, the vertical positions of the bunch particles on the screen can be calibrated to their
corresponding internal longitudinal positions in the bunch. According to ∆t = ∆Φ/ω with
ω/2π being the RF frequency of the TDS, a slight change of the TDS phase ∆Φ around

4For a Gaussian distribution, an area with a width of two standard deviations from the mean value
contains 95% of the whole distribution.
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zero-crossing can also induce a variation in the vertical position with

∆y = S · c
ω

∆Φ. (4.8)

By measuring ∆y, the change of the vertical position of the beam centre on the screen,
and ∆Φ, the change of the RF phase of the TDS, the shear parameter S can be derived.
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Figure 4.7: Top: Calibration measurements using D-CCD camera with YAG screen. Bottom:
Time resolution estimated from the beam width of the unstreaked bunch on the screen.

Figure 4.7 (top) shows an example of a screen calibration measurement performed with
the D-CCD camera using the YAG screen. At various RF phases of the TDS, the vertical
positions of the beam centre on the screen are measured for 10 single shots. The range
of the RF phases was chosen as the maximum available range in which the whole bunch
can still be completely imaged with the screen and the camera. The calibration constant
S was determined from the linear fit with the value S = 14.5.
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4 Temporal Separation for Beam Imaging

When the bunch is streaked with the TDS, there exists overlap between the slices from
different longitudinal positions, which affects the longitudinal resolution. According to
[Röh08], the longitudinal resolution can be defined as

σz = σ0
y/S, (4.9)

where σ0
y is the root mean square (rms) vertical beam size on the screen measured with

TDS switched off and S the shear parameter. Figure 4.7 (bottom) shows a longitudinal
resolution measurement with the shear parameter derived from the calibration measure-
ment in Fig. 4.7 (top). The vertical beam size σ0

y = 58.9µm of the unstreaked bunch on
the screen is determined by fitting a Gaussian distribution to the vertical beam profile.
In this measurement, the achieved longitudinal resolution was then σz = σ0

y/S = 4.1µm
(equal to 13 fs).

Since the vertical beam size σ0
y of the unstreaked bunch scales with

√
βy(s) [Wie93] and

the shear parameter S (Eq. (4.6)) is proportional to
√
βy(s0)βy(s) sin(∆Φy), the longitu-

dinal resolution can be described as

σz ∝
√
βy(s)√

βy(s0)βy(s) sin(∆Φy)
=

1√
βy(s0) sin(∆Φy)

. (4.10)

It is obvious that the accelerator optics influence strongly the longitudinal resolution. The
best longitudinal resolution was achieved in the dispersive section and amounted to 8 fs
(equal to 2.4µm). In the measurements in this thesis, the longitudinal resolution in the
dispersive section was better than that in the non-dispersive section.

For the longitudinal phase space measurement in the dispersive section, an extra energy
calibration with the screen needs to be performed. By measuring the horizontal beam
positions for various currents of the dipole magnet, the horizontal position of the particles
on the screen can be calibrated to their relative energy deviation. Details about the energy
calibration can be found in [Röh08].

4.2.3 Charge Calibration

The pixel count of the camera is proportional to the radiation intensity accumulated on
the pixel, and in case of incoherent radiation, it is linear to the number of electrons from
which the radiated intensity originates. By scaling the total integrated camera counts of
one measured beam image with the total bunch charge, each pixel count can be calibrated
to a charge. Applying this charge calibration together with the screen calibration for the
longitudinal position, the longitudinal charge distribution of the bunch can be obtained.
The bunch charge can be measured with a toroid located directly in front of the screen
station.
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4.3 First Commissioning: Proof-of-Principle

4.3 First Commissioning: Proof-of-Principle

The first experiment using the ND-ICCD camera in combination with the scintillation
screen was to measure the transverse electron beam profile, which could be realized simply
by directly imaging the bunch with the TDS switched off. It was aimed as a proof-of-
principle experiment to demonstrate its capability of suppressing COTR.
The experiment was performed with compressed bunches at a beam energy of 700MeV

and bunch charge of 0.5 nC. The unsheared bunches were deflected onto the off-axis screens
and the projected transverse beam image was recorded with the ND-ICCD camera at
various camera delay settings. In this experiment, the magnification of the camera system
was determined to be about 7:1 (ratio of the real object size to the image size on the CCD
chip).

(c) LuAG screen

(d) LuAG screen, +100ns delay(b) OTR screen, +100ns delay

(a) OTR screen

Figure 4.8: Camera images of the beam in transverse profile measurements with (a) OTR screen,
(b) OTR screen with 100 ns camera delay, (c) LuAG screen, (d) LuAG screen with 100 ns
camera delay.

Figure 4.8(a) shows an original beam image measured with the OTR screen and a cam-
era exposure time of 100 ns. The camera was triggered at the moment when the bunch
arrives the imaging screen. Since the screen is an off-axis screen located at a distance of
about 15mm besides the beam line, the synchrotron radiation (SR) coming from upstream
magnets could also reach the screen and be imaged at this station. The large half circle
in yellow colour code could be attributed to synchrotron radiation which is reflected on
the surface of the OTR screen. In the middle part of the image there appears to be two
undefined separated structures which saturate the CCD chip. Even with the camera gain
adjusted to the minimum value, these structures were still in saturation. This should result
from COTR or coherent synchrotron radiation in the visible regime (COSR), both of which
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have the typical characteristics such as saturation and undefined structures. The image is
not a true reflection of the real transverse charge distribution of the beam. It should be
mentioned that the origin for the saturation could not be distinguished between COTR
and COSR. One possible way to separate them is to use a removable polarizer in front of
the camera, since SR is predominantly linearly polarized [Wes59], while OTR has radial
polarization components [HSB91].
Then the camera gate was delayed by 100 ns after the ND-ICCD camera was triggered,

and the image was taken again with exposure time of 100 ns. The emission process of OTR
is long finished after 100 ns delay time, since the OTR is emitted during the passage of the
electron bunch which has typically the duration of under 1 ps at FLASH. The synchrotron
radiation, which arrives with the electron bunch and has a pulse length similar to the bunch
length, can be excluded for the delayed exposure time as well. As shown in Fig. 4.8 (b) for
demonstration, there is no signal. Taking into account the restriction on the combination
of the different camera settings and the camera trigger jitter, the choice of the camera
delay of 100 ns and the exposure time of 100 ns was thought to be most applicable.
Both measurements were repeated with the LuAG screen under the same machine con-

ditions as for the OTR screen. The image shown in Fig. 4.8 (c) was taken with the LuAG
screen and without camera delay. The origin of the light signal is (i) COTR, generated at
the boundary of screen and vacuum, (ii) scintillation light, exited by the electron bunch,
(iii) synchrotron radiation, reflected on the scintillator surface. Most part of the syn-
chrotron radiation is now passing through the scintillator crystal due to the rather low
reflectivity of the scintillator surface compared to that of the OTR screen, thus leaving
only very low intensity in the background. Still, the camera image shows an undefined
saturated structure, and gives neither qualitative nor quantitative information about the
transverse beam profile.
Finally, the camera gate was delayed again by 100 ns and the corresponding image is

shown in Fig. 4.8(d). According to Fig. 4.8(b), COTR and COSR are excluded after this
delay time, hence only scintillation light contributes to the signal. Now a quantitative
analysis of the transverse beam profile becomes possible, and the measured horizontal and
vertical beam sizes amount to 226 µm and 496 µm, respectively. However, due to the lack of
a reference measurement of the transverse beam profile, the accuracy of this measurement
cannot be verified.

4.4 Longitudinal Beam Profile

In the experiment for transverse beam profile measurements described in the chapter above,
the method of using a scintillation screen in combination with a fast gated ICCD camera
has been proved to successfully suppress coherence effects in the non-dispersive section.
However, a reference to be compared with the transverse beam profile measured with the
ND-ICCD camera using this method is missing for verifying its accuracy, since the ND-
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CCD camera, which is the only alternative camera system imaging the same screen as the
ND-ICCD does, is impeded by coherence effects. Transverse beam profiles measured at
other stations in the accelerator, e.g. the D-CCD station in the dispersive section, can also
not be used for direct comparison due to different beam sizes given by machine optics.

While the transverse beam profile measured with the ND-ICCD camera lacks a reference,
the longitudinal beam profile should be comparable to that obtained in the dispersive
section with the D-CCD camera, which serves as a reliable station for longitudinal beam
profile diagnosis as coherence effects are suppressed (see chapter 4.1.2). Therefore, the
TDS was employed together with the setups in the dispersive and non-dispersive sections to
measure the longitudinal beam profiles. The accuracy of the method of using a scintillation
screen in combination with a fast gated ICCD camera can be verified by comparing the
results with that obtained in the dispersive section as references.

In the following, the results of the longitudinal beam profile measurements are presented.
The accelerator was operated at a beam energy of 700MeV and a bunch charge of 0.5 nC.
Different compression settings with and without COTR were chosen. The results were
obtained from the three setups (D-CCD, ND-CCD and ND-ICCD) in combination with
different imaging screens and are compared with each other. The magnification of the
ND-ICCD camera was determined to be 4 : 1.

4.4.1 Slight Compression Setting

The first measurement (see Fig. 4.9) was performed at a slight compression setting where
no coherence effects were observed. The electron bunches were accelerated slightly off-
crest. A longitudinal phase space measurement in the dispersive section with the D-CCD
camera and the YAG screen was taken as a reference, which is shown in Fig. 4.9(a). The
horizontal axis corresponds to the calibrated longitudinal position and the vertical axis to
the calibrated energy deviation. The energy deviation is defined as

δ =
E − E0

E0
(4.11)

with E the particle energy and E0 = 〈E〉 the mean energy of all the particles within the
bunch (for more details see [Röh08]).

Then beam images were recorded with the off-axis screens in the non-dispersive section
without changing the accelerator settings. Figure 4.9 shows the images taken with (b)
the ND-CCD and OTR screen, (c) the ND-CCD and LuAG screen, (d) the ND-ICCD
and LuAG screen without camera delay, (e) the ND-ICCD and LuAG screen with camera
delay. The horizontal axis is calibrated to the longitudinal position. The delay time of
the ND-ICCD camera was set to 100 ns, for which OTR is completely blocked. A slight
curvature is also to be seen in the images measured in the non-dispersive section, which
originates from the small dispersion of the kicker magnet. Compared to the case of the
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Figure 4.9: Camera images from longitudinal beam profile measurements under slight compression
setting using (a) D-CCD with YAG screen, (b) ND-CCD with OTR screen, (c) ND-CCD with
LuAG screen, (d) ND-ICCD with LuAG screen, (e) ND-ICCD with LuAG screen and camera
delay.

dispersive section (a), the curvature shows a similar shape and indicates that the bunch
has rising energy from head to tail.

The longitudinal current profiles obtained from the images of the 5 setups are presented
in Fig. 4.10. All five profiles are in good agreement. The oscillations in the profiles
measured with D-CCD (a) and ND-CCD using OTR screen (b), which are in the range
of about 50 fs, are not the real substructures, since the corresponding resolutions of 116 fs
and 317 fs respectively are too large to resolve it. The origin is in fact the camera noise in
the pixel, which becomes more dominant when the signal intensity is low. In the case of
dispersive section, the radiation intensity is distributed into a larger area on the CCD chip
due to energy dispersion. As a result, the intensity in each pixel is reduced and the noise
is more dominant. In the non-dispersive section, the images from the OTR screen (b) are
more noisy than those from LuAG screen (c-e), since the light yield of the OTR screen is
smaller.
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Figure 4.10: Current profiles from longitudinal beam profile measurements under slight compres-
sion setting using (a) D-CCD with YAG screen, (b) ND-CCD with OTR screen, (c) ND-CCD
with LuAG screen, (d) ND-ICCD with LuAG screen, (e) ND-ICCD with LuAG screen and
camera delay.

Figure 4.11 compares the profiles measured with the ND-CCD and ND-ICCD camera
with the reference. As shown in Fig. 4.11 (a), the longitudinal profiles measured with the
standard setup ND-CCD using both OTR (green) and LuAG (red) screens are in good
agreement with the reference profile measured with the D-CCD camera (blue). A lower
second peak at positive values can be observed clearly in all three cases.

By comparing the ND-ICCD camera with the reference (Fig. 4.11 (b)), the ND-ICCD
camera performs reliably for both settings with (red) and without (green) camera delay.
A lower second peak at positive values, which is to be seen in the reference (blue), is
underestimated in the case of ND-ICCD due to the worse resolution of about 505 fs.

Comparing all the results together, the reference profile measured in the dispersive sec-
tion (blue) is slightly wider than those measured in the non-dispersive section, which may
be caused by machine instabilities during the switching between these two sections.

In summary, measurements of longitudinal beam profiles under operating condition with-
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Figure 4.11: Comparison of the current profiles from the measurements at slight compression set-
ting. (a) ND-CCD compared with the reference D-CCD. (b) ND-ICCD compared with the
reference D-CCD.

out COTR demonstrated a good agreement between the dispersive and non-dispersive
section. The existing standard setup equipped with the ND-CCD works in the case of
no coherence effects. The method of using a scintillation screen and a fast gated ICCD
camera was proved feasible in combined use with the TDS for longitudinal beam profile
measurements.

4.4.2 Strong Compression Setting

The RF phases of the accelerator modules were changed to a compression setting with
strong coherence effects. With the TDS switched on, the longitudinal profile measurements
were repeated with the 5 setups and their images are shown in Fig. 4.12.
First a measurement with the D-CCD camera and YAG screen in the dispersive section

was taken as a reference. The charge density distribution in the longitudinal phase space
is shown in Fig. 4.12(a). After switching to the non-dispersive section, the other setups
were used (see Fig. 4.12(b-e)). The current profiles determined from the 5 measurements
are displayed in Fig. 4.13.
The ND-CCD camera with the OTR screen failed to give any quantitative information

about the beam size (Fig. 4.12(b)). The image was completely saturated due to COTR
or COSR and fluctuated from shot to shot. The evaluation of the rms bunch length
is meaningless from the current profile (Fig. 4.13 (b)), which differed largely from the
reference one. Diagnosis of the images taken with LuAG screen using ND-CCD and ND-
ICCD without delay (Fig. 4.12(c, d)) is disturbed by coherence effects as well. Apart from
scintillation light, COTR generated at the boundary of the scintillator and vacuum is also
contributing to the light signal. In both images, one can see an expanded illuminated area
which is not a true representation of the real transverse charge distribution of the beam.
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Figure 4.12: Camera images from longitudinal beam profile measurements under strong compres-
sion setting using (a) D-CCD with YAG screen, (b) ND-CCD with OTR screen, (c) ND-CCD
with LuAG screen, (d) ND-ICCD with LuAG screen, (e) ND-ICCD with LuAG screen and
camera delay.

A quantitative analysis with these two images cannot be achieved. The current profiles
(Fig. 4.13 (c, d)) disagree with that from the reference measurement (Fig. 4.13 (a)).

After the delay of the ND-ICCD camera gate was introduced to exclude COTR and
COSR, the imaging of the sheared bunch with only scintillation light became possible
(Fig. 4.12(e)). The coherence effects are successfully suppressed. A current profile (Fig. 4.13
(e)) similar to the reference one is obtained.

A comparison of the profiles is presented in Fig. 4.14. With the profiles differing largely
from the reference one, the standard setup with ND-CCD camera is disturbed with both
OTR and LuAG screens (Fig. 4.14 (a)), and is not capable of providing reasonable results.
The ND-ICCD camera with LuAG screen without camera delay failed in diagnosis as
well (Fig. 4.14 (b) green). Only the profile measured using ND-ICCD with camera delay
(Fig. 4.14 (b) red) shows a good agreement with the reference profile, with a lower plateau
(about 500A) in the front part of the bunch and a high peak (about 1200A) in the tail
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Figure 4.13: Current profiles from longitudinal beam profile measurements under strong compres-
sion setting using (a) D-CCD with YAG screen, (b) ND-CCD with OTR screen, (c) ND-CCD
with LuAG screen, (d) ND-ICCD with LuAG screen, (e) ND-ICCD with LuAG screen and
camera delay.

of the bunch. It is worth pointing out that its ratio of the peak to plateau in the current
profile (∼ 1200 A

500 A = 2.4) is smaller than that from the reference (∼ 1800 A
500 A = 3.6), which

resulted in a slight deviation between the calculated rms bunch lengths (219±2 fs and
210±3 fs respectively). It is probably caused by the fact that the gain of the ICCD camera
is unstable and drops at high intensities, as described in section 4.1.2.

In conclusion, in the case of strong compression with COTR, the method of using a
scintillation screen in combination with a fast gated ICCD camera has been successfully
applied to suppress coherence effects. With results in agreement with the reference, diag-
nosis is possible using this setup, while the other setups in the non-dispersive section failed
to give quantitative information.
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Figure 4.14: Comparison of the current profiles from the measurements at strong compression
setting. (a) ND-CCD compared with the reference D-CCD. (b) ND-ICCD compared with the
reference D-CCD.

4.5 Measurements at Different Compression Settings

The ability of the method to suppress COTR by using a scintillation screen in combination
with a fast gated ICCD camera was tested further at various compression settings. For
these measurements, the accelerator was operated at a beam energy of 750MeV and a bunch
charge of 0.5 nC. The RF phase φACC1 of ACC1 was changed in an interval from 2.85◦ to
4.05◦ including compression settings with COTR of different levels. For each setting, the
measurements were taken with the ND-ICCD camera using different imaging screens, and
with the D-CCD camera using the YAG screen as a reference. The dependences of the
measured image intensity and bunch length on the RF phase of ACC1 were investigated.

4.5.1 Intensity Measurements

By integrating the camera pixel counts of a measured image, the total intensity of the
radiation from the imaging screen can be determined. At a fixed bunch charge, the intensity
of the incoherent scintillation light should remain constant at different compression settings,
while the intensity of COTR could vary dramatically with the longitudinal bunch structure.
Figure 4.15 (top) shows the radiation intensity measured at various φACC1 using the ND-
ICCD with OTR screen (green), LuAG screen without camera delay (red) and LuAG
screen with camera delay (blue). The vertical axis is scaled with the intensity measured
at the smallest RF phase of ACC1 φACC1 = 2.85◦. The relative intensity fluctuation
calculated from 20 single-shots measurements for each ACC1 phase setting is shown in
Fig. 4.15 (bottom). It is given as the standard deviation divided by the mean value of the
intensities.
The radiation intensity from the OTR screen (green line) increases over the whole range.
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Figure 4.15: Phase scan for the ND-ICCD camera with (green) the OTR screen, (red) the LuAG
screen, (blue) the LuAG screen with camera delay. Top: Radiation intensity measured at
various ACC1 RF phases. Bottom: Relative intensity fluctuation measured at various ACC1
RF phases.

A dramatic enhancement of the intensity was observed starting from φACC1 = 3.55◦. This
can be attributed to strong coherence effects. At smaller phases (from φACC1 = 2.85◦ to
3.45◦), the OTR intensity increases slowly. However, the large relative intensity fluctuation,
which lies between 10−15%, indicates the existence of COTR and renders quantitative
analysis of the beam profile impossible. The maximum radiation intensity is reached at
φACC1 = 3.85◦ and the maximum intensity fluctuation is observed at φACC1 = 3.75◦.

In the case of the LuAG screen without camera delay (red line), where the radiation
consists of both OTR and scintillation light, the intensity stays constant and remains stable
at smaller phases from φACC1 = 2.85◦ to 3.75◦. A noticeable increase of the intensity and
stronger fluctuations are observed starting from φACC1 = 3.75◦. Although the intensity
of COTR is reduced in this case due to the low reflectivity of the scintillation screen,

42



4.5 Measurements at Different Compression Settings

beam diagnosis is still impeded by COTR with an intensity enhancement factor of 2 and
fluctuation of up to 22% in the measured phase range. The radiation intensity reaches its
maximum enhancement at φACC1 = 3.85◦ and maximum fluctuation at φACC1 = 3.75◦,
which is the same as in the case of OTR. The similarity between the fluctuation curves in
the case of OTR and LuAG screen without camera delay at larger RF phases is another
evidence that COTR dominates the intensity.

When the ND-ICCD camera gate is delayed (blue line), a very stable radiation intensity
with rather low fluctuation is observed as expected. Since OTR is excluded, the radiation
intensity, which has now only the contribution from scintillation light, is no longer corre-
lated to the longitudinal compression. The scintillation radiation remains constant over the
entire RF phase range. The largest fluctuation of about 2%, occuring at φACC1 = 3.85◦,
could probably result from machine instabilities. Since the scintillation intensity behaves
independently to different compression settings, we can come to the conclusion that co-
herence effects have been successfully suppressed by using the method of delayed imaging
with scintillation screen in combination with a fast gated ICCD camera.

4.5.2 Bunch Length Measurements
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Figure 4.16: Phase scan for (red) ND-ICCD camera with LuAG screen and camera delay, (blue)
D-CCD camera in the dispersive section with YAG screen as reference. The calculated rms
bunch lengths are plotted as function of the ACC1 RF phase.

As presented in the last chapter, COTR has been suppressed in the case of using the ND-
ICCD camera with LuAG screen and camera delay, which makes transverse beam diagnosis
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possible. Therefore, the measured images were calibrated to reconstruct the longitudinal
beam profiles and to calculate the rms bunch lengths. For the same RF phase range of
ACC1 (from φACC1 = 2.85◦ to 4.05◦), the measurements were repeated with the D-CCD
camera in the dispersive section as a reference. The mean rms bunch lengths from 20

single-shots measurements obtained by using these two setups are plotted as function of
the ACC1 RF phase in Fig. 4.16. The red line corresponds to the ND-ICCD camera with
LuAG screen and camera delay, and the blue line to the D-CCD camera with YAG screen.
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Figure 4.17: Bunch length measurement at φACC1 = 2.95◦. Top: Longitudinal phase space mea-
sured with the D-CCD camera and the YAG screen. Middle: Charge density distribution
measured with the ND-ICCD camera with the LuAG screen and camera delay. Bottom: Com-
parison of the corresponding longitudinal current profiles. The bunch lengths are the mean
rms value calculated from 20 single-shots measurements.

The results are in good agreement for each RF phase setting. With increasing φACC1,
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the bunch length decreases from ∼ 580 fs to ∼ 130 fs. At smaller RF phases (from φACC1 =

2.85◦ to 3.05◦) the reference bunch lengths measured in the dispersive section are slightly
smaller than that obtained from ND-ICCD camera with LuAG screen and camera delay.
This small deviation could be caused by the fact that the particles in the bunch head
and tail at these phase settings have large energy deviation (about 10h), and are hence
more likely to be lost when passing through the dipole magnets. As a result, the bunch
profile measured in the dispersive section is shorter than that measured with the ND-ICCD
camera in the non-dispersive section. At larger RF phases from φACC1 = 3.15◦ to 4.05◦,
the results lie almost all within the statistical error bars.
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Figure 4.18: Bunch length measurement at φACC1 = 3.75◦. Top: Longitudinal phase space mea-
sured with the D-CCD camera and the YAG screen. Middle: Charge density distribution
measured with the ND-ICCD camera with the LuAG screen and camera delay. Bottom: Com-
parison of the corresponding longitudinal current profiles. The bunch lengths are the mean
rms value calculated from 20 single-shots measurements.
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Figure 4.19: Bunch length measurement at φACC1 = 4.05◦. Top: Longitudinal phase space mea-
sured with the D-CCD camera and the YAG screen. Middle: Charge density distribution
measured with the ND-ICCD camera with the LuAG screen and camera delay. Bottom: Com-
parison of the corresponding longitudinal current profiles. The bunch lengths are the mean
rms value calculated from 20 single-shots measurements.

More details about the measurements at φACC1 = 2.95◦, 3.75◦ and 4.05◦ are shown in
Figs. 4.17, 4.18 and 4.19 respectively. The images taken with the D-CCD and ND-ICCD
camera are shown together with the corresponding longitudinal current profiles. For all
three compression settings, the profiles measured with the ND-ICCD camera with LuAG
screen and camera delay (red) have almost the same shape as the corresponding reference
profiles (blue). The calculated bunch lengths are consistent with each other taking into
account the standard deviation.
At φACC1 = 4.05◦, at which the bunch is strongly compressed longitudinally, an un-

derestimated peak current is observed in the case of ND-ICCD with LuAG screen and
camera delay (Fig. 4.19 red). The ratio of the peak to plateau in the current profile
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4.6 Measurements at Different Bunch Charges

(∼ 1200 A
750 A = 1.5) is much lower than that from the reference (∼ 2100 A

750 A = 2.8), which could
originate from the gain instability of the ND-ICCD camera as discussed in chapter 4.1.2.
The good agreement of the measured bunch lengths at different compression settings

verifies further the ability of the method to suppress COTR by using a scintillation screen
in combination with a fast gated ICCD camera.

4.6 Measurements at Different Bunch Charges

As described in chapter 3.2, the intensity of incoherent radiation depends linearly on the
number of electrons N , while that of coherent radiation approximately on N2 |F |2. By
determining the dependence of the radiation intensity on the number of electrons, it could
be justified whether coherence effects are present or suppressed. As another investigation on
the ability of the method to suppress COTR by using a scintillation screen in combination
with a fast gated ICCD camera, radiation intensities from different imaging screens were
measured with the ND-ICCD camera at various bunch charges.
The accelerator was operated at a beam energy of 950MeV. The bunch charge was varied

from 0.15 nC to 0.85 nC. The radiation intensity is determined by integrating the pixel
counts of the camera images after subtraction of the background. For each charge setting,
20 single-shot measurements were taken to calculate the mean value and statistical error of
the intensities. Figure 4.20 (a) shows the results obtained from the ND-ICCD camera with
the OTR screen (green), the LuAG screen without camera delay (red) and the LuAG screen
with camera delay of 100 ns (blue). The dotted black line represents a linear dependency
with slope 1 and offset 0. The red and blue lines are plotted with enlarged vertical scale
in Fig. 4.20 (b) for more details.
In the case of OTR screen (green), the radiation intensity increases linearly with bunch

charge in the interval 0.15 nC to 0.65 nC and then rapidly with bunch charge. The linear
dependency in the first interval gives evidence of incoherent radiation, while the rapid
intensity enhancement and large fluctuation for bunch charges higher than 0.65 nC are
clear indications of the presence of coherence effects. Although the compression setting
was not changed, larger bunch charges with more electrons could induce stronger space
charge effects affecting the longitudinal bunch structure and modify the form factor |F |.
As a result, the dependency of OTR intensity on the bunch charge is different in these two
intervals.
The radiation intensity from the LuAG screen without camera delay (red) behaves simi-

larly to that from the OTR screen with non-linear dependency observed for bunch charges
higher than 0.65 nC. This is due to the coherent emission of OTR generated at the bound-
ary of vacuum and scintillation screen. The intensity enhancement and fluctuation are far
less dramatic compared to the case of OTR (green). The effect that COTR is less pro-
nounced in the case of scintillation screens has already been observed in the measurements
for various compression settings (see Fig. 4.15 top).
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Figure 4.20: Charge scan for the ND-ICCD camera with different screens and camera settings.
Green: with the OTR screen. Red: with the LuAG screen. Blue: with the LuAG screen and
camera delay.
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In order to compare the intensity from LuAG screen with and without camera delay in
more details, the scale of the vertical axis for intensity is enlarged (Fig. 4.20 (b)). With
the camera gate delayed to exclude OTR, the scintillation radiation (blue) depends almost
linearly on the bunch charge, which is a demonstration for incoherent radiation. There
are no coherence effects observed at 0.75 nC and 0.85 nC. The intensity of the scintillation
radiation stays stable with negligible fluctuations over the whole charge interval. The slight
deviation of the measured intensities from the theoretical expectations may be explained
with the following two inaccuracies during the experiment: i) Since the bunch charge was
taken as the value appearing on the control panel for the RF gun, any drift of the value
during the 20 single-shot measurements has not been taken into account. ii) The bunch
charge at the experimental station is actually less than that from the RF gun due to any
loss of electrons in the accelerator up to the imaging station.
In conclusion, coherence effects are suppressed in measurements at different bunch

charges by the method of using a scintillation screen in combination with a fast gated
ICCD camera. The reliability of this method is proved from another aspect.
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In beam diagnostics based on direct imaging with incoherent scintillation light, the problem
of coherence effects can be circumvented. However, COTR, generated at the boundary of
vacuum and the scintillation screen could still impede the diagnosis. As a possible method
to suppress COTR, the temporal separation was presented in chapter 4. Another possi-
ble method to separate COTR from the scintillation light could be the spatial separation
by suitable observation geometry as described in chapter 3.3.2. Simulations and experi-
ments investigating the resolution of scintillation screens were conducted in preparation
for the potential experiments. In this chapter, the results from the supporting studies are
presented and the outlook of the foreseen experiments at FLASH is discussed.

5.1 Simulation with ZEMAX

Performance of scintillation screens are studied in view of their imaging properties. Sim-
ulations with the optical ray-tracing program ZEMAX [Rad] were carried out to model
the radiation image on a detector. In the simulations, the following assumptions and
approximations were made:

• The scintillation process, which describes the interaction of the electrons with the
scintillator material, is not taken into account. The light source is assumed as a line
source along the electron beam axis inside the crystal.

• Scintillator materials are characterized with their refractive index n as a function of
wavelength.

• 108 rays are emitted homogeneously from the light source. Only the central wave-
length of the scintillator crystal is considered.

• The ray tracing ends at a detector representing the camera. The image of the line
source determined on the detector is considered as the 2-dimensional point spread
function (PSF).

• By convoluting the PSF with a pre-defined 2-dimensional electron distribution, the
beam image is simulated.

• Taking into account the influence of the observation geometry, the beam sizes can be
calculated.
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Figure 5.1: Schematic layout in the ZEMAX simulation. The angle between the normal of the
screen surface and the incoming beam θ, and the angle between the camera and the incoming
beam φ are varied.

The schematic layout for a typical simulated setup is shown in Fig. 5.1. In order to
determine the most suitable observation geometry, the angle between the screen normal
and the incoming beam θ (screen tilt), and the angle between the detector and the incoming
beam φ were varied. The simulations were repeated for different scintillator materials.
As seen from the simulations, all materials show the same behavior that the observation

geometry has a large influence on the measured beam size. For example, the simulated hori-
zontal beam sizes measured with BGO (BG4(GeO4)3, central wavelength 480 nm, thickness
of 150µm) are plotted in Fig.5.2 as a function of the screen tilt θ. In these cases, the incom-
ing electron beam was defined as a 2-dimensional Gaussian distribution with a beam size
of 10µm (black dotted line). Surprisingly, the worst resolution appears when the camera is
placed normal to the incoming beam (φ = 90◦), which is a typical configuration for beam
diagnostics. The configurations of φ = 45◦ and φ = 22.5◦ demonstrate relatively good
performances. The resolution in the case of φ = 90◦ is largely influenced by the screen tilt
with a difference of about 15µm, while in the other two cases remains relatively insensitive
to the screen tilt. An optimum setting for screen tilt θ can be found in all three cases. It
is worth pointing out that according to the simulations, the optimum resolution should be
achieved when the screen is rotated away from the camera.
The influence of the observation geometry on the measured vertical beam sizes is negli-

gible, since both the screen and camera are moved in the horizontal plane.

5.2 Experimental Setup at MAMI

In order to verify the simulations, further experiments to investigate the resolution of
the scintillation screens have been conducted at the Mainz Microtron (MAMI). MAMI
provides a well-focused uncompressed continuous-wave (CW) electron beam [Jan06] and
more flexibility for the configuration of the setup. The experiments were performed at a
beam energy of 855MeV and a current of 3.2 nA.
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Figure 5.2: Simulation results for BGO scintillation screen. The simulated horizontal beam sizes
measured at φ = 90◦, φ = 45◦ and φ = 22.5◦ are plotted as a function of the screen tilt θ. The
incoming beam is a 2-dimensional Gaussian profile with a beam size of 10µm and is indicated
as the dotted line.

A schematic layout of the experimental setup is shown in Fig. 5.3. Different screens
(Table 5.1) are mounted to a screen holder on a motorized goniometer stage in the vacuum
chamber. The stage can be moved in the horizontal and vertical plane to centre one
selected screen to the incoming beam, and be rotated to vary the angle between the screen
normal and the incoming beam θ. A camera system is placed at an angle of 22.5◦ w.r.t the
incoming beam, since the angle of φ = 22.5◦ should improve the resolution according to
the simulations (see Fig. 5.2). The backward radiated light from the screen is detected by
a CCD camera (JAI BM-141 GE) with 1040× 1392 pixels of the size 6.45× 6.45µm2 with
a dynamic range of 8 bit [JAI]. The magnification of the camera system is determined to
be about 1 : 1.

5.3 Resolution of the Scintillation Screen

To study the resolution of the scintillation screens, the transverse beam sizes are measured
with various screens in different geometries. The influence of scintillator material and
observation geometry on the resolution is investigated. Since the electron beam at MAMI
is an uncompressed CW beam and COTR has not been observed, the OTR screen can be
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Figure 5.3: Schematic layout of the setup at MAMI. The angle between the screen normal and the
incoming beam θ (screen tilt) can be varied. The camera is orientated at an angle of φ = 22.5◦

w.r.t. the incoming beam.

Screen material Width Height Thickness
LuAG:Ce (Lu3Al5O12:Ce) 20 mm 20 mm 0.3 mm
BGO (BG4(GeO4)3) 20 mm 20 mm 0.3 mm
CRY18 [Cryb] 20 mm 20 mm 0.3 mm
CRY19 [Cryb] 20 mm 20 mm 0.3 mm
YAG:Ce (Y3Al5O12:Ce) 20 mm 20 mm 0.3 mm
LYSO:Ce (Lu2−xYxSiO5:Ce) 20 mm 20 mm 0.3 mm
LYSO:Ce (Lu2−xYxSiO5:Ce) 20 mm 20 mm 0.5 mm
OTR (Mo coated silicon) 40 mm 10 mm 0.5 mm (50 nmMo)

Table 5.1: Properties of the imaging screens investigated in the experiments at MAMI.

used for reference measurements.

5.3.1 Influence of Scintillator Material

The first experiment is to study the influence of the scintillator material. The screens
are orientated normal to the beam axis (θ = 0◦). Different scintillation screens are used
to measure the transverse beam profiles. All screens have the same size, which makes
the comparison of the results meaningful. Figure 5.4 shows the measured results of the
horizontal and vertical beam sizes.

The performances of different materials are consistent in the horizontal and vertical
plane. The best resolution is obtained with CRY19 and the worst with YAG, which has also
been observed in [KBL10]. The measured horizontal beam sizes do not differ significantly.
But in the vertical plane, the measured beam size from YAG with ∼ 35µm is about 50%

larger than that from CRY19 with ∼ 25µm, which makes a considerable difference.

From this study, CRY19 with the best resolution among the tested materials is proved
to be more suitable for application in the electron beam diagnostics. Furthermore, the
relative high photon yield of CRY19 [Cryb] dedicates it even for measurements with low
charge electron bunches.
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Figure 5.4: Influence of scintillator material on the resolution. Measured (a) horizontal and (b)
vertical beam sizes with the screens. The beam size is determined as the standard deviation
from a Gaussian fitting.

5.3.2 Influence of Observation Geometry

The experiment to study the influence of observation geometry on the resolution was
conducted with two LYSO screens of thicknesses of 300µm and 500µm, respectively. At
different screen tilts θ, the horizontal and vertical beam sizes are measured with the two
screens and compared with each other.
Figure 5.5 shows the experimental results for θ = −30◦ to 30◦ in comparison with

the simulated ones. One measurement with the OTR screen (black line) is included as
reference, in which the OTR screen was placed at θ = 11.25◦ and the backward OTR was
detected. Since there is no coherence effects observed at MAMI, the measurement with
the OTR screen can be taken as a reference because of its outstanding resolution. The
simulated results are based on the convolution of the measured OTR image with the PSF.
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The behaviours of the screens with different thicknesses are similar. The thicker screen
shows worse resolution in both planes. The measured horizontal beam size (Fig. 5.5 top)
is strongly influenced by the screen tilt θ and differs largely from the reference measured
with OTR. The screen tilt has more critical influence on the resolution of the thicker
screen, with which the measured horizontal beam size varies from 50µm to 105µm. In
the vertical plane (Fig. 5.5 bottom), the measured beam sizes are relatively insensitive
to the observation geometry with a variation of less than 10µm. The smallest vertical
beam size of 18µm measured with the 300µm thick screen is comparable to the reference
one of 15µm. If the electron beam has larger transverse size, the influence of observation
geometry is assumed to become less critical on the resolution. It is necessary to emphasize
that the optimum resolution is achieved at about θ = −15◦ when the screen is rotated
away from the camera, which has also been observed in [KBL10].
An improvement of the spatial resolution is expected if the “Scheimpflug” principle

[Sch04] is satisfied. However, this condition can not have been fulfilled in the experiments
due to technical difficulties.

5.4 Outlook: Experiment at FLASH

The resolution of the scintillation screens has been investigated in the simulations with ZE-
MAX and the preparation experiments at MAMI. Nevertheless, the experiments at MAMI
are not sufficient to verify the feasibility of the method of spatial separation to suppress
coherence effects, since COTR has not been observed at MAMI. Further experiments using
the method of spatial separation have been planned at FLASH.
One setup has been designed according to the results from the ZEMAX simulations

and the resolution study at MAMI. CRY19 has been chosen as screen material due to its
relatively good resolution (see Fig. 5.4). The thickness of the screen has been reduced to
100µm, since thinner screens achieve better resolutions as proved in the resolution study
(see Fig. 5.5). Though even thinner screens are desirable, they are too fragile and no longer
manufacturable by industry.
Due to many space constraints in the accelerator tunnel at FLASH, the observation

geometry in the setup cannot be optimized for the best resolution. The camera system has
to be placed at an angle of φ = 90◦ w.r.t. the incoming beam. The screen tilt θ has been
designed to be θ = 35◦, which should provide improved resolution but still not the best.
The construction and installation of this new setup at FLASH for testing spatial sepa-

ration will be finished by the end of 2011 with commissioning foreseen in January 2012.
The experiments with this new setup for spatial separation are, hence, not included in this
thesis.
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5.4 Outlook: Experiment at FLASH
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Figure 5.5: Influence of observation geometry on the spatial resolution. Measured (a) horizontal
and (b) vertical beam sizes with the LYSO screens of thicknesses of 300µm and 500µm as
a function of the screen tilt θ. The results from simulation with ZEMAX are included for
comparison (dotted line). One result measured with the OTR screen at θ = 11.25◦ is included
as reference and displayed with the black line.
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6 Conclusion

In this thesis, two methods of using scintillation screens for beam diagnosis have been pro-
posed as a remedy for electron beam imaging impeded by coherence effects. The method
of temporal separation has been proven experimentally at FLASH to have successfully
suppressed coherence effects and achieved reliable performances. For the method of spa-
tial separation, a new experimental setup has been designed according to the results from
preparation studies, which will be tested in 2012.

A fast gated ICCD camera was installed at an existing diagnostic station in the non-
dispersive section and used in combination with a scintillation screen for testing the method
of temporal separation. The proof-of-principle of this method was first demonstrated
in transverse beam profile measurements, in which strong coherence effects have been
suppressed successfully.
In combined use with a transverse deflecting structure (TDS), the setup was further

employed for longitudinal bunch profile measurements. The longitudinal beam profiles
measured at compression settings both with and without coherence effects showed good
agreement with a reliable reference measurement in a dispersive section.
Stable performance of the setup has been demonstrated in a series of measurements

carried out at different compression settings. Good agreement of the measured longitudinal
profiles with reference measurements has been observed. In measurements with different
bunch charges, results expected from theory have been corroborated.
The method of temporal separation has been verified as feasible and reliable. Since elec-

tron beam diagnosis based on direct imaging has a wide range of applications, the method
circumventing the problem of coherence effects will have useful potential. A setup using
this method has been designed for online slice emittance measurement at the European
XFEL. Influence of the implemented ICCD camera is still under investigation. A device
with better imaging quality, which is at the same time capable of fast gating, will further
improve the performance of the method.

First studies were performed for the method of spatial separation, in which imaging
properties of the scintillation screens were investigated. With the results from simulations
and test experiments carried out at MAMI, the setup of a proof-of-principle experiment
for spatial separation has been designed which will be commissioned at FLASH in 2012.
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A Temporal Profile of OTR from Single
Electron

In this chapter, the temporal evolution of the OTR intensity from single electron is derived.
The intensity of the backward OTR per spectral and spatial interval is described by the
Ginzburg-Frank formula Eq. (3.1) for screen sources of effective size and observation in
the far-field :

d2UGF
dωdΩ

=
e2

4π3ε0c
· β2 sin2 θ

(1− β2 cos2 θ)2 . (A.1)

As seen from the formula, when integrating over a detector area dS = R2dΩ, the spectral
intensity dU/dω is a constant independent on the angular frequency ω = 2πf [CSS05].
A detector system, which is sensible only in the optical regime, measures the intensity in
dependence of the angular frequency as shown in Fig. A.1 (left), with I = const. in the
optical regime from 400 nm to 790 nm (equal to frequencies from 790THz to 400THz) and
I = 0 otherwise. From the relation

dU

dω
∼
∣∣∣Ẽ(ω)eiφ(ω)

∣∣∣2 ∼ const. (A.2)

with Ẽ(ω) being the magnitude of the field and φ(ω) the phase factor, it can be derived
that Ẽ(ω) has also the shape of a rectangular function.
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Figure A.1: Consider the optical regime from 400THz to 790THz. Left: Intensity of OTR from
single electron in frequency domain. Right: Intensity of OTR from single electron in time
domain.
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A Temporal Profile of OTR from Single Electron

Information about the phase factor is needed. Considering the detector system having
perfect focusing quality, the fields ~E(ω) can be assumed to be all in phase, which means
φ(ω) = φ0. Now the intensity in time domain can be obtained by the Fourier transforma-
tion of the field in frequency domain.

I(t) ∼
∣∣∣ ~E(t)

∣∣∣2 =

∣∣∣∣ 1√
2π

∫ +∞

−∞
Ẽ(ω)eiφ0 · e−iωtdω

∣∣∣∣2 (A.3)

Figure A.1 (right) shows the calculated OTR intensity in time domain for one single elec-
tron. The Full Width at Half Maximum (FWHM) is about 2 fs.
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B Total Radiated Intensity of TR on a
Detector Area

The backward TR intensity from one electron passing through a boundary of effective
size and in the far-field is given by the Ginzburg-Frank formula Eq. (3.1). Considering
a detector system similar to that used in the experiments, the detectable TR intensity is
calculated for different configurations.

φ

Backward direction

x

y

θ

D

Δφ=

Δθ=

D·sinθ

Db =70mm
b

b

b
b

   =2mD

Figure B.1: Coordinate system used to calculate the total radiated intensity of TR on a detector
area. The detector is represented by the red area on the spherical surface.

The detector system is placed at a distance of D = 2m from the screen and at an angle of
θ w.r.t. the backward axis of the TR. The conditions (3.2) and (3.3) are satisfied, making
the Ginzburg-Frank formula valid. The measurable intensity of TR with frequency ω can
be calculated by integrating the Eq. (3.1) over the detector area. The calculation was
carried out in spherical coordinate system, which is schematically presented in Fig. B.1.
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B Total Radiated Intensity of TR on a Detector Area
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Figure B.2: Total radiated intensity of TR on the detector area as a function of θ.

For simplicity of the calculations, the shape of the detector is approximated by an area on
spherical surface enclosed by two arcs of lengths b = 70mm and separated by b = 70mm
from each other (the red area marked in Fig. B.1).
With the solid angle expressed in spherical coordinate as dΩ = sin(θ)dθdφ, the measur-

able intensity at the detector can be calculated using

I =
dU

dω
=

∫
∆θ

∫
∆φ

d2UGF
dωdΩ

sin(θ)dθdφ (B.1)

with the integral intervals given as

∆φ =

[
− b/2

D · sin(θ)
,

b/2

D · sin(θ)

]
and ∆θ =

[
θ′ − b/2

D
, θ′ +

b/2

D

]
. (B.2)

The first integral over φ yields

I =

∫
∆θ

d2UGF
dωdΩ

sin(θ)
b

D · sin(θ)
dθ =

∫
∆θ

d2UGF
dωdΩ

· b
D
dθ (B.3)

This integration is numerically solved for 5◦ ≤ θ′ ≤ 45◦ in one degree step at γ = 1000.
For reasons of comparisons, the case of placing the detector centred on the backward axes
(θ = 0◦) is treated, where the shape of the detector is approximated by a circle with a
radius of b/2 centring on the backward axes. The integration is modified to

I0 =

∫ b/2
D

θ=0

∫ 2π

φ=0

d2UGF
dωdΩ

sin(θ) dθ dφ =

∫ b/2
D

∆θ=0

d2UGF
dωdΩ

2π sin(θ) dθ (B.4)

The calculated results I/I0 at γ = 1000 for different angles θ are plotted in Fig. B.2.
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