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Abstract

The Vacuum-Ultraviolet Free Electron Laser (VUV-
FEL) at DESY in Hamburg produces photon pulses
with high brilliance in the VUV up to soft X-ray
regime. Since electron bunches with a high peak-
current are required, investigation of the longitudinal
bunch shape and bunch length is necessary. The trans-
verse deflecting radio-frequency (RF) cavity LOLA
streaks the electron beam and makes the longitudinal
charge-distribution visible on a screen by optical tran-
sition radiation. This allows for measurements with a
resolution of down to 17 fs.
In this thesis the commissioning and first measure-
ments of LOLA are discussed. The realization
of the synchronization and the calibration of the
experimental-setup are presented. The investigation
of the longitudinal charge-distribution reveals a rich
substructure within the bunches, for example a double-
spike is seen in the head, followed by a long tail. The
bunch shape is found to be strongly dependent on the
phase of the RF field of the accelerating modules. Be-
cause the spike and the tail are seen distinctly with
LOLA, it was possible to measure the transverse emit-
tance of the spike.

Zusammenfassung

Der Vacuum-Ultraviolett-Freie-Elektronen-Laser
(VUV-FEL) am DESY in Hamburg erzeugt Lichtpulse
mit hoher Brillianz im Bereich vom VUV bis weicher
Röntgenstrahlung. Weil dazu Elektronenpakete mit
hohem Spitzenstrom benötigt werden, ist die Erfor-
schung der longitudinalen Struktur und der Länge
der Elektronenpakete notwendig. Die transversal
ablenkende Hochfrequenz-Kavität LOLA schert den
Elektronenstrahl und macht die longitudinale La-
dungsverteilung mittels optischer Übergangsstrahlung
sichtbar. Damit sind Messungen mit einer Auflösung
von bis zu 17 fs möglich.
Im Rahmen dieser Arbeit werden die Inbetriebnah-
me von LOLA und erste Messungen diskutiert. Die
Verwirklichung der Synchronisation und die Kalibra-
tion des experimentellen Aufbaus werden dargelegt.
Die Untersuchung der longitudinalen Ladungsvertei-
lung enthüllte eine reichhaltige Unterstruktur der Elek-
tronenpakete, zum Beispiel in Form einer Doppelspitze
im vorderen Bereich, gefolgt von einem langen Schweif.
Diese Struktur hängt stark von der Phase der Hoch-
frequenzfelder in den Beschleunigermodulen ab. Weil
Kopf und Schweif der Elektronenpakete mit Hilfe von
LOLA getrennt darstellbar sind, konnte ebenfalls die
transversale Emittanz des Kopfes gemessen werden.



Figure on the title page: The longitudinal charge distribution of an electron bunch at the TTF free electron laser while delivering
SASE laser radiation for users.

Andy Bolzmann
Deutsches Elektronen-Synchrotron
Notkestraße 85
22607 Hamburg, Germany
e-mail: andy.bolzmann@desy.de

German title:
Untersuchung der longitudinalen Ladungsverteilung von Elektronenpaketen am VUV-FEL mit Hilfe der transversal ablenkenden Kavität
LOLA

Published under DESY report numbers:
DESY-THESIS-2005-046
TESLA-FEL 2005-04

Printed by the DESY copy center.

This document was typeset using LATEX and KOMA-Script.



Contents

1 Introduction 1

1.1 An overview of the generations of synchrotron
radiation sources . . . . . . . . . . . . . . . . . . 1

1.2 The VUV-FEL . . . . . . . . . . . . . . . . . . . 2

2 Theory 3

2.1 Linear beam dynamics . . . . . . . . . . . . . . 3
2.1.1 The transfer-matrix formalism . . . . . . . . . . 3
2.1.2 The Twiss-Parameters . . . . . . . . . . . . . . 4
2.1.3 The emittance . . . . . . . . . . . . . . . . . . . 4

2.2 The bunch compressor . . . . . . . . . . . . . . 5
2.2.1 An estimation of the bunch length . . . . . . . . 7
2.2.2 Coherent synchrotron radiation . . . . . . . . . 9

2.3 The field distribution of the RF of LOLA . . . . 9

3 The experimental setup around LOLA and the
principle of measurement 12

3.1 The cavity . . . . . . . . . . . . . . . . . . . . . 12

3.2 The screen . . . . . . . . . . . . . . . . . . . . . 13

3.3 The camera and its optical system . . . . . . . . 13
3.3.1 The resolution of the optical system . . . . . . . 13

3.4 The kicker . . . . . . . . . . . . . . . . . . . . . 14

3.5 The beam position monitors . . . . . . . . . . . 15

3.6 The magnets around LOLA . . . . . . . . . . . 16
3.6.1 The quadrupole magnets . . . . . . . . . . . . . 16
3.6.2 The steerer magnets . . . . . . . . . . . . . . . . 16

3.7 The collimator . . . . . . . . . . . . . . . . . . . 16

4 Realization of the synchronization 18

4.1 The frequency generating setup . . . . . . . . . 18

4.2 Temporary solution . . . . . . . . . . . . . . . . 19

5 Calibration measurements 20

5.1 Measurement of the RF power of LOLA . . . . 20

5.2 The phaseshifter . . . . . . . . . . . . . . . . . . 21

5.3 Correlation between the dimensions of OTR
screen and CCD camera . . . . . . . . . . . . . 22

5.4 Position dependence of the sensitivity at the
OTR station . . . . . . . . . . . . . . . . . . . . 23

5.4.1 Comparison with theoretical values . . . . . . . 23

5.5 The longitudinal resolution . . . . . . . . . . . . 25

6 Measurements 28

6.1 Longitudinal charge distribution . . . . . . . . . 28

6.2 ACC1 phase scan . . . . . . . . . . . . . . . . . 30
6.2.1 Data analysis . . . . . . . . . . . . . . . . . . . 30
6.2.2 Comparison with simulations . . . . . . . . . . . 30
6.2.3 Discussion of the results . . . . . . . . . . . . . 31

6.3 Emittance of the spike . . . . . . . . . . . . . . 32
6.3.1 Considerations on the experimental setup . . . . 32
6.3.2 Data analysis . . . . . . . . . . . . . . . . . . . 33
6.3.3 Comparison of bunch parameters from differ-

ent origins . . . . . . . . . . . . . . . . . . . . . 33

7 Conclusion 35

A The Panofsky-Wenzel theorem 36

B Tables 37

iii



List of Figures

1.1 Peak brilliance of various synchrotron radia-
tion sources . . . . . . . . . . . . . . . . . . . . . 1

1.2 Layout of the VUV-FEL . . . . . . . . . . . . . . 2

2.1 Definition of the coordinate-system . . . . . . . . 3
2.2 The phase-space ellipse . . . . . . . . . . . . . . 5
2.3 The principle of bunch compression using a

magnetic C-chicane . . . . . . . . . . . . . . . . . 6
2.4 The principle of longitudinal phase-space shaping 6
2.5 A simulation of the influence of bunch com-

pressors . . . . . . . . . . . . . . . . . . . . . . . 7
2.6 Principle of energy transfer due to CSR . . . . . 9
2.7 Energy loss per unit length along the bunch

due to CSR . . . . . . . . . . . . . . . . . . . . . 9
2.8 Field pattern of the TM01- and the TM11-mode . 10
2.9 Time snap-shot of the electric field distribution

of the TM11-mode . . . . . . . . . . . . . . . . . 11

3.1 The layout of the facility around LOLA . . . . . 12
3.2 Cut-away view of the cavity LOLA . . . . . . . . 12
3.3 The off-axis screen . . . . . . . . . . . . . . . . . 13
3.4 Sketch of the optical system of the camera of

LOLA . . . . . . . . . . . . . . . . . . . . . . . . 13
3.5 Measurement of the MTF . . . . . . . . . . . . . 14
3.6 The modulation transfer function of the opti-

cal system . . . . . . . . . . . . . . . . . . . . . . 14
3.7 The transfer function of the optical system . . . 14
3.8 Sketch of the timing of the kicker pulse . . . . . 15
3.9 Dispersion at the screen of LOLA . . . . . . . . . 15
3.10 Principle of a stripline BPM . . . . . . . . . . . . 15
3.11 The focussing properties of a quadrupole . . . . . 16

4.1 Synchronization of the RF with the accelerat-
ing modules . . . . . . . . . . . . . . . . . . . . . 18

5.1 Principle of RF power measurement . . . . . . . 20
5.2 Characteristic curve of a diode . . . . . . . . . . 20

5.3 Calibration of the power measurement . . . . . . 21
5.4 Calibration of the power measurement using

two diodes . . . . . . . . . . . . . . . . . . . . . . 21
5.5 Vertical kick vs. RF phase . . . . . . . . . . . . . 21
5.6 Expected zero-crossing distances vs. RF phase

at display . . . . . . . . . . . . . . . . . . . . . . 22
5.7 Behavior of the phaseshifter measured with a

network analyzer . . . . . . . . . . . . . . . . . . 22
5.8 A photograph of the screen holder showing the

calibration marks . . . . . . . . . . . . . . . . . . 22
5.9 Position dependence of the OTR intensity . . . . 23
5.10 Examples for integration of OTR using spher-

ical angles . . . . . . . . . . . . . . . . . . . . . . 24
5.11 Coordinate transformation from spherical to

lens-parameters . . . . . . . . . . . . . . . . . . . 24
5.12 Position dependence of intensity compared

with theoretical predictions . . . . . . . . . . . . 25
5.13 Principle of resolution calibration . . . . . . . . . 26
5.14 Dependence of the RF phase on the vertical

position at the screen of LOLA . . . . . . . . . . 26

6.1 Bunch shape and longitudinal profiles at dif-
ferent RF power . . . . . . . . . . . . . . . . . . 28

6.2 Spike width in fs vs. RF power . . . . . . . . . . 29
6.3 Spike width in µm at the screen vs. deflecting

voltage . . . . . . . . . . . . . . . . . . . . . . . . 29
6.4 Beam images and longitudinal profiles at dif-

ferent compressions . . . . . . . . . . . . . . . . . 30
6.5 The bunch length at different compressions . . . 30
6.6 Comparison of measured and simulated longi-

tudinal profiles of [Kim05] . . . . . . . . . . . . . 31
6.7 Comparison of measured and simulated longi-

tudinal profiles of [Doh05] . . . . . . . . . . . . . 31
6.8 Examples of bunches at different quadrupole

currents . . . . . . . . . . . . . . . . . . . . . . . 33
6.9 Horizontal and vertical spike-width vs.

quadrupole current . . . . . . . . . . . . . . . . . 33

iv



List of Tables

6.1 Beam-parameters of the spike at the position
of LOLA . . . . . . . . . . . . . . . . . . . . . . . 33

6.2 Widths of unstreaked bunches at the screen of
LOLA . . . . . . . . . . . . . . . . . . . . . . . . 34

B.1 Calibration of the RF power measurement . . . . 37
B.2 Behavior of the phaseshifter measured with a

network analyzer . . . . . . . . . . . . . . . . . . 37
B.3 A precise power measurement using attenuators . 38

v





1 Introduction

In this thesis, the theory, commissioning, and results of
the transverse deflecting cavity, LOLA IV, for longitudinal
bunch shape and bunch length measurements at the DESY
Vavuum-Ultraviolet Free Electron Laser (VUV-FEL) are
presented. The design of the linear accelerator foresees
bunch lengths in the order of 100 fs and below. This poses
a serious challenge for diagnosing the longitudinal structure
of these bunches. LOLA promises resolution down to 17 fs.

1.1 An overview of the generations of
synchrotron radiation sources

Since its discovery by Floyd Haber in 1947 at the syn-
chrotron accelerator facility of General Electric, the worlds
understanding of synchrotron radiation has evolved from a
disturbing side-effect of particle acceleration to a very im-
portant tool with applications in many fields of research.
In the 60’s, first experiments with (photo-electrons) spec-
troscopy were done. In the 70’s scattering experiments
profitted from the high intensity and spectral tunability of
the synchrotron radiation generated in accelerator facili-
ties. Today biologists investigate the submolecular struc-
ture of proteins, solid-state physicists and chemists analyze
surfactants on semiconductors and earth-scientists irradi-
ate very small samples of material in high-pressure cham-
bers to research how the matter behaves under the extreme
conditions within the interior of the earth.

The first experiments with synchrotron radiation at
accelerator facilities were done parasitically, simultane-
ously with high-energy collision experiments, and were,
therefore, dependent on their operating conditions. In
spite of this, radiation sources of the 1st generation were
more advantageous than the common laboratory sources,
because of the polarization and the short pulse length.

Due to the success of the synchrotron-light experi-
ments and the growing community of experimenters, par-
ticle storage-rings were built solely for the purpose of
synchrotron-radiation production. The brilliance of the
emitted light was 106 times higher than the light of a com-
mon cathode X-ray tube. The quality of these 2nd genera-
tion sources was improved by the introduction of wigglers
and undulators. These insertion-devices of the 3rd genera-
tion consist of magnets, arranged in a spatially alternating
structure that force the charged particles to oscillate trans-
versely. The radiation emitted at each oscillation adds up
and delivers, in combination with other improvements, a
photon beam brilliance 6-10 orders of magnitude larger
than the brilliance generated by sources of the 2nd gen-
eration.

Free electron lasers (FEL) are sometimes called the 4th
generation of synchrotron radiation sources. The electron
beam, accelerated in a linear accelerator or stored in a stor-
age ring, produces laser radiation in undulators. Another
increase in brilliance by up to 10 orders of magnitude is
achieved by the principle of Self-Amplified Spontaneous
Emission (SASE). An overview of the peak brilliance of
the different generations is given in Fig. 1.1.

There are two types of free electron lasers. The low-
gain FEL uses an optical resonator to amplify the radi-
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Figure 1.1: Peak brilliance of various synchrotron radiation
sources compared with the SASE FELs.

ation. The light is reflected with mirrors, so that each
electron bunch interacts with the light pulse, generated by
the previous electron bunch, and produces photons with
the same wavelength. This principle works only for wave-
lengths larger than 150 nm because of the poor reflectivity
of mirrors below 150 nm. For the shorter wavelengths of
vacuum ultra-violet (VUV) and X-ray radiation, the am-
plification and saturation have to take place within a single
pass of the electron bunch through the undulator.

In the undulator, the electrons start to emit photons
spontaneously with random phase. The radiation with the
wavelength

λph =
λu

2γ2
rel

�
1 +

K2

2

�
with K =

eBuλu

2πmec
(1.1)

fulfills the resonance condition of the undulator. Here λu

is the period length of the undulator, γrel = E/mec
2, E

the energy of the electron, me the rest mass of the elec-
tron, e the elementary charge, c the velocity of light in
the vacuum and Bu the peak magnetic field in the undu-
lator. The wavelength of the photons can be tuned by
changing the energy of the electrons. The electrons inter-
act with the electric field of the light and rearrange them-
selves in a longitudinal charge-density modulation called
micro-bunching, which enhances the power and coherence
of radiation. [And00] This process is called Self-Amplified-
Spontaneous-Emission (SASE) and produces laser quality
light.

In the case of a mono-energetic electron beam with an
energy that fulfills the resonance condition, the energy-gain
G = Efinal/Einitial of the radiation along the undulator as

1
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Figure 1.2: Layout of the 260 m long VUV-FEL. The electron bunches are produced in the RF photo-
cathode gun. The five acceleration modules ACC1-ACC5 are able to increase the beam energy up to
800 MeV. Another enhancement up to 1 GeV can be achieved by introducing two additional modules
ACC6 and ACC7. The bunches are compressed in the two magnetic chicanes BC2 and BC3 by a
total factor of 40. Before the beam is led through the undulator section, or alternatively through the
bypass, it can be analyzed by the transverse deflecting cavity LOLA.

a function of the longitudinal position z is given by

G(z) ∼ exp

�
z

LG

�
, (1.2)

where LG is the gain-length that is proportional to

LG ∼
�
σ2

t

I0

� 1
3

. (1.3)

Here σt is the transverse rms beam size and I0 is the peak
current. High gain of the radiation can only be achieved
if the gain-length is smaller than the undulator length and
the peak current has to be high enough. To generate radi-
ation with a wavelength of 6 nm at the VUV-FEL, a peak
current of about 2500 A is required [TFR02]. At low ener-
gies the space charge forces due to this high charge-density
would cause the beam size to increase so dramatically, that
it would be useless for the FEL process. Conventional di-
agnostic tools like streak cameras cannot presently mea-
sure bunch lengths of less than 200 fs. The best resolution
presently available for longitudinal bunch-length measure-
ments is provided by LOLA, with a minimum resolution of
about 17 fs.

1.2 The VUV-FEL

The work on the TESLA Test Facility (TTF) started in
1992. As the name implies, the new device was intended to
perform various tests for the TeV-Energy Super-conducting
Linear Accelerator (TESLA) [Bri01]. The 100 m long linac
of the TTF1 accelerated electron bunches using very high
field-gradients in super-conducting cavities. Until the end
of 2002 the free electron laser produced SASE radiation
with wavelengths between 180-80 nm. Materials scientists
and solid state physicists performed the first experiments
with this radiation. They scattered photons with wave-
lengths of about 80 nm off of clusters of inert gas atoms to
investigate multiple ionizations [Wab02].

Then the linac has been extended and since the begin-
ning of 2004 the 260 m long VUV-FEL has been in use. In
the final setup electron energies up to 1 GeV will be achiev-
able, which will result in wavelength down to 6 nm of the
fundamental mode of the FEL (see Eq. (1.1)). In January
2005, the first SASE radiation with 30 nm was produced.

Since June 2005 the VUV-FEL has operated part-time as
a user facility.

The schematic of the VUV-FEL is shown in Fig. 1.2. The
radio frequency (RF) photocathode gun generates electron
bunches with a charge of up to 4 nC. The nominal charge is
1 nC. The gun produces bunch trains with a length of up to
800 µs and a repetition rate between 1-10 Hz. The bunches
within a train are currently separated by 1 µs. Behind the
gun the electrons have an energy of 4.7 MeV. The bunch
length amounts to 1.7 mm [Sch04]. This is large with re-
spect to the wavelength of the RF. Especially at small, non-
relativistic energies, the space-charge of the electrons cause
an expansion of the emittance. To minimize these space-
charge effects, bunches with smaller charge-density are pro-
duced and compressed longitudinally at ultra-relativistic
energies.

The 1.3 GHz RF in ACC1, the first of five super-
conducting niobium acceleration modules, boosts the en-
ergy up to 126 MeV. The bunch compressor BC21 reduces
the bunch length by a factor of eight. After acceleration in
ACC2 and ACC3 up to 380 GeV, the bunch is compressed
in BC3 by a factor of five [Stu04]. The last two modules
ACC4 and ACC5 increase the beam energy up to 450 MeV.
The necessary space for two additional modules ACC6 and
ACC7 is reserved for a later upgrade. Within this region,
the transverse deflecting cavity LOLA is installed to in-
vestigate the longitudinal bunch shape. After the SASE
laser-light is generated in the six 4.5 m long undulators, it
is directed into five photon beam-lines leading to the ex-
perimental stations. The electron beam is deflected by a
dipole magnet and is absorbed in the dump. To protect
the undulators during accelerator studies, the beam can
also be led to the dump through the bypass.

In February 2003 the German Federal Ministry of Ed-
ucation and Research approved the European X-ray FEL
(XFEL). The commissioning of the 3 km long accelerator
will start in 2012. The wavelength of the radiation will
amount to 6-0.085 nm according to beam energies of 10-
20 GeV (see Eq. (1.1)). Supplying 10 experimental sta-
tions at 5 beam-lines, the XFEL will produce leading-edge
research at DESY. [XFEL]

1 Due to historical reasons, the naming of the bunch compressors
starts with two.
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2 Theory

2.1 Linear beam dynamics

In this section, the formalism to describe the motion of
the beam within the accelerator beam-line is introduced.
Furthermore, important properties of the beam, like emit-
tance, will be defined.

2.1.1 The transfer-matrix formalism

In accelerator physics, it is convenient to divide the par-
ticle motion into a design orbit and a small-amplitude os-
cillation with respect to this reference trajectory. One de-
fines the coordinates of the particles with respect to the
coordinate-system that travels along the reference trajec-
tory through the accelerator (see Fig. 2.1). Instead of the
time coordinate, one uses the spatial coordinate s, mea-
sured with respect to an initial reference point, to define
the position within the accelerator. The motion of a parti-
cle can be described using the canonical phase-space coor-
dinates (x, px, y, py, s, ps), where x and y denote the hori-
zontal and vertical displacement from the design orbit and
s is the coordinate along the reference orbit. The corre-
sponding canonical momentum components are px, py and
ps. It is common in accelerator physics to use the “geomet-
rical” coordinates as defined below instead of the canonical
ones. The geometrical phase-space coordinates describing
the motion of the particles are0

BBBBBB@

x(s)
x′(s)
y(s)
y′(s)
l(s)
δ(s)

1
CCCCCCA

, (2.1)

where x, y, and l are the horizontal, vertical, and longitudi-
nal distance to the reference particle, x′ = dx

ds
and y′ = dy

ds

are the derivatives with respect to the reference coordinate,
and δ = p−p0

p0
is the relative momentum deviation from the

momentum p0 of the reference particle. In case of a con-
stant longitudinal momentum ps, also these coordinates are
canonical conjugated.

If the beam-line consists only of drift-spaces, dipole, and
quadrupole magnets, the equations of motion for the trans-
verse position-offsets become

x′′(s) +Kx(s)x(s) =
1

ρx(s)
δ

y′′(s) +Ky(s)y(s) =
1

ρy(s)
δ ,

(2.2)

where ρx(s), ρy(s) are the bending radii of the reference
trajectory. Furthermore applies

Kx(s) =
1

ρ2
x(s)

− k(s)

Ky(s) =
1

ρ2
y(s)

+ k(s)
(2.3)

with

k(s) =
q

p
g(s) , (2.4)

Reference
Particle

Electron

Reference
Trajectory

x

y

l

s

p

p0

Figure 2.1: Definition of the coordinate-system. The ref-
erence particle is located at the position s. The phase-
space coordinates of the electrons of the bunch refer to
the coordinate-system of this reference particle.

where q is the charge and p the momentum of the particle,
and g(s) is the gradient of the magnetic field at the position
s. Kx and Ky are called the focussing functions.

Using a matrix formalism the solution of Eq. (2.2) can
be expressed as

x(s) = Rx(s, s0) · x(s0) with x(s) =

�
x(s)
x′(s)

�

y(s) = Ry(s, s0) · y(s0) with y(s) =

�
y(s)
y′(s)

�
.

(2.5)

Rx and Ry are the transfer-matrices for the horizontal
and the vertical plane, respectively. The general transfer-
matrix R for a constant focussing function K (hard-edge
model) is [Lee99]

R =

8>>>>>>>>>><
>>>>>>>>>>:

 
cos
�√
Kd
�

1√
K

sin
�√
Kd
�

−
√
K sin

�√
Kd
�

cos
�√
Kd
�

!

for K > 0

 
cosh

�p
|K|d

�
1√
|K|

sinh
�p

|K|d
�

p
|K| sinh

�p
|K|d

�
cosh

�p
|K|d

�
!

for K < 0,

(2.6)

where d = s− s0.

In a quadrupole where 1
ρ

= 0 there is Kx = −Ky.
This means that a horizontally focussing quadrupole is
de-focussing vertically, and vice-versa. To achieve a fo-
cussing in both transverse directions, combinations of
quadrupoles are used. Common setups are FODO, where
the quadrupoles are spaced equally with alternating field,
and doublets, where two quadrupoles with opposite field
are put closely together to yield focussing in both planes.

3



2 Theory

In the thin-lens approximation, with d → 0, the transfer-
matrix for a quadrupole reduces to [Lee99]

Rquad =

�
1 0

−1/f 1

�
, (2.7)

with the focal length f given by

f = lim
d→0

1

Kd
with Kd = const . (2.8)

The focal length is positive for a focussing quadrupole and
negative for a de-focussing one.

The gradient of the magnetic field vanishes (g=0) within
a dipole magnet. So, for the corresponding bending direc-
tion with the orbiting-angle θ = d/ρ, the transfer-matrix
will be

Rdipole =

�
cos θ ρ sin θ

− 1
ρ

sin θ cos θ

�
. (2.9)

Here Eq. (2.3), Eq. (2.4) and Eq. (2.6) were used.
Within a drift-space, we have no magnetic field. There-

fore, the gradient is zero and the bending radius goes to
infinity. The resulting transfer-matrix is

Rdrift =

�
1 d
0 1

�
. (2.10)

Including the longitudinal phase-space consisting of the
longitudinal displacement l and the relative momentum de-
viation δ, the matrix formalism expands to0
BBBBBB@

x
x′

y
y′

l
δ

1
CCCCCCA

=

0
BBBBBB@

R11R12 0 0 0 R16

R21R22 0 0 0 R26

0 0 R33R34 0 R36

0 0 R43R44 0 R46

R51R52R53R54R55R56

0 0 0 0 0 1

1
CCCCCCA
·

0
BBBBBB@

x0

x′0
y0
y′0
l0
δ0

1
CCCCCCA

, (2.11)

where the index 0 denotes that the quantity is given at the
position s0. The matrix elements R13, R14, R23, R24, R31,
R32, R41 and R42 are zero if there is no additional coupling
between the transverse directions. The zeros in column five
result from the independence of the transverse coordinates
from the longitudinal displacement l. We use purely-static
magnetic-fields. Therefore, the energy stays constant, as
implied by the zeros and the one of row six. [Bro82] The
elements R16 and R36 are called the dispersion

R16 = Dx =
∆x

∆p/p0

R36 = Dy =
∆y

∆p/p0
,

(2.12)

generated by the element described by R. The matrix ele-
ments R26 and R46 describe the generated angular disper-
sions. The transfer-matrices given by Eq. (2.6) can be iden-
tified with the sub-matrices consisting of R11, R12, R21,
R22 and R33, R34, R43, R44.

The longitudinal displacement l after passing the mag-
net, depends on the transverse position-offset of the par-
ticle, but these contributions are usually negligible. In
the case of fields which are constant in time, R55 = 1.
Therefore, a change of the longitudinal displacement is only
caused by the momentum deviation δ and the longitudinal
dispersion R56. In bunch compressors this quantity is very
important (see Sec. 2.2).

The beam-line consists of many elements with a piece-
wise constant focussing functionK. To calculate the phase-
space coordinates from the start to the end of the linac, one
has to multiply the corresponding transfer-matrices.

2.1.2 The Twiss-Parameters

The equation of transverse motion in an accelerator is given
by Eq. (2.2). For particles with vanishing relative momen-
tum deviation δ = 0 and using the variable h instead of x
or y it simplifies to

h′′(s) +Kh(s)h(s) = 0 . (2.13)

The general solution of Eq. (2.2) becomes

h(s) = a
p
βh(s) cos (ψh(s) + ξh) , (2.14)

with the phase

ψh(s) =

Z s

0

ds

βh(s)
. (2.15)

a and ξh are constants to be determined from initial con-
ditions. Eq. (2.14) denotes a pseudo-harmonic oscillation
with a varying amplitude

p
βh(s). This transverse motion

of the particles is called betatron-motion, βh(s) is the beta
function. [Lee99]

With Eq. (2.14) and its derivative, the Courant-Snyder
invariant a2 is defined as

a2 = γh(s)h2(s) + 2αh(s)h(s)h′(s) + βh(s)h′2(s) , (2.16)

with

γh(s) =
(1 + 1

4
β′2h (s))

βh(s)
and αh(s) = −1

2
β′h(s) . (2.17)

βh(s), αh(s) and γh(s) are called the Twiss parameters,
especially βh(s) is the beta function. Eq. (2.16) is an equa-
tion of an ellipse, called the phase-space ellipse. In Fig. 2.2
the correlation between this ellipse and the Twiss param-
eters is illustrated. The Twiss-parameters and the phase-
space ellipse are originally defined for circular accelerators
and storage rings, where each particle travels on its own
phase-space ellipse. This formalism is transferred to linear
accelerators. For a detailed treatment see [RS93].

The Twiss-parameters are dependent on the spatial co-
ordinate s, indicating that the shape of the ellipse changes
along the accelerator. According to Liouville’s theorem,
the phase-space area given by A = πa2 stays constant
under the influence of conservative forces. In [RS93] the
constance of the phase-space area is verified.

If the particle with the initial Twiss parameters (βh(s0),
αh(s0), γh(s0)) and the Courant-Snyder invariant a2 trav-
els along the accelerator, the Twiss parameters at any po-
sition s can be calculated by0
@βh(s)
αh(s)
γh(s)

1
A=

0
@ R2

11 −2R11R12 R2
12

−R21R11 1+2R12R21 −R12R22

R2
21 −2R21R22 R2

22

1
A·
0
@βh(s0)
αh(s0)
γh(s0)

1
A .

(2.18)
This equation results by equating Eq. (2.16) for the ini-
tial and final conditions, substituting h(s0) and h′(s0) with
Eq. (2.5) and using |R| = 1. The resulting matrix is called
the Twiss matrix because it transforms the Twiss parame-
ters through the entire beam-line.

2.1.3 The emittance

One of the most important issues in any accelerator is to
collimate the beam in forward direction. The emittance
characterizes, how well this has been done. A small emit-
tance is desired and means a better focus of the momentum
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Figure 2.2: The phase-space ellipse. β, α and γ are the
Twiss parameters. In case of a distribution of many par-
ticles, the ellipse encloses the rms of the particle distri-
bution. The emittance ε is defined as the area A of the
ellipse.

in forward direction. Putting it in equations, we approxi-
mate a realistic beam distribution function. If we neglect
beam losses, diffusion processes and other disturbances
which influence the particles in the bunch, each particle
has its own Courant-Snyder invariant with invariant area.
Assuming a normalized distribution function ρ(h, h′) withR
ρ(h, h′)dhdh′ = 1, the moments of the beam distribution

are [Lee99]

〈h〉 =

Z
hρ(h, h′)dhdh′ , 〈h′〉 =

Z
h′ρ(h, h′)dhdh′ ,

(2.19)

σ2
h =

Z
(h− 〈h〉)2ρ(h, h′)dhdh′ ,

σ2
h′ =

Z
(h′ − 〈h′〉)2ρ(h, h′)dhdh′ , (2.20)

σhh′ =

Z
(h− 〈h〉)(h′ − 〈h′〉)ρ(h, h′)dhdh′ = rσhσh′ ,

(2.21)
where σh and σh′ are the rms beam-widths and divergence,
σhh′ the correlation and r the correlation coefficient. The
rms beam-emittance is then defined as

εrms =
q
σ2

hσ
2
h′ − σ2

hh′ = σhσh′
p

1− r2 . (2.22)

The rms emittance is equal to the area of the phase-space
ellipse of the rms of the particle distribution as shown in
Fig. 2.2. The rms beam-width σh,rms and the rms beam-
divergence σh′,rms are given by

σh,rms =

r
βh
εh

π
, σh′,rms =

r
γh
εh

π
. (2.23)

Within a beam-line composed of only drift-spaces, dipoles,
and quadrupoles the emittance is invariant.

The emittance depends on the energy of the beam. In
accelerator modules, the longitudinal momentum of the
electrons is increased while the transverse momentum re-
mains constant. Thus the angle between the direction of

motion and the design orbit gets smaller. This means that
the emittance gets smaller. Because of this, the normalized
emittance εn is usually defined as

εn = βγε , (2.24)

where β = v/c ≈ 1 and γ is the Lorentz factor.

2.2 The bunch compressor

Space charge forces are ∼ 1/γ2. Therefore, bunch com-
pression has to take place at ultra-relativistic energies in
so-called bunch compressors. A bunch compressor consists
of several dipole magnets which force the bunch to travel
along a chicane. The common types of bunch compres-
sors are the C-chicane and the S-chicane. TTF is equipped
with both types. BC2 is of the C-variety and BC3 of the
S-type. For a detailed discussion about different variations
of these chicanes see [Stu04]. The sketch of a C-chicane in
Fig. 2.3 a) illustrates how this principle of bunch compres-
sion works. It is based on the energy dependence of the
deflection of a charged particle by a magnetic field. Elec-
trons with a higher energy (δ>0) are less strongly deflected
by a magnetic field than the ones with lower energy and,
therefore, have a shorter path length in a C-chicane. If
a bunch has an energy distribution such that the trailing
electrons have a higher energy than the leading ones, the
particles will converge longitudinally and produce a higher
charge-density.

Using the initial phase-space coordinates
(xi, x

′
i, yi, y

′
i, li, δi) in front of the bunch compressor,

one can calculate the phase-space coordinates after pass-
ing the chicane, via the transfer-matrix formalism given
by Eq. (2.11). The final longitudinal position lf of an
electron within the bunch can be calculated to the first
order from the initial position li and the initial, relative
energy-deviation δi

1 by

lf ≈ li +R56δi . (2.25)

Here the contributions R51xi, R52x
′
i, R53yi and R54y

′
i are

neglected [Stu04]. Because a particle with a higher energy
than the reference particle (δ > 0) moves forward with re-
spect to the reference particle, the longitudinal dispersion
R56 will be positive.

The initial, longitudinal, phase-space ellipse, as shown in
Fig. 2.3 b), has a tilt, called the linear energy correlation
u = dE

dl
. Additionally, the energy of each electron deviates

from this slope by εi,n, where n denotes the n-th electron.
The rms is called the uncorrelated energy spread

σε,i =

s
1

N

X
n

ε2i,n , (2.26)

where N is the total number of particles. The total en-
ergy deviation of an electron with respect to the reference
particle is then

δn =
u li,n + εi,n

E0
. (2.27)

If we substitute Eq. (2.27) into Eq. (2.25), the longitudinal
displacement of an ultra-relativistic particle after passing
the bunch compressor will be

lf ≈
�

1 +
R56u

E0

�
li +

�
R56

E0

�
εi . (2.28)

1 For ultra-relativistic particles, E ≈ pc. Therefore, the relative
momentum-deviation δ also gives the relative energy-deviation

δ =
p−p0

p0
≈ E−E0

E0
.
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Figure 2.3: The principle of bunch compression using a
magnetic C-chicane. a) Electrons with different energy
deviations δ with respect to the reference particle have
different path-lengths through the magnetic chicane. b)
The longitudinal phase-space is sheared within the dif-
ferent sections of the bunch compressor. The final bunch
length is limited by the uncorrelated energy spread. The
different path-lengths manifest in different horizontal
position-offsets x. The trailing, higher-energy electrons,
therefore, catch up with the leading ones. Here the max-
imum compression is shown.

Assuming an initial rms bunch length σl,i =
q

1
N

P
n l

2
i,n

at the moment of entry into the bunch compressor, the
final rms bunch length can be calculated by

σl,f =

s�
dlf
dli

�2

σ2
l,i +

�
dlf
dεi

�2

σ2
ε,i , (2.29)

and finally [Stu04]

σl,f =

s�
1 +

R56u

E0

�2

σ2
l,i +

�
R56

E0

�2

σ2
ε,i . (2.30)

This equation shows that the shortness of the final bunch
is limited by the uncorrelated energy spread, when u =
−E0/R56.

Fig. 2.3 b) shows how the uncorrelated energy spread
limits the final bunch length. While the bunch trav-
els through the chicane, the longitudinal phase-space is
sheared and the uncorrelated energy spread increases. The
phase space area stays constant, according to Liouville’s
theorem. In the rightmost diagrams the bunch is fully com-
pressed.

The upper calculations are restricted to the first-order.
For large energy chirp and long bunches also second or-
der effects have to be considered. The higher order effects
are twofold: The nonlinearity of the displacement and the
curvature of the RF acceleration. The energy dependent
longitudinal displacement can up to second order be writ-
ten as

lf = li +R56δ + T566δ
2 + . . . (2.31)

The second order matrix element can be estimated as
T566 ≈ − 3

2
R56 [Stu04]. Therefore, the second-order term

always decreases the longitudinal displacement.
The RF used to accelerate the electron bunch causes a

quadratic curvature in the longitudinal phase-space distri-
bution. The reason is the sinusoidal time dependence of

l

Vacc

li

Crest

Bunch2p
l f0

Curvature

Figure 2.4: The principle of longitudinal phase-space shap-
ing. Because of the sinusoidal time dependence of the
accelerating RF wave, the electrons undergo an accel-
eration depending on the longitudinal displacement li
within the bunch. The leading particles experience a
lower voltage Vacc than the trailing ones and gain, there-
fore, less energy. The resulting energy chirp depends on
the phase offset φ0 with respect to the crest. Because
the bunch length is much smaller than the wavelength λ
of the RF wave, the curvature can be expanded into a
polynomial of the second order. Note that the accelerat-
ing voltage has to be negative for electrons. This sketch
is not drawn to scale.

the RF electric field. The energy Ef of an electron after
undergoing the acceleration will be

Ef = E0,i + ∆Ei + e |Vacc| cos

�
2πli
λ

+ φ0

�
, (2.32)

where ∆Ei = Ei −E0,i is the initial energy deviation with
respect to the initial energy E0,i of the reference parti-
cle, e is the elementary charge, Vacc the accelerating volt-
age, λ the wavelength of the RF and φ0 the phase off-
set with respect to on-crest. φ0 is also called the off-crest
phase and is defined with respect to the bunch center. To
achieve the desired energy chirp, the off-crest phase has to
be negative. With decreasing φ0, the energy correlation
decreases (u<0), so that the compression, obtained in the
bunch compressor, increases. A maximum compression is
achieved at φ0≈−13 deg. If we would decrease the phase
further the bunch will be over-compressed and the bunch
length increases again.

The accelerating modules work with a frequency of
1.3 GHz. This corresponds to a wavelength of λ = 231 mm.
The total bunch length in front of BC2 is measured at
σGun = 1.7 mm [Sch04], thus σGun � λ. Therefore, we can
expand Eq. (2.32) to the second order around li = 0 and
get

Ef ≈E0,i+∆Ei+e |Vacc|
�
cosφ0−

2π

λ
li sinφ0−

2π2

λ2
l2i cosφ0

�
.

(2.33)
With the final energy E0,f of the reference particle

E0,f = E0,i + e |Vacc| cosφ0 (2.34)

the relative energy deviation after the acceleration, in front

6
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Figure 2.5: A simulation of the influence of bunch compressors. The figure shows the longitudinal

phase-space distribution (upper plots) and the charge-density ρ (lower plots) before a) and after b)
passing the bunch compressor. The phase-space distribution of about 110 000 electrons exhibits a
tilt (chirp) and a small quadratic curvature. The longitudinal charge-distribution is Gaussian as well
as the uncorrelated energy-spread within each slice of the bunch. Within the magnetic chicane, the
phase-space folds over and forms a spike with a high charge-density in the head of the bunch. At
TTF, the bunch is influenced by two bunch compressors. The resulting charge distribution is much
more complicated than shown here.

of the bunch compressor will be

δ =
∆Ef

E0,f

=
1

E0,f

�
E0,iδi−lie |Vacc|

2π

λ
sinφ0−l2i e |Vacc|

2π2

2λ2
cosφ0

�
(2.35)

= Aδi +Bli + Cl2i . (2.36)

Here the quadratic displacement dependence of the energy
is visible. This final energy deviation enters the bunch com-
pressor as the initial energy deviation. We insert Eq. (2.36)

into Eq. (2.31) and get with the estimations
���T566

R56

���≈ O(1)

and Aδi�1 [Stu04]

lf ≈ R56Aδi +(1+BR56) li +
�
CR56+B2T566

�
l2i . (2.37)

Higher order terms are neglected. Because R56 and T566

have different signs the second order term does only vanish
if C > 0. This is equivalent with an accelerating phase
of |φ0|> π

2
. In this range of φ0 the cavity field would be

decelerating, which is obviously excluded. To overcome this
problem a third harmonic cavity will be installed [Flo01].
The frequency will be 3.9 GHz. With such a device, it will
be possible to compensate the quadratic curvature of the
longitudinal phase-space. The residual curvature then is
of the third order. With this, the longitudinal phase-space
distribution will become approximately linear over a wider
range, so that a smoother compression can be achieved.

In Fig. 2.5, the results of a simulation are given in which
a folding of the longitudinal phase-space is evident. The

initial phase-space distribution, as shown in part a), con-
sists of several slices. They are not visible, because of the
large number of 110 000 particles. The number of particles
along the bunch varies according to a Gaussian distribu-
tion. Therefore, the charge-density ρ is also a Gaussian
distribution, as shown in the lower plot of Fig. 2.5 a). The
particles within a slice are distributed around the respec-
tive mean energy in a Gaussian distribution. This repre-
sents the uncorrelated energy spread. The whole charge-
distribution is impressed with an energy modulation ac-
cording to Eq. (2.36).

The longitudinal displacements of the particles af-
ter passing the bunch compressor are calculated using
Eq. (2.31) and plotted in Fig. 2.5 b). The phase-space dis-
tribution folds over, with a large amount of particles con-
tained in a narrow spike at the head of the bunch. There-
fore, the charge-density is very high there.

2.2.1 An estimation of the bunch length

The electron bunch leaves the gun with an energy of
E1 = 4.7 MeV and a rms bunch length of σGun = 1.7 mm
[Sch04]. The particles within the bunch exhibit a random
energy deviation called the uncorrelated energy spread.
Measurements at the TTF showed an resolution-limited,
uncorrelated, energy spread of σε,high = 25 keV, while
simulations suggest that the spread is about 5 keV. Ear-
lier measurements with a different gun yielded the pre-
dicted σε,low = 5 keV [Hue03]. After the bunch has passed
the first accelerating module ACC1, its mean energy is
E2 = 126 MeV. In the first bunch compressor (BC2), the
bunch experiences a matrix element of R56,2 = 180 mm.
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The following modules (ACC2/3) accelerate the beam to an
energy of E3 = 380 MeV. In the normal case, the bunch en-
ters these modules on-crest, so that the additional modula-
tion of the energy is negligible. The second bunch compres-
sor (BC3), which is an S-chicane, has an R56,3 = 50 mm
[Stu04].

With these parameters, we are able to give an estimation
of the bunch length. We consider two cases: First, we use
only the BC2 and set the off-crest phase φ0, so that the
longitudinal phase-space distribution folds over in BC2 at
the initial longitudinal displacement of li = 0. Second, we
use both bunch compressors. The phase-space distribution
folds over in BC3 at li = 0. We will calculate the off-crest
phases in ACC1 and the bunch lengths for both the high
and the low value of the uncorrelated energy spread.

For the case of only one bunch compressor, we can use
Eq. (2.30). At the position of the folding, the first term
vanishes and the bunch length will be

σf,high =
R56,2

E2
σε,high = 119 fs (2.38)

σf,low =
R56,2

E2
σε,low = 24 fs . (2.39)

By setting the first term of Eq. (2.30) to zero, we obtain a
condition for the energy correlation

u = − E2

R56,2
. (2.40)

Additionally, u can be calculated by deriving the energy
given in Eq. (2.32) by the longitudinal displacement li of
the particles and will be at the position li = 0

u = −2π

λ
(E2 − E1) sinφ0 . (2.41)

By equating the last two equations, we obtain the off-crest
phase

φ0 = arcsin

�
λ

2π

1

E2 − E1

E2

R56,2

�
= 12.2 deg . (2.42)

In case of a folding of the phase-space distribution in
the second bunch compressor, we first have to calculate
the effective R56, using Eq. (2.25). After passing BC2 the
displacement l2 of the particle with the initial displacement
li will be

l2 = li +R56,2
∆E

E2
, (2.43)

where ∆E is the difference of the energy of the particle and
the energy of the reference particle. Each particle gains ap-
proximately the same amount of energy in the acceleration
modules ACC2 and ACC3. Therefore, ∆E stays constant
and after passing BC3 the considered particle will have a
longitudinal displacement l3 of

l3 = l2 +R56,3
∆E

E3
. (2.44)

Inserting Eq. (2.43) into Eq. (2.44) will lead to

l3 = li +

�
R56,2 +R56,3

E2

E3

�
∆E

E2
. (2.45)

With the definition of the expression in the brackets as the
effective matrix element

R56,eff :=

�
R56,2 +R56,3

E2

E3

�
= 197 mm , (2.46)

we will get

l3 = li +R56,eff
∆E

E2
. (2.47)

This equation has the same shape as Eq. (2.25). Therefore,
the bunch length can be calculated using Eq. (2.30), where
the first term vanishes again. This results for the two values
of the uncorrelated energy spread in

σf3,high =
R56,eff

E2
σε,high = 130 fs (2.48)

σf3,low =
R56,eff

E2
σε,low = 26 fs . (2.49)

Now we will calculate the off-crest phase φ0 in ACC1,
for the case of the folding of the phase-space distribution
in BC3. We start with Eq. (2.27)

δ =
uili + εi
E2

=
∆E

E2
, (2.50)

where ui is the initial energy correlation in front of BC2
and εi is the energy deviation from the slope of the phase-
space distribution given by ui. It can be approximated by
εi � uili and ε2 � u2l2, where u2 and ε2 are the corre-
lated and the uncorrelated energy deviation, respectively,
after passing BC2. With the constance of ∆E after passing
ACC1, this will lead to

∆E ≈ uili ≈ u2l2 . (2.51)

By inserting Eq. (2.43) into Eq. (2.51), we will get

uili = u2li + u2
R56,2

E2
· uili . (2.52)

We apply Eq. (2.30) to BC3 and obtain by setting the first
term to zero

u2 = − E3

R56,3
. (2.53)

Substituting this in Eq. (2.52) leads to

ui = − 1
R56,3

E3
+

R56,2
E2

. (2.54)

By equating Eq. (2.41) and Eq. (2.54), the off-crest phase
φ0 in ACC1 in case of two bunch compressors will be finally

φ0 = arcsin

 
λ

2π

1

E2−E1

1
R56,3

E3
+

R56,2
E2

!
= 11.2 deg .

(2.55)

With this value, we can calculate the length of the re-
spective part of the bunch after passing BC2, by inserting
Eq. (2.41) into Eq. (2.30) and obtain

σf23,high = 493 fs (2.56)

σf23,low = 479 fs . (2.57)

The spike using two bunch compressors is obviously
longer than the bunch compressed with only BC2. The
reason is the larger matrix element R56,eff . To obtain with
R56,eff the same compression as with R56,2 a smaller off-
crest phase has to be used. This means, that the energy
chirp is smaller. Therefore, the same uncorrelated energy
deviation has a bigger, relative, influence.
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2.3 The field distribution of the RF of LOLA
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Figure 2.6: Principle of energy transfer due to CSR. The
electrons propagate on a curved line. The radiation emit-
ted in the tail of the bunch overtakes electrons in its head
with a relative distance of ∆l. There the radiation is
partly absorbed.

2.2.2 Coherent synchrotron radiation

If a relativistic electron bunch is deflected by a transverse
magnetic field, synchrotron radiation is emitted. The radi-
ation is emitted in a wide frequency spectrum. The radia-
tion is coherent in the wavelength range of λ� σl, with the
bunch length σl. The total energy loss εcoh,tot due to co-
herent synchrotron radiation (CSR) of the bunch per unit
length cdt scales like [Der95]

dεcoh,tot

cdt
∼ q2

ρ2/3σ
4/3
l

, (2.58)

where q is the total charge of the bunch and ρ the bending
radius of the trajectory within the magnetic field. The
energy loss is strongly enhanced for short bunch lengths
and high bunch charge.

The effect of the CSR on the energy distribution inside
the bunch is a geometrical effect as illustrated in Fig. 2.6.
Since the bunch propagates on a curved trajectory and the
emitted radiation travels along a straight line, the path
lengths are different. Therefore, the electro-magnetic field
emitted at the tail of the bunch, overtakes the leading elec-
trons in a distance ∆l with respect to the emitting electron,
where l is the longitudinal phase-space coordinate. The
interaction of the radiation with the bunch increases the
energy spread and the emittance.

The energy loss ε per unit length at a position ∆l in the
bunch is given by [Sch01]

dε

cdt
= − qe

2πε031/3ρ2/3

Z ∆l

−∞

1

(∆l −∆l′)1/3

∂λ(∆l′)

∂(∆l′)
d(∆l)′ ,

(2.59)
where e is the elementary charge and ε0 the permittivity
in the vacuum. The longitudinal, one-dimensional charge
distribution λ is normalized to unity

�R
λ(∆l)d(∆l) = 1

�
.

Fig. 2.7 shows the energy loss for a Gaussian charge distri-
bution with a bunch charge of 1 nC and a bunch length of
σl = 1 mm, that propagates on a curve with bending ra-
dius of ρ = 1.5 m. The leading electrons absorb a fraction
of the CSR emitted by the trailing electrons.

Due to the dependence on the derivative of the charge
distribution in Eq. (2.59), the effect of CSR is strongly en-
hanced in charge distributions with large gradients. There-
fore, a leading spike of the bunch acquires a large energy

sl

D l sl

e

Figure 2.7: Energy loss per unit length along the bunch
due to coherent synchrotron radiation. The longitu-
dinal charge distribution (dashed line) has a Gaussian
shape. The energy loss (solid line) was calculated using
Eq. (2.59). The calculation and the figure originate from
[Sch01].

modulation. Because this happens inside the bunch com-
pressor, the dispersion is not fully compensated for this
part of the bunch. This results in a transverse displace-
ment of the spike with respect to the rest of the bunch,
leading to emittance growth. The strong energy modula-
tion also influences the longitudinal beam dynamics in the
subsequent compression stages. A full account of the CSR
effects is far beyond the scope of this document.

2.3 The field distribution of the RF of LOLA

A transverse deflecting cavity is well suited for studying the
longitudinal bunch structure. The used RF modes have to
be dipole modes. Unlike for acceleration modes, both the
electric and the magnetic field contribute to the deflection.

The Panofsky-Wenzel theorem, that considers pure TE-
or TM-modes, describes the required field properties to de-
flect ultra-relativistic particles (for reference see [Pan56]).
Because of its fundamental importance, its derivation is
shown in Sec. A. One might suggests, that a transverse,
electric field is sufficient, to deflect a particle transversely.
The Panofsky-Wenzel theorem reveals, that this is not the
case. The total transverse momentum ∆p⊥ of a particle
with charge q and velocity v, gained in a cavity with the
length L is [Nag04]

∆p
(2)
⊥ (L) = <

�
iq

ω
·
Z z=L

z=0

∇⊥Ez(z) · e
iωz/vdz

�
, (2.60)

where z is the spatial coordinate along the cavity, ω = 2πf
with f the frequency of the RF, and ∇⊥Ez the transverse
gradient of the longitudinal component of the electric field.
The longitudinal component Ez of the electric field is zero,
for a pure TE-mode. If there is a non-vanishing longitudi-
nal component, that is constant over the whole aperture of
the cavity, the transverse gradient is zero. In both cases the
particle is not deflected. Physically, a pure TE-mode gives
zero deflection because the electric and magnetic forces
cancel. [Wan98]
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2 Theory

Electric
Field

Magnetic
Field

TM -mode01 TM -mode11

Figure 2.8: Field pattern of the TM01- and the TM11-mode.

Capable modes of a pillbox are the pure TM-modes
TM010 and TM110

2 (see Fig. 2.8). The first one is only
usable for off-axis particles because this mode is axial sym-
metric with zero transverse gradient of the longitudinal
electric field on the axis. The TM110-mode has a dipolar
characteristic, the longitudinal electric field depends ap-
proximately linearly on the radius, yielding a strong and
nearly uniform deflection. This was the main reason why
the TM110-mode was chosen for the RF deflecting cavity
LOLA.

The TM110-mode non-zero field components in cylindri-
cal coordinates (r,θ,z) are [Wan98]

Ez = E0J1(kDr) cos θ

Br = −iE0

c

J1(kDr)

kDr
sin θ

Bθ = −iE0

c
J ′1(kDr) cos θ ,

(2.61)

where E0 = |Eo| · eikD(z−ct) is the alternating, complex
amplitude, c the velocity of light, kD = ω/c the deflecting-
mode wave number, and J1 the first order Bessel function
of the first kind with its derivative J ′1 = ∂(kDr)J1(kDr) =
1
2
(J0(kDr)− J2(kDr)). J0(kDr) and J2(kDr) are the zero-

and the second-order Bessel function, respectively.

The field distribution within the real cavity with open-
ings for entry and exit of the beam is different from the
pure TM11-mode, that can exist only in closed cavities.
We assume an iris-loaded structure as an infinite array of
pillbox cavities. Each cavity, also called cell, is excited in a
TM11-mode coupled through small apertures on the axis.
The Slater perturbation theorem states that the perturbed
resonant frequency ω is given by [Sla46]

ω2 − ω2
r

ω2
r

=
N

U
(∆Um −∆Ue) , (2.62)

where ωr is the unperturbed frequency, N the number of
the apertures per cell, U the unperturbed, electromagnetic,
stored, energy, and ∆Um and ∆Ue are the time-averaged,
magnetic and electric, energy deviations, respectively, as a
result of the perturbation. In the middle of the structure,
each cell has two apertures, so that N = 2. The electric
field of the TM11-mode is zero on the axis of the structure,
so that ∆Ue ≈ 0. But the magnetic field does not vanish
on the axis, so that an inductive coupling takes place. The

2 The indices give the number of maxima of the field in 1st ϕ-
direction, 2nd r-direction and 3rd z-direction (cylindrical coordi-
nates).

resulting energy deviation of the magnetic component with
respect to the unperturbed energy is [Wan98]

∆Um = −2

3
a3µ0H

2
0 (1− e−αh cosΨ) , (2.63)

where a is the radius of the apertures, µ0 the permeabil-
ity in vacuum, H2

0 the amplitude of the magnetic field
strength, α the decay constant of the evanescent mode in-
side the aperture of thickness h, and Ψ = kl is the phase
advance per cell of the travelling wave, with k its wave
number and l the axial length of each cell.

The energy U stored by the electro-magnetic field of the
TM11-mode in the unperturbed cavity is given by

U =
π

8
b2lε0E

2
0J

2
0 (3.832) , (2.64)

where b is the cavity radius, ε0 the permittivity in the vac-
uum, E0 the amplitude of the electric field and J0(3.832)
the zero order Bessel function of the first kind at the zero-
crossing of J1. The cavity radius b is related to the unper-
turbed, resonant frequency by ωr = 3.832c/b. Substituting
Eq. (2.63) and Eq. (2.64) into Eq. (2.62), the dispersion
relation will be

ω =
3.832c

b

p
1− κ (1− e−αh cosΨ) , (2.65)

with

κ =
32a3µ0H

2
0

2πb2lε0E2
0J

2
0 (3.832)

. (2.66)

The phase velocity vp is then

vp ≡
ω

k
=

3.832cl

bΨ

p
1− κ (1− e−αh cosΨ) . (2.67)

Generally, κ � 1, so that the group velocity vg can be
written as

vg ≡ −
dω

dk
=

3.832cl

2b
κ e−αh sinΨ . (2.68)

Obviously, the dispersion of the TM11-mode is negative
and the phase velocity and the group velocity have different
signs. At LOLA, the phase advance amounts to Ψ = 2π/3.
This means that the wavelength of the RF spans three cells
of the structure.

The field distribution within the real cavity with open-
ings for entry and exit of the beam is different from the
pure TM11-mode, that can exist only in closed cavities.
Longitudinal magnetic and transverse electric field compo-
nents are introduced. Therefore, so-called hybrid modes
are used in describing transverse deflecting RF cavities.

The Fourier-analyzed field components of the TM11-like,
TE-TM-hybrid mode in cylindrical coordinates of the first-
order solution for the lowest-order deflection mode with the
phase velocity at vp = c are [Alt64]

Er = E0

"�
1

2
kr

�2

+

�
1

2
ka

�2
#

cos θ

Eθ = E0

"�
1

2
kr

�2

−
�

1

2
ka

�2
#

sin θ

Ez = iE0kr cos θ

Z0Hr = −E0

"�
1

2
kr

�2

−
�

1

2
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�2

+ 1

#
sin θ

Z0Hθ = E0

"�
1

2
kr

�2

+

�
1

2
ka

�2

− 1

#
cos θ

Z0Hz = −iE0kr sin θ ,

(2.69)
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2.3 The field distribution of the RF of LOLA

Figure 2.9: Time snap-shot of the electric field distribution
of the TM11-mode [Emm00]. The period spans three
cells, so it is a 2π/3-mode. The field distribution in
LOLA is given by Eq. (2.69).

where a is the radius of the aperture and Z0 the free-space
impedance. For a time snap-shot of the field distribution
see Fig. 2.9. Using the Lorentz force on a particle with
charge e the force in rectangular coordinates can be derived
as

Fx = 0

Fy = eE0

Fz = ieE0kr cos θ .

(2.70)

The transverse force is uniform in magnitude and direction
over the aperture. Therefore, an aberration-free deflection
is possible. Although the force arises from magnetic and
electric fields it can be given using an equivalent electric
field E0. The longitudinal force component Fz is 90 deg
out of phase and linear dependent on the radius r. It is
negligible small even for position-offsets of about a few mil-
limeters.

The pointing vector gives the power that flows through
an area. The integral over the whole aperture S gives the
power Pz that flows through the cavity in longitudinal di-
rection

Pz =
1

2
<
�Z

S

E×H∗dS

�
, (2.71)

with the complex conjugated magnetic field H∗. For the
field of LOLA this results in [Alt64]

Pz =
1

2
πa2

��E0

��2
Z0

�
1

2
ka

�2
"

4

3

�
1

2
ka

�2

− 1

#
. (2.72)

The expression in the squared brackets determines the sign
of the power. For ka <

√
3 the power is negative and for

ka >
√

3 it is positive. This determines if the wave is
a forward or a backward travelling wave. In the case of
LOLA using a frequency of 2.856 GHz the cross-over value
of the aperture radius is a = 29 mm. The aperture of
LOLA has a radius of 22.44 mm. This means that the
wave travels backwards with respect to the group velocity.
Thus the RF input coupler is mounted at the downstream
end of the cavity (see Fig. 3.2).

The cavity is of the constant impedance type. This
means that the aperture of the irises and the diameter of
the structure are constant over the whole structure. Thus
there is no compensation for the attenuation of the field
along the cavity3. The field undergoes an attenuation of

3 This is in contrast to a constant-gradient structure where the
group velocity is slowed down by decreasing the aperture so that
the fields remain constant.

4.14 dB while its travel through the structure. One can
calculate the effective transverse deflecting voltage using

V0 ≈ 1.6 MV · L
m

r
P0

MW
, (2.73)

where L is the length of the structure and P0 the peak
input power. With a general maximal input power at TTF
of 18 MW, the deflecting voltage amounts to 24.7 MV. This
corresponds to a kick angle of 3.18 deg and a vertical streak
of 3.81 fs/px at the screen of LOLA.

11



3 The experimental setup around LOLA and the principle of
measurement

LOLA was developed at the Stanford Linear Acceler-
ator Center (SLAC), California, USA. Its name is assem-
bled from the first letters of the three designers Greg Loew,
Rudy Larsen and Otto Altenmueller. In collaboration with
SLAC, LOLA was installed at the TTF VUV-FEL to in-
vestigate longitudinal properties of the electron bunches.

The core of the setup is the 3.64 m long cavity. The
electric field of a travelling wave deflects the electrons in
vertical direction depending on the longitudinal position of
the electrons in the bunch, and makes the head and the tail
of the bunch separable. The bunch streaked in this way,
hits an off-axis, optical transition radiation (OTR) screen.
A dipole magnet with very fast rising and falling magnetic
field, the kicker (Sec. 3.4), deflects one bunch of the bunch
train onto the screen. The transition radiation is extracted
through a window out of the vacuum chamber and imaged
using a CCD camera.

Up- and downstream of the cavity there are correction
magnets (steerers) and focussing magnets (quadrupoles).
To measure the horizontal and vertical position of each
bunch in a train, beam position monitors (BPMs) are used.

The different elements of the setup are treated in this
chapter.

a    b    c  d  e       f                 g             h    i     j   k   l   m    n     o

Beam
Direction

Figure 3.1: The layout of the experimental setup around
LOLA. Elements: a - Quadrupole 1, b - Quadrupole 2,
c - Horizontal Steerer 1, d - Vertical Steerer 1, e - BPM
1, f - Kicker, g - LOLA, h - BPM 2, i - Quadrupole 3,
j - Horizontal Steerer 2, k - Vertical Steerer 2, l - BPM
3, m - OTR Screen of LOLA, n - Collimator, o - OTR
Screen. This sketch was not drawn to scale.

3.1 The cavity

The LOLA cavity is the place where the deflection occurs.
Such an RF transverse deflecting structure is an invention
of the 60’s [Alt64], [Loe65]. Several variations were tried
until the final design was found with LOLA IV.

This cavity is a 3.64 m long disk-loaded waveguide struc-
ture made of copper. In Fig. 3.2 a cut-away view is shown.
The structure consists of 104 each 35 mm long cells which
are coupled via irises with a diameter of 44.88 mm.

The cavity is temperature stabilized at 45 degrees C. Ac-
cording to the expansion coefficient of copper, it is possible
to change the resonance frequency by 50 kHz/K. Along the
cavity a travelling electro-magnetic wave propagates with a
frequency of 2.856 GHz. The RF is amplified by a klystron

to a power of up to 23 MW. The timing jitter of the klystron
amounts to 68 fs, corresponding to 0.07 deg of the RF.
A 75 m long waveguide leads the RF from the klystron
to the cavity. The theoretical attenuation of the waveg-
uide amounts to 1.6 dB, a measurement yielded 2.6 dB.
Therefore, the maximal input power at LOLA amounts to
18 MW. As the RF phase shift of about 2.8 deg/K, the
waveguide is heater stabilized at 35 degrees C. For more
details see [Nag04].

As mentioned already, the TM11-like hybrid mode used
for the deflection of the electron bunches, is a dipole mode
(see Fig. 2.8). The direction of the transverse field is deter-
mined by the position of the RF input coupler where the
RF is fed into the cavity. At TTF the coupler is mounted
at the top of the structure so that the deflection occurs ver-
tically. Imperfections of the structure can cause a rotation
of the polarization plane. To avoid this, two mode-locking
holes are inserted into the disks (see Fig. 3.2) which cause
an additional coupling of the fields of the adjacent cells.
[Emm00]

Due to the travelling wave form of the exciting power,
the whole RF power has to be coupled out and absorbed at
the reverse end of the structure with respect to the input
coupler. Otherwise, it would be reflected and a standing
wave would form. For that purpose, a dry external load
was installed. Due to the negative dispersion, the load is
positioned at the upstream end and the input coupler at
the downstream end of the cavity. [Nag04]

RF

downstream

upstream

Disks

Apertures

Mode-locking
Holes

Input Coupler

Beam
Direction

RF

Beam

x

y
z

Figure 3.2: Cut-away view of the cavity LOLA. The RF
is led into the cavity via an input coupler at the down-
stream end. The RF travels against the beam direction.
Due to the negative group velocity of vg<0 with respect
to the phase velocity, the wave travels downstream as
fast as the beam. The big apertures in the disks cause
a very strong coupling of the fields. The mode-locking
holes avoid a possible rotation of the TM11-mode.
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3.3 The camera and its optical system

3.2 The screen

To measure the charge distribution of the deflected bunch,
an optical transition radiation screen is used. The screen
used for LOLA consists of two components arranged hor-
izontally at the left and at the right side of the beam. It
is installed with an angle of 45 deg with respect to the in-
coming beam. Thus the radiation is led through a window
out of the vacuum chamber with an angle of 90 deg.

Each screen has a width of 8 mm, a height of 26.5 mm
and a thickness of 0.280 mm. The distance of the screens
is 20 mm. Due to the horizontal rotation of 45 deg, the
aperture for the beam is 20 mm√

2
= 14.1 mm. The total

horizontal width of the electron bunch at this position is
about 2 mm, the position-offset ±1 mm. Thus, the un-
kicked beam passes the screen without any disturbance.

The screens consist of aluminium coated silicon wafer.
They are mounted at a vertically movable screen holder. At
this holder there are 10 calibration boreholes (see Fig. 3.3).
The horizontal and vertical distances to adjacent holes are
5 mm. They were used to calibrate how many µm at the
screen correspond to one pixel at the CCD chip of the cam-
era. For the results of this calibration see Sec. 5.3.

Right
Screen

Left Screen

Calibration
Marks

Screws

Left Screen
Right Screen

Vacuum Chamber

Camera

K ci ked T rajec ot yr

Normal Trajectory

Figure 3.3: The off-axis screen of LOLA. The figure shows
the screen holder with the two screens (left) and the po-
sitioning in the vacuum chamber (right). The calibration
marks are used to correlate the mm at the screen and the
pixel of the CCD chip. They have a distance of 5 mm.
The left and the right screen have a distance of 20 mm.
The unkicked bunches pass the screen uninfluenced.

3.3 The camera and its optical system

After the bunch was deflected in the cavity it strikes the
screen. The resulting optical transition radiation is guided
to the camera via a mirror to reduce the overall radiation.
Fig. 3.4 shows a sketch of the optical system. The total dis-
tance between CCD chip and screen amounts to 800 mm.
The light is focused onto the CCD chip by a 200 mm objec-
tive with a lens aperture of 50 mm. Within the objective
there is an aperture to improve the depth of field. It was
adjusted to make a compromise between the depth of field
and the total intensity of the light that enters the cam-
era. With an effective aperture of D = 25 mm and a focal
length of f = 200 mm, the F-number κ of the objective
amounts to

κ =
f

D
= 8 . (3.1)

The camera is a digital camera BASLER A301f. It ex-
hibits a sensor size of 658×494 pixels. Each pixel has a size
of 9.9 × 9.9 µm. The output format is mono 8 bit/pixel.
In this operation mode 640 × 480 pixels are used to take

Objectiv

Camera

Aperture

CCD

Screen

Normal
Trajectory

Kicked
Trajectory

Mirror
OTR

Vacuum
Chamber

Figure 3.4: Sketch of the optical system of the camera
of LOLA. While the normal trajectory remains uninflu-
enced the kicked bunch strikes the screen. The resulting
OTR transits a window of the vacuum chamber and is
led via a mirror onto the CCD of the camera. The total
length of this path is 800 mm. The objective has a focal
length of 200 mm. The aperture increases the depth of
field. This sketch is not drawn to scale.

LOLA images. The trigger occurs externally to synchro-
nize the camera with the beam. The minimum exposure
time is 1 µs. The time difference of the first and the last
photon produced by the bunch is less then 10 ps. Thus the
resulting images are an integration over the whole light
produced by the bunch.

3.3.1 The resolution of the optical system

To measure the resolution of an optical system, a sinu-
soidal test pattern is convenient. The M-19-80 transmission
pattern was manufactured by APPLIED IMAGE Group-
OPTICS, New York, USA. Fig. 3.5 shows a photograph of
this pattern. It was illuminated diffusely from behind and
recorded with the camera. The pattern was positioned at
a distance of 800 mm to the camera so that it was in focus.

The pattern contains many different areas applied at a
film. The divisions 1 and 4 in Fig. 3.5 a) exhibit different
nuances of gray. They were not used for our measurement.
In the divisions 2 and 3 sinusoidal modulations of trans-
mittance are applied. Plots of the measured transmittance
are shown in Fig. 3.5 b) and c). At a spatial frequency
of 20 mm−1 (cycles per millimeter) in part c) the ampli-
tude gets small and increases again. This is caused by the
Moiré-Effect. It was hard to adjust the pattern so that the
lines are parallel to the rows of pixels of the camera. So,
especially for this area we had to find a region without any
Moiré-Lines.

The ratio of the difference of the maximum and the min-
imum of the intensity I of the sine and their sum is defined
as the modulation

M =
I+ − I−

I+ + I−
. (3.2)

This ratio decreases with increasing spatial frequency. The
ratio of the modulation in the image and the modulation
of the object relating to the spatial frequency is called the
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3 The experimental setup around LOLA and the principle of measurement
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Figure 3.5: Measurement of the MTF. a) An image of
the sinusoidal test pattern. Columns 1 and 4 are areas
with different nuances of gray. Column 2 contains areas
with sinusoidal modulations of higher and lower trans-
mittance with spatial frequencies from 2 to 16 mm−1.
Column 3 is the same like column 2 with spatial frequen-
cies from 20 to 256 mm−1. b) and c) show the measured
profiles of column 2 and 3 of part a), respectively.

modulation transfer function (MTF). For a more detailed
description of the MTF see [Lam83].

While the frequency of the modulation increases with in-
creasing spatial frequency up to 20 mm−1 it decreases at
higher spatial frequency. This effect is called aliasing. An
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Figure 3.6: The modulation transfer function (MTF) of
the optical system. The solid line represents a fit of the
Fourier transformation of a convolution function, con-
sisting of the step function of the pixels and a sum of
two Gaussians.
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Figure 3.7: The transfer function (thick line) of the opti-
cal system. The parameters are obtained by the fit of
the MTF. The step function represents the pixels of the
CCD.

undersampled sinusoidal signal appears with a lower fre-
quency. A certain modulation is observable at 40 mm−1.
There occurs only one oscillation. The existence of a mod-
ulation indicates that the optical system does not limit the
resolution until this point.

In Fig. 3.6 the averages of the modulation of 10 images
and the standard deviations are plotted. The solid line de-
notes a fit of the Fourier transformation of a convolution
function, that is composed of a step function, representing
the pixel of the CCD, and the transfer function of the op-
tical system. The best fitting results gave a transfer func-
tion consisting of the sum of two Gaussian distributions. In
Fig. 3.7 the step function and the transfer function in po-
sition space are plotted, using the parameters obtained by
the fit. The width of the step function amounts to 9.9 µm,
the size of one pixel of the CCD. The half width of the
half maximum of the Gaussian functions determines the
resolution r of the optical system to

r = 12.6 µm . (3.3)

In Sec. 5.3 we will see that one pixel of the CCD chip
corresponds to ≈ 25 µm at the screen or in our case at
the patterned film. The distance of two points has to be
at least 50 µm to distinguish them. This means that the
resolution of the total system is limited by the CCD chip
of the camera.

3.4 The kicker

As mentioned above the OTR screen used to make the
charge distribution visible, is an off-axis screen. Thus
“quasi-parasitic” measurements are possible. This means
that LOLA images can be taken while the linac works in
normal operation. To lead the beam onto the screen, a
kicker is installed.

A kicker is a dipole magnet with special properties. It is
used to produce a magnetic field for a short time. A high
inductance would enlarge the rise and fall time. Thus it
is minimized by using air-core coils with a small number
of windings. Such a low inductive coil has to be impressed
with a voltage in the range of kilovolts, to produce a strong
magnetic field. In our case 3.8 kV are sufficient to center
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3.5 The beam position monitors

t

Kicker pulse

Bunch train
Kicked bunch

500 ns

1 ms

500 ns
t

Figure 3.8: Sketch of the timing of the kicker pulse. With
a rise and a fall time of the kicker pulse of 500 ns each,
it is possible to kick only one bunch out of the bunch
train.

the bunch horizontally at the screen. The duration of the
kicker pulse is shorter than 1 µs. The time delay between
the bunches within a bunch train amounts to 1 µs. So,
with a rise time of 500 ns and the equal fall time only, one
bunch is kicked. The other bunches remain undisturbed
(see Fig. 3.8).

At the kicker the corresponding part of the metallic vac-
uum chamber was exchanged for a ceramic one. Thus
eddy currents are avoided so that the magnetic field of the
kicker penetrates the chamber faster and the pulse dura-
tion is short. A thin metallic film is necessary to discharge
currents (“wake fields”) generated by the passing bunch.
Therefore, the interior surface is sputtered with copper.

The kicker is positioned in front of LOLA. So, the kick to
the right with respect to the flight direction occurs before
the vertical streak. In the cavity the electric field distribu-
tion is independent of the horizontal position. Therefore,
the streak is independent of the kicker position.

Since the kicker bends the beam trajectory, dispersion is
generated. The dispersion D is defined in Eq. (2.65) as

D =
∆x

∆p/p0
, (3.4)

where ∆x is the horizontal position-offset at a certain posi-
tion of the linac, and ∆p/p0 the fraction of the momentum
difference and the total momentum. ∆x can be derived by
using the Lorentz force

∆x = eldB

�
1

p
− 1

p0

�
, (3.5)

with e the elementary charge, l the length of the magnetic
field B of the kicker, and d the distance between the center
of the kicker and the screen (see Fig. 3.9). The dispersion
amounts finally to

D = 10 mm . (3.6)

Kicker
Screen

D x

l

dBe,p

p0

p   p0<

Figure 3.9: Dispersion at the screen of LOLA, caused by
the kicker. Particles with a momentum p deviating
from the nominal momentum p0 strike the screen with
a position-offset ∆x because of a different deflection in
the magnetic field B.

We will see in Sec. 5.3 that one pixel of the CCD chip of
the camera corresponds to ≈ 26.8 µm at the screen. So,
with a reasonable estimation of an energy spread of 1% the
total position-offset error at the screen amounts to

∆x ≈ 100 µm
∧
= 4 px . (3.7)

The total bunch has a width of 2 mm or 75 px. So, the
position-offset error caused by the kick is about 5%. We
will neglect this contribution in the following.

3.5 The beam position monitors

For many purposes it is necessary to know at which trans-
verse position the beam passes an element of the linac. For
example, if a bunch enters a quadrupole off-axis it expe-
riences not only focussing or de-focussing but also a kick.
With every kick, unwanted dispersion is produced. There-
fore, the aim is to guide the bunch on-axis through the
entire linac.

The beam has to be centered in various components also
in order to minimize transverse wake fields. If a charge
distribution travels within a conducting vacuum chamber
electromagnetic fields travel together with it. At irregu-
larities of the chamber, e.g. at flanges or edges, a part of
these fields get trapped and are left behind by the bunch.
Such fields are called wake fields. They can disturb the
motion of the following bunches significantly and have to
be minimized by choosing the optimal orbit.

Therefore, it is important to measure the transverse posi-
tion of the beam. The devices designed for this purpose are
beam position monitors (BPM). Around LOLA so-called
stripline BPMs are installed. Fig. 3.10 shows schemati-
cally how they work. The vacuum chamber, that is just
a round pipe, is surrounded by four bulges. Within these

Beam
Direction

Vacuum chamber

Electrodes

Bunch

Terminator 

V  1 V  2

d  1

d  2
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tt
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Figure 3.10: Principle of a stripline BPM. A transverse
(left) and a longitudinal (right) cut are shown. The elec-
tric field of the bunch causes a current in the electrodes
that divides into two signals. One of the signal flows
directly to the electronics. The other one flows to the
terminator, is reflected and enters the electronics with
negative amplitude. The electronics considers the am-
plitudes V1, V2 of signals of electrodes at opposite sides
which depend on the distances d1, d2 between bunch and
electrode. Then the fraction of the difference ∆ and the
sum Σ are calculated. This can be used to calculate
the transverse position x of the beam within the vacuum
chamber.
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3 The experimental setup around LOLA and the principle of measurement

bulges wires are clamped. One end of each wire is termi-
nated with a 50 Ω resistor and the other end is connected
to the readout electronics.

The electric field of the bunch induces a voltage in the
wire. A current flows in both directions. The signal that
travels to the terminator is reflected and returns with a
phase jump of 180 deg. Therefore, it enters the readout
electronics with negative amplitude and with a time delay
with respect to the first signal. The difference V of the
amplitudes of these time-delayed signals is used for the fol-
lowing evaluation because it is less error-prone than taking
only the positive or the negative amplitude.

The amplitudes of the signals from two opposite wires
are proportional to the ratio of the charge q within the
bunch and the distance d between the bunch and the wire.
With that relation, it is possible to calculate the position
x of the bunch within the vacuum chamber by normalizing
the difference ∆ of the amplitudes Vn with their sum Σ,
assuming (d2 − d1)/(d2 + d1) � 1

∆ = V1 − V2 ∼ q ·
�

1

d1
− 1

d2

�
= q ·

�
d2 − d1

d1d2

�

Σ = V1 + V2 ∼ q ·
�

1

d1
+

1

d1

�
= q ·

�
d2 + d1

d1d2

�
(3.8)

∆

Σ
∼ (d2 − d1) = 2x .

To figure out the factors of proportionality, one has to do a
calibration measurement using the steerers in front of each
BPM.

3.6 The magnets around LOLA

Fig. 3.1 shows that the facility around LOLA is equipped
with many different magnets. While the quadrupoles are
used to focus the beam, the dipoles, called steerers, fine-
tune the position-offset of the beam.

3.6.1 The quadrupole magnets

The electrons in an accelerator exhibit an angular diver-
gence. If one would not compensate that, the transverse
size of the bunch would increase until the particles impinge
at the vacuum chamber and get lost. At energies larger
than 4 MeV quadrupoles are used to avoid this. Fig. 3.11
shows how focussing with such a magnet works.

Via four hyperbolically shaped pole shoes a transverse
magnetic field is excited. This magnetic field has the prop-
erty

Bx = gy, By = gx, Bz = 0 with g =
∂By

∂x
. (3.9)

Because rotB = 0 within the vacuum chamber the gradi-
ents g in both directions are equal

g =
∂By

∂x
=
∂Bx

∂y
. (3.10)

The resulting equations of motion of the electrons within
the magnet are

x′′ + kx = 0 (3.11)

y′′ − ky = 0 , (3.12)

where k = eg
p

with the elementary charge e and the momen-
tum p. For k > 0 the trajectory is sinusoidal in horizontal
and exponentially increasing in vertical direction. Thus

vv

x

y

z

vv

Figure 3.11: The focussing properties of a quadrupole. An
electron bunch with an arbitrary distribution passes the
magnetic field of a quadrupole. In this arrangement the
bunch is focused in the horizontal plane and de-focused
in the vertical one. To get a net focussing in both di-
rections, a second quadrupole rotated by 90 deg with
respect to the first one has to be installed (not in this
drawing).

the focussing takes place only in one transverse plane. To
avoid that the beam diverges in the other direction, an-
other quadrupole with opposite field is installed. Such a
doublet is called a FODO cell, an array with alternating
focussing and de-focussing quadrupoles and a drift-space
in-between. [Ros05]

The quadrupoles produce a gradient per coil current of
0.0692 (T/m)/A. This corresponds to k=0.0466 (1/m2)/A.
The magnetic length amounts to 336 mm. By changing the
current of the quadrupole 3 (see Fig. 3.1) behind the cav-
ity one changes the resolution at the screen of LOLA (see
Sec. 5.5). To be independent of the quadrupole current, a
corresponding calibration has to be done in the future.

3.6.2 The steerer magnets

Along the accelerator, the beam can deviate from the de-
sign orbit. Small dipole magnets are used, to correct these
deviations. Such magnets are called steerers or correction
coils. They consist of a small coil and an iron yoke.

For example the steerers in front of the undulators cor-
rect the position-offset of the beam, to optimize the SASE
efficiency. Steerers at other positions along the linac are
used for calibrations in many forms. For example the
beam position monitors (BPM) can be calibrated, because
the steerers change the position-offset of the bunches in a
known way.

3.7 The collimator

When the electrons of a bunch transit the OTR screen a
shower of particles is produced. Directly downstream of
LOLA there are another camera and a lot of electronics
which have to be protected against such showers. For that
purpose, a collimator is installed to absorb the particles.
However a certain amount of particles pass this collimator.
They are able to damage the permanent magnets of the
undulators. To avoid this, other collimators with a much
smaller aperture are installed 3 m downstream of the screen
of LOLA. They are not shown in Fig. 3.1.

The collimator directly behind the screen is a block of
the Aluminium alloy AlMg4.5MnF27. This alloy is very
hard and ensures that the collimator survives high beam-
losses. On-axis of the vacuum chamber there is a bore
hole inside this block with a diameter of 30 mm (technical
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3.7 The collimator

specifications originate from [Sch05]). The unkicked bun-
ches transit the collimator through this hole. The kicked
bunch and the particles produced in the screen enter the
collimator off-axis and are absorbed.
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4 Realization of the synchronization

LOLA is supposed to streak the electrons within a bunch.
The centroid of the charge distribution has to stay nearly
undeflected. This means that the bunch has to enter the
cavity at the zero-crossing of the deflecting RF. Therefore,
a synchronization of the RF and the timing of the acceler-
ator is necessary. The aimed precision is about 100 fs rms,
corresponding to 0.1 deg rms of the deflecting wave. Thus,
a safe assumption on the maximum expected phase error is
≈4×100 fs, which would occur at a probability of <10−5 if
a random error distribution is assumed. At the maximum
RF power of 18 MW, this would cause a maximum, ver-
tical jumping of the bunch of 2.7 mm at the OTR screen.
This corresponds to 16% of the vertical dimension of the
screen. With an additional rms timing-jitter of the bunch
of 100 fs, the vertical jumping will be 23%. The realization
of the synchronization is presented in this chapter.

4.1 The frequency generating setup

All reference and timing signals are derived from the mas-
ter oscillator running at 9.027775 MHz. The 1.3 GHz refer-
ence signal is generated by multiplication with 144 yielding
1.2999996 GHz [Edw95]. Many elements of the VUV-FEL
get a trigger signal which relates to one main trigger event,
generated by the so-called rep-rate generator. This device
excites a signal, synchronized to the 50 Hz of the public
mains and the 9 MHz of the master oscillator. It detects
a zero-crossing of the 50 Hz and waits then for the next
zero-crossing of the 9 MHz. At this moment the trigger
signal is generated in terms of a rising edge. This prevents
fluctuations due to a shifting phase of the mains, and en-
sures a stable phase relation of the beam and the RF of
the acceleration modules. Indeed, it has been found, that
the zero-crossings of the mains jitter by up to 100 µs.

Because the mains is not stable, the distance of the trig-
gers signals vary by ≈ 100 µs.

With this mode of operation, only a partially satisfying
solution (described in Sec. 4.2) of the synchronization of the
2.856 GHz to the master oscillator was possible. Because
there is no multiple of the 9 MHz master oscillator within
the tuning range of the LOLA structure, each beam trigger
occurs at a seemingly random phase of the 2.856 GHz.

To guarantee a proper operation of LOLA, there are in
principle two solutions: The frequency generation could be
restarted with each machine trigger or the machine trig-
ger could be modified such, that there is always an inte-
ger number of cycles of the 2.856 GHz between two macro
pulses.

The first possibility would have offered the most flexi-
bility, but it was considered problematic for the stability
of the reference signal, if the generator would have had to
perform a step-change for each RF pulse. Instead it was
decided to manipulate the trigger generator. It was calcu-
lated that a multiple of 9

11
MHz = 820 kHz is close enough

to the 2.856 GHz so that the tuning was possible with-
out too much effort. Therefore, one input was added to
the rep-rate generator so that it could be synchronized to
9 MHz, 50 Hz, and 820 kHz. The 820 kHz were generated
with a counter module producing one output pulse every

Figure 4.1: Synchronization of the RF with the accelerat-
ing modules. The resulting frequency of 2.859 GHz is a
mixture of the doubled 1.3 GHz, which the accelerating
modules use, and the 256 MHz. The latter is generated
via phase lock loop (PLL). The input of the PLL is the
13th harmonic of the 66th fraction of the 1.3 GHz. A
more detailed description is found in the text.

11th input pulse. [Hue05a]
Fig. 4.1 shows a sketch of the circuit generating a

2.856 GHz signal synchronized to the 9 MHz master oscil-
lator. To generate such a signal, two different frequencies
of 2.6 GHz and 256 MHz are mixed (M1). The advantage
over direct multiplication is the favorable phase noise. A
mixer is an electronic device that multiplies two sine oscil-
lations obeying the formula

sin(f1t+ϕ1)·sin(f2t+ϕ2) =
1

2

�
cos
�
(f1−f2)t+(ϕ1−ϕ2)

�
− cos

�
(f1 + f2)t+ (ϕ1 + ϕ2)

��
. (4.1)

The result are two superimposed signals, the first with a
frequency of the sum of the incoming ones (2.856 GHz) and
the second with the difference (2.344 GHz). We are only
interested in the frequency of 2.856 GHz and cut off the
other one using a bandpass (BP) filter. The phase of the
mixed signal is the sum of the individual phases, and hence
the phase jitter is the sum of the jitter of the individual
signals. This explains the advantage of this method: With
the multiplication method, a signal at 820 kHz would have
to be multiplied by 3480. Every phase noise within the
bandwidth of the PLL would have been multiplied by the
same amount. In the chosen solution the phase noise of the
1.3 GHz is doubled and added with the noise of 19.7 MHz
multiplied by 13. [Hue05a]

To generate two different frequencies which are mixed in
M1, the incoming signal with 144 · 9 MHz = 1.3 GHz is
split (S1). The frequency of one of the resulting signals is
doubled and then led directly to the mixer M1. The other
signal outgoing of S1 is divided by 66. This is accomplished
with counter chips producing a short needle pulse every
66th cycle of the 1.3 GHz. Thus a 19.7 MHz signal with
higher harmonics results.

The 13th harmonic is exactly the 256 MHz we require.
To separate it from the other frequencies and to produce
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4.2 Temporary solution

a clean and noiseless sine wave, a phase lock loop (PLL)
is used: A voltage controlled crystal oscillator (VCXO)
generates a frequency of about 256 MHz. Via an exter-
nal DC voltage this frequency can be fine-tuned. The DC
voltage results from a mixture (M2) of the 13th harmonic
of 19.7 MHz and the 256 MHz generated by the VCXO.
The difference frequency between the 13th harmonic of the
19.7 MHz and the 256 MHz is approximately 0. According
to Eq. (4.1) this results in a low frequency signal propor-
tional to the phase difference between the two. All other
harmonics produce harmonics of 19.7 MHz on the IF-side
[Hue05a]. A low-pass filter is used to only choose the DC
part. The higher the difference of the phases of the two sig-
nals at M2, the higher is the DC voltage and the more the
256 MHz are tuned. The VCXO works as a proportional
regulator in phase and as a integral regulator in frequency
so that the differences of the two input signals at M2 are
minimized. The splitter S2 divides the resulting signal so
that it can be used for the mixture at M1 and thus for the
generation of the 2.856 GHz signal used for LOLA.

4.2 Temporary solution

As described above the 256 MHz are generated by many
multiplications and divisions. The incoming 1.3 GHz fre-
quency is the product of 144 ·9 MHz. Then it is divided by
66 and multiplied with 13. Starting from the 9 MHz the
decomposition of the prim factors of the 256 MHz is

9 MHz · 23 · 3 · 13

11
≈ 256 MHz .

Obviously 256 is not an integer multiple of 9. Therefore, it
was not possible to synchronize the 2.856 GHz to 9 MHz
as long as the synchronization of the master oscillator to
the 9

11
MHz = 820 kHz was not realized.

To be able to take measurements with LOLA anyway, we
had to find another solution. Thus we divided the incoming
1.3 GHz by 432 and obtained 3 MHz with harmonics. The
85th harmonic is about 255 MHz, very close to the desired
256 MHz. The corresponding decomposition of the prim
factors is

9.027775 MHz · 5 · 17

3
≈ 255.786958 MHz .

Of course 255.786958 is also not an integer multiple of
9.027775. But the advantage was that at every third shot
the RF of LOLA was synchronized to the beam. So, we
have had a probability of 1:2 that we hit the bunch at the
right time and kick it onto the off-axis screen. And indeed
if we took ten images at least three of them showed the
bunch.

Besides the poor efficiency the drawback of this solu-
tion was that the harmonics of the 3 MHz are very close.
Therefore, the PLL had difficulties to distinguish between
the different frequencies.

Another point to mention is, that the cavity had to be
modified. The resulting frequency of this configuration was
2.855 GHz. It is smaller than the normal 2.856 GHz. This
means that the wavelength of the RF is oversized with
respect to the geometrical dimensions of the cavity. To
increase its length, the temperature of the cavity was in-
creased.
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5 Calibration measurements

Due to many external influences, systematic deviations
from the ideal functioning of a device occur, which are al-
most impossible to predict. In order to determine the quan-
titative properties of a measuring system such as LOLA,
calibration measurements need to be done.

5.1 Measurement of the RF power of LOLA

As described in Ch. 3, electro-magnetic fields are used to
deflect and to streak the electron bunch. The high power
radio frequency (RF) is generated in a klystron and then
transported to the cavity of LOLA via waveguides. This
transport is afflicted with losses and, therefore, power mea-
surements are necessary. Fig. 5.1 illustrates the principle
of the power measurements. At a reasonable position along
the waveguide, for example in front of the cavity, two holes
are drilled. Thus a very small fraction of the RF is coupled
out. A second, welded waveguide leads the RF to anten-
nas. The holes have a distance of λRF/4, where λRF is the
wavelength of the RF. Due to destructive interference in the
backward direction, power can be measured only at the for-
ward antenna. The backward antenna is useful to measure
the reflected power that travels through the waveguide in
the other direction. The antennas are arranged with a dis-
tance of λRF/4 to the closed end of the waveguide. So, the
reflected electro-magnetic fields from the closed ends and
from the antennas interfere destructively. In this way the
whole power is absorbed. This principle of course can only
work properly at a certain wavelength λRF and harmonics.
[Hue05a]

V V

Waveguide

RF

Forward
Antenna

Backward
Antenna

l/4 l/4 l/4

Figure 5.1: Principle of RF power measurement. A small
amount of RF is coupled out through two holes into a
second waveguide. The distance of λ/4, where λ is the
wavelength of the RF, has the effect that the forward an-
tenna only measures forward power (solid lines) and the
backward antenna only the reflected one (dashed lines).
The antennas are arranged in a distance to the closed
end of λ/4 so that they absorb the whole RF. Using a
potential divider consisting of a diode and a resistor the
amount of power can be measured via a voltmeter.

Using coaxial cable a potential divider, consisting of a
diode and a resistor, is connected to the antennas to mea-
sure the power of the RF. As a diode is a rectifying de-
vice the current flows only in one direction through the
resistor and the diode. The average current is, therefore,
larger than zero despite the alternating voltage. The to-
tal amount of this average current is determined by the
characteristic curve of the diode sketched in Fig. 5.2. The
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IW

VRVD

{ {
W

VRF

Figure 5.2: Characteristic curve of a diode. The shape is
similar to an exponential function. The solid straight
line is the resistance line at a certain total voltage VRF

and resistance R. The intersection points with the axes
denote the current I = VRF

R
and the voltage V = VRF if

the diode was not in the circuit. The intersection point
of diode and resistance line corresponds to the working
point W and, therefore, the working current IW and the
distribution of the total voltage among the resistor VR

and the diode VD. The dashed straight lines are exam-
ples for different VRF and thus for different power of the
RF.

characteristic curve of a diode obeys approximately an ex-
ponential function

IW =
VR

R
∼ exp(VD) , (5.1)

where VR and VD are the voltages at the resistor with resis-
tance R and the diode, respectively, and IW is the current
through the series connection at the working point. We
measure the voltage VR at the resistor and thus indirectly
the current. The power P can then be calculated by

P = I2R . (5.2)

By these relations, we are able to calibrate the set-up
so that it measures the power of the RF. A provisional
pre-calibration is already done by the manufacturer of the
power measuring system described above. The resulting
values are displayed in a control panel. Tab. B.1 contains
the measuring data of the new, more precise calibration
where the values of the display Pdisplay are compared with
the real RF power Preal measured with a network analyzer.
These values originate from [Jon04]. In Fig. 5.3 these data
are plotted. The solid line represents an exponential fit
with the resulting parameters

Preal = 13.3 MW · exp(0.050 · Pdisplay

MW
)−13.5 MW . (5.3)

It is obvious that a measurement at low power is diffi-
cult because of noise and the vanishing current below the
threshold voltage of the diode. To increase the dynamic
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5.2 The phaseshifter
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Figure 5.3: Calibration of the power measurement. Using
a network analyzer the display on the control panel is
compared with the real power in the waveguide. The
corresponding data are listed in Tab. B.1. The solid line
denotes an exponential fit (see Eq. (5.3)). At a power of
15.8 MW the display shows the correct value.

range, a system with two diodes was developed together
with physicists of the SLAC, Stanford, USA [Fri05a].

The power is divided by a directional coupler into two
signals. One of them is attenuated by 10 dB. After another
attenuation of 8 dB the diode module used for the high
power measurement is connected. The other output of the
directional coupler is attenuated by 3 dB and filtered using
a low pass filter. It is then followed by the diode module
for the low power measurement.

Thus, the low power diode is supplied with a greater frac-
tion of the RF power than the other. Its output signal in-
creases very strongly and saturates at a certain power. The
output of the high power diode increases more slowly and
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Figure 5.4: Calibration of the power measurement using
two diodes. On the abscissa the real power is plot-
ted. This scale is obtained using the calibration made
by [Jon04] (see Eq. (5.3)). The solid lines denote the
linear fits which are used for power calculation. The low
power diode exhibits a steeper slope than the high power
diode and saturates.

does not saturate. Fig. 5.4 shows the behavior of the diodes
and the corresponding linear fits. The data are scaled for a
better comprehension. The correct equations used to cal-
culate the power in the cavity are

Low power diode :

P = (−1.88 · 10−4 ·Olow + 1.36) MW (5.4)

High power diode :

P = (−2.48 · 10−3 ·Ohigh + 20.87) MW , (5.5)

where P is the power and Olow and Ohigh are the output
signals at the low and high power diode with arbitrary
units.

5.2 The phaseshifter

It is not only necessary to know the power of the RF in
LOLA, but also its correct phase. Sec. 3.1 describes how
the deflection of the particles works. One can see that only
at two special phases of a period the bunch is streaked with-
out deflecting the center of mass. Therefore, between these
points, called zero-crossing, the whole bunch is kicked. If
the RF power is constant the strength of the kick depends
on the phase. The position of the bunch can be measured
with a beam position monitor (BPM). Fig. 5.5 shows a
scan where the phaseshifter is moved over its full range
and where the position is measured with BPM 2 (Fig. 3.1)
located 4 m behind the center of the cavity (see Ch. 3).
The set values correspond to a provisional calibration of
the phase shifter.

This scan was made before the synchronization of the
RF worked properly (Sec. 4.2). The probability to kick a
bunch at the correct phase was 1:2. So, if one bunch would
enter the cavity at a phase of 0 deg, the other two phases
bunches sometimes experience are 120 deg and 240 deg.
Therefore zero crossing with a spacing of 60 degrees is to
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Figure 5.5: Vertical kick vs. RF phase. For several phases
of the RF of LOLA the vertical position of the bunch
behind the cavity was measured using the beam position
monitor BPM 2. To determine the zero-crossings, lin-
ear fits are made (solid lines). The data used for these
fits are encircled. The other data points should not be
trusted. They originate from secondary particles which
are produced by kicking the bunch at the vacuum cham-
ber. The zero-crossing data are plotted in Fig. 5.6.
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5 Calibration measurements
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Figure 5.6: Expected zero-crossing distances vs. RF phase
at the display on the control panel. The data originate
from the zero-crossings of the fit-lines in Fig. 5.5. The
correct distances between them should amount to 60 deg.
The ordinate is adjusted so that the data points exactly
have these distances. The solid line represents an expo-
nential fit (see Eq. (5.6)).

be expected. However, at higher phases these distances
become smaller.

Fig. 5.6 reveals the behavior of these distances between
the zero-crossings. The data points are the zero-points of
the straight lines obtained by linear regressions using the
circled points in Fig. 5.5. The abscissa of Fig. 5.6 shows the
phase given by the phase shifter display. The scale of the
ordinate is adjusted so that the data points have a distance
of 60 deg. Many χ2-fits were made and an exponential
function yielded the best provisional results

ϕreal = 280 · exp (0.00400 · ϕshifter) + offset . (5.6)

This was the first indication that the phase shifter does
not work properly. A more precise measurement has been
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Figure 5.7: Behavior of the phaseshifter measured with a
network analyzer. The real phase is plotted vs. the phase
the display on the control panel shows. The data are
listed in Tab. B.2. The solid line represents an exponen-
tial fit (see Eq. (5.7)).

done using a network analyzer. The obtained values are
listed in Tab. B.2 and plotted in Fig. 5.7. The fit delivers
the function

ϕreal = 236.5 · exp (0.00431 · ϕshifter)− 245.6 . (5.7)

This equation is used to set and to measure the correct
phase.

5.3 Correlation between the dimensions of
OTR screen and CCD camera

When the bunch is imaged at a CCD chip the units of the
picture are pixels. The CCD camera produces pictures with
a size of 640 pixels vertically and 480 pixels horizontally.
The CCD camera needs to be calibrated in order to know
the conversion between pixels and millimeters.

For that purpose, the screen holder, to which the screen
is mounted, is equipped with calibration marks. To get
them into the field of view of the camera, one has to move
the screen holder down. Fig. 5.8 shows a resulting photo-
graph. In the upper half one can see four of the calibration
marks. These are boreholes with a distance of 5 mm be-
tween each other. In the lower half there are two screws the
screen is mounted with. At the bottom of the photograph
the screen is visible which has a range from 120 to 330 px.

The field of view is illuminated using a common lamp.
The resulting reflections at the edge of the holes are very
advantageous. Using a small part of the image containing
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Figure 5.8: A photograph of the screen holder showing the
calibration marks. In the upper half there are four bore-
holes with which the calibration is done. The distance
between them amounts to 5 mm. Horizontally the ob-
servable distance is shortened by a factor of

√
2 because

of a 45 deg tilt with respect to the vertical axis. In the
lower part two screen-holding screws and the top margin
of the screen itself are visible.
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5.4 Position dependence of the sensitivity at the OTR station
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Figure 5.9: Position dependence of the OTR intensity col-
lected with a CCD camera. The data points are acquired
by adding up the values of all the CCD pixels of one
image. Only images showing the whole bunch are con-
sidered. The abscissa shows the centers of mass of the
vertical positions. The solid line denotes a third order
polynomial fitted to these points. The data are normal-
ized with respect to the maximum of this fit curve.

only two holes, we calculated the vertical or horizontal pro-
file. The two maxima of the profiles denote the positions
of the reflections. Their distance give the amount of pixels,
that corresponds to 5 mm at the screen.

Attention should be paid to the fact that the screen is
tilted horizontally by an angle of 45 deg. Therefore, the
observed horizontal distance between the marks is short-
ened by a factor of

√
2. The results of the measurements

are

Vertical : 1 px
∧
= (25.8± 0.2) µm (5.8)

Horizontal : 1 px
∧
= (26.8± 0.2) µm . (5.9)

The horizontal value is larger than the vertical. This indi-
cates that the tilt may not be exactly 45 deg but 47.1 deg.

5.4 Position dependence of the sensitivity at
the OTR station

According to the emission characteristics of transition ra-
diation (see Sec. 5.4.1) its intensity observed with a camera
depends on the position of its origin at the OTR screen.
The observable vertical size of the screen is about 16 mm.
The bunch is streaked only vertically and usually spans
the whole screen. Thus the position dependence of the
radiation collected by the camera is not negligible in this
dimension. Due to the small absolute width of the bunch
of about 1-2 mm, the horizontal position dependence of the
intensity was not investigated.

Using a weakly streaked and horizontally centered bunch
we made a scan where the vertical position of the bunch at
the LOLA OTR screen was changed by varying the phase
of the RF. First the bunch was streaked in a way that its
head was at the bottom and its tail at the top of the image.
Then images were taken at several positions at the screen.
Second the bunch was flipped by changing the phase of
about 180 deg and the procedure was repeated.

The resulting images are two-dimensional matrices with
each entry containing a value correlated to the radiation
intensity absorbed by the corresponding pixel of the CCD.
After subtracting the background image1 all the entries
were added up. The resulting value denotes the intensity
which is plotted as a data point in Fig. 5.9 after normal-
ization. The corresponding position was calculated as the
center of mass (cm).

If we consider only the error of the normalized intensity
that is caused by the noise at the images it would be σI =
0.0032. This is much too small. Caused by charge jitter,
beam-losses and various other error sources the error must
be at least 5 times larger. To preserve the clarity of the
plot, the errors are not shown in Fig. 5.9.

The solid line in Fig. 5.9 results from a fit of a third
order polynomial. The data points and the fitted curve are
normalized with respect to the maximum of this curve. In
this way we can compare them to the theoretical values
described below. The normalized polynomial is given by
the equation

Inorm = −1.49 · 10−4p3 − 6.90 · 10−3p2

+ 1.78 · 10−1p+ 6.19 · 10−2 , (5.10)

where Inorm is the normalized intensity and p the vertical
position at the screen in mm.

While the screen spans from 0 mm to 16.6 mm, the di-
agram shows only data points from 2 mm to 14 mm. The
reason is the finite expansion of the spot. To guarantee that
we sum over the whole bunch to calculate the intensity,
images containing only a part of the bunch are rejected.
The marginal values are extrapolated using the obtained
fit curve Eq. (5.10).

All images taken after this calibration are corrected by
division by this curve. Therefore, the noise at the top and
at the bottom of the images is increased (see Fig. 6.1).

5.4.1 Comparison with theoretical values

Transition radiation is emitted when a charged particle tra-
verse two media with different dielectric constants ε. The
radiation is emitted in forward and backward direction.
Ginzburg and Frank predicted this first in 1945 [GF45].
Assuming a perfect vacuum (ε1 = 1) and a perfect re-
flecting metal surface (ε2 = ∞) the radiated energy per
frequency interval of the radiation dω and per solid angle
dΩ obeys the following distribution

d2W

dωdΩ
=

e2

4π3ε0c

β2 sin2 ϑ

(1− β2 cos2 ϑ)2
, (5.11)

where e is the elementary charge, ε0 the dielectric constant
and β = v/c with c the velocity of light and v the veloc-
ity of the electron. The angle ϑ is defined between the
specular reflection of the moving direction of the particle
for backward radiation or the continuative trajectory for
forward radiation and the direction of view. For particles
with ultra relativistic energy (β ≈ 1) even at an angle of
incidence of 45 deg the radiation characteristic is rotation-
ally symmetric and the maximum intensity occurs at an
angle of

ϑmax =
1

γ
, (5.12)

where γ is the Lorentz factor of the particle. Eq. (5.11) also
reveals that there is no dependence on the frequency ω of

1 Background image - An image without beam that contains the
secondary effects originating in the accelerator, e.g. darkcurrent.

23



5 Calibration measurements

J1

J2

j1
j2

a

p

CScreen

CLens

Lens

RTO

Screen

Reff

Figure 5.10: Examples for integration of OTR using spheri-
cal angles. At the vertical position p at the screen (back-
ground) transition radiation originates and enters the
lens (front). OTR is axially symmetrical. The figure
shows the corresponding angles ϕ for two different open-
ing angles ϑ. To calculate, how much radiation enters the
lens, we have to integrate over the lens and ignore the
radiation that passes it. So, at a small angle ϑ1 we could
integrate ϕ1 over the whole circle. If the opening angle
exceeds a certain limit like ϑ2 the integration boundaries
of ϕ2 are determined by the interception point of the lens
and the circle of the OTR. So, ϕ2 has to be integrated
over the dashed circular arc.

the emitted light. Thus there are no corrections necessary
if we only consider the optical fraction of the radiation
(λ ≈ 400−800 nm). For an overview of transition radiation
see [Gei99].

A certain fraction of the radiation enters the objec-
tive of the camera and is absorbed at the CCD surface.
Each pixel delivers a signal proportional to the number
of photons it absorbs. The spectral response of the CCD
can be neglected for our purpose. The energy distribu-
tion of the radiation is given by Eq. (5.11). To calculate
the total amount of energy per frequency-interval collected
by the camera, we have to integrate over the solid angle
dΩ = sinϑdϑdϕ.

The integration boundaries for an integration over ϑ and
ϕ are very complicated to define. Fig. 5.10 reveals the
difficulties which would arise if we integrated in spherical
coordinates: The emission characteristic is axially symmet-
rical. So, for small ϑ like ϑ1 we were able to integrate ϕ1

over the full circle. But if ϑ exceeded a certain limit like
ϑ2 the circle for ϕ2 is cut by the contour of the lens of
the objective. The corresponding integration boundaries
are, therefore, dependent on ϑ and Reff . In addition, these
boundaries are different for each vertical position p of the
radiation source. So, we decided to carry out a coordinate
transformation.

For that purpose, we have to adapt Eq. (5.11) to the
setup of the imaging system. The spherical angles ϑ and ϕ
are transformed to cylindrical coordinates r, α and z which
are related to the lens of the objective of the camera (see

a

j J
r

a

p

z

x

CScreen

Lens

Sphere
OTR

Screen

CLens

Reff

x

Figure 5.11: Coordinate transformation from spherical to
lens-parameters. The optical transition radiation (OTR)
originates at the screen at the vertical position p and
penetrates first the lens plane and then the sphere. The
spherical parameters ϑ and ϕ are substituted by the new
parameters (r,α,z), which relate to the lens. The pene-
tration point of the sphere determines the z coordinate.
The spherical angles are independent of z. Thus the sur-
face of the sphere is projected onto the lens plane. The
distance between the center of the lens CLens and the
center of the screen CScreen amounts to a = 600 mm. A
horizontal offset of the screen to the symmetry axis of
the lens is not in the drawing.

Fig. 5.11). The big advantage of this coordinate transfor-
mation is that the integration boundaries are well defined.
We integrate r from 0 to the effective radius Reff , which is
given by the aperture within the objective, and α from 0
to 2π. For every vertical position p the angles ϑ and ϕ can
be expressed by only r and α:

ϑ(r, α, p) = arcsin

 s
(r sinα− p)2 + (r cosα)2

(r sinα− p)2 + (r cosα)2 + a2

!

(5.13)

ϕ(r, α, p) = arcsin

 
r sinα− pp

(r sinα− p)2 + (r cosα)2

!
,

(5.14)

where a is the distance between the OTR screen and the
lens of the camera and p the vertical position of the radia-
tion source at the screen. In this way we project the surface
of the sphere around the radiation source along the OTR
rays onto the lens plane. An integration over the whole
lens plane has the same result as an integration over the
corresponding solid angle.

Now we have to convert the infinitesimal angles dϑdϕ
using the Jacobian determinant |J |

dϑdϕ=

�����∂
�
ϑ(r, α, p), ϕ(r, α, p)

�
∂(r, α)

����� drdα=
��J(r, α, p)

��drdα .

(5.15)
So, the whole integral, dependent on the respective vertical
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Figure 5.12: Comparison of measured intensity with the-
oretical predictions. The thick solid line represents the
fit to the measured data already shown in Fig. 5.9. The
theoretical curves are calculated for several effective lens
radii Reff and horizontal offsets xoff . Each curve is di-
vided by its own maximum to normalize it and make it
comparable. The asymmetry and the fact that the max-
ima are not located at the middle of the screen, indicate
that the lens of the objective and the OTR screen are
not parallel to each other.

position p, results in

dW

dω
(p) =

e2

4π3ε0c

Z 2π

0

Z Reff

0

β2 sin2 ϑ(r, α, p)

(1− β2 cos2 ϑ(r, α, p))2

· sinϑ(r, α, p)|J(r, α, p)|drdα . (5.16)

This double integral was only solvable by numerical inte-
gration. We used the standard operation NIntegrate of
Mathematica without any specifications ([Beu05]).

In addition, we considered a horizontal offset xoff of the
screen to the symmetry axis of the lens. Due to the ro-
tational symmetry of the OTR the vertical position p can
easily be substituted by

p −→
q
p2 + x2

off . (5.17)

A comparison of the measured data with the calculated
ones is shown in Fig. 5.12. The diagram displays the nor-
malized fit (black solid line) of the measured data as al-
ready shown in Fig. 5.9. The other lines represent the
normalized theoretical calculations with different assumed
effective lens radii Reff and horizontal offsets xoff . The
real, effective radius of the objective was set to 12.5 mm
(see Sec. 3.3). At Reff = 12.5 mm and xoff = 12 mm the co-
incidence between experimental and theoretical curve near
their maxima is best; on the fringes they diverge. The
asymmetry of the experimental curve and the offset of its
maximum (at 9.8 mm) to the middle of the screen (at
8.3 mm) indicate that the camera and the OTR screen
are tilted with respect to each other.

5.5 The longitudinal resolution

To reveal the longitudinal properties of a charge distribu-
tion, it is streaked vertically and then imaged on an OTR

screen. Depending on the power of the radio frequency
(RF) in the cavity the strength of this streak varies. In
order to measure the bunch length in femto-seconds, the
imaging system needs to be calibrated, and the procedure
used is described in this section.

Assuming two particles with a certain distance enter the
cavity on the axis of the vacuum chamber one after the
other. The phase of the RF the particles experience are
different. With a velocity v ≈ c and a longitudinal dis-
tance dlong, the phase difference ∆Φ according to the RF
frequency f amounts to

∆Φ = 2π · dlong

c
f
∧
= 360 deg · dlong

c
f . (5.18)

Therefore, the deflecting electric fields the particles experi-
ence is different. Fig. 5.13 shows a possible situation. Since
the RF of LOLA is a travelling wave with a phase veloc-
ity vp = c (see Ch. 3) the particles experience a constant
deflecting force due to the co-propagating electro-magnetic
field. When the two particles arrive at the OTR screen
they have a vertical distance that is proportional to their
longitudinal distance. This is only valid if the particles
are located within the linear range of the sine, but in the
normal operation mode of LOLA this can be assumed.

To calibrate the correlation between the vertical posi-
tion on the screen and the longitudinal position within the
bunch, the phase dependent deflection of the bunches is
measured. By changing the phase of the RF the bunch
moves over the screen. At several phases 10 images were
taken. Then the vertical profile of each image (see Fig. 6.1)
was calculated. The maxima of the profiles were used as a
secure reference for the position variation at the screen.

Fig. 5.14 shows the result of this calibration. The vertical
position in pixels of the CCD camera is plotted vs. the
phase of the RF in degrees. Each data point is the mean
of 10 values resulting from 10 images which were taken per
phase. The corresponding standard deviations are shown
as error bars. The solid line denotes a linear fit yielding to
the equation

p = (73.7± 3.9)
px

deg
· Φ + (544± 13) px , (5.19)

where p is the position at the screen and Φ the phase of
the RF. Using Eq. (5.18) and Eq. (5.19) we are able to
calculate the resolution r

r =
1

(73.7± 3.9) px/deg
· 1

360 degf
= (13.20± 0.70)

fs

px
,

(5.20)
where f is the frequency of the RF. Depending on the given
problem it may be more advantageous to consider the ar-
rival time or the longitudinal position within the bunch.
For the conversion the values can be multiplied with the
velocity of the particles which usually is c.

Of course, the calibration given by Eq. (5.20) corre-
sponds to a certain RF power.We have to qualify the power
while this calibration was made, to calculate the resolution
at arbitrary power. For that purpose, we took another
series of measurements beforehand.

First we increased the setpoint on the control panel so
that the power display showed 15.8 MW. We know from
the power calibration described in Sec. 5.1 that this is also
the real power. Then we connected a reference signal of
the RF of LOLA with an oscilloscope. In this connection
we installed a couple of attenuators so that the signal at
the scope was in a suitable range. Then we decreased the
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Figure 5.13: Principle of resolution calibration. a) Two
electrons e1 and e2 enter the cavity on axis (dashdotted
line). Their and the RF ’s phase velocity are equal to
the velocity of light c. The wavelength of the RF spans
three cells of the cavity. b) The longitudinal distance
dlong between the particles determines the phase differ-
ence with respect to the RF and thus the difference of
the electric field E. c) In this example the electric field
that e1 experiences is negative. Therefore, the deflection
occurs upward. e2 enters the cavity at a zero-crossing
and undergoes no deflection. d) After the electrons have
left the cavity, the motion is straight. They strike the
screen with a vertical distance dver and produce optical
transition radiation (OTR), that is imaged with a CCD
camera. So, the vertical distance at the screen is corre-
lated with the longitudinal distance.

attenuation by removing one of the attenuators. There-
fore, the signal at the scope increased. We decreased the
reference signal by readjusting the setpoint of the power of
the RF so that the scope showed the same level as before.
Tab. B.3 lists the iterations. The amount of the attenua-
tion is well known. Thus we are able to calculate the power
of the RF at the different setpoints.

For the calibration described above we chose the setpoint
at 0.848. The attenuation amounted to 15.826 dB. The
measurement started at a power of 15.8 MW and an atten-
uation of 26.066 dB. Thus the power Pref we used for the
resolution calibration and as reference power in Eq. (5.22)
amounts to

Pref = 15.8 MW · 10(15.826−26.066)dB/10 = 1.50 MW .
(5.21)

Now we are able to calculate the resolution at arbitrary
RF power. We know that the acceleration of a charged
particle within an electric field is proportional to the volt-
age V . The corresponding power P is proportional to V 2.
Thus the resolution r at an arbitrary power P is calculated
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Figure 5.14: Dependence of the RF phase on the vertical
position of the electron beam at the screen of LOLA. The
data are the means of the maxima of the longitudinal
bunch profiles. The errorbars denote the corresponding
standard deviations. The solid line denotes a linear fit
according to Eq. (5.19). By changing the phase of the
RF the bunch travels vertically over the screen.

by

r = rref ·
r
Pref

P
, (5.22)

where rref is the reference resolution originating from
Eq. (5.20).

The maximum input power of the cavity, amounts to
Pmax = 18 MW. The corresponding maximum resolution,
achievable with LOLA, is rmax = 3.81 fs/px.

The measured intensity distribution is a convolution of
the streaked longitudinal and the vertical beam distribu-
tion. Assuming a Gaussian beam distribution in both the
y and l direction, where y and l are the vertical and longi-
tudinal coordinates, respectively, the measured beam size
σmeas can be expressed by

σ2
meas = σ2

vert + σ2
long . (5.23)

Here σvert is the vertical and σlong the longitudinal rms
beam size.

To minimize the influence of the transverse profile, the
bunch can be focused at the screen using the quadrupole
2 in front of LOLA (see Fig. 3.1). Considering the whole
bunch, the design values for the vertical beta function β
at the position of the screen and the vertical, normalized
emittance εn are [Gol05]

β = 73.7 m

εn = 2 π ·mm ·mrad .
(5.24)

With an energy of the bunch of 445 MeV, the vertical fo-
cussing function K of the quadrupole and the theoretical,
vertical bunch width σvert amount to

K = −1.19 m−2

σvert = 412 µm .
(5.25)

According to Eq. (2.23), the vertical beam width can be
minimized by minimizing the beta function. This means,
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5.5 The longitudinal resolution

the optimum focusing function of the quadrupole has to be
found. The optimum values are

βopt = 5.62 m

Kopt = −1.09 m−2

σvert,opt = 114 µm .

(5.26)

To reduce the measuring errors, the beam optic should be
changed in this way. But this is in conflict with the normal
operation of the FEL.

In the upper estimation, the emittance is assumed as
constant. Due to disturbing effects as for example wake
fields, the emittance increases along the accelerator and
depends on the beam optics. The vertical beam width
is dependent on the vertical emittance (see Eq. (2.23)).
Therefore, the error in the measurements of the longitudi-
nal bunch shape increases with increasing emittance.

Assuming a vertical beam size as given in Eq. (5.26),
the corresponding unstreaked bunch width will span
114 µm/(25.8 µm/px) = 4.42 px of the CCD. Therefore,
the spike has to have at maximum streak a longitudinal
length of at least 4.42 px. The measured bunch width will
then be

σmeas =
q
σ2

vert + σ2
long =

√
2 · 4.42 px = 6.25 px . (5.27)

This means, that the spike length has to be at least

σlong = 4.42 px · 3.81
fs

px
= 16.8 fs , (5.28)

to be resolvable. This is the maximum, theoretical resolu-
tion of the spike length obtainable with LOLA.
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6 Measurements

6.1 Longitudinal charge distribution

In this section, the measurement of the longitudinal charge
distribution is presented, by means of a measurements with
different RF input power at LOLA, resulting in different
streaks of the bunch. The general procedure of evaluation
of data obtained with LOLA is also discussed.

At the considered measurement the beam energy at
LOLA amounted to 445 MeV. The charge of the bunches
was up to 0.87 nC. The phase of ACC1 was set to −7.8 deg
off-crest, the phase of ACC2/3 to an unknown value.

Fig. 6.1 shows images (upper part) of the streaked bunch
at different RF power in LOLA. The images show the color-
coded intensity on the OTR screen as measured with the
CCD (see Sec. 3.3). The colorbar at the right of Fig. 6.1
denotes this color-code.

As discussed in Sec. 5.4, the sensitivity of the optical
setup depends on the vertical position of the origin of
the radiation. Therefore, the images are corrected using
Eq. (5.10). A side-effect of this correction is an increased
noise towards the top and the bottom of the image.

The vertical axis shows the longitudinal coordinate of
the bunch in units of pico-seconds. With increasing power,
the streak increases and the scale of this axis is stretched.
The horizontal axis denotes the millimeters at the screen of
LOLA. The total horizontal size of the images taken with
the camera of LOLA amounts to 12.9 mm. Because of the
small width of the electron bunch it is possible to select a
region of interest which is considerably narrower than the
screen width. This reduces the noise of the vertical profiles.

The vertical profiles are presented in the lower part of
Fig. 6.1 (solid lines). A profile is the sum of the intensities.
In this figure they are normalized to the maximum height
of the left profile.

The profiles are used to measure the vertical width of
the spike at the OTR screen. One possibility is to fit a
Gaussian curve (thick, dashed lines) into the head region.
Then the width of the Gaussian denotes the width of the
spike. At some measurements the shape of the bunch fails
a Gaussian fit. For example at the measurements presented
in the next section, the bunch exhibits a double-spike struc-
ture (see Fig. 6.4). In such cases, the FWHM1 is measured.
The arrows in Fig. 6.1 denote the FWHMs of the presented
profiles.

In Fig. 6.2 the averages of the Gaussian widths and the
FWHMs are shown, which result from the evaluation of 10
images at each setpoint of power. The corresponding stan-
dard deviations are represented as errorbars. The data
points are connected for clearness reasons. The vertical
axis shows femto-seconds, according to the calibration pre-
sented in Sec. 5.5. The width of the spike gets smaller with
increasing power and seems to saturate.

This behavior is a result of the convolution of the longi-
tudinal and the transverse profile. In case of Gaussian dis-
tributions, the measured spot-size is given by Eq. (5.23).
At small streaks, the transverse size of the spike dominates
the spot-size measured on the screen. Its contribution con-
verted into femto-seconds is large at small streaks and de-

1 FWHM - Full Width Half Maximum
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Figure 6.1: Bunch shape and longitudinal profiles at dif-
ferent RF power. The upper part shows images taken
with the camera of LOLA at different RF input power.
The streak increases from left to right. The lower part
shows the longitudinal profiles (solid lines) of the upper
images. The height of the profiles is normalized to the
height of the left one. The dashed lines represent fits of
a Gaussian curve. The arrows denote the FWHM of the
spike.

creases with increasing RF power. Therefore, the values in
Fig. 6.2 approaches to the correct longitudinal spike length.

The Fig. 6.3 shows the measured width of the spike taken
from the same set of data as Fig. 6.2. The vertical axis
shows µm at the screen. The deflecting voltage of the RF
at the horizontal axis is calculated using Eq. (2.73). The
dash-dotted lines in the figure belong to the values of the
FWHM and the dashed lines to the Gaussian widths. The
thick lines represent fits using the equation

σmeas =

r
σ2

vert +
�
σ′long · VRF

�2

. (6.1)

This equation results from Eq. (5.23) considering the linear
dependence of the longitudinal spike width at the screen
σ′long from the deflecting voltage VRF . This dependence is
suggested by the linear increase. The vertical spike width
σvert is constant and is represented by the straight, hor-
izontal lines. The intersection point is at a voltage of
9.3 MV. Here the vertical and the longitudinal spike widths
are equal.
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6.1 Longitudinal charge distribution
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Figure 6.2: Spike width in fs vs. RF power. The “×” repre-
sent the FWHMs and the “◦” the Gaussian widths. The
standard deviation is shown as errorbars. The points are
connected to guide the eye.

The absolute longitudinal spike width σlong can be cal-
culated by

σlong = σ′long · C , (6.2)

where C is a constant obtained in the following way:
The dependence of the streak on the power is given by
Eq. (5.22). The reference resolution rref is divided by the
calibration constant of Eq. (5.8). In addition, we con-
vert the reference power Pref into deflecting voltage using
Eq. (2.73) and get

C = 13.20
fs

px
· 1

25.8 µm/px
· 1.6 MV · 3.64 ·

√
1.50

= 3.65
MV · fs
µm

.

(6.3)
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Figure 6.3: Spike width in µm at the screen vs. deflecting
voltage. The “×” represent the FWHMs and the “◦” the
Gaussian widths. The standard deviations are shown as
errorbars. The thick lines represent fits using Eq. (6.1).
The thin lines are results of the fits and represent the
vertical (horizontal line) and the longitudinal spike width
(increasing line).

The resulting longitudinal spike width is then

FWHM: σlong = (137± 14) fs (6.4)

Gaussian width: σlong = (55.0± 5.5) fs . (6.5)

In Sec. 2.2.1 we calculated an bunch length of 26 fs with
an energy spread of 5 keV (see Eq. (2.49)). We measured
a Gaussian width of 55 fs. This discrepancy may be due to
an larger energy spread than assumed or CSR effects which
are not considered in the estimation.

The corresponding vertical spike width amounts to

FWHM: σvert = (349± 35) µm (6.6)

Gaussian width: σvert = (139± 14) µm . (6.7)

The errors result from the data value with the largest stan-
dard deviation which is about 10% of the mean value. The
errors of the fit parameters should be smaller.

The considerations shown here can be expanded and be
automatized by doing a tomographic reconstruction. This
is foreseen for the near future.
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6 Measurements

6.2 ACC1 phase scan

As mentioned in Sec. 2.2 the compression of the bunch
depends on its energy chirp. Dependent on the phase of
the RF, the slope of the energy chirp changes. This results
in a different compression of the bunch. In this section
the longitudinal bunch shape and the bunch length as a
function of the RF phase of ACC1 is studied.

6.2.1 Data analysis

The off-crest phase φ0 of the RF of the first acceleration
module ACC1, upstream of the bunch compressors, was
changed from −2.0 deg to −13.5 deg in steps of 0.5 deg. At
each step, 10 images were taken. The average background
was subtracted and the vertical position dependence of the
OTR was corrected, according to the correction function
described in Sec. 5.4. In Fig. 6.4 the resulting longitudinal
charge distributions and the corresponding profiles at off-
crest phases of −6.5 deg to −13.5 deg are shown. The pro-
files are normalized with respect to their maximum. The
compression of the bunch increases with decreasing φ0. In
the range from−2.0 deg to−6.5 deg no spike is visible. The
evaluation of these images was, therefore, not reasonable
and was omitted.

The spike length was obtained by measuring the full
width of the half maximum (FWHM). The dashed lines in
the image at φ0 = −7.0 deg illustrate this. At larger com-
pression phases a double spike has formed. The measured
value for the bunch length spans both spikes as illustrated
in the last image of Fig. 6.4.

In Fig. 6.5 the average of the bunch lengths is plotted as
a function of φ0. The corresponding standard deviations
are shown as errorbars.

6.2.2 Comparison with simulations

There are two simulations which predict the bunch length
and bunch shape in the VUV-FEL, done by [Kim05] (for
input-files and results see [Kim05a]) and [Doh05]. For the
simulation from the gun up to the beginning of the first
bunch compressor (BC2), both use the ASTRA2-code. Ad-
ditionally, the wakefields arising in ACC1 were taken into
account by [Doh05].

ASTRA [Flo00] computes the development of electron
bunches, considering space-charge effects. Especially at low
energies, this effect influences the bunch remarkably.

ASTRA solves the equations of motion numerically, be-
ginning with the production of the electrons within the
photocathode gun. According to the given profile of the
laser producing the electrons, the resulting charge distri-
bution has a certain shape. The electric and magnetic
fields and the resulting forces at this electron bunch are
computed for each time-step in a grid (PIC3-code).

Coherent synchrotron radiation (CSR) is difficult to sim-
ulate. ASTRA is not able to calculate CSR effects. The
further calculation made by [Kim05] is based on ELE-
GANT (for software and documentations see [Bor05]) and
is done up to LOLA. The simulation of [Doh05] was done
via CSRTrack (see [Doh04], [Doh00], [Doh03]) for the
calculation within the bunch compressors. For the de-
velopment of the charge distribution between the bunch
compressors, including the accelerator modules ACC2 and
ACC3, transfer-matrices considering wakefields were used.

2 ASTRA - A space-charge tracking algorithm.
3 PIC - Particle in-cell.
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Figure 6.4: Beam images and longitudinal profiles at differ-
ent compressions. The ACC1 phase offset increases from
the left to the right and from the top to the bottom. The
corresponding off-crest phase φ0 is given in the title of
each image. The vertical axes show the longitudinal di-
mension in femtoseconds. The horizontal axes denote
the horizontal position at the screen of LOLA. Since a
spike is not visible until φ0 = −7.0 deg the corresponding
measurements are not evaluated.
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Figure 6.5: The bunch length at different compressions.
The FWHM in femtoseconds of the longitudinal profiles
(Fig. 6.4) are plotted vs. the RF phase of ACC1 with
respect to on-crest. The “×” denote the mean of 10
measurements. The errorbars show the corresponding
standard deviations. The “+” originate from the simu-
lation [Kim05] and the “◦” from the simulation [Doh05].
The data points are connected to guide the eye.

After the second bunch compressor (BC3) the calculation
was stopped. So, the whole path up to LOLA including the
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6.2 ACC1 phase scan
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Figure 6.6: Comparison of measured and theoretical longi-
tudinal profiles of [Kim05]. The head of the bunch is at
earlier time region. The dashed lines denote the simula-
tion. The solid lines originate from Fig. 6.4. The maxima
of the profiles are normalized by their maximum.

last accelerator modules ACC4 and ACC5 was excluded.
In both calculations the phase of ACC2 and ACC3 was
set to on-crest, so that an additional shaping of the energy
distribution is not expected.

An important issue, not considered by the simulations
after ACC1, is the effect of interaction of the electrons
caused by space-charge. In the used simulation codes this
feature is not implemented. At high energies space-charge
effects are negligible for the transverse properties of the
bunch but they influence it longitudinally.

The Fig. 6.6 compares directly the profiles of the simu-
lation [Kim05] with the profiles, obtained by the measure-
ment. The measured profiles are also shown in Fig. 6.4.
At small compressions, meaning at higher off-crest phases,
the shape obtained by the simulation (dashed lines) and by
the measurement (solid lines) agree. At φ0 = −10.0 deg, a
second spike is visible. In the simulation the second spike
grows out of the tail with decreasing phase at a nearly
constant distance of about 100 fs with respect to the first
one. In the measurement, the spike splits up into two
spikes. The second one departs from the leading spike so
that the bunch length increases with decreasing off-crest
phase. This tendency does not agree with this simulation.
As also shown in Fig. 6.5 the bunch lengths disagree at
φ0 < −10.0 deg.

The comparison with the other simulation [Doh05] is
shown in Fig. 6.7. In agreement with Fig. 6.6, the sec-
ond spike grows out of the tail starting at φ0 = −10.0 deg.
But the distance to the leading spike (top) is about 300 fs.
Therefore, the bunch length is in good agreement with the
measurement at higher compressions at φ0 < −11.0 deg
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Figure 6.7: Comparison of measured and theoretical longi-
tudinal profiles of [Doh05]. The head of the bunch is at
earlier time region. The dashed lines denote the simula-
tion. The solid lines originate from Fig. 6.4. The maxima
of the profiles are normalized by their maximum.

(see Fig. 6.5). The tendency of the measured bunch length,
to decrease first and then to increase with increasing phase
offset, is in agreement with this simulation.

Another difference between the simulations is the slope
of the leading head region of the bunch. In Fig. 6.7 the
slope increases more gently. This disagrees with the LOLA
measurements. The simulated profiles may be smoothed
to much. Additionally, it is to mention that in Fig. 6.6 the
second spike vanishes at φ0 6 −15.0 deg, while it persists
in the other simulation.

6.2.3 Discussion of the results

During the evaluation of the measured data, it turned out,
that unfortunately the RF of ACC2 and ACC3 was not set
to the on-crest phase. This means that the longitudinal
phase-space of the beam was impressed additionally with
an energy modulation within these acceleration modules.
Therefore, the shape of the bunch obtained in the simu-
lations does not precisely reflect the situation during the
measurement.

Fig. 6.4 reveals some interesting properties of the bunch:
After a spike has formed at the first time at an off-crest
phase of −7.0 deg in ACC1, it gets narrower and higher up
to φ0 = −8.0 deg, with respect to the tail. The bright spot
in the head denotes a high charge-density (refer to the col-
orbar). Here the bunch length is minimal and amounts to
(114± 18) fs at FWHM. In comparison to the simulations,
this minimum bunch length occurs at a higher off-crest
phase. Probably, this is an effect of the additional energy
modulation caused in ACC2 and ACC3. This modulation
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6 Measurements

could cause an over-compression. The result would be, that
this single spike gets wider and loses height, as visible up
to −9.0 deg.

At φ0 = −9.5 deg, we see a double spike in the profile at
the first time. The pictures suggest, that the second spike
seems to accumulate charges of the tail. In addition, the
spike gets more and more narrow while its charge-density
increases. Due to the increasing energy chirp produced in
ACC1, the tail gets shorter up to φ0 = −12.5 deg. The
distance of the two spikes increases, therefore, the FWHM
increases. At this phase the length of the spike in the
head of the bunch is maximal and amounts to (456± 5) fs.
We know from a measurement at BC2, that at a phase
of φ0 = −13.0 deg with respect to on-crest, the bunch is
fully compressed. At smaller off-crest phases the head of
the bunch experiences an over-compression. Therefore, the
structure in the head of the bunch smears out.

At phases φ0 < −11.0 deg the compression in BC2 in-
creases further. Therefore, coherent synchrotron radiation,
arising in the magnetic chicane, becomes the dominant ef-
fect for bunch length expansion. The bunch length calcu-
lated by ELEGANT is half as long as the measured one.
This may be due to underestimation of CSR effects. The
strength of CSR fields in the ELEGANT simulations can
be increased by using a larger number of bins, which in-
dicates that it is underestimated in the present simulation
[Kim05].

At phases φ0 > −9.0 deg, the shape of the measured pro-
files, in particular the rising edge at the head of the bunch,
are better agreed with the simulation done by [Kim05]. At
these small compressions, the CSR effects are small. So,
the reason for the difference between the simulations has to
be searched in the upstream part of the accelerator. Since
both simulations used the same ASTRA input-file to cal-
culate the initial charge distribution in the gun, the only
difference is the addition of the wakefields by [Doh05]. An
overestimation of the wakefields is possible.

6.3 Emittance of the spike

As already shown in the previous chapters, the TTF pro-
duces a bunch with a longitudinal structure consisting of
mainly two parts: A very short intense spike and a long,
less-intense tail. Due to its importance for the SASE pro-
cess, the emittance of the spike is a quantity of interest.

In general, with OTR screens, one can only analyze the
transverse properties of the whole bunch [Loe05], because
the spike and its tail can not be separated. The longitudi-
nally distributed electrons hit the screen back-to-back and
the camera integrates all the transition radiation, so that
the information of the longitudinal position of each particle
gets lost.

But with LOLA a separation of the spike from its halo is
possible. With little RF power in the transverse deflecting
cavity, the streak is not large enough to reveal the longi-
tudinal profile of the spike, but sufficient to do the desired
separation (see Fig. 6.8).

6.3.1 Considerations on the experimental setup

The section around LOLA, relevant for the measurement
of the emittance, consists of many elements, as shown in
Fig. 3.1. These elements have different influences on the
beam, which can disturb our measurement.

The steerers are dipole magnets. They change the orbit
of the incoming electrons by a certain angle. The angles of
the particles with respect to each other remain constant.
Thus also their transverse distances at the OTR screen are
not affected in first order. Because we are only interested in
these distances, the correction magnets can be considered
as drift-spaces.

In the cavity the bunch is streaked. This means, that the
electrons with the same longitudinal displacement l experi-
ence the same electro-magnetic field. Such a region is called
a slice. Each electron of a slice undergoes thus the same
change of its angle. Their transverse distances are not af-
fected. Therefore, we can consider LOLA as a drift-space,
too, as far as beam optics are concerned.

With these simplifications, the relevant lattice consists
of only five elements:

1. The horizontally de-focussing quadrupole 2

2. Drift-space

3. The horizontally focussing quadrupole 3

4. Drift-space

5. The off-axis OTR screen of LOLA

The transfer-matrix R (see Sec. 2.1.1) from quadrupole 2
up to the screen of LOLA, can be calculated by multiplying
the transfer-matrices of each element,

R = RL2 ·RF ·RL1 ·RD , (6.8)

where RL1 denotes the transfer-matrix of the first drift-
space with the length L1, RL2 of the second drift-
space with length L2, RD of the horizontally de-
focussing quadrupole and RF of the horizontally focussing
quadrupole.

To estimate the emittance of the spike, we use the first
row of Eq. (2.18), transform it and get, using Eq. (2.23),

σrms =

r
ε

π
(R2

11β0 − 2R11R12α0 +R2
12γ0) . (6.9)
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6.3 Emittance of the spike

The width of the spike at the OTR screen is measured (see
description below). Since βγ − α2 = 1, Eq. (6.9) contains
three unknown parameters (β0, α0, ε). Therefore, we have
to measure σrms for at least three different conditions.

In our case, eleven different conditions were generated by
changing the current of the quadrupole 2 (Fig. 3.1) in front
of LOLA. In this way, we changed the strength of this mag-
net and thus the transfer-matrix up to the screen. Fig. 6.8
shows some examples of bunches at different currents of
the quadrupole.

6.3.2 Data analysis

Fig. 6.8 shows amongst others the profiles of the corre-
sponding bunch. At the longitudinal profile (vertical axis),
the spike is visible. In the pictures themselves, the spike is
visible as a spot with high intensity (refer to the colorbar).
To this peak, we fitted a Gaussian by using the χ2-method.
An algorithm found out, how many data points of the lon-
gitudinal profile had to be used for this fit, by looking for
the fit with the smallest χ2. Then the whole image was cut
horizontally at the last data point of the used longitudinal
profile. The white, dashed line in Fig. 6.8 f) illustrates,
where this cut was made. Then also a Gaussian was fitted
into the horizontal profile of the remaining image. In this
way, we ensured, that we use the same region of the bunch
for both the horizontal and vertical fit.

At eleven different currents of the quadrupole 2, ten im-
ages were taken. The mean of the resulting widths of the
Gaussians versus quadrupole current and the standard de-
viations as errorbars are plotted in Fig. 6.9. With Eq. (6.9),
the corresponding Twiss parameters β0, α0 and the emit-
tance ε were found by using the χ2-methode. The solid
lines in Fig. 6.9 show the resulting curves. The correspond-
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Figure 6.8: Examples of little streaked bunches at different
currents I of the quadrupole. The colorbars give the cor-
relation between the color and the intensity of the tran-
sition radiation. The thin lines denote the longitudinal
and horizontal profiles. The thick lines are the fitted
Gaussians. The widths of these Gaussians are plotted in
Fig. 6.9. In part f), the dashed line denotes, where the
cut of this image was made. Only the part of the image
above this line was used for fitting. The units of the axes
are millimeters at the OTR screen.

−21 −20 −19 −18 −17 −16 −15 −14
  0

0.5

1.0

a) Vertical spike width

σ y [m
m

]

Quadrupole Current [A]

−21 −20 −19 −18 −17 −16 −15 −14
0.1

0.2

0.3

0.4

0.5
b) Horizontal spike width

σ x [m
m

]

Quadrupole Current [A]

Figure 6.9: Spike width in horizontal and vertical direc-
tion vs. quadrupole current I. Each data point is the
mean of 10 values. The corresponding standard devia-
tions are presented as errorbars. The solid lines result
from Eq. (6.9) and the beam-parameters acquired by a
χ2-fit. These parameters are given in Tab. 6.1.

Vertical
β0 (m) 172.99 ± 0.11
α0 (1) 57.296 ± 0.035
γ0 (m−1) 18.983 ± 0.026
ε (π ·mm ·mrad) 0.004921 ± 0.000094
γε (π ·mm ·mrad) 4.285 ± 0.082

Horizontal
β0 (m) 45.75 ± 0.13
α0 (1) −9.432 ± 0.029
γ0 (m−1) 1.967 ± 0.013
ε (π ·mm ·mrad) 0.003380 ± 0.000052
γε (π ·mm ·mrad) 2.943 ± 0.046

Table 6.1: Beam-parameters of the spike at the screen of
LOLA for vertical and horizontal direction.

ing parameters are given in Tab. 6.1.
There will always be mixing between the particles of the

tail and the particles of the spike. To really disentangle
them, tomography is required. This method is not imple-
mented during this thesis. A quick solution is to streak
sufficiently, so that the tail is smeared out far enough, so
that it only shows small intensity. At some point, one will
see the effect of the streaking on the spike, and then the
transverse and longitudinal sizes are intermingled. So, the
trick is to find the point in between. This point is the point
with the minimum vertical size of the spike on the screen
in the above scan. Once this point is found, a quadrupole
scan can be performed. [Hue05a]

6.3.3 Comparison of bunch parameters from
different origins

The emittance of the whole bunch was measured behind
BC2, one day before we made our measurement. The re-
sulting normalized emittance was
for the vertical direction

εn
y = γεy = (4.285± 0.082) · π ·mm ·mrad
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6 Measurements

Vertical bunch Horizontal bunch
width (mm) width (mm)

half-theoretic:
17.04.2005,00:26 0.295 ± 0.134 0.694 ± 0.037

measured at the screen of LOLA:
13.04.2005,19:49 0.318 ± 0.007 0.154 ± 0.004
13.04.2005,22:26 0.292 ± 0.006 0.148 ± 0.004
14.04.2005,13:33 0.145 ± 0.004 0.276 ± 0.008
15.04.2005,08:44 0.083 ± 0.002 0.205 ± 0.006
29.04.2005,06:33 0.437 ± 0.021 0.146 ± 0.008

Table 6.2: Widths of unstreaked bunches in vertical and
horizontal direction. The ”half-theoretical” value is
calculated with Eq. (6.10) using the emittance, mea-
sured behind BC2, and the beta function, calculated by
[Gol05]. The errors result from statistical considerations.
Systematical effects are not contained.

and for the horizontal direction

εn
x = γεx = (2.943± 0.046) · π ·mm ·mrad .

With these values and with the theoretical beta function
at the OTR screen of LOLA, calculated by [Gol05], the
width of the whole bunch can be calculated using Eq. (2.23)
and Eq. (2.24)

σx,y =

r
εn

x,y

πγ(screen)
· β(screen)

x,y , (6.10)

where σx,y is the rms bunch-width at horizontal or vertical
direction, εn

x,y is the normalized emittance, measured at the

diagnostic section behind BC2 and γ(screen) and β
(screen)
x,y

are the Lorentz factor and the theoretical beta function
at the screen of LOLA. Tab. 6.2 compares these “half-
theoretical” values with some bunch widths, measured at
the screen of LOLA. The date specifications state when the
corresponding measurement was made.

The high values of σx and σy can be attributed to a badly
matched beam. This means, that the beam-parameters do
not accord to the design values. Therefore, the horizontal,
half-theoretical bunch width is much too high. The vertical
widths are comparable. The differences between the mea-
sured values amount up to a factor 5. This indicates, that
the optical setup of the accelerator was changed, between
the measurements. The very small errors result only from
statistical consideration. They contain no systematical ef-
fects. Such effects are for example space-charge effects or
timing jitter, that causes variable arrival times at the ac-
celerating modules and results in variable compressions in
the bunch compressors.
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7 Conclusion

The longitudinal bunch length and bunch shape are im-
portant parameters for the operation of the VUV-FEL.
The transverse deflecting cavity LOLA IV was installed, to
investigate the longitudinal structure of the electron bun-
ches. An electro-magnetic radio-frequency (RF) wave trav-
els with the bunch along the structure and streaks it verti-
cally. An optical transition radiation (OTR) screen makes
the longitudinal charge distribution visible.

During this thesis, LOLA was commissioned at the
VUV-FEL. First images were taken with a synchronization,
allowing to image the streaked bunch with a probability of
1/3. With an upgraded trigger generator, it was possible
to synchronize LOLA to one bunch at each bunch train.

The imaging setup has been calibrated, yielding a resolu-
tion of the imaging setup of about 26 µm at the OTR screen
per pixel of the CCD-camera. Because LOLA streaks the
bunch vertically, the vertical axis of the screen has been
calibrated, in order to measure the longitudinal dimension
of the bunch. With a maximum RF power of 18 MW,
the achievable streak amounts to 3.8 fs/pixel which corre-
sponds to a resolution of 17 fs with a dedicated setup.

The power measurement-system has been upgraded with
a second diode, to enlarge the dynamical range. The ver-
tical streak of the bunch makes it necessary to utilize the
whole vertical range of the OTR screen. Since the OTR
sensitivity of the optical setup is position dependent, mea-
surements for a correction of this effect had to be made.

LOLA separates the spike from the tail of the bunch.
Therefore, it was possible to measure the emittance of the
spike. The results are εn

x = (2.943 ± 0.046) π mm mrad
and εn

y = (4.285 ± 0.082) π mm mrad. The spike length
was measured at (137 ± 14) fs FWHM, corresponding to
(55.0± 5.5) fs rms.

Investigations of the bunch shape revealed a double-spike
structure. The distance of the two spikes depends on the
phase of the RF in the accelerating modules. The total,
FWHM, bunch length varies between 114 and 456 fs. A
comparison with current simulations showed, that the used
methods reproduce the basic features of the bunch shape.
A detailed comparison, however, yields considerable differ-
ences which vary also depending on the computer code.

Outlook

An interesting parameter of the beam is the fraction of
charge that is accumulated in the head of the bunch. To
measure this, the number of the accumulated electrons of
each pixel of the CCD in LOLA’s camera becomes impor-
tant. This number depends on the absorbed number of
photons and on the setpoint of the gain of the camera. The
yield of photo electrons in the CCD depends non-linearly
on the intensity of the absorbed light. So, a calibration has
to be done to obtain this curve at different gain setpoints.
For that purpose, a method has to be developed by which
the screen is illuminated uniformly. Additionally, the cor-
relation between the total charge within the electron bunch
and the sum of the pixel values has to be found. With the
knowledge gained in this way, it should be possible to cal-
culate the charge contained in every chosen fraction of the
image. Possibly, a camera with a higher performance has

to be installed.
The resolution at the screen of LOLA, in terms of fem-

toseconds per pixel, is dependent on the current of the
quadrupole 3, that is positioned between the cavity and
the screen. To be independent of it, the calibration de-
scribed in Sec. 5.5 has to be done for different quadrupole
currents.

The measurement of the emittance of the spike presented
in this thesis was done ignoring a mixing between the parti-
cles of the tail and the particles of the spike. A tomography
has to be done to disentangle them. A measurement with
the optimal streak is also possible. This means that the
power of the RF in LOLA is high enough to separate the
tail and the spike, and low enough to not streak the spike
itself. At this operation point, where the vertical spike size
is minimal, the quadrupole scan has to be redone.

Since a high peak current is essential for an optimal
SASE production, the bunch length has to be reduced. Due
to a folding over of the longitudinal phase-space distribu-
tion in the bunch compressors, a higher peak current than
actual is hardly to achieve. With the installation of a third-
harmonic cavity that will reshape the curvature impressed
on the energy distribution, a folding over will be avoided
and a smoother compression will be achievable. Possibly,
a camera with a higher performance has to be installed.
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A The Panofsky-Wenzel theorem

We consider a particle with the charge q and the velocity
vector v that travels fast enough parallel to the axis of the
cavity. This direction is defined as the z-direction. The
field distribution consists of pure TE- or TM-modes. The
gained transverse momentum of the particle is assumed
to be negligible compared to the longitudinal momentum.
The infinitesimal, transverse momentum dp⊥ of the par-
ticle that travels in a time dt through the field can be
calculated using the Lorentz force with

dp⊥(t) = F⊥(t) ·dt = q ·
�
E⊥(t)+(v ×B)⊥ (t)

�
dt . (A.1)

The total transverse momentum gained in a cavity with
the length L is

∆p⊥(L) =
q

v
·
Z z=L

z=0

�
E⊥(z) + (v ×B)⊥ (z)

�
dz . (A.2)

Here the integration variable was exchanged with dt =
dz/v where v is the norm of the velocity vector. The posi-
tion z=0 determines, where the particle enters the cavity
and z=L where it leaves. If we have no free charges pro-
ducing the field distribution, we can introduce the vector
potential A and substitute the electric and magnetic field
using

E = −∂A
∂t

and B = ∇×A . (A.3)

With the double vector product1 this leads to

∆p⊥(L) = q·
Z z=L

z=0

�
−
�

1

v

∂

∂t
+
∂

∂z

�
·A⊥(z)+∇⊥Az(z)

�
dz .

(A.4)
The first term of the right side is the total differential of
the transverse vector potential. So, we can write

∆p⊥(L) = −q ·
Z A⊥(z=L)

A⊥(z=0)

dA⊥(z)+q ·
Z z=L

z=0

∇⊥Az(z)dz .

(A.5)
Assuming that the fields have a harmonic time dependence
and complex amplitudes A⊥(z), E⊥(z) Eq. (A.3) yields

A⊥(z) · eiωt =
i

ω
E⊥(z) · eiωt , (A.6)

with t = z/v. The transverse momentum change is the real
part of Eq. (A.5)

∆p⊥(L) = <

(
− iq

ω
·
Z E⊥(z=L)·eiωL/v

E⊥(z=0)

d
�
E⊥(z) · eiωz/v

�

+
iq

ω
·
Z z=L

z=0

∇⊥Ez(z) · e
iωz/vdz

)
.

(A.7)

Because the electric field is always perpendicular to con-
ductive surfaces, the first integral

∆p
(1)
⊥ (L)=<

�
− iq
ω
·
�
E⊥(z = L)·eiωL/v−E⊥(z = 0)

��
=0

(A.8)
vanishes, if the cavity has walls perpendicular to the axis
at both ends. If we insert beam openings, it vanishes only

1 a×
�
b× c

�
= b ·

�
ac

�
− c ·

�
ab

�

if the frequency is below the cut-off2. Then the marginal
transverse field is attenuated at the entry and the exit, so
that this integral can be neglected also in this case.

In case of a negligible ∆p
(1)
⊥ the second term determines

the whole gained transverse momentum

∆p
(2)
⊥ (L) = <

�
iq

ω
·
Z z=L

z=0

∇⊥Ez(z) · e
iωz/vdz

�
. (A.9)

This is called the Panofsky-Wenzel theorem. An ultra-
relativistic particle is deflected, if there is a non-zero, trans-
verse, gradient of the longitudinal component of the electric
field. For references see [Nag04] and [Wan98].

2 The cut-off frequency is the smallest frequency with which the
wave can propagate in a certain waveguide.
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B Tables

Power at Real
display Power
(MW) (MW)

0.8 0.5
1.0 0.6
1.2 0.8
1.6 1.0
2.0 1.3
2.4 1.6
3.1 2.0
3.9 2.5
4.6 3.2
5.8 4.0
7.0 5.0
8.2 6.3
9.9 7.9

11.6 10.0
13.3 12.6
15.8 15.8
18.3 20.0
20.8 25.1
24.3 32.0
27.9 39.8
31.4 50.1
35.2 63.1
39.0 79.4
42.8 100.0

Table B.1: Calibration of the RF power measurement. The
power of a pre-calibration shown in a display of a control
panel compared with the real RF power measured with
a network analyzer. [Jon04]

Phase at Voltage at Real
display shifter Phase
(deg) (V) (deg)
180.0 4.0036 263.70
170.0 3.8927 244.90
160.0 3.7822 226.33
150.0 3.6707 207.70
140.0 3.5597 189.14
130.0 3.4493 170.79
120.0 3.3379 152.97
110.0 3.2271 135.90
100.0 3.1156 119.67
90.0 3.0050 104.30
80.0 2.8941 89.47
70.0 2.7828 74.82
60.0 2.6720 60.70
50.0 2.5615 47.22
40.0 2.4491 34.28
30.0 2.3383 22.02
20.0 2.2276 10.32
10.0 2.1161 -1.05
0.0 2.0055 -11.26

-10.0 1.8948 -20.10
-20.0 1.7833 -30.20
-30.0 1.6727 -39.00
-40.0 1.5611 -47.40
-50.0 1.4506 -55.40
-60.0 1.3397 -62.90
-70.0 1.2282 -70.20
-80.0 1.1176 -77.30
-90.0 1.0068 -84.00

-100.0 0.8952 -90.50
-110.0 0.7844 -96.80
-120.0 0.6739 -103.00
-130.0 0.5627 -109.00
-140.0 0.4517 -115.00
-150.0 0.3411 -120.80
-160.0 0.2298 -127.00
-170.0 0.1190 -133.10
-180.0 0.0079 -138.90

Table B.2: Behavior of the phaseshifter measured with a
network analyzer. The table contains the phase that the
display on the control panel shows, the voltage at the
phaseshifter and the real phase measured with a network
analyzer. The data originate from [Fri05b].
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B Tables

Attenuation Setpoint Power
at display at display

(dB) (MW)
26.066 1.788 15.82
23.409 1.166 10.92
19.949 0.968 4.519
15.826 0.848 1.472

Table B.3: A precise power measurement using attenua-
tors. Via a series of different attenuators some setpoints
with a well known RF power are found. Starting at a
power of 15.8 MW the attenuation was decreased in sev-
eral steps. To do the resolution calibration (see Sec. 5.5),
we choose the setpoint at 0.848.
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always stayed cool while I annoyed you with stupid ques-
tions and with problems, I did not understand, even after
several explanations. In particular, during the last weeks
of my thesis you helped very much by correcting my stu-
porous writings. Thanks a lot!

I also want to thank the fellows who shared the office with
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