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A scientist in his laboratory is not only a technician: he is also a child
placed before natural phenomena which impress him like a fairy tale.

—— Marie Curie
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1. Introduction

Since its first experimental observation more than half a century ago, in 1947 [1], synchrotron
radiation (SR) has proven to be a unique tool for studies in many fields of science such as
condensed matter physics, materials science, biology, medicine and many more.

Prior to experimental observation, it had been predicted by various researchers nearly si-
multaneously that relativistic particles that are deflected in a magnetic field would emit
large quantities of radiation - synchrotron radiation! [2-5]. In the following years to come,
its characteristics were studied, and first user experiments were carried out parasitically at
various accelerators that were originally only dedicated to high energy or nuclear physics
experiments.

The early experiments with SR consisted mostly of spectroscopy in the ultra-violet range,
especially the absorption spectra of noble gases revealed a large number of previously un-
observed resonances, caused by inner-shell and electron excitations [6]. When high energy
physics pushed the development of synchrotrons to higher beam energies. Like at DORIS
for example, a former synchrotron at Deutsches Elektronen-Synchrotron (DESY) in Ham-
burg, operating at 4.4 GeV, photons with even shorter wavelengths ranging down to 0.1 A

became available, allowing for absorption measurements of metals at their K shells [6].

It took until 1968 before the first dedicated storage ring for the production of SR had been
built at the synchrotron radiation center in Wisconsin (USA), which was a user facility
with 10 experimental stations, quite like the concept of modern facilities [7].

The continuous spectrum of the synchrotron radiation generated from highly relativistic,
light particles (typically electrons) ranges from the far infrared into the hard X-ray range.
Especially in the X-ray range, SR distinguishes itself most from standard lab sources, such
as X-ray tubes by the fact that its highly collimated beam offers not only an enormous
brilliance?, leading to a degree of spatial coherence, which allows for phase reconstruction.

The time structure of the emitted SR resembles that of the electron beam. Typically

!The radiation was named synchrotron radiation because of its first observation at a synchrotron, a

type of particle accelerator.
2Brilliance gives a measure to compare photon sources, its unit is: photons/s/mm?/mrad?/0.1%BW

.



2 1. Introduction

the electron beams in synchrotrons are bunched with bunch lengths in the order of a few
millimeters, so that the radiation pulses have a length in the range of tens of picoseconds.
Due to the growing number of applications for SR, nowadays, more than 60 synchrotron
radiation centers are operational world-wide offering measurement stations - called beam-

lines - to users from all over the world [8].

While the shape of the spectrum of normal SR does not depend upon the spatial (tempo-
ral) charge distribution of the electrons®, radiation losses due to the emission of coherent
synchrotron radiation (CSR) were predicted in 1954 [9]. It was stated that for wavelengths
that are longer than the length of the bunches, the SR emitted from the many millions
of electrons within one bunch could interfere constructively, causing a great increase in
radiation power. Because the length of typical electron bunches in synchrotrons is in the
range of tens of picoseconds, the frequency range of this CSR would lie in the low GHz
range. Radiation in this frequency range is heavily damped inside electron beam pipes,
with characteristic dimensions of just a few centimeters of diameter, used for electron and
SR beam transport. Nevertheless first hints of CSR were reported early at the SRS in
Daresbury (UK) [10].

The first definite experimental validation of CSR was at linear accelerators, where the
bunch length was only about 5ps RMS?*, thus moving the spectrum of the CSR towards
shorter wavelengths which can propagate more easily through the beam pipe [11, 12]. First
this radiation was mostly undesired. The discoverers of the CSR already proposed how to
shield it to get rid of it again [13]. Over the years, however, ideas grew to compress the
electron bunches to lengths short enough that the spectrum of the CSR could be moved
into the THz range. This range is not easily accessible by any lab sources, especially, if
one seeks high intensities and brilliances. Additionally, the reduced bunch length would
of course also mean that the length of the normal SR pulses would be decreased, allowing

for time-resolved studies, such as pump-probe experiments, on a shorter time scale.

In 2004, BESSY II in Berlin was the first synchrotron lightsource to offer a dedicated short-
bunch operation, called low-a.-mode® to users. The Angstrém Source Karlsruhe (ANKA),
the synchrotron radiation facility of the Karlsruhe Institute of Technology (KIT), where

this work has been carried out, soon followed in 2005 [14].

Several ring accelerators published that they observed a beam-current-dependent bunch-
lengthening effect and even a bursting behavior of the emitted CSR [15-19]. A first theory
for this so-called microbunching instability was then given by Stupakov and Heifets in [20]
and by Venturini and Warnock in [21]. First experiments validated the predictions by
these theories [22]. The microbunching model assumes that the interaction of the beam

with its own SR creates substructures in the longitudinal density profile of the bunch,

3Tt is an incoherent addition of the spectra for single electrons within the bunch.

4In accelerator physics, typically all dimensions concerning the electron bunches are denoted with the
standard deviations of their distributions.

5Named after the momentum compaction factor c., which is proportional to the square of the bunch

length.
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called microbunches. This microbunching then amplifies itself via the coherent emission
of CSR. Because the spectrum of the CSR is linked to the longitudinal bunch profile, even
small changes of the longitudinal charge density profile can result in rather large changes
of the emitted CSR power. The growth and decay of the microbunching instability then
causes a series of periodic or quasi-periodic bursts of CSR. It should also be mentioned
that the microbunching instability limits the achievable bunch compression that can be
achieved, because it leads to a current-depending bunch lengthening effect. Consequently,
it does not only make the emission of CSR hard to predict and unstable, but also makes

the bunches longer than desired.

New machines for the generation of synchrotron radiation (e.g. ultra-low-emittance rings)
and even for high energy physics (e.g. damping rings) all operate with electron beam
optics that highly compress the electron bunches in all directions, so instabilities due to
CSR will pose great challenges for all of them. The deeper understanding of this bursting
behavior, which is limiting the low-a.-operation, is not an easy task, as it is influenced
by many factors. The measurement of the temporal and spectral characteristics of the
bursts together with measurements of the longitudinal bunch profiles can aid to improve
the modeling and find ways to control the emission of CSR. Especially the control of
the emission would greatly help to make CSR more applicable to user experiments, which

might be perturbed by a bursting behavior of the radiation.

To resolve the dynamic changes to the bunch profiles, single-shot measurements with a
sub-ps resolution are required. Averaging techniques will not be able to detect the forma-
tion and evolution of a burst because the dynamic changes of the substructure happen on
short time scales and can change from turn to turn®. The single-shot capabilities of cur-
rent methods for longitudinal bunch profile measurements at synchrotron storage rings are
limited. The reason for that is that initially ring accelerators were designed to offer very
stable and reproducible beam parameters, so not much emphasis was put onto resolving
dynamics on a turn-by-turn basis.

So, for this thesis, the search went on for a technique, which would allow for single-shot
bunch profile measurements at a ring machine. The choice fell onto the electro-optical (EO)
method of electro-optical spectral decoding (EOSD). EOSD is a technique that has, in
recent years, found its way from laser physics into the field of accelerator physics where
it allows direct imaging of Coulomb fields. Thus far, it has mostly been used at linear
accelerators (e.g. [23-27]).

Its working principle is the following: The electric field of the electron bunch, induces
a birefringence inside an EO crystal (Pockels effect), this birefringence is then probed
with a laser pulse, which is afterwards analyzed. If a femtosecond laser pulse is temporally
stretched with a known relation between laser wavelength and time delay within the pulse,
the whole temporal profile of a single electron bunch can be encoded as intensity modu-
lation onto the temporal and thus spectral profile of a single laser pulse. This laser pulse

is then subsequently detected with a single-shot spectrometer. From the known relation

5The revolution of one bunch at ANKA takes 368 ns.
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between wavelength and time delay, the spectral profile can be transformed back into a

temporal profile and we obtain a single-shot measurement of the longitudinal bunch profile.

In the framework of this thesis, an EOSD setup allowing for single-shot bunch profile mea-
surements has been adapted for the operation at a storage ring and has been successfully
installed into the ultra-high vacuum (UHV) system of ANKA. My work included the as-
sembly of the laser system, which had to be physically altered, and the design, fabrication,
alignment and installation of the optical setup including the in-vacuum components. This
setup allowed, for the first time at a ring machine, to resolve dynamic substructures on
compressed electron bunches.

Extensive systematic studies of the complex setup have been performed during the com-
missioning at ANKA and the results are compared to measurements with a streak camera,

a well established diagnostics device, with only limited single-shot capabilities.

The work is structured in the following way: Chapter 2 gives an introduction to storage
rings and the characteristics of the radiation generated by relativistic charged particles.
The methods used for the bunch length measurements in this thesis are explained in
Chapter 3. While Chapter 4 describes the experimental setup and the characterization
of the streak camera measurements, Chapter 5 introduces the EO setup, followed by
Chapter 6, which shows the results of extensive characterization measurements with the
setup. Results of the beam studies performed with the two methods are then presented in

Chapter 7. The thesis concludes with a summary in Chapter 8.




2. Short Bunch Operation in Storage
Rings

A synchrotron storage ring is a specific type of particle accelerator that is designed to keep
a bunched beam of charged particles efficiently stored inside an evacuated beam pipe for
several hours. Most commonly, storage rings are used as lightsources for the generation of
synchrotron radiation, which is emitted when highly relativistic particles - typically elec-
trons - are deflected inside magnetic fields. Some storage rings are operated additionally in
a short-bunch mode of operation, the so called low-a.-operation, which is typically used to
generate coherent synchrotron radiation (CSR) in the THz range or generally very short

X-ray pulses.

This chapter is motivated by three points that need to be understood to follow the mea-
surements of the longitudinal bunch profiles - the topic of this thesis.

First, the measurement of the shape of short bunches is crucial to the understanding
and eventually control of the short bunch beam dynamics. Second, it needs to be shown
that measuring the electric field in the near-field of a relativistic electron bunch gives its
longitudinal bunch profile. This is what we do with electro-optical (EO) bunch length
measurements, which will be discussed later on (see Ch. 6 & 7).

Third, it needs to be made clear that the intensity profile of the emitted SR pulses also
corresponds to the longitudinal bunch profile. This is required in order to understand the
working principle of the streak camera (SC), a detector we use as comparative method to

the new technique of EO bunch length measurements (see Ch. 4).

The first Section (2.1) will give a brief introduction to storage rings, introducing the
mathematical description and the common terminology used to describe the various beam
parameters. This will then lead to a description of the short-bunch operation, which will
be explained at the example of ANKA, the synchrotron radiation facility of the KIT at
which the experiments presented in this thesis were carried out.

The characteristics of the radiation emitted from relativistic electron bunches will be ex-
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plained in Chapter 2.2, there the near-field (Coulomb regime) and the far-field (radiation
regime) are treated separately in more detail. The treatment of the near-field will show
the second point - that the electric field in the near field resembles the longitudinal charge
density - and the treatment of the far-field will show the third point - that the intensity
profile of the SR also holds the longitudinal charge density.

While the second and the third point are rather straight forward to show, point one - the
general motivation for longitudinal bunch profile measurements - requires a thorough un-
derstanding of longitudinal beam dynamics. It cannot be fully comprehended without first
understanding the basic concepts of accelerator physics, especially during the short-bunch
operation, and synchrotron radiation. So after introducing all those concepts in the follow-
ing parts of this chapter, Section 2.3 will conclude the chapter with a brief introduction of
the microbunching instability, which plays an important role during the low-a.-operation,

leading to the full motivation for the measurements carried out for this work.

2.1 Storage Rings

The operating principle of a storage ring is based on that of a synchrotron, which keeps a
particle beam on a constant orbit by synchronously increasing the magnetic field with the
particle energy. If the energy and the orbit are kept constant, one speaks of a synchrotron
storage ring. The beam’s path inside the beam pipe is guided by magnetic fields. The
path itself is not technically a circle, but consists of straight and curved parts. For each
curved part, a dipole magnet is used to deflect the beam of charged particles according
to the Lorentz force. To store such a particle beam in a stable way over several hours,
quadrupole magnets, acting as magnetic lenses, are used to focus the beam and prevent it
from diverging inside the beam pipe. As with optical lenses, which exhibit chromatic aber-
ration for non-monochromatic light, quadrupole magnets introduce similar effects, shifting
their focal lengths in dependence of the exact particle momentum. In order to compensate
for those chromatic effects, sextupole magnets are used for correction. To ensure that
the losses due to scattering with rest gas are low, the beam pipe is evacuated down to
10~ mbar. The acceleration itself is achieved by a sinusoidal electric field inside radio
frequency (RF) cavities.

Because free electromagnetic waves do not have field components in the direction of prop-
agation, they are not suited for particle acceleration. If, however, certain boundary con-
ditions are introduced, plane electromagnetic waves can exhibit longitudinal field compo-
nents. RF cavities are resonators that are designed in a way to exhibit those boundary
conditions, leading to a T'Mgio-mode® of the field that can then be used for the acceleration

of charged particles [28].

LTM stands for transverse magnetic and denotes the fact that the magnetic field components are only
along the transverse direction. The indices 7'M, denote the azimuthal, radial and longitudinal periodicity,
so the mode T'Mo10, which is used in RF cavities has no longitudinal and azimuthal periodicity, but has
a node in radial direction to fulfill the boundary condition that the electric field at the wall of the cavity

must be zero.

e
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The energy gain AF inside such a sinusoidal electric field is given by:
AFE = qVpsin Uy, (2.1)

where q is the charge of the particle, V{; the amplitude of the voltage and ¥, the stable
phase at which the particle travels through the field. So when using sinusoidal electric
fields, the particles arriving at the right time can always gain energy independently of
their current energy. The alternating nature of the field, however, makes it impossible to
accelerate a continuous particle beam and leads to a bunched beam with the length of the

bunches being considerably shorter than the period length of the field inside the RF cavity.

The next Subsection will first give a very brief introduction to the physics of particle
accelerators with the focus on a synchrotron storage ring (see Ch. 2.1.1), explaining the
basics of beam optics and beam dynamics. Then a description of the short bunch operation,
the low-a.-mode, which is a specific operation mode designated to the reduction of the
length of the bunches, is given with respect to ANKA. This mode of operation is typically
used to generate coherent synchrotron radiation (CSR) in the THz range or picosecond
long X-ray pulses for time resolved measurements (see Chapter 2.2 for the treatment of

the emitted radiation).

2.1.1 Optics and Beam Dynamics
For the mathematical description of ring accelerators it is most convenient to work in a
co-moving coordinate system, which moves along the reference trajectory of a particle

having the nominal momentum p = py. Figure 2.1 illustrates this coordinate system.

a particle R
o

X

reference
particle

Figure 2.1: Co-moving coordinate system. A reference particle with p = pg, moves along s with
the velocity v. x, y and z are used to describe the particle’s offsets from the reference

beam path, also called reference orbit.

The reference particle travels along s with the velocity v. For every position s around the
ring, x, vy and z are used to describe the particle’s position relative to that of the reference
particle. The particle, at a position s, can be fully characterized by the 6d phase space:

x, X, ¥, v, z, 0. Here, the momenta x’ and y’ represent the position change with respect

to the longitudinal coordinate z: 2’ = %’ y = % and the relative momentum deviation §
S . 5§ _Dp=p0 _ Ap
is given by: 0 = o = Py

From the equality of Lorentz and centri-petal force

71 = g T S
R(:c,y, S) - pBy( Y- ) (2'2)
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we can see that to keep the radius of curvature R constant, for an increasing particle
momentum p, the magnetic field B needs to be increased as well.

For the further treatment of the magnetic fields in a ring accelerator, which consist of many
individual magnets, it makes sense to expand the right hand side of Eq. 2.2 into a Taylor

series around the ideal orbit x = 0 to split the magnetic fields into separate multipole

components:
EBy(l') = 5 (B%o + 7 + oty © + .. (2.3)
1 1,
= I + kx + oM +... (2.4)
~~~ Quadrupole term SN——
Dipole term Sextupole term

An analogous expansion can then also be made for the horizontal component B, (y).

A compact Matrix notation is convenient for an accelerator with periodic structures.
Matrices for all the single components along the beam path (e. g. dipole magnets, quadrupole
magnets, drift spaces, ...) in an accelerator, can then give a transfer matrix M for a particle

traveling from sg to s.

x x
x! x!

Yy Yy

= M(s/so) , (2.5)
Yy Yy

z z

1) )

S S0

Considering only the effects of dipoles and quadrupoles, and assuming there is no coupling
between the horizontal and vertical plane, we obtain the following equations of motion
for the particles [29]:

. 1 1 A
2" (s) = <RQ(S) —k,-(s)) 2(s) = R(s)?f (2.6)

y'(s)+k(s) - y(s) = 0 (2.7)

R%(s) is dipole strength and k(s) quadrupole strength.

Assuming 22 = 0 on a circular orbit (R # 0 , the differential equations shorten to the so
€7

called Hill’s equations :
m for u(s) = z(s)
k(s) for u(s) = y(s)

For a circular accelerator K(s) has to be periodic in s because the orbit is a closed curve
with length Lo, so K (s + Lo) = K(s). This leads to the general solution of the type:

u”(s) + K(s) - u(s) =0, K(s) = (2.8)

u(s) = A(s) cos(Wy(s) + @) (2.9)

Here, the amplitude function A(s) is also periodic with L. The oscillation is referred to as

betatron oscillation with the horizontal and vertical frequencies f, and f,. The solutions

T
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for different phases ¥,,, which correspond to different times t, lie on an ellipsoid in phase
space. Typically, the ellipses are treated separately for the different planes of phase space,
e.g. (x,x), (y,y'), and (z, ¢). Following Liouville’s Theorem, such a phase space ellipse
has a constant area F in a conservative system [30]. F is used to define the emittance ¢

of a beam with e = F'r The amplitude function A(s) can be expressed as:
A(s) = \eB(s) (2.10)

Where, (s) is the so-called beta function. The phase changes AW¥ for one revolution
s — s+ Lo are referred to as horizontal and vertical tunes ), and @,, which are easily
given by ratios between horizontal and vertical betatron frequencies to the revolution fre-

quency of the synchronous particle f,:

f T f Y
Q. = and Q, = —. 2.11
frev Y frev ( )
For a given beta function, the tunes can also be calculated with the following equation:
1 ds
=— ¢ —. 2.12

The horizontal and vertical tune define the working point of an accelerator. For the
optics to be stable, the working point should not lie on a resonance line, otherwise the
amplitudes of the betatron oscillations can get amplified and lead to the beam being lost.

The resonance conditions are given by the following equations [31]:

mQ, = p, (2.13)
mQz +nQy = p (2.15)

Here m,n,p € Z and |m|+|n| gives the order of the resonance. For electron accelerators it
is typically enough to consider resonances up to the 4th order, when choosing a working

point.

So far we have assumed p = pg, but if we now to the case that % = 0, look back to Eq.

2.6 and define the dispersion D(s) as horizontal displacement relative to the momentum

deviation,

D(s) = zp(/sl))o, (2.16)

the solutions to the differential equations, which consist of the homogenous and the par-

ticular solution, lead to offsets in the particle positions

#(5) = Tpmpa(s) + D(s) 2 (2.17)
bo
= /eB(s) cos(Vy(s) + ¢) + D(S)if (2.18)

Since the momentum deviation just causes an off-set of beam position if a curvature is
present, only elements with a dipole moment are considered. This means that usually in

a storage ring, dispersion is only considered along x as a first approach. The dispersion D
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together with the beta functions 3, and 3, are typically referred to as optics functions

of an accelerator.

The horizontal and vertical tunes vary slightly for particles with a different momentum.
This is caused by the fact that the effective focal lengths of the quadrupoles also changes
with the particle momentum, likewise to the effect of chromatic aberration in optics. A

measure for this effect is the so-called chromaticity @', which is defined as the change in

__AQ
Ap/po
Without the presence of sextupoles, we would measure the natural chromaticity of a given

tune with momentum:

Q/

(2.19)

set of optics, which typically is in the negative range. As mentioned before, sextupole

magnets are used to correct the natural chromaticity to a small positive value.

The lattice of an accelerator is given by the geometrical placement of the different mag-
nets and cannot be altered easily without major changes to the machines. The magnet
settings, however that determine the strength of the different multipole components can
be changed; we then call this a different set of beam optics. If the strength of the dipole
magnets is changed, this will inevitably result in a change of beam energy, but for the
quadrupole and sextupole magnets, different stable optics can be found for a constant

beam energy.

So far we have not given much thought about the longitudinal movements. The parti-
cles in the accelerator lose a certain amount of energy every revolution, the main contribut-
ing factor to this is the emission of synchrotron radiation (SR), which will be explained in
detail in Ch. 2.2.2. When operating a synchrotron as storage ring, this energy loss needs
to be compensated, otherwise the particles will be lost quickly. Typically the energy loss
is rather low compared to the total energy of the particles. For ANKA, for example, it
is around 600 keV per revolution for a beam energy of 2.5GeV. In Eq. 2.1 on p. 7, the
energy gain introduced by RF cavities was already briefly stated to be:

AFE = qVpsin Vg, (2.20)

with q as charge of the particle, Vj the amplitude of the voltage and ¥, the stable phase
at which the particle travels through the field.

While for the transverse directions, quadrupole magnets focus the beam, in the longitudinal
direction phase focusing is achieved by the sinusoidal RF field, an effect which is illustrated
in Fig. 2.2.

Particles with a momentum that is smaller than the nominal momentum, are deflected
on a different path inside the dipole magnets. If the momentum compaction factor (see
Eq. 2.23) is positive, which is the standard case, this leads to them traveling on a slightly
shorter orbit than particles with a slightly higher momentum. If traveling on a shorter
orbit, they arrive earlier at the RF cavity, when the field is higher, and thus they gain
more energy. Vice versa, if they have a too high momentum, they arrive later and gain

less energy. The overall effect is a focusing of the electron beam in longitudinal direction.
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Figure 2.2: Particles with a momentum, which is smaller than the nominal momentum travel on
a slightly shorter orbit than particles with a higher momentum. Because the particles
are highly relativistic, a shorter orbit will cause them to arrive at the RF-cavity at an
earlier phase which will result in them being affected by a higher field. This means,
they will get a higher energy gain than particles with a too low momentum, which

arrive later. This effect is called phase focusing. Illustration courtesy of A.-S. Miiller.

For this to work out, the revolution frequency fr., needs to be a subharmonic of the RF

frequency frp.
fRF =h- frev (221)

Here h is called the harmonic number of the accelerator. For ANKA, h is 184 and the
RF frequency is slightly below 500 MHz (period length 2ns)?, leading to a total circum-

ference of the accelerator of 110.4 m.

If we neglect any changes of the energy loss due to small momentum deviations and assume
that the energy loss is constant over the whole revolution time, the equation of motion for
the momentum deviation coordinate ¢ is solved by a harmonic oscillation, the synchrotron
oscillation, with a frequency fs(see e.g. [32, p. 15 ff' |). Similar to the tunes in transverse
direction, a tune in longitudinal direction can be computed by dividing the synchrotron

frequency fs by the revolution frequency.

_ £
frev .

Qs (2.22)

Bunches in accelerators typically have large numbers of particles (n > 10%), so it is con-
venient to describe the particles in a bunch as ensemble and find a common solution for
the whole ensemble. The particle beam is then characterized by a particle distribution in
phase space, usually a Gaussian distribution can be assumed with different RMS widths
o along the different directions (0,04, 0y,0,,0.,05). Assuming that there is no inter-
action between the particles, the solution for the ensemble can be deducted straight from

the solutions for single particles. Here, every accelerator has a certain acceptance, which

2The exact frequency is adapted in the range of typically 499.69 to 499.73 MHz by mechanically changing
the resonance frequencies of the cavities.
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determines for which areas in the phase space, the particles can be stored. In transverse
directions, this acceptance is mainly determined by the geometry of the beam pipe and
the energy acceptance in the longitudinal plane is determined mostly by the RF frequency
that dictates longitudinal buckets, referred to as RF buckets inside which particles can be
stored in the accelerator. Particles outside of this acceptance are lost after a few revolu-

tions.

Now that the basic concepts of accelerator physics for storage rings have been introduced,
the next section takes a closer look at the special short-bunch operation, which aims at

the reduction of the bunch length o,.

2.1.2 Short Bunch Operation at ANKA

During a short-bunch operation, the main goal is to reduce the longitudinal beam size,
the bunch length o,. As you will see later in Chapter 2.2.2, this will not only lead to a
reduction of the length of the SR pulses, but also give a significant increase to the radiation

power in the THz frequency range.

The coupling between transverse and longitudinal beam optics is caused by the dispersion
D which leads to a momentum dependent change in orbit length, which can be described
with the momentum compaction factor a.

N AL/LQ . 1 (S)

Qe =

Ap/p Lo J R(s)”

So the momentum compaction factor a. gives a measure for the longitudinal compression

(2.23)

for a given set of optics functions. The bunch length o, o is then given by

605|ac|

= 2.24
O-Zyo 27Tf5 ( )
for the case of highly relativistic particles [33].
The synchrotron frequency fs can be computed by the following equation [33]:
ach 3 3
fs = frev ﬁ\/(é] ~e-Vgrr)? — (Up + k) (2.25)

Where h is the harmonic number, E is the beam energy, e the electron charge, g a voltage
calibration factor, Uy the losses in the dipoles and k the losses due to multipoles and
impedances. Thus is o, ~ \/a. ~ fs and approximately also o, ~ VR_;/ 2,

The easiest way to decrease the bunch length is by simply increasing the RF voltage
VRrr, this, however, is limited by the fields the cavities in the storage ring can achieve. To
decrease the bunch length further, we can decrease the integral over the dispersion function,
which will decrease a. and thus the bunch length o,. The decrease in the integral over the
dispersion function is achieved by changing the strengths of the quadrupole and sextupole
magnets in a way that the dispersion becomes negative in the parts where it used to have
values around zero for the uncompressed optics. Figure 2.3 shows the optical functions g3,

By and D for uncompressed beam optics (left) and for compressed optics (right).
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Figure 2.3: Optics functions for the uncompressed standard optics at 1.3 GeV (left) and for the
compressed low-a.-optics (right) at ANKA, shown for one sector. Compared to the
uncompressed optics, the dispersion for the compressed optics is negative in some
parts of the ring, decreasing the integral over the dispersion, thus decreasing a,.. The
slightly larger beta functions are accepted. Courtesy of M. Klein, model published in
[34].

The procedure to change the optics to the low-a.-optics is referred to as “squeeze”. It
is achieved with a step-wise change of the magnet strengths (quadrupole, sextupole, and
corrector magnets) going from the normal (uncompressed) optics to low-a.-optics and so

a continuous decrease of «,. can be achieved.
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2.2 Radiation from Charged Particles

This Section covers the radiation emitted from charged particles. Depending on how close
an observer is to the electron bunch, we differentiate between the near-field or “direct”
field (Coulomb regime), where we speak of the Coulomb field of the particles (Sec. 2.2.1)
and the far-field (radiation regime), in which we speak of synchrotron radiation (SR) or
coherent synchrotron radiation (CSR) (Sec. 2.2.2). Typically, in electro-dynamics, the
near-field term is ~ % and the far-field term ~ % in the equation describing the electric
field[35], but for the description used here it is more suitable to separate the fields into
the Coulomb regime, which is seen by an observer close to the electron bunch and the

synchrotron radiation observed far away from the electron bunch.

The near-field radiation is dominated by the Coulomb field of the relativistic charge dis-
tribution and can be understood as a constant electric field, the particle beam drags along
itself while propagating around the ring at nearly the speed of light. Because the EO
bunch length and shape measurements carried out for this work have been performed in
the near-field regime, the temporal field characteristics in the near-field are shown in the
first subsection. There it will be shown that the temporal field profile of the radiation in

the near-field resembles the longitudinal charge density.

Storage rings are designed to generate a lot of SR from many different source points
around the ring, the radiation is then guided to various experimental stations around the
ring, where the actual user experiments (e. g. spectroscopy) can take place simultaneously.
Unlike the Coulomb field, SR is only emitted when the particles are accelerated, predomi-
nantly when the acceleration is perpendicular to the direction of propagation as it occurs
when the particles are deflected inside a magnetic dipole field. Storage rings offer the
unique possibility to generate collimated beams of SR which offer an effectively continu-
ous spectrum over a large wavelength range spanning from microwaves up to hard X-rays.
Especially in the X-ray range, the beam quality is far superior to that of lab sources like
X-ray tubes, because the SR beam is highly collimated.

The emitted SR propagates inside an evacuated beam pipe into the beamlines, which are
measurement stations a few meters away from the source points inside the dipole magnets.
The radiation can be used for various experiments, depending on the specialization of the
corresponding beamline. Typically, at a synchrotron storage ring, most dipole magnets are
equipped with at least one beamline which is designed for a designated application. Even
though, the radiation itself has a very wide spectral range, usually only a smaller part of
this huge spectral range is used at a specific beamline. Because the temporal intensity
profile of the emitted SR resembles the longitudinal charge density of the electron bunch
- a fact which will be shown in Ch. 2.2.1 - the radiation itself can be used to diagnose the
electron beam. This feature was exploited by the streak camera measurements carried out

for this work.
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2.2.1 Near-Field - Coulomb Regime

For a highly relativistic electron, the longitudinal component of the Coulomb field F,
is contracted by a factor of 1/ with respect to its radial components, where ~ is the
relativistic Lorentz factor. The radial component of the electric field of a relativistic point
charge ) moving at a constant velocity of v = B¢ along the z-axis is given in cylindrical

components by (p. 559 in [35]):

Q VT
Ameg  (r2 + y202t2)3/2
where z = 0 for t = 0. For a highly relativistic electron with v > 1, the temporal behavior

Ey(r,t) = (2.26)

of the radial component becomes a very short spike. If we now want to know the temporal
field for a line charge density Q(t) moving along z, we need to convolute the charge density
with the field for a point charge from Eq. 2.26.

E.q(r,t) = (E*Q)(rt) (2.27)
- o E.(r,t —t)Q(t)dt' (2.28)

During the low-a.-operation at ANKA, the electron beam energy is typically 1.3 GeV,
which results in a Lorentz factor of v = 2544. Evaluating Eq. 2.26 for a distance of
10 mm, and v = 2544 yields a very narrow spike with a width of just 20 fs FWHM. This
is the electric field for a relativistic point charge. Compared to the actual bunch length
which is o, > 1ps, E.(10 mm,t) can be taken as d function, so the convolution does not
alter the shape of Q(¢). Only for bunch lengths < 100fs (or substructures on the bunch
on such a time scale) and at a distance of 10 mm, the electric field starts to smear out

slightly. Figure 2.4 shows the computed curves corresponding to those parameters.

2.2.2 Far-Field - Synchrotron Radiation (SR) & Coherent SR (CSR)

This section covers the far-field regime, which is seen by an observer far away from the
charge. In the far-field regime, we speak of synchrotron radiation (SR), whose generation
is the main purpose of any synchrotron lightsource. In addition to the “normal” SR, co-
herent synchrotron radiation (CSR) is emitted during the short-bunch operation.

While the full mathematical deduction of the spectral, temporal and angular properties
of SR is rather lengthy and can be found in standard literature like [36], here just its
characteristics are shown. Furthermore, it is illustrated how the the properties of the CSR

depend on the longitudinal bunch profile.

Figure 2.5 illustrates the emission of the SR inside a bending magnet. The radiation is
emitted inside a narrow cone in the vertical direction. The opening angle of the cone is

1 so for a highly relativistic electron beam with + > 1, this will produce

proportional to v~
a very collimated beam. In horizontal direction the radiation will fan out over the whole
range of the deflection inside the dipole magnet, but typically, only a narrow part of this
fan is detected inside the beamlines because the aperture inside the beam pipe is limited
at some point. The radiation is polarized horizontally in the orbit plane. Outside of this

plane, it shows a circular polarization, which swaps handedness between above and below
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Figure 2.4: Radial components of the electric fields for relativistic electron bunches following Eq.
2.27 for v = 2544 (blue, solid curve) and v = oo (dashed black line), both computed
for an initial width of o, = 100 fs seen at a radial distance of 10 mm away from the
direction of propagation. In addition to that, the field for a point charge following
Eq. 2.26 is shown for v = 2544 (light blue solid line). The FWHM width of the
curve is 20fs. The effect of the very slight broadening due to the convolution of the
charge density with the electric field of a point charge can be seen very slightly when
comparing the curves for v = 2544, with the one for v = oo for which this effect does

not occur.

the orbit plane.

Particle
trajectory

Orbit

plane TG O Polarization
O of the SR

Cone of SR
Figure 2.5: The synchrotron radiation (SR) is emitted in a cone tangential to the trajectory when
the electrons are deflected inside a dipole magnet. The direction of polarization is
horizontal in the orbit plane and circular above and below the orbit plane. According
to the illustration in [27].

The total power of the emitted SR for a single particle is given by [29]:

e E*

e B 2.2
6meq(moc?)* R? (2:29)

The fact that Py ~ mg 4 explains why preferably light particles, like electrons, are used for
the generation of SR. To increase the radiation power, the energy can be increased and

due to P, ~ E*, the scaling is enormous.




2.2. Radiation from Charged Particles 17

In the top of Fig. 2.6, the calculated spectrum of the SR emitted at ANKA is shown
in dependence of the beam energy. One can clearly see that the low frequency part of
the spectrum is not affected by the change in beam energy, but the high frequency part
extends to higher frequencies.

In the low frequency part, the flux gradually decreases, the increase below 0.03 THz, how-
ever, is caused by the coherent component of the SR, the CSR. Unlike the normal SR,
whose spectrum for many electrons does not differ from the spectrum for one single elec-
tron, the spectrum of the CSR is highly dependent upon the longitudinal bunch shape and

will be discussed further down.

The length of the SR radiation pulse emitted from a single electron, observed in the far-
field (e.g. at a beamline) has a finite length ¢, which is caused by the electrons traveling
at a slightly lower velocity than the emitted photons. So the observer sees photons coming
from a small angle, which causes the finite length to the observer [36]:
5t — 4R
3cy3

(2.30)

With R being the bending radius, ¢ the speed of light and  the relativistic gamma factor.
For highly relativistic electrons, where v > 103 and with typical bending radii being in the
order of a few meters, 0t is in the order of several tens of attoseconds (10717 s).

The temporal characteristic of the SR pulse from a whole electron bunch, is then just
given by the convolution of the longitudinal bunch profile and the pulse emitted from one
electron. Because the pulse from a single electron can be assumed to be a delta pulse
compared to the longitudinal bunch profile (o, ~ 1072 s), the intensity profile of the SR
pulse resembles the longitudinal bunch profile perfectly. An important fact, which makes it
possible to perform non-invasive longitudinal beam diagnostics by analyzing the temporal

characteristics of the emitted SR.

Coming back to the coherent part of the emitted SR:
The time-averaged spectral power density for N, electrons inside a beam with current I,

is given by [37]:

dpP 9R [ w)?
4w~ T6m97? <w> Protal((t = F) + NeF)
c (2.31)
Gmaac/Q 202
g
X ¢maz/0 do(1 +%6%)? [Kg/s(G) + 1 +7292K12/3(G)

Here R is the radius of curvature of the electron trajectory. The critical photon frequency

We = 3267;. G, the argument of the modified Bessel functions K3 and Ky/3 is given by

4
G = MW and Pt = 527{2 = 88.46%. The number of electrons N, = %,

with C being the circumference of the whole ring. And 0,4, and ¢4 give the aperture

of the port where the radiation is observed.

F is the so-called, form factor

F(w) = ’ / drQ(r)e!w/onr (2.32)
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The integral goes over the full 3d charge distribution Q(r) and 7 is the unity vector from the
observer to the charge. Because the emission is strongly peaked in the forward direction,
we can simplify the integral to a one-dimensional integral over the line charge density of

the electron bunch. For a Gaussian charge distribution, with o,, we obtain [37]

M)2

F(w) = (% (2.33)

For wavelengths A\ = 2wc/w, which are shorter than the bunch length o, the form factor
drops rapidly, reducing Eq. 2.31 to the expression for incoherent emission of radiation
(i.e. the standard SR spectrum). For wavelengths which are equal or longer than the
bunch length, however, the coherent term becomes the dominant one. This results in an
enormous boost of the radiation power in that region with a factor of N, which typically is
in the order of 10° > N, > 105. Coming back to Fig. 2.6, in the bottom the full spectrum
following Eq. 2.31 is shown for the parameters present at ANKA. Spectra are depicted
for different bunch lengths during the low-a.-operation. By decreasing the bunch length
down into the low picosecond range, the spectrum of the emitted CSR can be shifted into
the low THz range. Radiation in this frequency range is still comparably hard to come
by with lab sources, especially when a wide spectral range or single-cycle characteristics
of the emitted THz pulses are required. This is the reason why some storage rings offer a

dedicated short-bunch mode of operation to users, which are interested in the THz range.
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Figure 2.6: Calculated full synchrotron radiation flux spectra (coherent and incoherent) for 10%

electrons in one Gaussian bunch at ANKA. While the frequency components between

1 and 10* THz remain constant for the beam parameters at ANKA, the range >

10* THz is dominated by the beam energy, and the low frequency range < 1THz

is by CSR for which the defining parameter is the bunch length. Top: Spectra for

different beam energies and a fixed bunch length, here only the incoherent part shifts

to higher frequencies for higher beam energies. Bottom: Spectra for different bunch

lengths for a fixed energy, here the CSR contribution extends to higher frequencies

for shorter bunch lengths. Code to calculate the spectra, courtesy of V. Judin.
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2.3 Microbunching Instabiliity

All the derivations of the bunch length in Section 2.1.2 do not take into account any kind
of particle-particle interactions, this is only a good assumption for comparably low charge
densities inside the bunches. For higher charge densities, which typically are reached a
lot quicker during the low-a.-operation, because the bunches are compressed longitudi-
nally, those interactions lead to an increase in bunch length and the originally Gaussian
distribution distorts with the longitudinal profile leaning slightly forward (profiles will be
shown later on e.g. Fig. 4.5 on p. 42). In the case of very high bunch compressions, the
bunch length is not constant, but starts to show dynamic substructures. We have learned
in the previous Section that changes to the form factor (see Eq. 2.32 & 2.33), which can
be imagined as Fourier transform of the temporal bunch profile, change the spectrum of
the emitted CSR (shorter bunches <> wider spectrum; substructures <> components with a
higher frequency). So if the bunch becomes shorter and longer due to some beating effect,
or if a time dependent substructure will form upon it, it will greatly alter the detected
CSR intensity.

Several ring accelerators published that they observed a beam current dependent bunch
lengthening effect and even a bursting behavior of the emitted CSR [15-19]. This lead to
the development of a first theory to describe this so-called microbunching instability by
[20] and [21].

First experiments validated the predictions by the model [22]. In the microbunching model,
the interaction of the beam with its own SR creates substructures in the longitudinal
density profile of the bunch, called microbunches, within the bunch. This microbunching
then amplifies itself via the coherent emission of CSR. The growth and decay of the
microbunching instability then causes a series of sometimes even periodic bursts of CSR.
Furthermore, the microbunching instability limits the bunch compression that can be
achieved, because it leads to a current depending bunch lengthening effect. So it does not
only make the emission of CSR hard to predict and unstable, but also makes the bunches

on average longer than desired.

Figure 2.7 shows temporal observations of the emitted THz signal from a single bunch
over many revolutions around the ring. The intensity of the emitted CSR clearly shows a
bursting behavior which changes modes for different bunch currents. A detailed study of
the bursting behavior at ANKA can be found in [38].

Over the years, the theoretical predictions have been improved, but their refinement is
still ongoing work within a few theory groups world-wide [40-42].

Predictions of the longitudinal phase space from [41] are shown in Fig. 2.8. There, the
longitudinal phase space is simulated for compressed bunches. The projection of the lon-
gitudinal phase space onto the z-coordinate gives the longitudinal bunch profile, which for
the simulations, clearly shows substructures. The exact shape of the longitudinal phase
space and the formation of the sub-structures is not only dependent on the bunch charge,
but also differs for different machine optics.

The formation and the temporal evolution of those substructures are a very interesting
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Measurements of the peak signal of the emitted CSR. over 50k revolutions at ANKA

for different currents. Top: For a high beam current, the CSR is emitted in burst of

radiation with a periodicity in the order of 300 Hz. Middle: For intermediate bunch

currents, the frequency of the CSR bursts seems to increase. Bottom: For a very low

bunch current, the signal seems to become dominated by white noise. Courtesy of V.

Judin, data published in [39].

field of current research and motivated the measurements of longitudinal bunch profiles

performed for this thesis.

However, the measurement of the longitudinal phase space is not an easy task and espe-

cially the detection of any dynamic changes of the longitudinal bunch profile requires not

only a sup-ps resolution, but also single-shot measurements. The next Chapter will give

an overview over measurement techniques which allow us to detect the longitudinal bunch

shape in great detail.
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Figure 2.8: Simulations of the typical longitudinal phase-space (z,6) at the storage ring SOLEIL
(France) for a current of 0.5mA (a) and 1.0mA (b). In ¢ and d the corresponding
projections along the longitudinal coordinate are shown. While the black lines are
the projections over the whole energy range, the grey lines present the projections
around the white dashed lines in a and b. The formation of finger-like structures
in the longitudinal phase space will lead to substructures on the longitudinal bunch

profile. Courtesy of C. Evain, published in [41].




3. Techniques for Longitudinal Beam

Diagnostics

This chapter will give a very basic introduction to longitudinal beam diagnostics, focusing
mainly on the detection techniques which were used for the measurements presented in
this work. The first section - Section 3.1 - will give a short overview of longitudinal beam
diagnostics and motivate why they play an important role. The focus will be put on
diagnostics for electron storage rings - such as ANKA - which offers a special short bunch
operation - the low-a.-operation. Then the two main diagnostics methods, which were
used for the measurements shown further along this thesis, are discussed in detail. The
first one is the streak camera (SC) - in Chapter 3.2 - which is a very common diagnostics
device used at many accelerators world-wide [43]. The second method is based on using
the electro-optical effect to modulate the longitudinal bunch profile onto a laser pulse.
It is a technique which has recently found its way from laser physics into the world of
accelerator physics. At ANKA, this technique has now been used for single-shot near-field
bunch profile measurements for the first time at a ring machine. Its history with respect

to accelerator physics and its working principles are explained in Chapter 3.3.

3.1 Introduction to Longitudinal Diagnostics

Longitudinal diagnostics groups diagnostic devices which resolve the time dependent par-
ticle density distribution in an accelerator. Whether the diagnostics aim to resolve the
temporal behavior in the range down to femtoseconds or up to seconds highly depends
on the type of accelerator. This thesis is about bunch length measurements at an elec-
tron storage ring therefore the main focus of this chapter will be to introduce the working
principles of the longitudinal diagnostics present at ANKA.

Most parameters of the ANKA storage ring have already been introduced along the way
in Chapter 2.1, here just the parameters with relevance for longitudinal diagnostics are

given:
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e Revolution time: 368 ns
e Minimum bunch spacing: 2ns

e Bunch length: 45ps RMS (normal user operation), down to 2ps RMS (low-c-

operation)

The revolution time states how long it takes for a single electron bunch to revolve around
the accelerator. The minimum bunch spacing is given by the period length of the RF to
which the cavities are tuned. In our case, the RF frequency is approximately 500 MHz
which leads to a minimum bunch spacing of 2ns. The length of the electron bunches is
usually stated as RMS value of the longitudinal distribution.

In contrast to linear accelerators, all diagnostics at a storage ring has to be non-invasive
to the electron beam. There are several diagnostics devices which can resolve individual
bunches, and give information about how many electrons are inside those bunches. This
is usually referred to as measurements of the filling pattern. An example for such a device
would be an annular electrode or a stripline detector, both work in a way that a bypassing
electron bunch induces a signal which is then read out by a fast digitizer like an oscilloscope.
Because the synchrotron radiation has practically the same temporal characteristics as the
electron density distribution, it is possible to use diagnostics which detect the synchrotron
radiation pulses rather than obtaining an electrical signal from the electron bunches.
There are also indirect methods such as time-correlated single photon counting (TCSPC)
which allow for a very precise measurement of the filling pattern. It is achieved by mea-
suring time delays between a revolution trigger signal and the events generated by single
photons hitting an avalanche photodiode. There is a diploma thesis about filling pattern
measurements at ANKA by B. Kehrer which covers different detectors for filling pattern

monitors in great detail[44].

What filling pattern monitors typically cannot resolve is the bunch length. This is because
all those devices are limited by the bandwidth, either the bandwidth of the detector itself
or the bandwidth of the readout electronics, which determine their temporal resolution.
For example an oscilloscope with a bandwidth of 20 GHz, only gives a temporal resolution
of 50 ps.

At the time this thesis was written, leading oscilloscope manufacturers had high end os-
cilloscopes with a bandwidth of 60 GHz on the market and first direct electron bunch
length measurements had been undertaken at ANKA by a group from the Institute of
Micro- und Nanoelectronic Systems (IMS) within KIT who have developed a very fast
THz-detector[45]. They managed to detect a signal with a length of just 17 ps FWHM,
the bandwidth limit of the oscilloscope. Independent bunch length measurements with
our streak camera could confirm, that this length agreed with the length of the electron

bunches for the machine conditions present.

To resolve the temporal shape of an electron bunch, an even better resolution down to the

sub-ps range is desired. At the moment, this can only be achieved with indirect measure-
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ments that translate the fast temporal information in either spatial or spectral information.

For storage rings, the most common detector to measure the longitudinal bunch profile is a
streak camera, which translates the fast temporal information of a synchrotron light pulse
into a spatial information which can then be detected from a fluorescent screen. While a
streak camera is a very powerful tool to measure the averaged bunch profile with a very
high precision!, it is not sensitive enough to allow for single-shot bunch profile measure-
ments which could reveal any kind of dynamic substructure on the electron bunches. The

detailed working principle of streak cameras will be discussed in Chapter 3.2.

Several measurements in the time domain during the low-a.-operation at ANKA and
elsewhere have revealed a bursting behavior of the emitted CSR (see Chapter 2.3), which
is believed to be caused by dynamic changes of the longitudinal electron distribution.

To understand these effects, we searched for a non-destructive detection technique which
would allow the measurements of single-shot bunch profiles. Our choice fell onto the non-
destructive EO techniques which make use of the EO effect to modulate the electric field
of an electron bunch onto a laser pulse which is then analyzed. Chapter 3.3 will explore

the working principle of EO techniques in more detail.

3.2 Streak Camera
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Figure 3.1: Tllustration showing the working principle of a SC following the illustration in [46].

1400 fs resolution and a minimum detection limit of 1.7 ps FWHM for our model
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A streak camera is a detector which allows us to measure the longitudinal bunch profile. It
measures the temporal intensity distribution of SR pulses - typically in the visible range?
by transferring the temporal distribution to a spatial one. The working principle of a streak
camera is depicted in Fig. 3.1. An incident SR pulse is sent to a photocathode which in
turn emits photoelectrons. The time distribution of those photoelectrons is equal to that of
the incident light pulse. The photoelectrons are then directed towards a fluorescent screen.
On their way to the fluorescent screen they have to pass a time-varying high voltage field
between two metal plates, usually referred to as sweep field. The sweep field will be set in
a way that electrons arriving earlier will see a different field than electrons arriving later.
As a consequence, they will hit the fluorescent screen at a different location. There is an
electron multiplier® right before the fluorescent screen to amplify the signal (not drawn).
The streak image will have a spatial distribution along the screen that corresponds to the
time distribution of the incident light pulse. A CCD camera is used to capture an image of
the fluorescent screen to allow evaluation of the data. With this setup not only the pulse
length, but also the full time characteristics of the pulse can be extracted from the CCD
image.

The synchrotron radiation has an intensity distribution which corresponds to the charge
distribution within the accelerator (see Ch. 2.2.2). For ANKA it was already mentioned
that this can vary between a bunch-train structure with usually three trains consisting of
around 30 bunches each or just a single bunch every revolution®. In particular during the
multi-bunch operation it is of great interest to not only measure the length and shape of
bunches, but also the time structure for one complete revolution. This, however, brings
another challenge with it: The bunches themselves are very short (ps) compared to the
distance between two bunches (2ns). To measure the filling pattern a time scale of sev-
eral hundred nanoseconds is required, but to measure the individual pulse shapes, a fine
picosecond-resolution is needed. This can be achieved by adding a second sweep unit with
a field perpendicular to the first one, so the two dimensional fluorescent screen can be
filled not only in x-direction, but also in y-direction. This second unit then sweeps at a
different speed, thus allowing us to have a slow and a fast time axis on the screen.

For the streak camera®

in use at ANKA the fast time axis can be varied between 190 ps
and 800 ps in four steps, the slow time axis can be varied between 100 ns and several mil-

liseconds.

The horizontal and vertical size of the light beam which is focussed onto the slit opening of
the streak camera is one of the factors limiting the resolution along the axes. Schematically,
this effect can be seen in Fig. 3.1, where the image on the screen is already two dimensional
without having a deflection in the y-direction.

The scale along the fast time axis is between 190 to 800 ps, as stated above, but the actual
pulse length of the synchrotron radiation pulses is below 100 ps, and can be even as low

as a few picoseconds during the low-a.-operation. This means there is quite some unused

2There are also models which work with X-ray pulses.

3typically a multi-channel plate (MCP)

4Time for one revolution: 368 ns

5Model C5680 by Hamamatsu with a synchroscan plugin and dual time base extender.
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space along the fast axis, whereas the time resolution along the slow time axis - which can
only go as low as 100 ns over the 640 pixels - is barely enough to tell two bunches apart.
In particular when smearing because of the transverse beam size is taken into account. A
convenient way to solve this is to have two neighboring bunches detected with a spatial
displacement along the fast time axis, so the odd bunches are for example shown in the
bottom half of the screen and the even bunches in the top half (or the other way around,
depending on the delay time chosen).

The fast sweep needs to be driven by a RF frequency which is synchronous to the bunches,
e.g., the 500 MHz RF clock, this ensures that the signals from consecutive bunch revolu-
tions will be aligned at the same starting time of the fast sweep along the slow axis. If
we now want to picture the signal from two consecutive bunches at different spots on the
screen, a 250 MHz sine wave signal is used (% - frF) to control the fast sweeping unit rather
than sweeping at the full 500 MHz. This sine signal is generated by a so called “Countdown
Unit” which is fed by the 500 MHz RF clock signal and divides the frequency by two. An
illustration of this working principle can be seen in Fig. 3.2.

The delay time which controls the delay of the sweep unit is adjusted so that, out of two
neighboring bunches, one lies on the rising slope of the trigger signal and one on the falling
slope. Changing the phase of the sinusoidal sweep voltage relative to the SR pulses allows

us to move the bunches further apart along the fast time axis.

Fast Image on screen
time axis

# «—Bunch 2

L 0 I 8<— Bunch 1

Slow
time axis

Sinusoidal

sweep voltage
(f=250 MHz < T =4 ns)

Bunch 1 Delay relative to
Bunch 2 sweep changed

Figure 3.2: Left: Schematic drawing to illustrate how consecutive bunches (bunch spacing 2 ns)
can be depicted with a SC when the delay time relative to the sinusoidal sweep
frequency of 250 MHz is changed. Right: Actual averaged image recorded with the
SC at ANKA, showing two bunches.

By decreasing the horizontal and vertical aperture of the streak camera, the time resolution
can be improved, however, at the cost of intensity. With a lower intensity, the image on
the screen is less bright, this makes the evaluation of the data from one bunch for one
revolution very noisy (see Ch. 4.2.4). Thus averaging is required.

However, if we would just simply average the signal, fluctuations or oscillations of the
arrival time of the bunches smear out the longitudinal profiles. So we record sequences
of individual images, which enables us to detect the averaged arrival time over a shorter

time range. This works, because the main contribution to changes in the arrival time of
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the bunches are synchrotron oscillations with a frequency in the low kHz-range. Typically,
the synchrotron frequency, fs is between 4 - 40 kHz depending on the machine settings.
This results in period lengths of one oscillation between 250 and 33 us. When recording
sequences, the range of the slow time axis has to be set to several ps (usually around 100
- 500 ps) to obtain a sufficiently high signal to allow for an evaluation of the bunch profile
for this image. Over this range, the individual synchrotron oscillations can be resolved
easily and the averaged profile can be corrected for them. Even for slower deflections in
the order of a few ms, this is possible. The post-processing algorithm, which is used to
correct for the arrival time fluctuations is explained in more detail in Chapter 4.2.1.

Compared to the bunch spacing of 2ns or the bunch revolution time of 368 ns, the slow
deflection with several hundreds of ps is rather slow. Thus the signal from all bunches

6 over the range of 640 pixels,

is depicted for many hundreds to thousands of revolutions
which makes it impossible to tell which signal came from which bunch for which revolution.
The electrons created by photons from different bunches and different bunch revolutions
overlap slightly along the direction of the slow sweep. This leads to a broadening of the
extracted pulse length if longitudinal oscillations with different phases for the individ-
ual bunches are present, or the bunch lengths for the individual bunches are significantly
different. Typically this can be the case when the bunch currents differ greatly or lon-
gitudinal instabilities are present. This effect is decreased significantly during single- or
double-bunch operation, because there the signal of only one individual bunch will over-
lap for several revolutions. So during single- or double-bunch operation we can study
the temporal behavior of one bunch for several hundreds to thousands of revolutions. An

example of a single image from such a sequence can be found in Figure 4.3 in Chapter 4.2.1.

3.3 Electro-Optical Techniques

Techniques for EO bunch length measurements utilize a linear EO effect - the so called
Pockels effect (see Section 3.3.1). This effect can lead to a phase modulation of a laser pulse
passing through an electro-optically active material in the presence of an external electric
field. A suitable detection scheme (see Section 3.3.2) can then transform this induced
phase modulation into an intensity modulation. This intensity modulation can finally be
detected with the methods of electro-optical sampling (EOS) - Sec. 3.3.3 or electro-optical
spectral decoding (EOSD) - Sec. 3.3.4.

Last, but not least, Section 3.3.5 gives a brief overview of the historical evolution of the

field of EO bunch length measurements.

3.3.1 The Pockels Effect & Phase Modulation
An EO effect describes the change in optical properties of a material in response to an
external electric field. In the special case of EO bunch length measurements, we are inter-

ested in a change in refractive index which is linearly proportional to the external electric

5More than 1300 revolutions for a time range of 500 ps
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field - the Pockels effect. A more detailed mathematical description of the Pockels effect
has been moved to the Appendix A, here just a brief description of the effect without any

derivations is given.

The Pockels effect generates a birefringence inside an electro-optically active crystal ma-
terial - in our case gallium phosphide (GaP). Typical materials for EO bunch length mea-
surements are GaP and zinc telluride (ZnTe), both are isotropic without the presence of
an electric field, this means that the index of refraction ng does not depend upon direction
of propagation. But when an electric field is present, the refractive indices n along two
of the crystal axes will become a function of the electric field. One of them will increase
and the other one will decrease. They are referred to as the “slow”-axis with the refractive
index n, and the “fast™axis with ny. The induced difference in refractive index is directly
proportional to the electric field. For our setup we have chosen GaP because it exhibits
excellent phase matching between the electric field and the laser wavelength (1030 nm), so

a relatively thick crystal can be used to yield a higher signal (see Eq. 3.1 ) [27].

The electric field which induces the modulation can be either the Coulomb field (near-field,
see Chapter 2.2.1) or the field of the CSR (far-field, see Chapter 2.2.2).

For near-field EO bunch length measurements, the crystal has to be brought inside the
UHV system of the electron beam pipe. Here the distance between the electron beam and
crystal is only a few millimeters.

For the far-field variant, CSR - e. g. at a beamline - supplies the modulating field when it
is focused and sent directly through the crystal.

The EO bunch length measurements carried out for this work have all been performed in
the near-field, which had never been done before at any storage ring. But it should be
mentioned that the first far-field measurements using CSR at a storage ring had also been
carried out at ANKA, in 2009 [47].

To probe the field induced birefringence, a laser pulse is sent through the crystal at the
same time as the modulating field. Because the response of the Pockels effect is very
prompt, the temporal profile of electric field will be modulated onto the phase of the laser
pulse, which will, in turn, result in a phase retardation of the laser pulse.

In the Appendix A it is shown that the phase modulation (phase retardation) I', which
the laser pulse undergoes is directly proportional to the modulating electric field F.

d
= %nng. (3.1)

Here w is the laser frequency (not the repetition rate), d the thickness of the crystal and ry4;
the Pockels coefficient of GaP. However, for this equation to hold, certain criteria concern-
ing the crystal orientation and the directions of propagation and polarizations of the laser
pulse and the modulating field need to be fulfilled. Figure 3.3 illustrates this alignment.
The electric fields travel through the crystal perpendicular to the (110)-plane along which

the crystal is cut. Their polarizations lie along the (-110)-axis which will maximize the
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phase retardation for a given electric field.

Y=1001] GaP cut in
[110] plane
X =[-1,1,0]
g Elaser
] Emod
(]‘ Direction of
propagation

Figure 3.3: Illustration showing the alignment of the directions of propagation and the polariza-
tions for the laser Ej .., and the modulating electric field F| 4 with respect to the
GaP crystal (thickness d) which is cut along its (110)-plane. The direction of propa-
gation for the electric fields is perpendicular to the (110)-plane with their directions
of polarization being parallel to the (-110)-axis X. The refractive indices of the fast
and slow axis ny and ns which will change magnitude in dependence of E, 4 are
also indicated. Without the presence of a modulating field n, = ny = ng.

To turn the phase retardation into a detectable intensity modulation a suitable detection

scheme has to be applied which is explained in the following section.

3.3.2 Detection Scheme

There are various EO detection schemes, such as the “crossed polarizer scheme”, “the bal-
anced detection scheme” or the “near crossed polarizer scheme” which can be used to detect
the field induced phase retardation. In [26], a thorough mathematical description of the
different schemes can be found.

Here, only the “near crossed polarizer scheme”, which we use for the EO bunch length

measurements at ANKA is discussed.

With the near crossed polarizer scheme, we want to turn the phase retardation into a
detectable intensity modulation. The advantages of this method are that the intensity
of the detected signal can be adapted to the dynamic range of the detectors and the EO
signal is already nearly linearly proportional to the field strength of the modulating field.

For this setup several optical components need to be placed along the beam path and Fig.
3.4 shows an illustration of the placement.

The laser pulse is first sent through a polarizer to ensure that it reaches the EO crystal
with a linear polarization. After its modulation inside the crystal it passes through a
quarter-wave plate (QWP), which is used to compensate any intrinsic birefringence the
crystal might already exhibit (e.g. due to mechanical stress or defects inside the crystal).

The half-wave plate (HWP) is then used to rotate the polarization by a small angle with
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Figure 3.4: Near crossed polarizer scheme. The laser first goes through a polarizer to ensure its

linear polarization when it passes the subsequent EO crystal. The modulated laser
pulse then passes a quarter-wave plate (QWP) to correct for any intrinsic birefrin-
gence of the crystal and then a half-wave plate (HWP) which can rotate the direction
of polarization to adjust the intensity that passes through the following polarizer
which is in crossed position with respect to the first polarizer. While the orientations
of the polarizers and the EO crystal are fixed, the QWP and HWP can be rotated to
adapt the setup.

respect to the crossed polarizer.

The detectable laser intensity at the end of the setup can be calculated using Jones calculus
(see e.g. [48]). For Jones calculus, the optical components are represented by transforma-
tion matrices. The matrices for the different optical components are simply multiplied to
obtain a transformation matrix for the whole optical setup. The calculations for the near
crossed polarizer setup as we use it at ANKA are shown in detail in [27], here just the

result is presented.

1
Ignal = §Ilaser (1 —cos(I' - 40)) (3.2)

Where I 1 is the laser intensity at the end of the setup and I}, the intensity at the
start of the setup. I is the phase retardation from Eq. 3.1 and © the angle of the HWP,
where an angle of 0 would result in maximum signal suppression through the optical setup.
The angle of the QWP is assumed to be 0, which would leave the beam unaltered in the

absence of any external influences.

Figure 3.5 illustrates the behavior of the detected laser intensity in dependence of I' for
fixed angles of ©®. While for lower angles of ©, the absolute laser signal is lower (left of
Fig. 3.5), the change in signal relative to the signal without any modulation (relative
modulation) is rather large, but the cosine behavior shows strongly (right of Fig. 3.5).
And vice versa, for higher ©, the absolute signal increases, but the change in relative
modulation becomes smaller, but also more linear. The final choice of angle is determined
experimentally according to the dynamic ranges of the detectors. An angle © of about 5°
has proven to be most suitable for our setup and its detectors, but the details of this will

be discussed in Chapters 6.1.3 and 6.2.3.2.

So far we have not yet looked at the time dependence of the modulating electric field. It was
shown in Chapter 2.2.1 that the temporal profile of the Coulomb field of a relativistic line
charge represents the line charge density. So by measuring the time dependent Coulomb
field, we can measure the longitudinal bunch profile.

The following two sections go into detail of the detection methods of EOS and EOSD,
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Figure 3.5: Left: Showing the laser intensity relative to the initial intensity versus the phase
retardation induced by the EO crystal. The different curves are for different angles
of the HWP. Right: Here the laser signal is shown relative to the signal at a phase
retardation of 0.

showing how the field induced intensity modulation of a laser can be used to actually

measure bunch lengths.

3.3.3 Electro-Optical Sampling (EOS)

A comparatively easy method to detect the laser intensity which is modulated by the
Coulomb field is achieved with electro-optical sampling (EOS). Its working principle is
illustrated in Fig. 3.6. The time dependence of the Coulomb field is sampled by a short
laser pulse for which the delay with respect to the electron bunch is changed step-wise. A

fast photodiode (PD) can then be used to measure the peak signal in dependence of the

delay.
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Figure 3.6: Illustration showing the working principle of EOS with a near-crossed polarizer setup.
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This technique is a convenient and easy way to scan the electric field and find the delay at
which the laser pulse and the electron bunch have full temporal overlap inside the crystal.
With it the shape wake-fields which trail the Coulomb field of the electron bunch can also
be studied.

As this technique is not a single-shot technique, but requires a scan of the delay over sev-
eral minutes, its resolution depends highly upon the stability of the different components
over this time. While it is comparably easy to delay a laser pulse in precise steps (e.g.
with an optical delay stage, or electronically by delaying via its synchronization unit), the
synchronization between the laser pulse and the actual electron bunches is only as good
as the longitudinal stability of the arrival time of the electron bunches. In the case of the
bunches oscillating longitudinally or their shape changing over the course of the measure-
ment, the measured bunch profiles will smear out. Of course, the length of the laser pulses
also limits the resolution, as we are only measuring the peak signal of the laser, we will
obtain a convolution of the laser pulse length with the electric field.

Assuming Gaussian distributions of the different components the measured result is elon-

gated in the following way:

2 _ 2 2 2 2
Tmeas = %hunch T “laser T 5itter, laser + 3itter, bunch (3-3)

For the setup in use at ANKA, the resolution is mainly limited by the laser pulse length
being in the order of 10 ps RMS because we require it to be long for EOSD measurements,

which will be discussed in the next Section.
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3.3.4 Electro-Optical Spectral Decoding (EOSD)

EOSD provides the possibility to measure the temporal profile of the Coulomb field with
a single shot. The principle is shown in Fig. 3.7. The laser pulse is stretched in time
with a chirp’, this means that the relation between arrival time and wavelength inside the
laser pulse is continuous (ideally linear). The different wavelengths inside the laser pulse
then pass the crystal at different times, because the Pockels effect is nearly instantaneous,
the bunch profile is modulated onto the temporal profile of the laser. The laser pulse is
then analyzed with a single-shot spectrometer. Because the relation between the spectral
and the time domain of the laser is known (requires calibration measurement), from the

measured spectral modulation the bunch profile can be extracted.
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Figure 3.7: Illustration showing the working principle of EOSD with a near-crossed polarizer

setup.

The limitations of this technique lie in the fact that, even though the measurement is
single-shot, it can only measure the bunch profile within a certain time window with one
shot. To increase this time window means to stretch the pulse further in time, which
in turn, due to the resolution of the spectrometer, will decrease the temporal resolution
within the time window.

Additionally, there is a further limitation introduced by the modulating electric field -
frequency mixing. For very rapid changes of the electric field, the modulation blurs the
wavelength of the laser spectrum. The mathematical description of this effect can be
found in [49] and numerical simulations for bunch lengths in the order of a few hundred
femtoseconds have been made in [27]. The length of the electron bunches at ANKA, is
> 2ps RMS and even the scale of the expected substructures on the longitudinal bunch
profile is > 100fs. This does not put us at the lower edge of the detection limit.

For us, the main limiting factor is given by the resolution of the spectrometer and quality of
the linear relation between wavelength and time within the laser pulse, which is discussed

in more detail in Chapter 6.2.4.

“In Dispersive media, the refractive index is a function of wavelength n(A\). In media with normal
dispersion n decreases with wavelength thus leading to the longer wavelengths traveling at a higher velocity

than the shorter wavelengths. This correlation between wavelength and time is referred to as chirp.
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3.3.5 History of Electro-Optical Bunch Length Measurements

Now that the basic working principle of the rather complex electro-optical (EO) bunch
length measurements has been introduced in the previous parts of this Chapter, this final
Subsection tries to give an overview of the history of EO measurements. To tell the story
of how the different EO techniques, which had first been used to characterize laser based

THz sources has found its way from laser physics into the world of accelerator physics.

First EOS measurements date back to 1982 [50, 51] when they were used to characterize
fast electrical transients. Single-shot EOSD was first used in 1998 [52] when they measured
the electric field of a laser generated THz pulse.

First EO measurements at an accelerator were performed at FELIX (Nijmegen, Nether-
lands) between 1999 - 2002. There they achieved a sub-ps resolution and tested vari-
ous different detection techniques and even performed single-shot measurements [23] [24].
Around the same time, EO measurements were performed at ATF (Brookhaven National
Laboratory, USA) in 2001 [53] and at the Fermilab photoinjector (Fermilab, Batavia, USA)
in 2001 [54].

Over the years, many other measurements at different machines followed, establishing EO
bunch length measurements into the world of longitudinal beam diagnostics. Measure-
ments were performed at machines like the SDL (NSLS, Brookhaven National Laboratory,
USA) in 2003 [55], at the SLS injector linac at PSI (far-field) in 2004 [56], at VUV-FEL
(DESY, Hamburg, Germany) in 2005 [57], at the SLAC linac (Menlo Park, USA) in 2005
[25] and then at FLASH (DESY) [26].

Until then all measurements were performed at linear accelerators, either measuring in the
near-field or in the far-field using coherent transition radiation (CTR).

In 2009, first far-field measurements at a synchrotron light source using CSR during the
low-a-operation were performed at ANKA (Karlsruhe, Germany) [47] and an image of one
of the EOS traces is shown in Fig. 3.8. In 2011, first far-field EOSD measurements during
a femto-slicing operation at a synchrotron light source were performed at the SLS [27]. At
the UVSOR II (Japan) similar measurements were also performed around the same time
during femto-slicing operation [58]. In 2012, EOS measurements were performed at ELBE
at HZDR (Rossendorf, Germany) [59].

And for this thesis, first single-shot near-field EOSD measurements were performed at a

storage ring during low-a.-operation.

Current research topics aim to improve the temporal resolution, the sensitivity, and to
explore the capabilities of new organic crystal materials, or even to try out new techniques
which make use of the non-linear effects which would otherwise limit the techniques for
shorter bunch lengths [60-62].

At ANKA the research will be driven towards a turn-by-turn detection of single-shot
bunch profiles, for which the readout speed has to be increased greatly - up to 2.7 MHz,
the revolution frequency of the ring.

In addition to that, for our new accelerator project FLUTE we also plan to have EO
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techniques implemented [63]. The design layout and considerations for a system to reach

even better temporal resolutions are currently being carried out by A. Borysenko.
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Measurement of the electric field of the CSR, averaged over 100 bunches and many
revolutions (100s integration time). Recorded at the IR1 beamline at ANKA via
asynchronous electro-optical sampling (EOS). Courtesy of A. Plech, data published
in [47].




4. Streak Camera Measurements

When introducing a new measurement technique, such as electro-optical measurements
are for ring machines, it is crucial to have means of cross-calibration and comparison with
existing state of the art diagnostics. Whereas for linear machines a deflecting cavity would
be such a tool, for electron storage rings, a streak camera (SC) is such a state of the
art detector which allows insight into the longitudinal beam dynamics. However, as all
techniques it has its virtues and its limits (see Ch. 3.2 for a general introduction to the
working principle of a SC).

This chapter gives a summary of the experimental setup and characterization measure-
ments performed with the SC setup at ANKA in the framework of this thesis. The first
part covers the SC setup for which a new dedicated visible light diagnostics beamline has
been set up during the scope of this work. In the second part, characterization measure-
ments and a calibration measurement with a fs-laser system are presented.

Actual electron beam studies performed with the SC and other longitudinal diagnostics at
ANKA, are shown in Chapter 7.

4.1 Streak Camera Setup at ANKA
As the SC works with the visible part of the synchrotron radiation (SR) spectrum, exper-

iments need to be carried out in a location where this part of the spectrum is coupled out.
ANKA currently has two IR beamlines, IR1 and IR2, both offering sufficient photon flux
also in the visible range. Whereas IR1, as one of the first beamlines at ANKA, has been
operational throughout the early days of low-a.-operation at ANKA, TR2 saw first beam
in 2009 [64, 65]. All beam diagnostics requiring visible light like SC measurements [66]
and TCSPC measurements [67] had to be performed first at the IR1 and later also at the
IR2 beamline. This brought a few disadvantages such as the relatively low optical power
in the visible range due to gold mirrors; the measurement equipment had to be set up
each time for the measurement since the IR beamlines are only available when there are

no users scheduled for experiments, so those measurements could not easily be done para-
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sitically. So a dedicated visible light diagnostics beamline has been designed and became

operational in October 2010.

4.1.1 Visible Light Diagnostics Beamline

The visible light diagnostics beamline makes use of an existing front end at a 5°-port! off
a bending magnet at ANKA. For this front end with its given aperture we simulated the
photon flux along the beam path with Synchrotron Radiation Workshop (SRW) 2 [68].

of f axis paraboloid mirror f= 1200 mm
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Figure 4.1: Beam path from the source point inside the bend to the streak camera with the

distances shown in mm.

A sketch of the beam path can be seen in Fig. 4.1. The distance from the source point to
the first mirror (cooled planar mirror) is 3400 mm, the beam is then deflected upwards® and
passes through a Quartz glass vacuum viewport. From this point onwards the beam path is
through air. It then reaches an off-axis paraboloid mirror with a focal length of 1200 mm
which collimates the beam and also deflects it by 90°, so it can safely be transported
through a small hole in ANKA’s radiation protection wall. On the other side of the
radiation protection wall, the beam is deflected downwards by a planar dichroic mirror.
This dichroic mirror* transmits light with wavelengths between 600 nm and 725 nm towards
an avalanche photodiode which is used for the TCSPC setup allowing us to measure the
bunch purity and the filling pattern with a dynamic range of 10* [67].

Light with wavelengths below 600 nm is reflected towards the last mirror before the SC
which is an off-axis paraboloid mirror with an effective focal length of 152 mm. It focuses
the light onto the entrance slit of the streak camera. Between the last mirror and the SC
there is room for a 40 nm bandpass filter® centered around a central wavelength of 550 nm
which is used for standard streak camera measurements to avoid any pulse lengthening
effects due to dispersion.

The photon flux limiting effect of the fixed aperture / diaphragm (20 mm horizontally by

5 mm vertically) after the source point was simulated with SRW based on ANKA machine

The total deflection angle of a single bending magnet at ANKA is 22.5°. For space reasons every
bending magnet can accommodate a maximum of 2-3 beamlines. They can be placed under different
angles of 0° (edge port), 5°, or 11.25°

2 http:/ /www.esrf.eu/Accelerators/Groups/InsertionDevices /Software /SRW

3For radiation safety reasons it is not desired to drill any holes into the radiation protection wall in the
orbit plane.

“Thorlabs DMLP605

SThorlabs FB550-40
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parameters® (2.5 GeV electron energy, 200mA beam current). The dimensions of the
aperture had to be accepted and could not be changed because this part of the beamline
was already present. The vertical photon flux profile for a photon energy of 2eV (620 nm)
can be seen in Fig. 4.2 in the left. Roughly 60% of the intensity of the light in the visible
range is cut off by the narrow aperture. In the right of Fig. 4.2 the flux at the SC’s

entrance slit position is visualized.
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Figure 4.2: Left: Simulated photon flux at the diaphragm in dependance of vertical position.
The part marked in red between -2.5 and 2.5 mm can pass through the aperture, the
rest is absorbed. Right: Simulated photon flux at the focus point where the streak

camera is placed.

4.1.2 Streak Camera Optical Setup

The SC setup at ANKA consists of a Hamamatsu C5680 streak camera that is extended
with a synchroscan plugin and a dual time base extender (double sweep unit). The syn-
chroscan unit operates at half the frequency of the RF system, so signals from bunches in
odd and even RF buckets can be separated. There is an active feedback loop to correct
for any temperature dependent drifts of the fast deflection phase due to heating up of
the camera unit. For all measurements during the low-a.-mode the fastest deflection was
used with a resolution of 190 ps / 512 pixels = 370fs per pixel. The blanking amplitude -
slow deflection, which allows us to see the signal from many consecutive revolutions - was
varied between 100 ps (=~ 270 ANKA revolutions) and 2ms (= 5400 ANKA revolutions),
depending on the signal strength.

4.2 Characterization

The raw data obtained with the SC needs to be post-processed in order to obtain longi-
tudinal bunch profiles. The detailed steps of the analysis algorithm are explained in the
following section. This is followed by measurements to compare the performance of the

new diagnostics beam port to previous measurements at the infrared (IR) beamlines.

Sother SRW input parameters: // name, dE/E, h-emit, v-emit, h-beta, v-beta, h-alpha, v-alpha, h-disp,
h-disp’
SrwElecThick("E_ebm”,0.001,50,0.5,1.06,8.17,0.66,-2.3,0.21,-0.18)
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4.2.1 Streak Camera Data Analysis
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Figure 4.3: Top: Single streak camera image of a sequence of 500 consecutive images; recorded
in dual-sweep mode. The synchrotron frequency for this measurement was 30.8 kHz
which corresponds to a period length of roughly 33 ps. Bottom: CoM calculated for
5-pixel-wide slices. The sinusoidal fit to the data matches the synchrotron frequency

well.

Figure 4.3 shows in the top a single streak camera image. To obtain an averaged bunch
profile, one needs to project the data onto the y-axis. One can clearly see that there is an
oscillation along the x-axis which would smear out the projection. This oscillation which
is caused by the bunches undergoing longitudinal (synchrotron) oscillations can be seen
more clearly in the bottom of Figure 4.3, where just the motion of the centre of mass
from the raw image in the top is drawn. As there was no longitudinal feedback system
at ANKA when those measurements had been performed”, synchrotron oscillations with
amplitudes in the order of a few ps are visible quite clearly for most machine settings. In
order to minimize this effect, we apply a post-processing algorithm (flow-diagram shown
in Fig. 4.4) to the acquired images.

For the evaluation we normalized the bunch profiles to a unit area to allow an easy com-

parison of profiles for different bunch currents or different machine settings. The bunch

"In October 2013, a 3d fast orbit feedback system has been installed.
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Slice-wise analysis

Calculate the center of mass (CoM) for every one of the 640
vertical pixel slices.

If statistics are low use the mean value of up to 15 neighboring
slices.

Shift every slice by CoM in y-direction to correct for arrival time

fluctuations.

Histogram data

Corrections are applied to all images and data is then filled into
histogram to obtain a smooth averaged bunch profile.

Figure 4.4: Sketch of the main steps for the SC data processing

lengths have been extracted from the bunch profiles by determining the full width at
half maximum (FWHM). To deconvolute the data with the measured point spread func-
tion (PSF), we quadratically subtract the resolution/jitter contribution of 4.1 ps. Details
of the measurement of the PSF will be discussed in detail in section 4.2.3. As last step, we
calculated a RMS-equivalent value for a Gaussian profile®. An example for post-processed
bunch profiles is shown in Fig. 4.5.

This algorithm has meanwhile been slightly altered and automated to allow for a semi-

real-time analysis of bunch length measurements [69].

86 = FWHM / 2.35 for a Gaussian distribution
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4.2.2 Benchmarking of the Diagnostics Beam Port

To benchmark the performance of the diagnostics beam port, we measured the bunch
length in dependence of the single bunch current® as done previously at the IR beam-
line [66]. The same evaluation method as above including the correction of longitudinal
oscillations was applied.

Now the light intensity at a bunch current of 40 nA (15 pC) is still more than sufficient to
measure bunch profiles that allow for correction of synchrotron oscillations. An example
of such bunch profiles can be seen in Fig. 4.5.

At the IR beamline about 170 pA were required to obtain a comparable signal. For mea-
surements with more compressed bunches even below 20 pA a sufficient signal strength

was achieved which can be seen in Figure 7.3 further down in Section 7.1.
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Figure 4.5: Bunchprofiles recorded during the low-a.-mode (Fill 3667, 1.6 GeV, f; = 7.383kHz,
Vrr = 1.0MV) for high and low current (2.01 mA & 0.05 mA). The one for high
current is not only wider (11.2ps & 5.4ps) but also shows a stronger deformation.
For better comparison, the amplitudes have been scaled to 1. Published in [70].

4.2.3 Calibration Measurements with a fs-Laser System

The resolution of the SC is not only limited by the spot size of the focal point on the
cathode (image without any deflections), but also the quality of the fast deflection which
is continuously on during the synchroscan mode. To characterize those effects and obtain
a PSF to deconvolute the data with, calibration measurements with a titanium-sapphire
(Ti:Sa)-50-fs-laser system (central wavelength 800 nm) which is also synchronized to the
500 MHz storage ring RF-system, were performed. For this, the laser beam was attenuated
and measured with the SC as if it was synchrotron radiation (no band pass filter was used as
the laser’s intrinsic spectral width is small enough). The same data-analysis as for normal
SC measurements was performed on the data. A background- and oscillation-corrected
laser profile can be seen in Fig. 4.6. The width of this profile (FWHM of 11 + 1 pixels
; 4.1 +0.37ps) is taken as PSF for the data analysis of all our SC measurements. For
various parameter settings the measured pulse length did not change more than +1 pixel

which it also does statistically for many consecutive measurements with the same settings.

90.1 mA = 37pC for ANKA
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To make sure that the laser pulse length can be considered short enough and does not
influence the measurement, a block of acrylic glass was inserted to stretch the laser pulse
due to dispersion, but no significant effect on the measured temporal profile could be

observed.
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Figure 4.6: Background- and oscillation-corrected longitudinal profile of a fs-laser pulse from a
Ti:Sa laser measured with our SC. The FWHM is 11 pixels which corresponds to
4.1 ps.

4.2.4 Single-Shot Measurements with the Streak Camera

The SC is an excellent tool for longitudinal beam diagnostics that allows us to measure
averaged bunch profiles with a very high accuracy and even down to very low bunch
charges. Furthermore, it gives the possibility to study longitudinal oscillations over the
course of a single revolution to several thousand revolutions. However, its capabilities to
measure actual single-shot bunch profiles are rather limited.

The signal intensity from just a single revolution of a single bunch is rather low for the SC,
even when the V-shaped slit which limits the time resolution along the slow time axis is
opened considerably further than during normal SC operation, the profiles shown in Fig.
4.7 are dominated by low photon statistics. Depicted are two sets of single-shot bunch
profiles recorded with the SC during single-bunch operation. In black, the averaged profiles
are also shown. For the profiles in the left, the optical band pass filter which we typically
use to limit the effects of dispersion inside the camera has been removed to increase the
signal, for the data sets in the right it has been inserted again, decreasing the intensity
by slightly more than a factor of 10. The fluctuations of bunch shape we observe for this
measurement are mostly caused by by statistical fluctuations (Poisson noise), which has

been shown with Monte Carlo simulations in [71].
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Figure 4.7: Two sets of single-shot profiles recorded with the streak camera. The averaged pro-

files (averaged over 271 single shots) are shown as thick black lines. Left: Without
any optical filters in the beam path, to have maximum light intensity. Right: With
a 550 nm bandpass filter (40nm width), which we normally use for measurements
to avoid dispersion. The counts for the images have been scaled by the same con-
stant factor to make to allow for the comparison of the intensities relative to each
other. Electron beam parameters: Fill 4855; beam current of 0.3 mA; 23k steps; fs =
12.8 kHz; 300kV / cavity. The spikes on the SC signal are caused by the low count
rate and can be attributed to Poisson noise rather than actual sub-structure on the
bunches. For better visibility, the profiles have been displaced in y-direction. Data
kindly post-processed by P. Schonfeldt.




5. Electro-Optical Setup at ANKA

The main part of this thesis was to specify, build and commission a single-shot near-field
EO setup at ANKA and then perform first systematic studies and measurements with
it. This chapter goes into detail of the experimental setup layout and challenges of this
technique to work at a storage ring opposed to linear accelerators, where it had been used

up to now.

Every setup for EO bunch length measurements requires a laser, an optical setup and a
detection system.

The requirements upon the laser system to perform both multi-shot EOS and single-shot
EOSD measurements are very stringent and require careful planning, a topic that will be
discussed in the following section along with design considerations for the other parts of
the setup.

In Section 5.2 a detailed description of the chosen laser system is given. Section 5.3 then

describes the near-field setup and Sec. 5.4 the detection system.

5.1 Design Considerations

The laser system needs to supply laser pulses with a pulse energy in the order of a few nJ
at a repetition rate of ideally the storage ring’s revolution frequency or a subharmonic of
it.

This is necessary to assure that the passage of each laser through the EO crystal (modu-
lation) coincides with the arrival of one electron bunch.

The synchronization between the laser pulses and the RF system of the storage ring needs
to have a femtosecond accuracy, which can only be achieved by an active synchronization
loop which gives a direct feedback to the laser cavity. The revolution frequency of ANKA is
around 2.7 MHz. Typically, laser cavities of femtosecond fiber or titanium sapphire lasers
(the standard choices for EO measurements) do not operate in the low MHz repetition

rate range, but rather at frequencies in the order of 50 - 500 MHz. So the synchronization
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is achieved for the laser oscillator and then pulse picking and subsequent pulse amplifica-
tion is required to obtain the desired synchronized laser pulses at the low MHz repetition
frequency. This however means that the repetition frequency of the laser oscillator needs
to be a harmonic of the storage ring repetition rate, and for synchronization purposes
also a subharmonic of the storage ring RF system which is 500 MHz for ANKA. Those
restrictions narrow down the possible repetition rates of the laser oscillator greatly and,

in our case, made the use of an off-the-shelf commercial laser system not possible.

The laser wavelength spectrum needs to cover a range in the order of 60 - 100 nm FWHM
to allow for single-shot EOSD measurements. This rather wide spectral range can con-
veniently be achieved by laser oscillators generating ultra-short laser pulses'. The most
common laser systems which can offer this, are titanium sapphire lasers operating at a cen-
tral wavelength in the order of 800 nm, and fiber laser systems operating around 1000 nm.
Both types of systems are used for EO measurements around the world. Both systems
have their respective advantages and disadvantages. The laser pulses for EOSD measure-
ments need to be stretched in the time domain to lengths greater than that of the electron
bunches. For the operation at ANKA this means to stretch them to values in the order of
20 - 60 ps FWHM.

As we could not use an off-the-shelf commercial solution for a laser system, a team from
Paul Scherrer Institute (PSI) developing a modular fiber laser system - specifically de-
signed and optimized for EO measurements at accelerators|72] - very kindly offered aid to

build a custom laser system with the specific needs for operation at ANKA.

The optical setup required to bring the correctly conditioned laser pulses into the UHV
system was based on designs used at PSI and DESY, but had to be slightly altered to
match the requirements for the use at a storage ring. The main point of this was to find a
way of ensuring that the beam quality during normal user operation at ANKA would not

be decreased due to impedance effects from the modified vacuum chamber.

The detection system needs to be able to detect the modulated laser pulses in the time
domain for EOS measurements and in the frequency domain for EOSD measurements. For
the latter, it also needs to provide single-shot spectral detection capabilities.

The EO setup finally chosen for ANKA consists of three main parts which are discussed

below:

1. An Ytterbium-doped fiber laser system consisting of an oscillator synchronized to
the RF-system and a pulse picker followed by a single-pass fiber amplifier allowing

the reduction of the repetition rate.

2. A compact fiber-coupled near-field setup that allows the coupling of the laser pulses
into the UHV-system where the field-induced laser modulation occurs inside an EO-

crystal which is brought close to the electron beam.

! As the time-bandwidth product of lasers is limited by the Heisenberg principle, very short laser pulses
produce a wide spectrum.
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3. A detection system to detect the modulated and unmodulated laser signal both
temporally with a fast photodiode and and spectrally with a grating spectrometer

including a line detector.

This chapter follows the division of the setup into these three parts: The next part describes
the laser system itself (Section 5.2), then follows the description of the near-field setup
(Section 5.3) and the chapter is concluded by the illustration of the detection system
(Section 5.4).

5.2 Laser System
The laser system consists of an Ytterbium-doped fiber oscillator operating at 62.5 MHz

with a central wavelength of 1030 nm and an active synchronization unit that locks its
repetition rate to the storage ring RF master oscillator at 500 MHz. In addition to that
it is equipped with a pulse picker and a subsequent single-pass fiber amplifier, which
lowers the repetition rate below 31 MHz (typically 0.9 - 2.7 MHz) and slightly broadens
the spectrum while shifting its central wavelength to around 1050 nm.

The laser system itself was originally developed at PSI specifically for EO bunch diagnos-
tics at SwissFEL and the European X-FEL [27, 72]. The repetition rate in this oscillator
then needed to be increased for the use at ANKA and the control system had to be adapted
to integrate with our system.

During the scope of this work, I spent three months at PSI for the assembly and commis-
sioning of the laser system and to gain valuable “hands-on” experience in the operation of

the laser.

5.2.1 Laser Oscillator

A sketch of the laser oscillator can be seen in Fig. 5.1. The laser oscillator itself consists
of a fiber- and a free-space-part with the active medium being an Ytterbium-doped fiber.
It is pumped optically with a commercial laser diode operating at 980nm. The laser
pulses are coupled out of the circular resonator with a polarizing beam splitter. In order
to achieve passive mode-locking (ultra-short pulse operation with a constant repetition
rate) a non-linear effect inside the laser oscillator is required which makes it energetically
more beneficial for the laser pulses inside the resonator to be very <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>