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Chapter 1

Introduction

This thesis describes the development of a high-brightness MeV electron source, in the
framework of a broader programme aimed at generating short-pulse, intense tunable radi-
ation with relativistic electrons.

1.1 Applications of high-brightness electron beams

Since the first observations of cathode (electron) rays, in the mid-nineteenth century, and
the subsequent discovery of the electron by Thomson in 1897, electron beams have found
applications in many diverse areas. Domestic applications for instance, include the use
of low-energy (keV) electron beams in CRT televisions and in microwave ovens. Medium
energy (MeV) electron beams are used in hospitals for imaging and cancer treatment.
Large-scale applications in industry include cross-linking in polyethylene and rubber, elec-
tron beam curing and sterilization of food and medicines. In science, high energy (GeV)
electron beams are particularly important for investigating the structure of matter, the
properties of elementary particles and the nature of nuclear forces. The ever higher lumi-
nosity needed in this research was initially the main driving force in the development of
bright electron beam sources. Increasingly, however, this role is being taken over by one
of the main spin-offs of high energy physics, i.e. the application of high energy electron
beams to build bright light sources for other branches of physics and more and more for
chemistry and biology as well. Shortly after the first observation of cathode rays it was
already noted, by Röntgen in 1895, that these rays could be used to generate penetrating
radiation, which he called X-radiation. The unique capability of this radiation to make
images of the body, due to the different absorption coefficient of different tissues, immedi-
ately aroused great scientific interest. Despite the efforts aimed at building more powerful
X-ray sources, however, the progress was only moderate for a long time. This changed
in the 1950’s after the first observation of synchrotron radiation, in a 70 MeV electron
synchrotron, at the General Electric Research Laboratory in Schenectady, New York in
1947. In the 50 years since, synchrotron radiation has become a premier research tool.
Apart from the penetrating capabilities mentioned before, the main reason for this success
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Figure 1.1: Average brilliance and peak brilliance development of X-ray
sources since the discovery of X-rays by Röntgen in 1895 (data from [1]).

is the fact that the X-ray wavelength, which determines the smallest size one can study, is
comparable to the atomic dimension. For this reason X-rays are extremely well suited to
study matter in all its diverse manifestations.

Figure 1.1 shows the progress made in brilliance since the discovery of X-rays by Rönt-
gen. The brilliance is defined as the photon flux per unit area, per unit solid angle, per unit
spectral bandwidth, or, in effect, the 6-D phase-space density of the photon beam. Over
the past thirty years synchrotron radiation has provided an increase in flux and brilliance
by more than ten orders of magnitude. The first generation sources were electron-positron
colliding beam machines that were designed and operated to provide the highest possi-
ble collision rates without blowing up the beams, a condition that generally meant low
beam currents. Operation as a synchrotron radiation machine was parasitic and resulted
in severely limited output of synchrotron radiation. The second generation machines, the
Synchrotron Radiation Source at Daresbury laboratory in the UK being the first, were
electron storage rings specially designed and constructed as synchrotron radiation sources.
The average brilliance increased by more than two orders of magnitude. Many of the first
generation machines evolved towards second generation status once high energy physics
experiments moved to higher energy machines. Still, in the 1980’s there was an increasing
imbalance between the demand for synchrotron radiation and its availability. A third big
leap in brilliance came with the third generation machines: storage rings equipped with
undulators or wigglers. These are arrays of closely spaced dipole magnets of alternating
polarity. If the electron beam passes through such an array it undergoes transverse oscil-
lations and it radiates in a spectrally narrow beam. The European Synchrotron Radiation
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Facility (ESRF) in France, with a 6 GeV electron beam, was one of the first of these third
generation hard X-ray sources, which became available to the users in 1994. Others fol-
lowed, like the Advanced Photon Source (APS) at Argonne National Lab (7 GeV) in 1996
and SPring-8 (8 GeV) in Hirama Japan in 1997. These machines, the brightest hard X-ray
sources available today, are large: of the order of 1 km in circumference with 30 or more
insertion devices and a comparable number of X-ray beam lines [2]. The performance,
however, of these third generation devices can not be improved much further because of
fundamental limitations.

The quest for a new generation light source, the fourth generation, has already begun.
The candidate with the best scientific case, at the moment, is the hard X-ray Free Electron
Laser (XFEL) based on a very long, carefully designed, undulator in a high energy linear
accelerator. In this undulator the electrons amplify their neighbor’s spontaneous emission
leading to efficient lasing in a single pass. This process, called Self Amplified Spontaneous
Emission (SASE), opens the way to a much shorter wavelength FEL because it does not
require an optical cavity. Cavities require mirrors, but in XFELs mirrors can no longer
be used because of their low reflectivities and potential mirror damage due to the high
absorbed powers at the X-ray wavelength. The SASE-based XFEL promises to deliver a
peak brilliance a 100 million times higher than present day third generation synchrotron
sources. Moreover, the radiation will have full transverse coherence and the pulse length
will be reduced from the 100 ps time-domain down to the 100 fs time-domain. Two pilot
experiments, the TESLA Test Facility (TTF) FEL at DESY [1] and the Low Energy Undu-
lator Test Line (LEUTL) at ANL [3] have already proven the feasibility of the SASE-FEL
concept. Experiments at the TTF FEL showed that SASE works down to a wavelength of
80 nm while LEUTL reached saturation at 530 nm.

The main difference between the SASE XFELs and the first, second and third genera-
tion sources is the use of a LINear ACcelerator (LINAC) instead of a storage ring. This is
directly linked to the fact that the SASE process requires extremely high six-dimensional
phase space density electron beams: in addition to an extremely high peak current, required
to start the SASE process, the electron beam should also spatially overlap a diffraction
limited X-ray beam over a long distance in the undulator for sufficient interaction. In a
storage ring the phase-space density, or brightness, of the electron beam is limited by the
dynamics of the ring and is very difficult to improve. The storage ring beam brightness
falls short by orders of magnitude for the SASE XFEL. In a well-designed LINAC, however,
it is mainly the electron beam source which determines the brightness of the beam. This
brightness can be orders of magnitude higher than what is achievable in storage rings. It
is first and foremost the tremendous improvement of electron beam sources in recent years
which now enable the design of SASE XFELs.

Although the SASE XFEL is the main driving force, at the moment, for electron beam
source development, many more applications benefit from the progress made and new ap-
plications can be foreseen. New high energy electron-positron colliders, for instance, require
extremely high luminosity at the interaction point. At present the high transverse electron
beam quality needed for this luminosity can only be reached with the use of large and
expensive damping rings. However, the quality of state-of-the-art electron beam sources is
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very close to what is needed for collider operation and direct production may soon be possi-
ble [4]. Bright electron beam sources also play an important role in a completely new quest
in accelerator physics: the pursuit of compactness. Present generation light sources not
only impress because of their extremely high brilliance but also because of their extreme
size and the amount of money involved. Smaller, cheaper facilities, e.g. table-top facili-
ties, would enormously boost the use and the scientific output from X-ray sources. This
will be true even if the source would have somewhat lesser specifications, like a reduced
average brilliance, but would be accessible whenever needed. Standard accelerator tech-
nology, i.e. RF acceleration, can not be miniaturized much further because of breakdown
in the accelerating structures. Combination of accelerator physics with another field in
physics with tremendous progress in recent years, laser physics, leads however to interest-
ing new prospects. High peak-power (TW) lasers, which are now commercially available,
can be used to create electric fields in plasmas three orders of magnitude stronger than
in an RF accelerator. In principle these fields can be used to accelerate injected electrons
to very high energies over short distances, a process called Laser Wakefield Acceleration
(LWA) [5]. Controlled LWA requires injection of electron bunches much shorter than the
plasma wavelength, which is typically between 30 µm and 100 µm. This again requires a
very high quality electron beam source. Although controlled plasma acceleration has not
yet been accomplished, the prospect of making GeV electron beams on an optical table
drives several large research projects in both the US and Europe.

In conclusion, bright electron beam sources will play a key role in many exciting areas of
physics in the coming years. Whether it is the verification of the standard model through
the search for the Higgs boson, the study of chemical reactions on the timescale of a
molecular vibrational period with a very high spatial resolution, the study of the structure
of the viral genome or the development of bright table-top X-ray sources, it all starts with
an extremely high quality electron beam source.

1.2 How to create bright electron beams ?

The quest for high brightness electron beams is in fact the quest for the combination of
1) high peak current; 2) small energy spread; and 3) low emittance. Emittance is roughly
the product of the RMS spotsize and the RMS divergence of the beam (see Sec. 2.1). The
relevant theory, which is discussed in some detail in Chap. 2, provides clear directions
for the development of such an electron beam source. First and foremost the electron
emitter in the source should provide a high peak current, low emittance electron beam. In
addition, to prevent deterioration of the beam due to space charge forces, this beam should
be accelerated as fast as possible to relativistic energies at which these forces are ‘frozen
out’. The emittance growth due to non-ideal acceleration fields should be minimized. As
a last step, depending on the application, different phase-space manipulation techniques
can be applied to shape the electron beam.

The first electron beam sources were thermionic sources with a DC acceleration field.
These sources are still widely used. Thermionic emission is simply thermal escape of the
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most energetic electrons from a heated surface. The escaping electrons constitute the tail of
a Maxwell-Boltzman distribution with sufficient energy to overcome the surface potential
barrier of the material. The emission current is described by the well-known Richardson-
Dushman equation [6]. For very high acceleration fields the equation has to be corrected for
the reduction of the potential barrier due to the schottky effect. The current density from
thermionic sources has increased significantly over the past decades: starting with a current
density of a mere ≈ 100 µA/cm2 from early refractory metal cathodes, to ≈ 20 A/cm2

from modern dispenser cathodes (usually porous tungsten impregnated with a mixture of
BaO and Al2O3). However, the brightness of these sources, even with the highest current
density dispenser cathodes, falls short by orders of magnitude for the most demanding
applications. An essential break-through was the development of the laser driven photo-
cathode combined with Radio Frequency (RF) acceleration, by Fraser and Sheffield in the
mid 1980s [7]. In this so-called RF photo-injector, the electron beam is created by photo-
emission, i.e. the escape of electrons out of a material upon absorption of a photon with
energy greater than the work function. Photo-emission enables the creation of extremely
high electron density beams. Metal surfaces, for instance, may supply current densities in
excess of 100 kA/cm2 without damage, more than three orders of magnitude higher than
the best dispenser cathodes. Moreover, the transverse and longitudinal characteristics of
the electron beam can be manipulated by tailoring the shape of the laser pulse. To preserve
the initial high brightness of these electron beams, high acceleration fields are necessary.
These high fields can not be supplied by regular DC high voltage sources because of electric
breakdown limitations. RF accelerator cavities, however, can sustain much higher electric
fields. It is the combination of high current density electron beams, delivered by photo-
emission, and high field RF acceleration which enormously boosted the brightness.

1.2.1 State-of-the-art

Many different photo-injectors have been constructed and tested since the first introduc-
tion in 1985. One of the most successful designs is the 11/2 cell injector, first introduced
by Batchelor in 1988 [8]. This design has been improved over the years in a collabora-
tion between BNL, SLAC and UCLA and is often referred to as the BNL/SLAC/UCLA
photo-injector. The success of this design is evident from the fact that some dozen in-
jectors based on this design are now in use world-wide. The RF frequency which is used
in these injectors is, for given bunch specifications, the result of a trade-off between the
achievable field strengths and the deteriorating effects of wake-fields and RF induced emit-
tance growth. The used RF frequencies range from 144 MHz [9] to 17 GHz [10]. Most of
the injectors work at 3 GHz (S-band) or at 1.3 GHz (L-band). The best performing RF
photo-injectors, for instance the one installed at the Accelerator Test Facility at BNL, can
produce electron bunches with normalized transverse RMS emittances close to 1 mm mrad
for 100 pC of charge. These bunches are typically 10 ps long with an energy of approxi-
mately 4.5 MeV [11]. It was our aim to go well beyond this, and introduce new concepts
to achieve ultimate target specifications of typically 100 pC of charge at a bunch length of
100 fs with a normalized transverse emittance of 1 mm mrad.
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1.3 Scope of this thesis

All the RF photo-injectors in use at the moment lack one specific property: the ability to
deliver ultra-short (≈ 100 fs), high charge (100 pC. . .1 nC) electron bunches directly from
the injector, i.e. without using magnetic bunch compression, with preservation of the low
transverse emittance (≈ 1 mm mrad). This is simply connected to the fact that the achiev-
able field strengths in an RF resonator are limited by breakdown and can not be increased
to the level needed to prevent space charge induced emittance growth. Compression of
high-brightness electron bunches requires a longitudinal energy-position correlation and is
therefore unavoidably associated with a substantial energy spread. Moreover, compression
usually requires additional LINACs and bulky and expensive chicanes. However, to be
compact and affordable new ’table-top’ applications like Plasma Wake-Field Acceleration
and compact XUV sources also require compact electron sources.

At Brookhaven National Laboratory (BNL) a new type of accelerator has been proposed
and tested which delivers field strengths of 1 GV/m, i.e. an order of magnitude higher
than achievable in state-of-the-art RF accelerators. Simulations indicate that this field
strength is sufficient to directly generate ultra-short electron bunches [12]. It concerns
the use of a High Voltage (HV) power supply, which is able to generate very short (1 ns)
megavolt voltage pulses. By applying this voltage pulse across a millimeter-sized gap,
GV/m electric fields are created. Because of the short duration of the pulse, breakdown
does not occur [13]. In 1999 a project was started at Eindhoven University of Technology
to build a photo-injector based on this principle. The pulsed HV power supply delivers
2 MV at most, therefore electrons can be accelerated to 2 MeV, which is not yet sufficiently
relativistic to ‘freeze-out’ space charge forces. A second acceleration stage was therefore
needed. Since most of the emittance blow-up occurs at low velocities, the requirements on
the acceleration field in this second accelerator are less severe. Therefore it was decided to
use a state-of-the-art high field RF booster based on the BNL/SLAC/UCLA design but
with a number of significant improvements to suit our specific requirements.

Figure 1.2 shows a drawing illustrating the principle of the combined DC-RF photo-
injector. The HV generator applies a 2 MV, 1 ns flat top voltage pulse across the gap
between the photo-cathode and the back plate of the RF cavity. The gap between the
cavity and the cathode is 2 mm, resulting in a field of 1 GV/m. A short laser pulse,
synchronized with the HV generator, photo-emits the electrons from the cathode. Since
the time it takes an electron to cross the 2 mm gap (< 10 ps) is much shorter than the
HV pulse length, the electrons are essentially accelerated in a DC field. After having been
accelerated to 2 MeV, the electron bunch enters the RF cavity through a small hole and
is accelerated further to a final energy of 10 MeV. Detailed simulations of the DC-RF
photo-injector show that in principle it is possible to directly create ultra-short electron
bunches with high transverse emittances from this photo-injector [14].

This thesis describes the development of the RF accelerator and its components. The
DC accelerator is part of a separate research project. If the end-plate of the cavity is used
as the photo-cathode, the RF cavity can be used as a regular RF photo-injector. Although
the brightness and especially the bunch length will then be limited by the field in the RF



Sec. 1.3 Scope of this thesis 7

Coaxial RF coupling

 

Electrons

Laser pulse

3 GHz, 100 MV/m cavity

HV generator

Photo-cathode

Figure 1.2: Drawing illustrating the principle of combined DC and RF
acceleration. The HV generator applies a 2 MV, 1 ns flat top voltage
pulse between the photo-cathode and the back plate of the RF cavity. A
short laser pulse, synchronized with the HV generator, photo-emits the
electrons from the cathode. After having been accelerated to 2 MeV, the
electrons enter the RF cavity through a small hole and are accelerated
further to a final energy of 10 MeV.

accelerator this enables the separate validation of the RF and DC stage. The contents of
this thesis can be divided into three parts: design and fabrication of the RF accelerator
(Chap. 3 and 4); description of the different parts of the experimental setup required to
generate and characterize the electron bunch (Chap. 5, 6 and 7); and experimental results
from the RF accelerator used as a regular RF photo-injector (Chap. 8, 9 and 10).

Design and fabrication of the RF accelerator

Chapter 3 gives an overview of the most important theory for RF photo-injectors. This
theory is then applied in Chap. 4 to explain the details of the design and the fabrication of
the RF cavity. The design was originally based on the BNL/SLAC/UCLA design. However
this design has been modified considerably. For instance, the side-coupling of the RF power
has been replaced by coaxial coupling and no tuning plungers are used. This resulted in
a completely rotationally symmetric cavity which considerably simplified the design and
suppresses RF induced emittance growth.

Experimental setups

Chapter 5 discusses details of the RF power source. The power is delivered by a 10 MW
klystron amplifier. Because the energy fluctuations of the electron bunch are for a large
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part determined by the characteristics of this amplifier its stability is of high importance for
reproducible electron bunch production. The electron bunch itself is produced by photo-
emission from a copper surface. As the laser pulse needs to be shorter than the electron
bunch a sub-100 fs laser pulse is needed. Moreover, because of the high work function
of copper (4.65 eV) UV photons are required. The laser system is discussed in Chap. 6.
Chapter 7 concludes the description of the different parts of the experimental setup with
an overview of the components in the beam line which are used to characterize the electron
bunches.

Experimental results

Chapter 8 describes in detail the synchronization of the laser pulse to the RF field. For
efficient and reproducible operation of the accelerator the electron bunch should start on
a well-defined phase of the RF field. This is achieved with a fast control loop which keeps
the RF frequency synchronized to the laser frequency. The performance of this control
system is discussed. Next, Chap. 9 focusses on the first acceleration experiments. It
includes a detailed discussion of the maximum acceleration field that can be achieved, the
amount of charge that can be excited, and phosphor screen measurements of the transverse
structure of the electron bunch. Finally, Chap. 10 presents bunch length measurements
with a relatively new technique: electro-optic sampling. The details of the technique are
discussed, including the factors that limit the resolution. First results are presented.
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Chapter 2

Fundamentals of high-brightness
electron beam physics

This chapter reviews the most important issues that play a role in the generation of high-
brightness beams, and thus provides a general background to our approach. First, Sec-
tion 2.1 introduces some very general beam quantities and figures-of-merit which are used
to characterize electron beams. In general an electron beam consists of many electron
bunches. Because each bunch consists of many electrons, usually in the order of 1010, a
phase-space description is best suited. Within certain limits the usual results from Hamil-
tonian mechanics, most importantly the conservation of phase-space density, can then be
used to describe the evolution of an electron beam. However, this theory only partly applies
to the ultra-short bunches discussed in this thesis. Because of the high space charge density
of these bunches, self-forces inside the bunch play an important role and limit the achiev-
able brightness of the beam. These self-field effects are introduced in Sec. 2.2. Section 2.3
introduces some important techniques to shape and improve the electron beam after it has
been generated. Finally, Sec. 2.4 discusses some details about the photo-emission process
itself.

2.1 Phase-space description of electron beams

The motion of charged particles in a beam extends over all six degrees of freedom in phase-
space and is therefore described in six-dimensional phase-space by a density distribution
function f(r,p), which in our case is normalized to unity:

∫
f(r,p) d3r d3p = 1. When

the forces on the electrons in the beam can be derived from a potential, which may be
time-dependent but does not depend on the momentum of the electrons, the system can
be described by a Hamiltonian. This is only the case if [1]:

• wave mechanical effects can be ignored,

• electromagnetic radiation can be neglected,

• there are no close-range interactions between the electrons (collisions),
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• there are no long-range interactions between the electrons which depend on their
velocity.

If these conditions are satisfied, Liouville’s theorem applies which states that the local den-
sity in phase-space, f(x, px, y, py, z, pz), is a conserved quantity. This simply follows from
the continuity equation for the density distribution in phase-space. Liouville’s theorem is
extremely important in particle physics. It forms the basis of the matrix formalism, used
in the design of beam transport systems.

Liouville’s theorem applies, strictly speaking, only in the full six-dimensional phase-
space. It is however a fortunate circumstance that it is technically possible to construct
accelerator components in such a fashion that there is little or no coupling between different
pairs of conjugate coordinates. Forms of coupling that do occur between the conjugate pairs
can often be treated as perturbations. The notion of a beam already indicates that there is
a preferred direction of motion such that the velocity in this direction is much larger than
the velocities in other directions. For this direction usually the z direction is taken. A first
separation then is to project the hypervolume occupied by the electrons in six-dimensional
phase-space onto the four-dimensional transverse phase-space (x, px, y, py) and the two-
dimensional longitudinal phase-plane (z, pz). The transverse phase-space is often further
divided into a projection on the horizontal phase-plane (x, px) and the vertical phase-plane
(y, py). When the particle motion is fully decoupled, Liouville’s theorem applies also to
the projected phase-space densities and the total phase-space density can be written as the
product of the three projected densities, f(x, px, y, py, z, pz) = fx(x, px)fy(y, py)fz(z, pz).
This also means that the area of the projected density distributions in the three different
phase-planes is a conserved quantity. These areas are therefore a good measure of the
quality of the electron beam and are usually expressed in terms of the so-called normalized
emittances of the beam:

εN
x,p ≡

1

πmc

∫∫
fx(x, px)dxdpx =

1

π

∫∫
fx(x, px)dxd (γβx) ,

εN
y,p ≡

1

πmc

∫∫
fy(y, py)dydpy =

1

π

∫∫
fy(y, py)dyd (γβy) ,

εN
z,p ≡

1

πmc

∫∫
fz(z, pz)dzdpz =

1

π

∫∫
fz(z, pz)dzd (γβz) ,

(2.1)

where βi is the velocity of the electrons in direction i divided by the velocity of light:
βi = vi/c, and γ = (1 − (v/c)2)−1 is the Lorentz factor of the beam. In practice the
beam quality is not measured directly in phase-space but, indirectly, in configuration-
space. Making use of the fact that the velocity in the z direction is much higher than in
the transverse directions a paraxial approximation can be applied:

if vz ≈ c � vx, vy then βx ≡ vx

c
≈ β

vx

vz

≈ βx′ and βy ≈ βy′,

with β = v/c ≈ βz,

and the paraxial angles x′ =
dx

dz
and y′ =

dy

dz
.

(2.2)
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Using these approximations we arrive at the commonly used operational definitions of the
normalized emittances, which can be measured in configuration-space:

εN
x,c ≡

βγ

π

∫∫
fx,c(x, x′)dxdx′,

εN
y,c ≡

βγ

π

∫∫
fy,c(y, y′)dydy′,

εN
z,c ≡

β

π

∫∫
fz,c(z, γ)dzdγ.

(2.3)

Note that the introduced normalized emittances are, by definition, Lorentz invariant quan-
tities and therefore independent of the energy of the beam. For the transverse direction
often also the so-called geometrical emittances are used: εi,c = εN

i,c/(βγ). These emittances
decrease at higher energies, an effect which is called adiabatic damping.

In practice, the full electron distributions, which are needed to perform the integrals in
Eq. (2.3), can not be measured. This is why usually the distribution is approximated by
a two dimensional gaussian distribution which leads to ellipsoidal density lines in phase-
space. For the emittance the second order moments of the distribution are used. The
expression, for instance, for the (x, x′) emittance, is then given by:

εN
x =

√
〈(x − 〈x〉)2〉〈(βγx′ − 〈βγx′〉)2〉 − 〈(x − 〈x〉) (γβx′ − 〈γβx′〉)〉2. (2.4)

Similar equations can be written for the (y, y′) emittance and the (z, z′) emittance. For
symmetric (〈x〉 = 0, 〈x′〉 = 0) non-skewed (〈xx′〉 = 0) distributions the emittances simply
reduce to:

εN
x = γβσxσx′ , εN

y = γβσyσy′ , εN
z = βσzσγ , (2.5)

where, as usual, σ2
A ≡ 〈(A−〈A〉)2〉 is the variance of quantity A. The transverse normalized

emittance is thus γβ times the product of RMS beam radius and RMS angular spread and
the longitudinal normalized emittance is γβ times the product of RMS bunch length and
RMS relative energy spread. Equation (2.5) now gives a straightforward definition of a
high quality electron beam. The lower the normalized emittances, for a given number of
electrons N , the higher the quality of the beam. A high quality electron beam thus has a
high density of electrons, N/(σxσyσz), a small energy spread σγ and a small spread in the
angle (σx′ , σy′) of the velocity vector with respect to the beam axis.

The emittance numbers are often combined into a single figure-of-merit for the beam
quality, the so-called brightness of the electron beam. Different brightness definitions are
in use, depending on the application of the electron beam. The most straightforward is
the 6-D normalized brightness:

BN ∝ N

εN
x εN

y εN
z

. (2.6)

This general definition of brightness is however seldom used. More often the combination
is used of the transverse normalized brightness, which is a 5-D projection:

BN
trans ∝

I

εN
x εN

y

, (2.7)
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and the longitudinal normalized brightness, which is a 2-D projection:

BN
longit ∝

I

σγ

, (2.8)

where I is the current in the electron beam. Many different pre-factors are used in the
literature and care should be taken when comparing different brightness numbers [1].

The achievable brightness is a valuable and often used figure-of-merit for an electron
beam source, however more specific figures-of-merit are often useful as well. For instance
for time-resolved experiments and plasma acceleration the electron beam length is of prime
importance, more or less irrespective of the other beam qualities [2].

The brightness produced by an RF photo-injector is ultimately limited by three pro-
cesses: firstly, the electrons are emitted in all directions with a finite energy, i.e. the
difference between the photon energy and the cathode work function, which is typically
in the order of 0.1. . .0.5 eV. This determines the initial emittances, called the thermal
emittances, εN

th, of the electron bunch (see Sec. 2.4). Secondly, space charge forces can
contribute to the emittances during the first instances of the acceleration, εN

sc, as discussed
in Sec. 2.2. Finally, during acceleration not all electrons in the bunch are accelerated by
exactly the same electric field. Transverse variations of the electric field and, more impor-
tantly, the inevitable longitudinal variation of the electric field can introduce RF induced
emittance growth, εN

rf (see Sec. 3.5.2). Because these three contributions are usually not
correlated the total emittance from an RF photo-injector can be written as:

εN
i,tot =

√
εN
i,th

2
+ εN

i,sc
2
+ εN

i,rf
2

i = x, y, z. (2.9)

The design of an RF photo-injector should include a careful balancing of these three con-
tributions [3].

2.2 Collective effects

2.2.1 Self-fields

At high charge densities the electric charge of the electron beam can become a major
contribution to the forces encountered by an individual electron in the beam. These forces
may either act directly from beam to electron (space-charge effects) or may originate from
electromagnetic fields excited by the beam in its surrounding (wake-field effects). In general
these self-forces distort the distribution in phase-space and introduce couplings between
the different conjugate coordinates. Although the actual phase-space volume occupied by
the beam remains unchanged, the projections on the phase planes do not and subsequently
the emittances increase. In practice this increase is often irreversible because particle optics
is unable to undo the effects. Space-charge induced emittance growth is only important at
low energies because at high energies the space-charge forces are reduced due to relativistic
effects. In the transverse direction this can be seen by considering the total force, the
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electric force and the magnetic force, on an electron in a beam. Consider a long beam with
azimuthal symmetry and charge density distribution qn(r), moving at velocity v. The
electric field points radially outward and can be derived from Gauss’s law:

Er =
q

ε0r

∫ r

n(r)rdr, (2.10)

with ε0 the permittivity of free space. The magnetic field is directed along the azimuthal
direction and is given by Ampere’s law:

Bθ =
qvµ0

r

∫ r

n(r)rdr, (2.11)

where µ0 is the permeability of free space. Combining Eq. (2.10) and (2.11) the radial
Lorentz force becomes:

Fr = q(Er − vBθ) = qEr/γ
2. (2.12)

Thus the attractive magnetic force partly compensates the repulsive electric force and the
net force is reduced by a factor 1/γ2: the higher the energy, the lower the net force. Because
of the relativistic correction to the mass, the space-charge force factor in the equations of
motion, which governs the radial growth of the bunch, is reduced by a factor γ3. In the
longitudinal direction there is no magnetic self-force to compensate the electric space-
charge force. The relativistic mass factor in the longitudinal direction, however, scales
with γ3. So, in both directions the growth of the bunch, due to the space-charge Coulomb
field, is relativistically suppressed by a factor γ3 [4].

In an electron beam source the electron beam essentially starts with zero energy and, in
first instance, there is no relativistic reduction of space-charge forces. In a high-brightness
source this results in an immediate growth of the projected emittances, which can only be
minimized by accelerating the beam as fast as possible to ultra-relativistic velocities. The
final brightness of the beam is determined by the time it takes to accelerate the beam.
The higher the accelerating fields the higher the final brightness. This initial phase-space
deformation severely limits both the peak current and the normalized transverse emittances
which can be obtained directly from an electron beam source. Obviously the phase space
description presented in Sec. 2.1 is not valid during these first instances of acceleration
because there exist strong couplings between the different conjugate coordinates.

Wake-field effects become significant when the beam has to be transported over long
distances (storage rings) or when the beam propagates close to conducting surfaces. Al-
though many of the general features of wake-field effects are now qualitatively understood,
further development of the theory and more computer power is required to include the
effects in a realistic manner into simulation codes.

2.2.2 Collective radiative effects

Relativistic electrons are very efficient photon emitters: whenever they are longitudinally
accelerated or decelerated (bremsstrahlung), undergo transverse accelerations (synchrotron
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radiation), or whenever they pass through a small orifice (diffraction radiation), or pass
close by a corrugated surface (Smith-Purcell radiation), or pass through the interface be-
tween two dielectrics (transition radiation), they lose kinetic energy in the form of electro-
magnetic radiation. Usually, for dilute low-intensity beams, the emitted radiation hardly
affects the beam quality. However, for ultra-short (< 1 ps), high intensity electron bunches,
the field strengths of the radiation emitted by individual electrons, at wavelengths larger
than the bunch length, add up coherently. Consequently the radiated power at these
wavelengths becomes proportional to the number of electrons squared, i.e. the radiated
power is enhanced by a factor N . Because usually an electron bunch consist of 108 . . . 1010

electrons, coherent radiation greatly enhances the radiation intensity. Apart from being a
very efficient energy loss mechanism the coherent radiation also spoils the emittances of
the electron beam [5], [6]. Collective radiation is only an issue for ultra-short bunches. For
longer bunches the associated wavelengths do not propagate in the vacuum pipe in which
the electrons travel. In general, to preserve the high brightness of ultra-short electron
bunches, radiative processes in the beam line towards the actual radiator device must be
avoided.

2.3 Phase-space manipulation

2.3.1 Bunch compression

Because space-charge induced emittance growth is only a problem at low energies the
question arises if it is possible to avoid the high density of electrons in the early stages
of acceleration. Liouville’s theorem tells us that, given a certain phase-space distribution,
this is only possible if we allow another degree of freedom to vary as well, so as not to
change the total volume in phase-space. A possible method is to decrease the spread in
one degree of freedom at the expense of the spread in its conjugate degree of freedom.
In the longitudinal direction this means an exchange between bunch length and energy
spread. From the conservation of longitudinal emittance we can immediately write down
the possible bunch lengths and the resulting energy spread after such an exchange:

σzi

σzf

=
σ′

zf

σ′
zi

, (2.13)

where i indicates the initial values and f the final values after the exchange. Equation (2.13)
is an important result: it explains the principle of bunch compression, which is used in
almost all high-brightness electron beam sources. In this scheme the electron beam source
delivers a high-brightness long electron bunch. The space-charge forces are relatively low
in this bunch and subsequently also the space-charge induced emittance growth is low.
This bunch is then accelerated to ultra-relativistic energies to ‘freeze out’ the space charge
forces. Next the bunch enters a compressor. The first stage of the compressor introduces
a longitudinal linear energy chirp. This can be done by injecting the bunch into an RF
accelerator at a phase close to the zero-crossing of the RF field. As a result the head of
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the bunch acquires a higher energy than the tail. The second stage of the compressor is a
dispersive section: the more energetic electrons travel a longer path than the less energetic
electrons in this system. This can be realized, for instance, by a series of magnetic chicanes.
Because of the energy dependent path length the tail of the bunch catches up with the
head with the result that the bunch is compressed. Liouville’s theorem is not violated
because the energy spread in the bunch has been increased through the phase dependent
acceleration in the compression system. In this way high peak current electron bunches
can be generated with good transverse emittances. A main concern in the compression
of bunches to ultra-short (< 1 ps) bunch lengths, necessary for instance for the XFEL, is
the transverse emittance growth in the bending magnets of the compressor. Chromatic
aberrations and the influence of coherent and incoherent synchrotron radiation spoil this
emittance and limit the achievable compression [7], [6].

2.3.2 Emittance compensation

A second important method to counteract the influence of space charge forces is the emit-
tance compensation technique, first introduced by Carlsten [8]. This technique makes use
of the fact that the transverse space charge forces, in first order, act as a de-focussing
lens. The strength of this negative lens, however, depends on the longitudinal position
in the bunch: because of the longitudinal distribution of the electrons in the bunch the
transverse space charge force is strongest in the middle of the bunch and decreases towards
both ends. The result is that the projected transverse emittances of the electron beam
are much higher than the emittances in a small slice of the bunch. A proper focussing of
the electron beam allows to compensate the linear part of these correlations and thus to
reduce the effect of the growth of transverse emittances. Figure 2.1 shows this emittance
compensation process in horizontal transverse phase-space. It starts in Fig. 2.1a with a
low emittance bunch from an electron source. Under the action of the position dependent
space charge forces, different slices of the bunch get a different rotation. The result is that
a fan-like structure opens up in phase-space, depicted in Fig. 2.1b. Note however that
this process only increases the projected transverse emittances of the bunch and not the
actual phase-space volume. If now an external focussing lens is used to rotate the bunch in
phase-space, indicated in Fig. 2.1c, the projected emittance decreases again in a drift space
due to the action of the space charge forces, as is shown in Fig. 2.1d. At the minimum
value rapid acceleration will prevent it from growing again.

2.3.3 Damping rings

Both bunch compression and emittance compensation prevent brightness degradation of
the electron beam due the space charge forces. This is accomplished by manipulating the
phase-space distributions within the boundaries set by Liouville’s conservation theorem.
There also exists a method to actually reduce the transverse phase-space volume occupied
by the beam, i.e. to ‘cool’ the electron beam. This is done in a so-called damping ring.
In the damping ring the high energy electrons emit synchrotron radiation. The energy the
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Figure 2.1: Transverse phase-space plot showing growth of the trans-
verse emittance due to space charge forces and its subsequent reduction
through emittance compensation. a) Initial phase-space with a very low
emittance electron bunch. b) Phase-space after transport to the lens,
showing the growth of projected emittance due to the difference in expan-
sion rate between the center of the bunch and the head and the tail of the
bunch. c) Phase-space immediately after the lens showing the rotation
due to the lens. d) Phase-space after a drift behind the lens, showing the
reduction due to the different expansion rates at the center and at the
head and the tail of the bunch [8].

electrons lose because of this radiation is restored through accelerating fields with longi-
tudinal components only. Because the emitted synchrotron radiation is a strong function
of energy, the energy spread of the beam is reduced. Also, because synchrotron radiation
is mainly emitted in the direction of motion of the electron and because the lost energy is
restored in the longitudinal direction only, the transverse momentum spread of the elec-
tron beam is reduced. Although damping rings are very efficient in reducing the transverse
emittances, the length of the electron bunch increases significantly. This is why damping
rings are used in applications where bunch length, within certain limits, is not a main
concern like in electron/positron colliders. For the XFEL, where peak current is of prime
importance, a damping ring can not be used [7].
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2.4 Photo-electric emission

At the photo-cathode the short laser pulse liberates electrons by photo-electric emission,
i.e. the escape of electrons out of a material upon absorption of a photon with energy
greater than the work function. The details of the emission process can be described by
a model introduced by Spicer [9]. It treats photo-emission as a bulk effect and describes
the process in terms of three successive steps: optical absorption, electron transport and
electron escape across the surface. The description starts with a light beam of intensity I0

incident on a surface. Part of the beam reflects, with reflection coefficient R, and will not
contribute to the photo-emission process. The remainder of the beam, (1−R), penetrates
the material and is absorbed over a typical absorption length lα. The absorbed photons
excite electrons and a fraction αpe of these electrons per unit photon path length will be
excited above the vacuum level. To contribute to the photo-emission process these excited
electrons have to travel to the surface, a process governed by the escape length L of the
material. At the surface they have to cross the material-vacuum interface, which is only
possible if the kinetic energy exceeds the work function of the material. The probability
of escaping is equal to Pe. With these definitions the Spicer three-step model predicts a
emission current equal to:

Ipe = I0(1 − R)

[
Pe

αpelα

1 + lα
L

]
. (2.14)

From this equation important predictions can be made regarding the Quantum Efficiency
(QE) and the response time of different materials.

Apart from the reflection at the surface, three parameters determine the QE in Eq. (2.14):
the fraction of electrons excited above the vacuum level, αpelα, the ratio of the optical ab-
sorption length to the escape length lα/L, and the photo-emission efficiency, Pe. The ratio
lα/L is often the dominant parameter for the QE, because it can can vary by as much as 104

between different materials. If the absorption takes place over a distance large compared
to the escape length, few of the excited electrons will reach the surface and the QE will
be low. On the other hand, if al the electrons are created within the escape length the
QE will be high. The escape length is determined by the dominant scattering mechanism
in the material. For optically excited electrons in metals this is inelastic collisions with
conduction band electrons. In the collision the electron loses a significant amount of its
energy and the excited electron most likely does not have enough energy anymore to over-
come the surface barrier and is lost for the photo-emission process. Thus, in metals, the
photo-emission current is mainly due to electrons which travel ballistically to the surface.
Consequently, the escape length is approximately equal to the electron-electron mean free
path. On the other hand, in semi-conductors (and insulators) electron-phonon scattering
is the dominant scattering mechanism for optically excited electrons. The electrons only
lose a small fraction of their energy in such a collision and can scatter many times before
reaching the surface. As a result, the escape length can be much larger than in a metal
photo-cathode.

The response time of the photo-cathode is another important parameter which can be
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estimated on the basis of the three-step model. It is determined by the time spread between
photo-excitation and emission of the electrons. The response time can be estimated to
be [9]:

∆tpe =
L

〈v〉 , (2.15)

were 〈v〉 is the average velocity of the electron along its trajectory. Because of the small
escape depths in metals the response times are predicted to be very fast, typically femtosec-
onds. Semiconductor photo-cathodes, however, are predicted to be much slower, typically
picoseconds and even nanoseconds for high-QE Negative Electron Affinity (NEA) cathodes.

Many materials have been tested, ranging from the elemental metals (Cu, Au) to metal
oxides (MgO) and semi-conducting materials (CsI, Cs2Te, GaAs). The results are gener-
ally in good agreement with the three-step model: the QE increases systematically with
the response time. Thus metals have the shortest response time (10−15 s) and the low-
est QE (10−4 electrons/photon) whereas the NEA photo-cathodes have the highest QE
(0.6 electrons/photon) but long response times (10−9 s).

In our RF photo-injector prompt response is of paramount importance, so only pure
metal photo-cathodes can be used. For our experiments we simply used the copper surface
inside the cavity. Experiments done on thin copper films indicate a maximum escape
length of 25 nm and a response time, calculated from this maximum escape length with
Eq. (2.15), of 12 fs [10]. Measured quantum efficiencies of copper photo-cathodes range
from 4×10−4 [11] to 2×10−6 [12] at 266 nm, the difference probably being due to oxidation
of the surface [13] and a different degree of Schottky-enhancement.

2.4.1 Thermal emittance

To be able to cross the surface barrier and escape into the vacuum the photo-excited
electron must have a minimal excitation energy of [14]:

Φe = Φ −
√

q3E

4πε0

, (2.16)

where Φ is the low-field work function and E the local acceleration field. The second term
takes into account the lowering of the work function due the the Schottky effect. The
difference between the photon energy and the minimal excitation energy determines the
kinetic energy of the electron after the emission and thus determines the starting emittance
of the electron beam. It is the minimal possible emittance that can be achieved by the
photo-injector and is called the thermal emittance of the beam.

An estimate for the thermal emittance can be made by assuming emission of a thermal-
ized distribution of electrons, with no correlation between position and momentum. With
Lawson’s [15] expression for the RMS value of the momentum distribution the normalized
thermal emittance is then given by:

εN
x,th = σx

√
�ω − Φe

mc2
. (2.17)
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For a flat, clean copper surface (Φ = 4.6 eV) and an acceleration field of 63 MV/m, i.e. the
field at the cathode for optimum acceleration (see Chap. 4) the excess energy of an electron
excited by a 4.65 eV photon is 0.35 eV. Equation (2.17) then results in a normalized RMS
thermal emittance of 0.4 mm mrad for a 1 mm hard-edge radius laser beam. However, the
microscopic acceleration field at the cathode can be higher, due to surface effects, leading
to a substantially higher thermal emittance for a given photon energy.

It is very difficult to measure the thermal emittance directly, because space charge forces
and nonlinear RF forces along the beam all contribute to emittance growth beyond the
thermal value. Accurate measurements of the emittance versus the laser spot size and the
emittance versus the electric field on the cathode, indicate a thermal emittance, for carefully
prepared copper surfaces, of approximately twice the value given by Eq. (2.17) [16].
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Chapter 3

Cavity theory

This chapter treats elements of the basic theory of resonant structure accelerators. This
background is essential for understanding the specific design issues of our 21/2 cell, standing-
wave RF photo-injector. The actual design and the fabrication of the RF cavity are de-
scribed in Chap. 4. Sections 3.1 and 3.2 discuss basic resonant structures in a very general
way. Sections 3.3 to 3.6 focus on the theory specifically applicable to n+1/2 cell standing-
wave field accelerators used as a photo-injectors. For a more general introduction into
theory of accelerators the reader is referred to some excellent books, see Ref. [1], [2].

3.1 Introduction

For an electromagnetic wave to transfer energy to a moving charged particle over macro-
scopic distances two conditions must be met. Firstly, the electromagnetic wave must have
an electric component in the direction of particle movement, and, secondly, the wave and
the particle must have the same velocity. The first condition can not be met by a plane
wave in free space, but can be met by a wave propagating in a waveguide. The second
condition, however, can not be fulfilled by a wave propagating in a uniform waveguide
because the phase velocity of the wave in the waveguide is higher than the light velocity.
One of the solutions to slow down the wave in the waveguide is to use periodic structures.
Two pictures can be used to describe the effect of the periodic structures. The first pic-
ture starts from a uniform waveguide and adds small periodic perturbations. Reflections
from the perturbations then reduce the phase velocity of the travelling-wave. The second
picture starts from one element, a resonant cavity, and describes the total structure as a
periodic array of coupled cavities. The outcome of the two descriptions is the same: the
phase velocity of the wave is reduced compared to the uniform waveguide. The reduction
depends on the number of perturbations or elements per unit length. In this chapter the
coupled cavity picture will be used because it provides a more quantitative description of
the effects and it is better suited to describe the weakly coupled cells in the standing-wave
RF photo-injector.

In Sec. 3.2 the basic element is introduced: the pillbox cavity. The electromagnetic be-
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Figure 3.1: Pillbox cavity with an electromagnetic field in the TM010

mode. The graphs show the electric field as function of a) radius and b)
height of the pillbox.

havior of this pillbox can described by a lumped-element circuit, introduced in Sec. 3.2.3.
Although deceptively simple, this model is used throughout this chapter to derive almost
all the important cavity parameters, i.e. the resonant frequencies, their widths and am-
plitudes, the coupling between pillboxes, transient behavior of the cavity etc.. In Sec. 3.3
the lumped circuit description is used to study the effects of coupling pillboxes to form an
accelerator. Section 3.4 then discusses how to couple, in the most efficient way, an external
power source to this accelerator and what the effect of the coupling is on the cavity pa-
rameters. This power provides the longitudinal electric field to accelerate electrons. Apart
from the longitudinal field, however, there is also a transverse field which focusses and
de-focusses the electrons and can even spoil the projected transverse emittances. These
longitudinal and transverse effects are discussed in Sec. 3.5. Finally, Sec. 3.6 concludes
this chapter with a review of breakdown mechanisms. Breakdown ultimately limits the
maximum energy gain in any normal conducting structure. Although a clear and accurate
physical picture of the breakdown process does not yet exist, some guidelines can be given
for breakdown-free operation.

3.2 The pillbox cavity

Figure 3.1 shows one of the simplest resonant structures, the pillbox cavity. It is a closed
cylindrical can made of a conducting material. The allowed standing-wave patterns, or
cavity modes, can be derived from Maxwell’s equations. They can be divided into two
classes. They are either Transverse Magnetic (TM) with Bz = 0 everywhere or Transverse
Electric (TE) with Ez = 0 everywhere. The mode pattern is specified by three indices,
TEmnv or TMmnv, where m indicates the number of circumferential periods, n the number
of radial zero-crossings and v the number of half periods along the z-axis. If electrons are
allowed to enter and leave the pillbox, for instance by two small holes in the end plates,
they can be accelerated by the local electric field. As the TE modes, by definition, have no
electric field in the z direction they are not suited for acceleration in this geometry. The
resonant frequencies for the TMmnv modes in a pillbox of radius R and length d are given
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by:

ωmnv =
1√
µε

√(pmn

R

)2

+
(vπ

d

)2

, (3.1)

with ε and µ respectively the permittivity and the permeability of the medium inside the
cavity, and pmn the nth root of the mth order bessel function: Jm (pmn) = 0. The lowest TM
mode has all the electric field lines pointing in the same direction, parallel to the z-axis.
The magnetic field circles around this axis and has no z component. The field pattern
is rotationally symmetric and has no z dependence. Furthermore, the resonant frequency
is independent of the length of the pillbox. It has m = 0, n = 1 and v = 0, and so is
designated TM010. This mode is used in almost all electric field (E-type) accelerators. Its
resonant frequency is given by:

ω010 =
p01√
µεR

,

p01 ≈ 2.405,
(3.2)

and the fields are:

Ez (r, t) = E0J0

(p01r

R

)
cos(ωt),

Bφ (r, t) =

√
ε

µ
E0J1

(p01r

R

)
sin(ωt),

(3.3)

with E0 the maximum electric field. Because the resonant frequency is independent of
length, the length can be tuned for optimum acceleration. If the electrons enter the pillbox
with nearly the speed of light c, the length for maximum energy gain should be πc/ω, equal
to half the vacuum wavelength if the medium inside the pillbox is vacuum. In this case
the electrons enter and leave the pillbox at zero field and are accelerated by half a period
of the electric field while traversing the pillbox.

3.2.1 Losses in a cavity, Q of a cavity

When there is no energy source connected to the cavity, the fields will gradually die away
due to dissipation. The most important loss is due to the finite conductivity of the walls.
However, also accelerated electrons may drain a significant part of the field energy in the
cavity, so-called beam loading. A straightforward way to introduce these losses into the
calculations is by the concept of a complex frequency, ω = ω1 + iγl. When this complex
frequency is inserted into the time varying part of the fields e−iωt, the complex exponential
becomes e−γlte−iω1t. This is again a solution of the differential equations describing the
fields, but in this case the amplitude is damped in time as e−γlt. With this definition it
is convenient to introduce a quantity Q, the quality factor, by analogy with the way it is
introduced in the theory of oscillating circuits:

Q = ω0
stored energy

energy loss rate
, (3.4)
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where ω0 is the resonant frequency assuming no losses. The relation between ω0 and Q,
and ω1 and γl follows from the differential equation describing the resonance:

ω0 =
√

ω2
1 + γ2

l , (3.5)

and therefore

Q =

√(
ω1

2γl

)2

+
1

4
. (3.6)

Equation (3.4) shows that if there are losses in the cavity, the initial amount of energy
decays away exponentially with a decay constant inversely proportional to Q. The resonant
frequency of the cavity during the decay is a factor

√
1 − (1/2Q)2 lower than the resonant

frequency of the ideal cavity.
The separate losses due to different mechanisms can be combined into a single quality

factor. For instance, the total Q including the finite conductivity of the walls, the finite
conductivity of dielectrics in the cavity and the energy absorbed by the electron beam is
given by:

1

Q
=

1

Qwall

+
1

Qbeam

+
1

Qdielectric

. (3.7)

In general it is desirable to have a high quality factor because it indicates low power
dissipation. A rather small power source is then sufficient to generate high acceleration
fields. However, a high quality factor also implies sensitivity to frequency errors and, in a
pulsed system, a long time to build-up the electromagnetic field. As remarked before, the
most important factor limiting the quality factor is the finite conductivity of the walls. The
relevant parameter in this respect is the skin depth δ of the electromagnetic field inside
the pillbox. As a rule of thumb, Qwall is approximately equal to the ratio of the volume
V of the pillbox to the volume of a thin shell of thickness δ/2 surrounding this volume,
Qwall = 2V/δA, where A is the surface area [3]. For a TM010 pillbox with L = λ0/2, one
finds:

Qwall ≈ 0.215
λ0

δ
, (3.8)

with:

δ =

√
2

µω0σ
, (3.9)

where µ is the permeability and σ the conductivity of the wall material. If the conductivity
is independent of frequency this means that Qwall is proportional to 1/

√
f . For a high Q

the skin depth should be as small as possible so a good conductor should be used for the
walls of the pillbox. Normal conducting cavities are almost always made out of copper.
The conductivity of copper is equal to σ = 5.8×107 Ω−1m−1; this then leads to a skin
depth of 1.2 µm at 3 GHz and 1.8 µm at 1.3 GHz. With the rule of thumb given above the
Qwall is then approximately 1.8×104 for a 3 GHz TM010 pillbox and 2.7×104 for a 1.3 GHz
TM010 pillbox.
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Figure 3.2: a) Parallel and b) series RLC circuits.

3.2.2 Shunt-impedance

The maximum acceleration field in the cavity depends on the input power and on the power
dissipation in the cavity. The larger the acceleration field for a given power loss per unit
length the more efficient the accelerator. The maximum voltage across the length of the
cavity is:

U0 =

Lc∫
0

|Ez(r = 0, z, t)|dz, (3.10)

with Lc the cavity length. For this voltage a certain amount of input power must be
supplied. A figure-of-merit for the power efficiency then is the shunt-impedance of the
cavity, which is defined as:

Rs =
U2

0

PLc

, (3.11)

where P is the total power dissipated in the cavity. Note that Rs is expressed in Ω/m.
The higher the shunt-impedance the more energy-efficient the cavity. For a fixed energy
gain the shunt-impedance is proportional to

√
f .

3.2.3 Lumped circuit description

The resonant behavior of a microwave cavity can be modelled with lumped elements from
circuit theory. Although this will not reveal any information on the actual field distribution
inside the cavity, some relevant parameters can be derived from it. Moreover, the lumped-
element description will prove to be very useful in the modelling of coupled cavities, Sec. 3.3,
and in the modelling of the transient behavior of the accelerator, Sec. 3.4. Figure 3.2 shows
two basic resonant circuits from circuit theory: the parallel and the series RLC circuit.
There is no preferred circuit to model the microwave cavity. Both circuits will lead to the
same results, only the mapping of the losses onto the values for the resistor, the inductance
and the capacitor will be different. In this thesis the parallel circuit description will be
used. The parallel circuit of Fig. 3.2a, consisting of a resistor R, an inductor L and a
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capacitor C has an input impedance of:

Z(ω) =

(
1

R
+

1

iωL
+ iωC

)−1

. (3.12)

When this circuit is connected to a generator with drive current I = I0e
−iωt, resonance

occurs when the average stored magnetic energy Wm = (1/4)LILI∗
L is equal to the average

stored electric energy We = (1/4)CUU∗, where IL is the current through the inductance
and U the voltage across the capacitor. This gives for the resonant frequency:

ω0 =
1√
LC

. (3.13)

At resonance the input impedance of the circuit is real and equal to R. The power dissipated
by this resistor introduces a loss Ploss = UU∗/(2R). Together with the definition of the
quality factor, Eq. (3.4), the quality factor in terms of the RLC values can be calculated:

Q = ω0
Wm + We

Ploss

= ω0RC =
R

ω0L
. (3.14)

The magnetic field strength in the microwave cavity can now be connected to the current
through the inductance and the electric field strength to the voltage across the capacitor.
With this definition Wm is proportional to the energy in the magnetic field and We to
the energy in the electric field. Furthermore, with Eq. (3.10) for the cavity voltage, the
shunt-impedance in terms of RLC values is:

RshLc =
U2

0

Ploss

= 2R. (3.15)

The maximum voltage across the RLC circuit is now equal to U0. In literature the factor
two, in the right hand side of Eq. (3.15), is sometimes omitted. In that case it is the
effective voltage across the circuit which is equal to U0.

The lumped circuit resonator can now be characterized by R, L and C, but equally
well by ω0, Q and Rsh. These last three parameters are used to characterize the behavior
of a microwave cavity. Equations (3.13) to (3.15) can be used to convert these values into
the values for a parallel lumped circuit model.

Figure 3.3a shows the amplitude and Fig. 3.3b the phase of the input impedance of
the parallel circuit versus frequency. If the frequency is much higher or lower than the
resonant frequency the impedance is zero. Exactly on resonance the impedance is real and
equal to R. One of the important parameters in the design of a resonator is the bandwidth
(BW ) of the resonance. It is defined as the Full Width at Half Maximum (FWHM) of the
resonance peak in the absorbed power. In Fig. 3.2 this is the frequency distance between
the two Z(ω) = R/

√
2 points. There exists a close relationship between the BW of a

resonance and its quality factor:

BW =
ω0

Q
. (3.16)

This result provides a straightforward way to calculate Q from a measured resonance curve.
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Figure 3.3: a) Impedance amplitude and b) phase of a resonator around
resonance. The resonant frequency, f = 2998.5 MHz, the resistance,
RshLc = 22 MΩ, and the quality factor, Q = 6900, are equal to the
parameters for the RF photo-injector described in this thesis.

3.3 Coupled pillbox cavity

The maximum attainable field in any resonant structure is ultimately limited by breakdown
(see Sec. 3.6). In case of the pillbox the maximum on-axis field, for pulses of µs duration, is
typically 100 MV/m for the S-band frequency of 2998 MHz. Given this field, the maximum
energy gain for ultra-relativistic electrons (β ≈ 1) in a single pillbox is equal to ∆U =
2E0q/k ≈ 3.2 MeV. Higher energies require more than one pillbox. To keep the accelerator
compact, and thus attain high average field gradients, the fields in the separate pillboxes
can be coupled. In principle only a single power feed is needed in this case. Energy
is transferred from the feed cavity to the other cavities via magnetic (B-type) coupling,
or electric (E-type) coupling. Slots in the disc separating two pillboxes act as B-type
couplers. On-axis apertures mainly couple the electric fields. In high-brightness photo-
injectors E-type coupling is used exclusively. B-type slots break the rotational symmetry
of the structure and scatter energy in the higher order multi-pole harmonics of the RF
fields. This spoils the transverse emittance of the electron beam.

To study the behavior of a chain of coupled pillboxes the model of coupled lumped
circuit resonator will be introduced in the next section. The general result will be that the
resonator frequency splits up in N frequencies, N being the number of coupled resonators.
When the system is excited at one of these resonant frequencies, the oscillators all oscillate
at this frequency with a characteristic phase difference from one resonator to the next. The
new resonant frequencies can be associated with the so-called normal modes of the system
of coupled resonators. The dispersion relation describes the relation between the frequency
of the normal mode and its phase shift per resonator. By applying, in Sec. 3.3.2, this phase
shift per resonator to the chain of coupled pillboxes, the electric field in the chain can be
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Figure 3.4: Correspondence between a chain of coupled pillboxes and a
chain of coupled RLC circuits.

described as a summation over the so-called space harmonics of the structure. Only one
of these space harmonics is used for acceleration.

3.3.1 Equivalent circuit model for coupled pillboxes

Figure 3.4 illustrates the correspondence between a chain of coupled pillboxes and coupled
lumped circuits [4]. The coupling in the lumped circuits is introduced by the coupling
inductors Lk, which couple the nth circuit with the (n − 1)th and the (n + 1)th circuit.
In case of B-type coupling these inductors should be replaced by capacitors between the
circuits. Given a voltage Un and a generator current In(t) = I0e

−iωt for the nth cell,
Kirchhoff’s laws can be used to write:

1

Z(ω)
Un +

1

iωLk

(Un − Un−1) +
1

iωLk

(Un − Un+1) = In. (3.17)

By multiplying this equation by iω
√

L it can be rewritten as:

(1 − ω2

ω2
0

+ i
ω

ω0Q
)Xn + KXn − K

2
Xn−1 − K

2
Xn+1 = Yn, (3.18)

where Xn = 1/
√

LUn, Yn = iω
√

LIn and K = 2L/Lk the coupling strength. This equation
now is a very general expression for coupled oscillators: it no longer contains any explicit
reference to L, R, and C. With the new amplitudes the stored energy in the nth cell is
Ws = 1/2 XnX

∗
n and the energy delivered to this cell by the generator is Wg = 1/2 YnY

∗
n .

To find the new frequencies introduced by the coupling, Eq. (3.18) is solved first in the
lossless case without driving current:

(1 − ω2

ω2
0

)Xn + KXn − K

2
Xn−1 − K

2
Xn+1 = 0. (3.19)
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Figure 3.5: Dispersion relation for the infinite chain of resonators. The
dots indicate the possible normal modes for the 21/2 cell RF photo-injector.

This equation can be written as an eigenvalue problem of an N -dimensional tridiagonal
matrix:

ω2
0




. . . . . . . . .

. 0 −K
2

1 + K −K
2

0 . . .

. . 0 −K
2

1 + K −K
2

0 . .

. . . 0 −K
2

1 + K −K
2

0 .

. . . . . . . . .







.

Xn−1

Xn

Xn+1

.


 = ω2




.

Xn−1

Xn

Xn+1

.


 . (3.20)

The eigenvalues, ω2
l , are the new resonant frequencies squared of the coupled system, while

the eigenvectors, Xl, give the amplitudes in the different cells at those frequencies. The
general solution is that for the N coupled oscillators there are N new resonant frequencies.
Each new resonant frequency has a specific phase shift per cell associated with it. This
phase shift per cell, φl, can be found be substituting:

X l
n = Aei(n−1)φl n = 1, 2, · · · , N , (3.21)

into Eq. (3.19). The result is the dispersion relation for the chain:

ωl = ω0

√
1 + K(1 − cos(φl)). (3.22)

For an infinite chain, there are an infinite number of new resonant frequencies ωl. Each
new resonant frequency has a specific phase shift per cell, which should comply with the
dispersion relation. The new frequencies span a certain frequency band, the so-called
passband of the chain. For K � 1 the width of the passband ∆ω ≈ Kω0, i.e. the stronger
the coupling the wider the passband. Figure 3.5 shows a plot of the phase shift per cell
versus the frequency. Because of the symmetry of the dispersion relation all the information
is presented if the plot is restricted to the range 0 � φl � π. In case the chain is finite
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the new frequencies, or normal modes, are discrete points on the dispersion curve. The
position on the curve depends on how the chain is terminated at the far ends. If the chain
is terminated by half cells the normal mode frequencies span the complete passband. The
phase shifts are then given by:

φl = π
l − 1

N − 1
l = 1, 2, · · · , N . (3.23)

For instance, an accelerator made out of three coupled pillboxes (N = 3), one full and two
half cells, has, per pillbox mode, three different normal modes with three different resonant
frequencies. The possible phase shifts are φl = 0, π/2 and π. Usually the phase shift per
pillbox is used to designate the operating mode of the accelerator. In the RF photo-injector
the normal mode is π phase shift per pillbox and so it is designated a π-mode accelerator.

The frequency difference, or mode-separation, between the different normal modes is
an important design parameter. Ideally, the normal modes should be well separated so all
the energy goes into the design mode. This requires that the quality factors of the normal
modes are sufficiently high, preventing overlap of the modes. When there is overlap the
coupling strength between pillboxes should be increased.

3.3.2 Coupled pillboxes

A closer look at the solution of the coupled resonator problem, Eq. (3.21), reveals that this
solution strongly resembles a travelling wave. Remember that X l

n, by definition, has e−iωt

time dependence. When applied to the coupled pillbox cavity, Eq. (3.21) can be connected
to real travelling waves. Suppose that the pillbox has length d. This length then represents
one structural period in the coupled resonator chain. Over this period the phase shift of
the travelling-wave is equal to φl, the phase shift per cavity. Thus φl = k0d, with k0 the
wave number of the travelling-wave. This, however, is not the only possible wave number.
Because the dispersion relation is 2π periodic, also:

kn = k0 +
2πn

d
n = −∞· · · 0 · · · + ∞ , (3.24)

are valid wave numbers. Equation (3.24) represents an infinite number of travelling waves,
called space harmonics. The space harmonics have the same frequency but different wave
numbers and each has a constant amplitude En independent of z. Because X l

n in the
circuit model is proportional to the electric field in the pillbox, the on-axis field can now
be expanded in a fourier series of the different space harmonics:

E±
z (r = 0, z, t) =

+∞∑
n=−∞

E±
n e−i(ωt∓knz). (3.25)

The E+
z waves have a positive group velocity, the E−

z a negative group velocity. Structures
with only positive or negative group velocity waves are travelling-wave structures, as energy
in the wave flows in one direction only. The structure should then be terminated by a
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Figure 3.6: Dispersion graph for periodically loaded structures. The
points indicate different space harmonics for the π normal mode.

matched resistive load. Otherwise the incoming energy will be reflected and out of the
multiple reflections a standing-wave pattern will develop. The general solution in this case
is:

Ez(r = 0, z, t) = E+
z (r = 0, z, t) + E−

z (r = 0, z, t). (3.26)

The resulting standing-wave pattern depends on the boundary conditions at the far ends
of the structure.

Figure 3.6 shows the different space harmonics on the dispersion graph. At a given
frequency, ω, all the harmonics propagate with the same group velocity dω/dkn. The
positive group velocity waves are called forward waves, the negative group velocity waves
backward waves. Each harmonic, however, has a different phase velocity ω/kn. Because
kn depends on the length of the pillbox the phase velocity can be changed. For efficient
acceleration the particles and the wave should have the same velocity. This space harmonic
is called the synchronous wave. Only one of the space harmonics, usually the fundamental
(n = 0) harmonic, can be synchronous. The effects of the non-synchronous waves on the
particle average to zero and do not contribute to energy gain at the end of the structure.

3.3.3 Finite Q

When losses are present in the cavity, energy is dissipated, and a generator is needed to
obtain a steady-state solution. It is no longer possible to solve this problem analytically. An
approximate solution can be found in the case of a high quality factor. Using perturbation
theory it can be shown that to first order the resonant frequencies and the amplitudes in
the different pillboxes do not change [4]. For all modes, except the π/2 -mode, however,
an extra phase shift is introduced between adjacent pillboxes, which is called the power-
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flow phase shift. For the two extremes, the π-mode and the 0-mode, it is easily seen how
this extra phase shift arises. If the mode is exactly π or 0 no energy can be transported
from cell to cell, because the group velocity is zero. If there are losses, energy needs to be
transported from one cell to the other to make up for these losses, and the phase difference
between the cells can not be exactly π or 0 anymore.

With this knowledge from perturbation theory it is possible to make an approximation
for the phase shift directly from the circuit equations of Sec. 3.3.1 [4]. The total power
fed into the circuit chain by the generators between the mth and the N th circuit is equal
to the dissipated power in these circuits plus the power transmitted from the mth to the
(m − 1)th circuit by the coupling:

Re
(∑N

n=m
InU

∗
n

)
=

∑N

n=m

UnU∗
n

Rn

+ Re

(
U∗

m − U∗
m−1

iωLk

Um

)
. (3.27)

If there is no drive between the mth and the N th circuit the left-hand side of Eq. (3.27)
is zero. The losses in the last N − m + 1 circuits must be equal to the power transferred
from the (m − 1)th to the mth circuit. If all the circuits have the same ω0 ,Q (unloaded)
and Lk, this may be written as:

Re
(
i(UmU∗

m−1)
)

=
∑N

n=m

UnU
∗
nωLk

R
=

∑N

n=m

2UnU∗
nω

Qω0K
. (3.28)

Because the most important change due to the finite Q will be an extra phase difference
between two adjacent circuits, equation (3.28) can be written as:

AmAm−1 sin(φm − φm−1) ≈
∑N

n=m

2UnU∗
nω

Qω0K
, (3.29)

where Am and Am−1 are the unperturbed amplitudes. In case of π-mode operation Am =
−Am−1 and, for a structure with a half end cell, the phase shift is given by:

φm − φm−1 ≈
√

1 + 2K

KQ
[2(N − m) + 1] . (3.30)

To have a well-defined π-mode operation of the accelerator, the power-flow induced phase
shift should be small, φm − φm−1 � 1. Given a certain quality factor, Q, and a length of
the accelerator, N cells, the only parameter left to change the power-flow phase shift is the
coupling strength K. When the coupling strength is increased the phase angle between the
fields in two adjacent circuits, for the same transmitted power, goes down. An alternative
is to include more feed points, thereby reducing effectively N , the number of circuits fed
from one point.

3.3.4 The RF photo-injector

Given the above theory, the question arises which normal mode and what kind of structure,
travelling-wave or standing-wave, is best suited for a high-brightness photo-injector. As
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Figure 3.7: The possible normal modes for the 21/2 cell RF photo-
injector.

explained in Sec. 1.2, the most important parameter for high-brightness electron beams is
the average acceleration gradient, which should be as high as possible. Although travelling-
wave structures can be as energy efficient standing-wave structures, travelling-wave struc-
tures need to be much longer to achieve this [2]. So, for the same energy efficiency the
average acceleration gradient of a standing-wave structure can be much higher. Thus
standing-wave operation is the best choice for the photo-injector.

Which normal mode to choose is a somewhat more difficult question. First, the number
of normal modes to choose from is limited by the number of cells. The target energy in
the design of the RF photo-injector was approximately 7.5 MeV. Consequently, three cells
are needed on the basis of a 100 MV/m pillbox design (see Sec. 3.3). Because the electrons
are preferably generated at a field maximum the first cell should be a half cell. This
21/2 cell structure then has three normal modes: φ = 0, π/2 and π. The standing-wave
configurations belonging to these normal modes are sketched in Fig. 3.7. The 0-mode,
where the fields in the three cells move all in phase with the same amplitude, can not
be used. In the first cell the electrons can be accelerated but in the second they will be
decelerated. The result is no net energy gain. For the π/2-mode the middle cell contains
no field and electrons are not accelerated while traversing this cell. The obvious choice
then seems to be the π-mode. Electrons can gain energy in all three cells by choosing the
length of the cell such that the field changes sign when the electrons enter the next cell.
Although this is the preferred normal mode for maximum average acceleration gradient,
the π-mode is very sensitive to beam loading and dimensional errors [2]. Especially the
resonant frequency and the field amplitudes in the different cells are very sensitive to
errors in the radii of the cells. In general, tuning plungers are needed to adjust the field
balance of the cells after manufacturing. The π/2-mode is much less sensitive to these
effects; furthermore, also the power-flow phase shift is absent in this mode. It is for these
reasons that most standing-wave accelerators use the π/2-mode. The average gradient of
this mode can be improved by reducing the length of the empty cell or by placing this
cell alongside the structure. These so-called bi-periodic structures approach the average
acceleration gradient of the π-mode but are less sensitive to fabrication errors. Because the
photo-injector needs the maximum possible average gradient, the π-mode has been chosen
as normal mode.

A large coupling constant K, between the cells is important, both to have sufficient
mode separation and to have a low power-flow induced phase shift. The disadvantage of
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a high coupling constant is that the amplitude of the fundamental space harmonic goes
down. In case of small coupling irises, and thus a low coupling constant, the electric field
is almost equal to the field in the uncoupled pillbox (see Eq. (3.3)), i.e. a rectangular
Ez(z) profile. If the amplitude of the rectangular field profile is E0, the amplitude of the
fundamental space harmonic is equal to (4/π)E0. Large coupling irises give an almost
sinusoidal Ez(z) profile and the amplitude of the fundamental space harmonic decreases to
E0. In case of the RF photo-injector another constraint plays a role. Because the structure
is designed to operate near the breakdown limit, the electric fields on the irises should not
be higher than the acceleration field. Because of the high on-axis field this means that the
coupling irises can not be made too small.

Figure 3.7 shows the field plots for the 21/2 cell RF photo-injector. The first cell is
a half cell to start the electrons at a field maximum, the last cell a full cell to have
maximum energy gain. In general, only a structure terminated by half end cells gives
equal field amplitudes in the different cells. To correct the field amplitudes in the 21/2 cell
structure the resonant frequencies of the middle cell and one of the outer cells have to be
slightly de-tuned. This can be done by changing the radii of these cells. The result is that
the resonant frequencies of the normal modes will be slightly different from the resonant
frequencies given by Eq. (3.22). Also the field amplitudes of the other normal modes will
change slightly.

3.4 Coupling energy to the cavity

To build-up the standing-wave field inside the cavity it has to be coupled to an external
power source. This coupling changes the characteristics of the resonance. The bandwidth
of the system doubles in case of optimum power transfer. To derive the conditions for op-
timal power transfer and the influence of the coupling on the resonance characteristics, the
lumped circuit description will be used, in Sec. 3.4.1, to model the RF photo-injector. Be-
cause the power source for the RF photo-injector is a pulsed source also the time-dependent
behavior is of importance; this will be analyzed in Sec. 3.4.2. Finally, in Sec. 3.4.3 some
details will be discussed regarding the actual coupling of RF power to the 21/2 cell RF
photo-injector.

3.4.1 Generator-coupled resonator

The coupling between the generator and the accelerator can be described with the lumped-
circuit elements of Sec. 3.2.3. When the different normal modes of the accelerator are
well-separated, the normal mode, used for acceleration, can be represented by only one
RLC section. The lumped-element values for this RLC section can be calculated from
the characteristics of the normal mode, Q, ω0 and Rs, with Eqs. (3.13) to (3.15). Figure
3.8 shows the simplified lumped-element model for the resonator coupled to an external
generator. The generator is a current source Ig with an internal resistance Rg, assumed
to be real. This resistance introduces an additional loss into the resonator circuit: the
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Figure 3.8: Simplified lumped-element model for the cavity coupled to
an external power source.

resonator not only loses its power to the internal resistance R, but also to the external
resistance Rg. The value of Rg also determines the amount of power delivered by the
generator to the resonator. If Pmax is the power delivered to the resonator at optimum
coupling, the power delivered to the resonator for different values of Rg is:

P = Pmax
4Qext/Q(

1 + Qext

Q

)2

+ δ2

, (3.31)

where

Qext =
Rg

Re(Zb)
Q and δ = Qext

(
ω

ω0

− ω0

ω

)
, (3.32)

Qext is called the external Q of the normal mode and δ the de-tuning. From Eq. (3.31) it is
clear that maximum power will be delivered to the resonator if Qext = Q and δ = 0. This is
the case if the internal resistance of the generator is equal to the real part of the impedance
of the resonator and if the generator drives the resonator at its resonant frequency ω0. In
this case half of the power from the generator is dissipated in its internal resistor and the
other half is coupled to the resonator. The quality factor of the resonator without external
connection is called the unloaded Q. The external Q describes how well the generator is
coupled to the resonator. If the external Q is larger than the unloaded Q the circuit is
over-coupled, while if it is smaller the circuit is under-coupled. The resonance of the total
circuit can now be described by the so-called loaded quality factor QL:

1

QL

=
1

Qext

+
1

Q
. (3.33)

For maximum power transfer from generator to resonator QL = Q/2 and the bandwidth
of the resonance (see Eq. (3.16)) doubles.

3.4.2 Transient behavior

In the preceding section the steady-state excitation of a resonator has been studied. The
power source however, is a pulsed source. In first instance the field in the resonator is zero
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and it takes some time for the standing-wave field to build-up. To study this transient
behavior we again make use of the lumped circuit model of Fig. 3.8. Instead of being a
constant source the generator output is now a function of time. The voltage across the
circuit is described by:

U

R
+

U

Rg

+ C
dU

dt
+

1

L

∫
Udt = Ig(t)e

iωt. (3.34)

In this equation Ig(t) describes the driving current as function of time. It is chosen to be the
Heaviside step function, i.e. it is assumed that the generator is suddenly switched on with
a continuous current Ig0. With these choices, Eq. (3.34) can be solved straightforwardly.
For QL � 1 the energy as function of time in the resonator is given by [3]:

W (t) =
4Q2

LPmax

ω0Qext

[
1 − e

−
(

ω0
2QL

)
t

]2

. (3.35)

The power flowing into the resonator is the sum of the rate at which the energy increases
and the rate of dissipation:

P (t) =
dW (t)

dt
+

ω0W (t)

Q
. (3.36)

Figure 3.9 shows the power fed into the resonator as a function of time. In first instance
all the incoming power is used to increase the stored energy in the resonator. However,
with the increasing energy also the dissipation increases. A steady-state is reached when
the dissipated power equals the incoming power. An important parameter for operating
the RF photo-injector is the filling time of the stored energy:

τW = QL/ω0, (3.37)

which is the time needed to store (1−e−1/2)2 ≈ 0.155 of the energy. Typically the generator
has to be on for at least 6 times τW to achieve storage of 90% of the steady-state energy.
Because the electric field in the accelerator scales with the square root of the energy, the
electric field has then reached 95% of its steady-state value.

3.4.3 Coupling energy to the RF photo-injector

In the two preceding sections the RF photo-injector and the generator were described
as lumped circuit elements. In reality both are microwave components or distributed
elements. An important difference is that, in a distributed network, mismatches cause
reflections. For optimum coupling, Qext = Q, the RF photo-injector is a matched load for
the klystron and no power is reflected. For other values of Qext, power will be reflected.
The amount is simply the difference between the power sent to the cavity and the power
actually absorbed by the cavity: Pmax−P . During the transient state, part of the power is
always reflected because P < Pmax. At t = 0 the RF photo-injector even acts as a complete
short and, during a short time interval, almost all the incoming power is reflected.
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Figure 3.9: Input power (solid curve), power dissipation (dashed curve)
and rate of build-up of stored energy (dotted curve) as function of time for
a resonator. The loaded quality factor, QL = 6900, the external quality
factor, Qext = 13800, and the resonant frequency, f = 2998.5 MHz,
used for the figure are equal to the parameters for the RF photo-injector
described in this thesis.

Another important detail which can not be inferred from the lumped-element descrip-
tion is how to couple the fields from the rectangular TE-mode waveguide, used to transport
the RF energy from the power source to RF photo-injector, to the cylindrical TM010 fields
inside the RF photo-injector. This coupling depends on the characteristics of the wave-
guide, the place where the waveguide is connected to the RF photo-injector, and the exact
dimensions of the injector. All this information is not incorporated in the lumped-element
model. The conventional way to couple energy into an injector is to feed power from a
rectangular waveguide through a small rectangular or circular aperture in the outer pillbox
wall, so-called side-coupling. Because the coupling is mainly through the tangential mag-
netic fields of the waveguide and the injector, the coupling is mainly magnetic. Although
side-coupling is used for almost all RF photo-injectors it has some serious drawbacks. The
coupling aperture breaks the rotational symmetry of the injector and scatters energy into
the higher order multi-pole modes of the RF field [5]. This affects the transverse beam qual-
ity. Furthermore, because the waveguide has to be attached to the side of the injector, the
positioning of the magnetic coils for emittance compensation and focussing is restricted.
Optimum positioning might even be impossible. Last but not least, a non-rotationally
symmetric injector enormously complicates the design and fabrication process. Most cav-
ity design programs, like superfish, are 2-D codes. In general, 3-D codes are more time
consuming and less accurate.
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The alternative to side-coupling is to use on-axis coupling through an on-axis iris. In
this case the coupling is fully rotationally symmetric. The iris couples mainly the electric
fields of the injector and the waveguide. Because of the drawbacks of side-coupling it was
decided that the TUE RF photo-injector should have on-axis coupling.

3.5 Interaction of electrons with the EM field

In the preceding sections the electromagnetic characteristics of the accelerator have been
discussed. In Sec. 3.3.2 a standing-wave field was introduced as the sum of a forward
travelling-wave and a backward travelling-wave together with the concept of space har-
monics. This section will discuss the interaction of electrons with this field. Because the
transverse and longitudinal motions of the electrons are, at least to first order, decoupled
they can be discussed separately. In Sec. 3.5.1 the longitudinal dynamics will be discussed,
which includes the acceleration of electrons. Also the concept of RF focussing, often used
in low space charge injectors, and the transit time factor, used in cavity design programs,
will be introduced. Section 3.5.2 will discuss the transverse dynamics, which is mainly
focussing and de-focussing around the irises.

3.5.1 Longitudinal dynamics

The energy gain for an on-axis electron bunch in the accelerator can be derived straight-
forwardly. Assuming an electric field of the form (3.26), and a phase φ0 with respect to
this field as the electrons leave the cathode, the energy gain is:

dγ

dz
=

q

mc2
Re

[
Ez(r = 0, z, t)eiφ0

]
. (3.38)

This equation can be somewhat simplified by taking only the n = 0 forward and backward
wave. In this case it is possible to introduce the phase of the RF field at the position of
the centroid of the electron bunch: φ = ωt−k0z +φ0. With this definition the longitudinal
equations of motion for the centroid of the electron bunch in a n+1/2 standing-wave structure
are [6] :

dγ

dz
=

qE0

2mc2
[cos(φ) + cos(φ + 2k0z)] , (3.39)

dφ

dz
= k

[
γ√

γ2 − 1
− k0

k

]
, (3.40)

where k = ω/c. The second term between the square brackets in Eq. (3.39) represents the
backward propagating wave. It modulates the energy gain. Although this contribution is
often neglected, this is only justifiable in long accelerators traversed at the speed of light.
This is certainly not the case for the RF photo-injector. Equation (3.40) shows that for
finite γ the electron bunch slips with respect to the RF field. This phase slippage mainly
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Figure 3.10: Numerically calculated phase and energy evolution of the
beam centroid in a 21/2 cell, 100 MV/m, S-band photo-injector.

occurs in the first part of the acceleration, as the electrons leave the photo-cathode with no
kinetic energy. To compensate for this slippage, the injection phase of the bunch should be
well in advance of the crest of the RF field. The coupled equations (3.39) and (3.40) can
not be solved analytically. Although approximate solutions can be derived [6], accurate
calculations require numerical simulations. Figure 3.10 shows the numerically calculated
phase and energy evolution of the beam centroid for the 21/2 cell injector. The energy
of the bunch is maximum if the bunch exits the injector on crest, or φexit = 180◦. For
E0 = 100 MV/m this requires an injection phase of 22◦ before crest. Then, the total
energy gain is 6.3 MeV.

Longitudinal RF focussing

A consequence of advancing the injection phase is that the head of the bunch is accelerated
in a lower field than the tail. Without space charge effects this would compresses the bunch.
This is called RF or time focussing. The field strength difference for phase φ(z) and bunch
length ∆Z(z) can be approximated by:

Ec =
∂E

∂φ

∣∣∣∣
φ(z)

∆φ(z) = E0 sin(φ(z))k∆Z(z). (3.41)

The field strength difference can be enlarged by earlier injection. In this way total accel-
eration energy gain can be traded against RF focussing. For φ(z) = π/2 the focussing is
maximal, but the energy gain is zero. For ultra-short electron bunches the field strength
difference is always much smaller, even for φ(z) = π/2, than the space charge induced
fields. So, RF focussing is of no use in an ultra-short electron bunch accelerator.



44 Cavity theory Chap. 3

Transit time factor

Because the field amplitude changes while electrons traverse the accelerator, the energy
gain is always less than the energy gain in the maximum field. This effect is called the
transit time effect. Cavity design programs often calculate the transit time factor as a
figure-of-merit for the accelerator. The transit time factor T is defined as the ratio of the
energy gained, by an on-axis electron in the time varying field, to the energy gained in the
maximum, time independent, field:

T =

Lc∫
0

Re [Ez(r = 0, z, t(z))] dz

Lc∫
0

|Ez(r = 0, z, t = 0)| dz

, (3.42)

where Lc is the length of the accelerator. With this definition and Eq. (3.38) the energy
gain of the electrons over distance Lc can be written as:

∆W = qU0T cos(φ), (3.43)

where U0 is equal to the denominator of Eq. (3.42). Although Eq. (3.43) now gives a
simple expression for the energy gain of the electrons, the physics is hidden in the transit
time factor. Design programs usually give the transit time factors for a constant electron
velocity. The energy gain for a given input power can now be calculated by making use of
the shunt-impedance Rs:

∆W =
√

PLcRsT 2 ≡ √
PLcReff . (3.44)

The quantity Reff ≡ RsT
2 is called the effective shunt-impedance.

3.5.2 Transverse dynamics

For highly relativistic electrons in an ideal, infinite, accelerator the effects of transverse RF
forces vanish to first order. For the transverse phase-space the accelerator acts like a drift.
In real accelerators, however, the transverse phase-space is affected by small perturbations
of the structure, RF field imbalances, and the finite length of the accelerator. The most
important contribution for the RF injector is the fringe field around the irises. Off-axis
electrons experience a radial force while traversing this fringe field. In case of an inter-cell
iris the force reverses when the electrons enter the next cell. If the maximum fields in
both cells are equal the effects cancel each other to first order. For unequal fields, a net
transverse momentum change results. When the electrons leave the accelerator there is
no cancellation and, for optimum acceleration, there is always a net transverse momentum
change, called the exit-kick. Figure 3.11a shows the fringe field around an iris and Fig. 3.11b
the resulting particle trajectories. The particle trajectories have been calculated with a
particle tracer code (gpt [7]) without including the effects of space charge. Clearly visible
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Figure 3.11: a) Superfish calculation for the field around an iris. The
solid curves are lines of constant rBφ while the arrows indicate the elec-
tric field vector. b) Particle trajectories of electrons through the cavity,
calculated with gpt.

are the effects of the focussing and de-focussing forces and the exit-kick. Nonlinear forces,
due to the higher order space harmonics, can be minimized by a careful design of the iris
geometry [8].

A first order approximation for the transverse momentum change around the irises can
be found by a field expansion of the longitudinal on-axis field [1]. Maxwell’s equations can
then be used to find the accompanying azimuthal magnetic field and the radial electric
field. For β ≈ 1 the transverse momentum change, due to the n = 0 forward and backward
waves, is then given by [6]:

∆pr =
qE0r

2c
cos(φ(zf )), (3.45)

where φ(zf ) is the RF phase as the electrons leave the cell or the accelerator. When
electrons enter a cell the momentum change reverses sign. Because φ(zf ) is close to π
for optimum acceleration the momentum change is positive when electrons exit a cell and
negative when they enter a cell. At the injector exit the momentum change is positive and
the beam is de-focussed. To have a parallel beam external focussing must be applied to
counter-act this so-called exit-kick.

Due to the longitudinal size of the bunch, φ(zf ) is different for different positions in
the bunch. The result is that in transverse phase-space different slices in the bunch get a
different rotation. This increases the projected emittances. With the emittance definitions
of Sec. 2.1 and assuming a gaussian longitudinal distribution, the projected emittance
growth, for the optimal exit phase, can be calculated to be [6]:

∆εN
x,rf =

∣∣∣∣qE0k
2
0σ

2
xσ

2
z

2
√

2mc2

∣∣∣∣ . (3.46)

For non-optimal exit phases the emittance growth is larger. Because of the quadratic
scaling with bunch length the RF induced emittance growth is usually not a problem when
accelerating short bunches. For instance, for an electron bunch with an RMS radius of 1 mm
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and an RMS length of 1 mm, accelerated in a 100 MV/m 3 GHz accelerator, Eq. (3.46)
predicts an emittance growth, due to the time-dependent exit-kick, of 0.27 mm mrad.

3.6 Breakdown

RF breakdown is an important issue in the design and operation of microwave structures.
Breakdown limits the maximal acceleration fields in normal conducting structures and
can cause irreversible damage to these structures. Although the exact sequence of events
leading to breakdown is still not known, there is little doubt that field emission of electrons
plays an important role. Field emission is the quantum mechanical tunnelling of conduction
electrons out of a metal through a modified potential barrier. Fowler and Nordheim [9]
calculated the resulting current for a perfectly clean, flat metal surface. They assumed
that the conducting electrons form a gas of free particles which obey Fermi-Dirac statistics.
With these assumption the field emission current density at low temperatures (T < 300 K),
in DC fields, is given by:

J =
C1E

2

ϕ
exp

[−C2ϕ
1.5

E

]
, (3.47)

where J is the current density in A/m2, E is the applied electric field in V/m, ϕ is the
work function of the metal in eV, and C1 and C2 are slowly varying functions of ϕ and E.
They are approximately given by:

C1 ≈ 1.54 × 10−6 × 10(4.52ϕ−0.5)
[
V−1 Ω−1 eV

]
,

C2 ≈ 6.53 × 109
[
V m−1 eV−1.5

]
.

(3.48)

In case of RF fields the average field emission current can be calculated by time averaging
of Eq. (3.47). The emitted average current density is approximately [10]:

Jrf =
3.7 × 10−6C1E

2.5

ϕ1.75
exp

[−C2ϕ
1.5

E

]
. (3.49)

For the typical field strengths in accelerators the current density given by Eq. (3.49) is
completely negligible. For instance, a field of 100 MV/m on a copper surface (ϕ = 4.6 eV)
gives a current density of 10−271 A/m2. But, in practice, no metal surface is perfectly flat
and clean. Surface roughness, metallic protrusions, impurities, dust, etc. can give locally a
much higher electric field. The field emission will preferentially take place from these spots,
called emitters. To account for the increased field around the emitters, the macroscopic
field is multiplied by a field enhancement factor βfe to give the local, microscopic field.
Typical values for βfe for accelerator structures are in the range 40-100. These field en-
hancement factors lead to current densities, calculated with Eq. (3.49), between 107 A/m2

and 1012 A/m2 for a macroscopic field of 100 MV/m on a copper surface.
Some of the field-emitted electrons will have the right phase and position to be captured

by the forward or the backward moving space harmonics. This leads to dark current. Dark
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current electrons parasitically absorb RF energy, cause background noise in the measure-
ments, and give rise to additional radiation.

Field emission by itself can be a stable, steady-state, phenomenon. However, for values
of the microscopic field in excess of several GV/m the emitted current density can become
so high (> 1011 A/m2) that due to resistive heating inside the emitter, part of the emitter
is vaporized. It is believed that this process initiates breakdown. The neutral gas can be
ionized by the field-emitted electrons and the ions can create a positively charged sheet
near the surface or impinge back on the surface, creating an even larger current. This gives
rise to a ‘runaway’ condition. The result is melt-down of the surface with craters and metal
droplets as result. After a serious breakdown the field has to be reduced. The damaged
spot is a new emitter with, in first instance, a very high βfe due the ragged craters and
droplets. If the field is not reduced the cavity will immediately breakdown again on the
same spot with even more damage to the surface. The procedure to bring the cavity back
to its maximal field is to slowly increase the field on the surface. Due to field emission and
gentle breakdowns the damages will smoothen and βfe goes down. This process is called
training or conditioning of the cavity. In case of a serious breakdown it may take several
hours before the maximal field is restored. In general the dark current increases after a
breakdown.

Another mechanism which can lead to breakdown is multi-pacting. Multi-pacting is
a resonant enhancement of field-emitted electrons by secondary electron emission. The
simplest form is the plane-parallel-plate multi-pacting where an RF field is applied across
two parallel plates separated by a gap. For an electron to be resonant with the field, the
field strength between the plates must be such that it takes an odd number of half periods
to travel across the gap. When this resonance condition is met and the secondary emission
coefficient of the material is above unity, an avalanche of electrons will build-up leading to
breakdown. This process is called two-point multi-pacting. In single-point multi-pacting
the electrons return to the same surface. This can happen for instance at the outer wall of
the cavity, where the electrons can become resonant with the RF magnetic fields. Only for
an impact energy between a few tens of electron volts and several kilovolts the secondary
emission coefficient for most metals is larger than unity . So multi-pacting is often only a
problem during start-up of the cavity when the fields are low.

Although the exact physics behind breakdowns is not known, some efforts have been
made to define the conditions that give breakdown-free operation. The most well-known
criterion is the Kilpatrick field limit. The Kilpatrick limit is based on the idea that regular
field emission is enhanced by ion bombardment. The ion is assumed to be hydrogen. Based
on this theory Kilpatrick formulated in the 1950s the following empirical formula [11]:

f = 1.64E2e(
−8.5

E ), (3.50)

where f is the frequency in MHz and E the maximum surface field strength in MV/m.
For 3 GHz this gives a field of E ≈ 47 MV/m. Although the Kilpatrick limit is still often
used to design accelerators, it is a very conservative limit. Accelerators have been built
with fields exceeding six times the Kilpatrick limit [12]. The RF accelerator presented in
this thesis operates at approximately twice the Kilpatrick field limit (100 MV/m).
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Chapter 4

Design and fabrication of the RF
photo-injector

On the basis of the theory presented in Chap. 3, this chapter discusses the design, the
fabrication and the characterization of the TUE RF photo-injector. Section 4.1 starts
with a description of the design process, which is mainly based on numerical calculations.
These calculations resulted in a cavity design including the tolerances for the machining.
Section 4.2 discusses the acceleration in this RF accelerator. The details of the machining
process, and the design drawings of the cavity, are presented in Sec. 4.3. Finally, Sec. 4.4
discusses the low-power RF characterization of the cavity and compares the measured
values with the design values.

4.1 Design of the RF photo-injector

The design of the RF photo-injector has been described in Ref. [1]. This section reviews
the most important results of the numerical design process. The results are discussed
using the theory of the previous chapter. The starting point of the design was the 1.625
cell BNL/SLAC/UCLA photo-injector. This injector, first introduced by Batchelor in
1988 [2], has been used successfully throughout the world during the last decade.

In the framework of this thesis two important changes have been made to the BNL/-
SLAC/UCLA design. Firstly, to achieve a higher energy gain one cell was added. Secondly,
because of the disadvantages of side-coupling mentioned in Sec. 3.4.3, the side-coupling for
the RF power of the BNL/SLAC/UCLA photo-injector was replaced by coaxial coupling.
Figure 4.1 shows a 3-D picture of the RF photo-injector with these modifications. Power
is sent to the photo-injector through a standard rectangular waveguide. The doorknob
coupler couples the rectangular waveguide to a rigid coaxial line. At the end of this line
the power is coupled into the photo-injector. The inner conductor of the coaxial line is
hollow, enabling the photo-emission laser pulse to enter and the accelerated electrons to
exit the photo-injector.

Because the injector, including the coupling to the coaxial line, is completely rota-
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21/2 cell TM010 -mode RF photo-injector

TE10 -mode

TEM-mode

Doorknob mode 

transformer

Shorting plane

Figure 4.1: Picture of the 21/2 cell RF photo-injector.

tionally symmetric, a 2-D field solver can be used to calculate and optimize the injector
characteristics. A very well known and often used group of codes to calculate fields in a 2-D
geometry is poisson superfish. This group of codes is maintained by the Los-Alamos
National Laboratory. The poisson code is used to calculate time-independent fields, while
superfish solves for time-dependent fields. Superfish is specially tailored to solve RF
accelerator problems. Most of the parameters introduced in the preceding sections, i.e. the
resonant frequency, the shunt-impedance, transition times, the quality factor etc., are cal-
culated by the program. Superfish uses finite elements on an irregular triangular mesh to
solve the Helmholtz eigenvalue problem within the cavity boundaries. It assumes perfectly
conducting walls. Losses can be included through a complex-valued dielectric constant.

4.1.1 Superfish simulations

Figure 4.2 shows the geometry used in the superfish calculations. The three pillboxes,
separated by coupling irises, are clearly visible. Sizes are given in mm. On the right
hand side the photo-injector is coupled to the rigid coaxial line, which has a characteristic
impedance of 50 Ω. This line is a travelling-wave structure and, for correct calculations of
the coupling, should be terminated with a matched load. A convenient way to do this in
superfish is to include a lossy dielectric at the end of the line. If the relative permeability



Sec. 4.1 Design of the RF photo-injector 51

% � 1 � � � % � 1 � � �% � 1 2 3 4 $ � 1 4 3 � $ � 1 4 3 �

� � 1 4 � 0

�
%
1�
4
0

$
4
12
�
2

0
�
1�
5
5

$
4
14
�
�

%
%
1�
�

5 1 � �

� , 1 , , 3

�
�

�
5

4
1,
2

3
1$
4

�
00 , �

0 , �

�
0�

4 1
� 3
$

� $ 4

Figure 4.2: Cavity boundaries used for the superfish simulations.
Sizes are given in mm.

and permittivity of this lossy dielectric are set to εr = µr = 0.6+0.8i, then the magnitudes
of εr and µr are equal to

√
0.62 + 0.82 = 1 and there will be no reflected wave at the

vacuum to dielectric interface. If the length of the lossy dielectric is then chosen to be
much longer than the absorption length in this dielectric, the forward running wave is
completely absorbed and the line is effectively terminated by a matched load [3].

The coupling can now be calculated by comparing the power lost in the dielectric to the
power lost in the walls. For optimum coupling they should be equal, as discussed in Sec. 3.4.
Although superfish assumes perfectly conducting walls during the field calculations, it
calculates the approximate wall power loss on the basis of these fields in a post-processor.
This is of course only correct for high Q cavities.

To calculate the fields superfish needs a drive point. This is a point in the cavity
where the azimuthal magnetic field, Bφ, is specified. This is also the place where the power
enters the cavity. Special care should be taken with the positioning of this drive point when
lossy dielectrics are included. The power dissipated in the dielectric is transported from
the drive point to the dielectric and, as explained in Sec. 3.3.3, this leads to phase-shifts
and amplitude changes in the calculated fields. If the drive point is placed in the first half
cell, power is transported from this cell to the absorber in the coaxial line. For optimum
coupling, the amount of transported power is equal to the total power dissipated in the
walls, that is 100% of the available power. In reality, power enters the cavity from the
coaxial line, 40% of it is dissipated in the first cell, 60% transferred from the first to the
second cell and 20% from the second to the third cell. So by placing the drive point
in the first half cell the calculated power-flow phase shift and the amplitude changes are
overestimated. A more accurate result is obtained when the drive point is placed in the
third cell. In this case no power is transferred to the cells, and the problem is actually
solved as an ideal, lossless, cavity. The subtle point of the positioning of the drive point
was not recognized in the design study [1] of the RF photo-injector. The field balance was
optimized with the drive point in the first half cell, giving 97% of the maximum field in the
first half cell, 100% in the second and 100% in the third. The fields are then 12.5◦ out of
phase from cell to cell. Placing the drive point in the third cell then gives a field imbalance
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Figure 4.3: Superfish calculation of the field in the π-mode. The field
lines in the cavity are lines of constant rBφ; the electric field vector is
parallel to these lines.

of 85%, 98%, 100% in the first, second and third cell, respectively, and no phase shift. To
correct the field balance the radius of the first half cell should be reduced by 4 µm. This
should be corrected in the next version of the RF photo-injector.

Figure 4.3 shows the π-mode field profile calculated with superfish. The field balance
is nearly perfect which has been achieved by tuning the radii of the pillboxes. The field
profile is extremely sensitive to the radial sizes. A change in radius of 1 µm is sufficient
to give a few percent imbalance, illustrating once more the sensitivity of the π-mode to
frequency errors. Table 4.1 summarizes the main characteristics of this mode. The transit

Table 4.1: Photo-injector characteristics calculated
by superfish

Parameter Value

Resonant frequency 2998.5 MHz

Operating temperature 40◦C
Normal mode π-mode

Unloaded Q value 1.38×104

Loaded Q value 6.90×103

Transition time factor 0.779

Shunt-impedance 70 MΩ/m

Effective shunt-impedance 42 MΩ/m

Cavity length 13.62 cm

Input power 9.1 MW

Maximum on-axis field 100 MV/m

Maximum electric field on boundary 105 MV/m

time factor is close to π/4, which is the theoretical value for an accelerator with only
the n = 0 forward and backward space harmonic. The actual transition time factor is
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Figure 4.4: Superfish calculations for a) the 0-mode and b) the π/2-
mode. The lines in the cavity are lines of constant rBφ; the electric field
vector is parallel to these lines.

somewhat lower, indicating that the Ez(z) field in the cavity is not completely sinusoidal.
The maximum energy gain of ultra-relativistic electrons in this accelerator can be calculated
from the effective shunt-impedance. With 9.1 MW of input-power, Eq. (3.11) leads to an
energy gain of 7.2 MeV. This energy gain is somewhat higher than the 6.3 MeV calculated
in Sec. 3.5, because the sizes of the actual RF photo-injector differ slightly from the sizes
of the perfect 21/2 cell injector, used for the calculations in Sec. 3.5. The unloaded Q
is twice the loaded Q indicating a nearly perfect coupling. In the design the operating
temperature was chosen to be 40◦C, well above room temperature. This allows for some
temperature tuning in case the actual frequency of the cavity is not exactly equal to the
design frequency.

Some of the parameters calculated by superfish depend on the number of meshpoints
used. Only for a dense grid, and thus long computing times, the values converge. For
instance, if more meshpoints are included the resonant frequency tends to go down while the
field in de first half cell goes up and the field in the third cell goes down. The characteristics
in Table 4.1 have been calculated with a very dense grid and care has been taken that the
numerical calculations have converged properly.

Normal modes

Superfish can also be used to calculate the characteristics of the two other normal modes
of the TM010 cavity mode. Figure 4.4 shows the field lines in the cavity and the on-axis
field for the 0-mode and π/2-mode. The field pattern in these modes is somewhat distorted
due to the balancing of the field in the π-mode, but they are still clearly recognizable as 0-
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mode and the π/2-mode. Table 4.2 summarizes the main characteristics of the three normal
modes. Because the 0-mode and the π/2-mode also couple well to the transmission line it

Table 4.2: Normal mode characteristics calculated by superfish

Normal mode Frequency [MHz] Unloaded Q Loaded Q Transmission [%]

0-mode 2993.8 1.38×104 9.80×103 82

π/2-mode 2996.4 1.33×104 5.60×103 98

π-mode 2998.5 1.38×104 6.90×103 100

is important that there is sufficient mode separation between these modes and the π-mode.
To prevent overlap, the mode separation between the π-mode and the π/2-mode should be
significantly larger than 1/2 (FHWMπ+FWHMπ/2) = 0.485 MHz. Superfish indicates a
mode separation of 2.1 MHz, which is sufficient. The coupling constant can be calculated
from the separation between the 0-mode and the π-mode. Using Eq. (3.22) a coupling
constant K = 1.57×10−3 is found. The resulting power-flow phase shift, calculated with
Eq. (3.30), is 7.9◦ between the third and the second cell and 2.6◦ between the second and
the first half cell. These numbers are in good agreement with the phase shifts calculated by
superfish: respectively 7.5◦ and 2.5◦. Because the power-flow phase shifts are small they
do not compromise the cavity performance. However, they are important for accurate
energy gain and injection-phase calculations. Also the transverse dynamics around the
irises will change slightly due to the power-flow phase shifts.

RF power coupling

One of the novel features of this cavity is the on-axis, rotationally symmetric power cou-
pling. This coupling was already proposed and designed by the DESY lab for their new
L-band TTF FEL injector and was put into operation briefly after the commissioning of
the TUE injector [4]. The coupler actually consists of two parts: the so-called ‘doorknob
transformer’ and the coaxial line ‘antenna’. Power is sent to the cavity through a standard
rectangular waveguide. The doorknob transformer couples the rectangular waveguide to
the coaxial line. It transforms the TE10-mode of the rectangular waveguide to the TEM-
mode of the coaxial line. The end of the coaxial line, the antenna, couples the running
wave on the coaxial line to the TM010-mode of the cavity.

The doorknob transformer is a more or less standard microwave component. The
radii in the doorknob and the radius of the inner conductor of the coaxial line have been
chosen such that the maximum field on the surface, with 10 MW of input power, does
not exceed 5 MV/m. This guarantees breakdown-free operation. To be able to measure
the behavior of the doorknob coupler separately, without reflections, the impedance of the
coaxial line was set to 50 Ω. This fixes the radius of the outer conductor of the coaxial
line. The transmission of power through the doorknob can be tuned by the positioning of
the shorting plane (see Fig. 4.1). This is so-called single-stub tuning [5].
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Figure 4.5: Superfish calculation for the coupling of a coaxial line
to the 21/2 cell RF photo-injector. The lines are lines of constant rBφ;
the electric field vector is parallel to these lines. The size of the circles
indicates the magnetic field strength.

Figure 4.5 shows a superfish calculation of the coupling of the coaxial line to the
cavity. The inner conductor can be regarded as an antenna. The conduction current on
this antenna flows as a displacement current from the end of the antenna into the cavity.
The coupling is mainly through the normal electric fields. The design and optimization of
the external coupling has been based on three main criteria:

• The electric field on any of the surfaces should not be higher than the maximum
on-axis field.

• The coupling to the cavity must be tunable. By changing the position of the inner
conductor it must be possible to go from the over-coupled to the under-coupled
situation. This displacement should be a few mm at least.

• While displacing the inner conductor the field balance in the cells should not change.

The design of Fig. 4.2 satisfies these demands. The maximum field on the surface is equal to
the on-axis field. Figure 4.6a shows the loaded Q factor of the cavity for different positions
of the inner conductor, calculated with superfish. The loaded Q scales almost linearly
with the position of the inner conductor. While moving the inner conductor outwards the
coupling changes from over-coupled to under-coupled. Figure 4.6b shows the effect on the
power transmission to the cavity. To have a transmission of better than 99% the position
accuracy of the inner conductor should be ±1 mm. The additional field imbalance, due to
displacement in the range between 13.7 cm and 14.5 cm, is less than 5%.

4.1.2 Engineering considerations

The superfish simulations can be used to calculate the sensitivity of the cavity to dimen-
sional errors. These calculations can be used to set the tolerances for machining. Table 4.3
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Figure 4.6: Superfish calculations for the external coupling of the
cavity as a function of the position of the inner conductor.

lists the results. Almost all dimensional errors in the cavity give rise to field imbalance.
The criterion that has been used to calculate the dimensional errors is a maximum field
imbalance of 5%. The dimensions of the coaxial coupler are not so critical. Because su-

perfish is a 2-D code no tolerance can be calculated for the alignment accuracy of the
pillboxes with respect to each other.

Table 4.3: Machining tolerances for < 5% field
imbalance between the cells

Dimension Tolerance [µm]

Pillbox radius 1

Pillbox length 10

Iris radius 10

Iris length 10

Coaxial line inner-radius 100

Coaxial line outer-radius 100

Longitudinal antenna position 500

4.2 Longitudinal dynamics

The cavity is somewhat longer then 21/2 times half the RF wavelength. The cell length is
d = 5.2 cm while λRF /2 = 5.0 cm. Furthermore, the first half cell is not exactly a half cell
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Figure 4.7: Numerically calculated energy evolution and phase evolu-
tion of the beam centroid in the RF photo-injector for a maximum field
of 100 MV/m. The solid curve and the dotted curve correspond to re-
spectively zero initial energy and 2 MeV initial energy.

but 0.619 d. The main consequence of these size changes is that the injection phase has to
be retarded to compensate for the longer time-of-flight. This results in more longitudinal
RF focussing in the first part of the acceleration. In the first half cell electrons are also
somewhat focussed as they start, due to the transverse RF forces discussed in Sec. 3.5.2.
Also, the total energy gain is somewhat higher. The longitudinal effects are summarized
in Fig. 4.7. The calculation of the longitudinal motion of the beam centroid is based on
the equations of Sec. 3.5.1. The longer cells and the power-flow phase shift have been
taken into account. The solid curve represents electrons entering the cavity with zero
initial energy, while the dotted curve represents electrons entering the cavity with 2 MeV
initial energy. The phase curve is discontinuous due to the power-flow phase shift from
cell to cell. Because the cell length is not matched anymore to the time-of-flight of the
electrons, the electrons always slip with respect to the RF field. In the ideal 21/2 cell injector
of Fig. 3.10 the energy gain was maximally 6.3 MeV. The injection phase for maximum
energy was −22◦ while the electrons left the accelerator on-crest. The energy gain in the
real cavity is somewhat higher: 6.9 MeV. But, to achieve this, the injection phase has to be
advanced to 51◦ before crest. Furthermore, the electrons slip over the crest, and leave the
accelerator with an exit phase of 3.3◦ after crest. In case the cavity is used as a booster for
2 MeV electrons the injection phase should be 31◦ before crest. The energy gain is again
equal to 6.9 MeV.

4.2.1 Arrival time variations

An important parameter for many applications is the pulse-to-pulse variation of the arrival
time of the bunches at a specific point in the setup. For instance, in a pump probe



58 Design and fabrication of the RF photo-injector Chap. 4

-4 -2 0 2 4

-1000

-500

0

500

1000

-4 -2 0 2 4
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

b)a)

0 MeV

2 MeV

T
im

e
 v

a
ri
a
ti
o
n
 [
fs

]

Electric field variation [MV/m]

∆γ

Electric field variation [MV/m]

Figure 4.8: a) Variation in the exit energy of the RF photo-injector as
function of variation of the acceleration field. b) Variation in the time
it takes to accelerate electrons in the RF photo-injector as function of
variation in the acceleration field. The solid curve represents electrons
with zero initial energy, the dotted curve electrons with 2 MeV initial
energy.

experiment, where the electrons are used as a pump and the laser pulse as a probe, this
variation directly limits the achievable time resolution. There are two main sources for
arrival time fluctuations: amplitude variations of the acceleration field in the cavity and
phase variations of this field with respect to the drive laser. To assess the influence of these
two sources the longitudinal motion calculations have been extended to different injection
phases and different electric field strengths.

Influence of field amplitude variations

Figure 4.8a shows the change in exit energy of the electrons as function of a change in
electric field strength. There is no difference in the change of exit energy between an
initial energy of 2 MeV and zero initial energy. The change in energy ∆γ is proportional
to the electric field variation. The time-of-flight variation in the drift space, due to energy
variations is given by:

dt

dγ
= − ∆z

cγ3(1 − 1
γ2 )

, (4.1)

where ∆z is the distance between the exit of the cavity and the experiment. For an exit
energy of 6.9 MeV the time-of-flight variation per unit drift space length and per unit
energy variation is:

1

∆z

dt

dγ
= −1.1 ps/m. (4.2)
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Figure 4.9: a) Variation in the exit energy of the RF photo-injector as
function of variation of the phase of the RF acceleration field. b) Varia-
tion in the time it takes to accelerate electrons in the RF photo-injector
as function of variation of the phase of the RF acceleration field. The
solid curves represent electrons with zero initial energy, the dotted curves
electrons with 2 MeV initial energy. The dashed curve is a calculation
for the ideal 21/2 cell injector for electrons with zero initial energy.

A field strength variation of 1% then results in a time-of-flight variation of 150 fs/m.
To this value the time variation of the acceleration process itself has to be added. This
variation is shown in Fig. 4.8b. Because at initial energy of 2 MeV the electrons enter
the RF photo-injector already with nearly the speed of light, the time variation of the
acceleration process is only 18 fs for 1% field strength variation. With zero starting energy
the contribution is much larger: 221 fs for 1% field strength variation.

Influence of phase variations

Figure 4.9 shows the influence of phase variations around the phase for maximum energy
gain. Figure 4.9a shows the influence on the exit energy and Fig. 4.9b the influence on
the variation in the time it takes to accelerate electrons. The exit energy is sensitive
only in second order to phase changes. The time-of-flight variation in the drift space
due to 1◦ phase variation is therefore only 1.3 fs/m for zero initial energy. To this value
the contribution from the time variation of the acceleration process itself, due to phase
variations, has to be added. The latter contribution turns out to be rather large: ≈ 220 fs
for 1◦ (see Fig. 4.9b). This is due to the fact that the cells are longer than in the ideal
21/2 cell cavity, which causes additional phase slippage. Figure. 4.9b also shows the arrival
time variations of an ideal 21/2 cell cavity. Finally, the dotted curve shows the calculated
time variation for electrons with 2 MeV initial energy. The time variation in this case is
very small because of the relativistic initial energy of the electrons.
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4.3 Fabrication of the RF photo-injector

The performance of an accelerator is determined by a number of factors. Apart from a
good design, also the conformance of the actual cavity to its design values, the surface
finish and the achievable vacuum level, play an important role. These factors depend on
the materials and methods used during its construction.

From the preceding sections it is clear that one of the most critical cavity parameters
is the field imbalance, which depends critically on the radii of the cells. The usual ap-
proach is to include tuning plungers in the cells. A tuning plunger changes the volume
of the cell slightly, which changes the resonant frequency of the cell and thus the field
imbalance of the cavity (see Sec. 4.4.2). Although these plungers work satisfactorily in
most photo-injectors they have some disadvantages. Most importantly, they break the ro-
tational symmetry and thus give the same problems as the side-coupling discussed before.
In addition, the plungers locally disturb the field pattern and thus tend to increase the
sensitivity to breakdown. Because of these disadvantages it was decided to try a novel
approach without tuning plungers. Recent innovations in fabrication technologies enable
machining of structures down to 1 µm accuracy. Furthermore, one of these techniques, so-
called single-point diamond-turning, produces optically flat surfaces. Breakdown studies,
at SLAC, indicate that these surfaces have a very high breakdown voltage and a low field
emission current and are therefore superior to surfaces made with other surface finishing
techniques [6].

On the basis of this knowledge, it was decided to use the single-point diamond-turning
technique to fabricate the cells with 1 µm accuracy, with no tuning option. Because of this
high accuracy also the vacuum brazing technique had to be adjusted. Usually, cells are
brazed together with a high temperature brazing material, like AG-8 (Cu:Ag:28:72), with
an eutectic brazing temperature of 780◦C. However, at these high temperatures the copper
becomes very soft due to annealing, and the 1 µm accuracy can no longer be guaranteed.
To avoid annealing, the brazing temperature should be below 300◦C and thus a different
brazing material had to be used. Not only should this brazing material wet to the copper
and stainless steel surfaces, it should also be ultra-high-vacuum compatible. Moreover,
the braze itself must be strong and leak tight. Numerous test have been done to find a
suitable material. Finally, Ag:Sn:Sb:95:31/2 :11/2 has been chosen. The braze temperature
for this material is 221◦C, well below the annealing temperature of copper. A disadvantage
of this temperature is that the maximum bake-out temperature for the cavity is restricted
to approximately 150◦C.

Figure 4.10 shows the design drawing of the cavity. More detailed drawings, including
the dimensions, can be found in Appendix A. The cavity consists of three separate cells.
They are clamped together to fix the cells during the pre-braze measurements and during
the brazing. On the left hand side and on the right hand side two stainless steel conflat
flanges provide the connection to the other beam line components. These are the endplate
with the bucking coil on the right hand side, and the coaxial coupler on the left hand side.
The cathode plate is removable. It is fixed with 8 bolts to assure proper electrical contact
to the cavity. The material used for the cavity is high purity OFHC copper (Outokumpu,
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Figure 4.10: Design drawing of the RF cavity.

ASTM C10100). The low impurity content of this copper guarantees low surface resistance
and thus low power losses. The machining and brazing has been done at the Central Design
and Engineering Facilities (GTD) of the TU Eindhoven. Figure 4.11 shows a photograph
of the middle cell. The surface finish is truly mirror like. Note the groove in the rim of
the cell. This groove fits exactly in the raised edge of the opposing cell and guarantees
proper alignment of the cells with respect to each other. Figure 4.12 shows a photograph
of the complete cavity including the conflat flanges after brazing. Due to a mistake during
manufacturing the radius of the first half cell and the radius of the coupling iris of this cell
are 4 µm larger than the design values. Although it was realized that this would cause
additional field imbalance it was decided to continue with this cell.

Figure 4.13 shows the complete RF photo-injector, including the coaxial coupler and
the end plate. A hole in the end plate allows the mounting of a small bucking coil (see
Sec. 7.1.2) very close to the cathode plate. The coaxial coupler has been made from
standard oxygen free copper. The shorting plane at the end of the rectangular waveguide
can be moved to fine-tune the transmission of the coupler. All components are connected
to the injector through bellows, to avoid mechanical stress on the cavity and the coupler.

4.3.1 Vacuum considerations

A good vacuum is a prerequisite for breakdown-free operation of the injector. Typically,
the vacuum should be better than 10−7 mbar during operation, i.e. in the presence of
100 MV/m RF fields. This means that the vacuum in the absence of RF fields should
be at least one order of magnitude better, i.e. < 10−8 mbar. To achieve this, the cavity
connections are made with stainless steel knife edge (conflat) flanges sealed with copper
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Figure 4.11: The middle cell.

Figure 4.12: The complete cavity.
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Figure 4.13: Design drawing of the complete RF photo-injector.

gaskets. These flanges are brazed to the copper cells. The brazed joints were leak tested
with a helium leak detector. The leak rate was found to be lower than 10−9 mbar l/s.

As can be seen from Fig. 4.13 the cavity is pumped from two sides: through the beam
line and through the rectangular waveguide. Slots in the sides of the waveguide and in the
shorting plane provide the necessary pumping area. Because the dimensions of these slots
are much smaller than the wavelength of the wave in the waveguide, the electromagnetic
properties of the waveguide are not affected by these slots. The effective areas of the
different paths can be calculated by making use of the correction factor (1 + (3L)/(8R))−1

for molecular flow through long tubes. The total area of the slots in the waveguide and the
shorting plane is 33 cm2. The coupling iris and the dimensions of the coaxial line limit the
pumping speed, their total effective area being approximately 5 cm2. The effective area
of the inner conductor is approximately 0.5 cm2, so the pumping speed through the beam
line is negligible. To avoid a virtual leak, the small volume between the end plate and the
cathode plate is pumped separately. A valve is placed at the injector output to enable
replacement of beam line elements without having to break the vacuum. A 250 l/s turbo-
molecular pump is used to pump the cavity. With the above calculated effective areas and
a typical H2O outgassing rate of 10−9 mbar l s−1 cm−2 for clean, unbaked copper it should
be possible to reach a pressure in the order of 10−8 mbar. After a bake-out (50 hours
150◦C) it should be possible to pump down to 10−10 mbar.
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Figure 4.14: a) Measured reflected power and b) measured absorbed
power (solid curve) derived from conversion of Fig. 4.14a. The three
dotted curves are Lorentzian fits to the measurement.

4.4 Low-power RF characterization of the cavity and

the coupler

To assess the characteristics of the cavity and the coupler, low-power measurements have
been performed after the fabrication. These measurements have been done with the aid
of an HP8753c vector network analyzer. This analyzer is able to accurately measure the
reflected and transmitted power as function of frequency over a wide frequency band. From
the resulting graphs many parameters can be derived.

In Sec. 4.4.1 the measured resonant frequencies and the quality factors of the different
normal modes are presented. Then, in Sec. 4.4.2, the bead pull method is used to measure
the on-axis field profile. Finally Sec. 4.4.3 discusses the transmission of the coupler.

4.4.1 Resonant frequencies and quality factors

The cavity characteristics can only be measured correctly if the network analyzer is con-
nected to the cavity in a reflection-free setup. For this reason it is very convenient that the
impedance of the coaxial line of the cavity is 50 Ω, i.e. matched to the network analyzer
port. The coaxial line can therefore be connected to the network analyzer by a simple
taper, which reduces the coaxial line radii while keeping the ratio of the radii constant.
The taper ends in a standard N-type connector. Figure 4.14a shows the reflected power as
function of frequency. As expected the cavity behaves, apart from three narrow resonances,
as an ideal short. The resonances are the normal modes of the cavity. According to the
theory of Sec. 3.3, the lowest frequency mode is the 0-mode and the highest frequency
mode the π-mode. The π-mode is extremely well coupled to the network analyzer: less
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than 0.1% of the power is reflected. This has been achieved by tuning the position of the
inner conductor, as explained in Sec. 4.1.1. The three modes are well separated, indicating
sufficient coupling between the cells. By assuming a lossless coaxial line, Fig. 4.14a can
simply be converted into a graph showing the power absorbed in the cavity, as is shown in
Fig. 4.14b. Note that this graph is now on a linear scale, instead of the logarithmic scale
of Fig. 4.14a. The mode characteristics can be calculated be fitting Lorentzian profiles to
the modes. The three dotted curves in Fig. 4.14b are the fitted profiles. The sum of these
curves is almost exactly on top of the measured curve. Table 4.4 lists the most important
characteristics for the different modes derived from the fitted profiles. As was explained

Table 4.4: Measured normal mode characteristics in air at 20◦C

Normal mode Frequency [MHz] Unloaded Q Loaded Q Transmission [%]

0-mode 2993.39 1.34×104 1.07×104 65

π/2-mode 2996.01 1.26×104 5.65×103 99

π-mode 2998.03 1.31×104 6.52×103 100

in Sec. 3.4 the loaded Q can be calculated directly from the width of the resonance curve.
The unloaded Q has been calculated using Eq. (3.31) and the measured absorption.

The characteristics listed in Table 4.4 are measured at 20◦C and in air. Before they
can be compared to the superfish simulations they should be corrected for the design
temperature of the cavity, 40◦C, and the difference in dielectric constant between air and
vacuum. The frequency difference can be calculated by differentiating Eq. (3.2) with respect
to T and εr:

∂f

∂T
=

−p01kT

2πR
√

µε
≈ −48.5 kHz/K, (4.3)

∂f

∂εr

=
−p01

4πR
√

µεεr

. (4.4)

with kT = 16.9×10−6 K−1 the thermal coefficient of expansion of copper. The correction
due to the higher design temperature is -0.97 MHz. The correction due to the different
dielectric constant at 3 GHz is 0.95 MHz for dry and atmospheric pressure air. Table 4.5
lists the corrected measured frequencies and the design frequencies for the different normal
modes. The frequencies calculated by superfish are approximately 0.5 MHz higher. To
operate the cavity at its design frequency the temperature should be lowered from 40◦C
to 30◦C. Because this is still well above room temperature this can be done without any
problem. The measured quality factor in Table 4.4 for the π-mode, Q = 1.31×104, is
somewhat lower then the design value of Q = 1.38×104. This is most probably caused
by extra losses due to the brazes and the contact resistance of the clamped cathode plate.
The coupling strength, derived from the frequency difference between the 0-mode and the
π-mode, is equal to K = 1.55×10−3.
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Table 4.5: Comparison between measured and calculated nor-
mal mode frequencies

Normal mode Measured[MHz] Superfish [MHz] ∆ [MHz]

0-mode 2993.37 2993.8 0.4

π/2-mode 2995.99 2996.4 0.4

π-mode 2998.01 2998.5 0.5

4.4.2 Measurement of the on-axis field profile

For a cavity on resonance the stored electric energy is equal to the stored magnetic energy.
A small perturbation, for instance a deformation of the cavity wall, produces an imbalance
in the stored energies. The result is that the resonant frequency shifts to restore the
balance. The Slater perturbation theorem provides an expression for the frequency shift
∆ω due to the removal of a small volume ∆V from the cavity [7]:

∆ω

ω
=

∫
∆V

(µB2 − εE2) dV∫
V

(µB2 + εE2) dV
. (4.5)

This theorem forms the basis for the tuning of cavities. By a slight deformation of the
cavity, or dimpling of the cavity wall, it is possible to permanently change the resonant
frequency. Alternatively, one can use tuning plungers to introduce an adjustable ∆V into
the cavity, enabling continuous tuning of the frequency and thus of the field balance.

The Slater theorem also forms the basis for field measurements in cavities [8]. If an
object is introduced in the cavity the local magnetic and electric fields change due to the
εr and µr of the object. This introduces a frequency shift. For a spherical bead of volume
∆V the shift is:

∆ω

ω
= −3∆V

4W

(
εr − 1

εr + 2
ε0E

2 +
µr − 1

µr + 2
µ0B

2

)
, (4.6)

where W is the total stored energy and E and B are the unperturbed fields, which are
assumed to be constant over the bead. For a dielectric bead µr ≈ 1, so there is only a
frequency shift due to the change of the electric fields. In a perfectly conducting, diamag-
netic, metal bead µr → 0 and εr → −i∞, so the frequency shift depends both on E and
B.

The method described above has been used to measure the on-axis field in the cavity.
The bead was glued to a thin nylon fishing line of 150 µm thickness which entered the cavity
through a 200 µm hole in the cathode plate. It left the cavity through a small hole in the
coaxial coupler. One end of the line was attached to an electronic micrometer to measure
the displacement of the bead. The other end was attached to a small weight to keep
tension on the line. The network analyzer was used to measure the resonant frequency
of the cavity as function of the position of the bead. Three different bead diameters
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Figure 4.15: a) Resonant frequency of the cavity as a function of posi-
tion of a nylon bead, for three different bead diameters. b) On-axis field
profiles, calculated using the results of Fig. 4.15a.

have been used: d = 5 mm, 3 mm and 2.5 mm. The bead material was nylon (POM).
Figure 4.15a shows the measured frequency shift for the three different bead diameters as a
function of the on-axis bead position. Figure 4.15b shows the field profile calculated from
these measurements. The bead diameter should be sufficiently small so that the Slater
perturbation method is valid. In addition, the bead should not disturb the field balance
between the cells. Figure 4.15b shows that there is quite some difference between the
frequency shift measured with the d = 5 mm bead and the d = 3 mm bead. Between
d = 3 mm and d = 2.5 mm the frequency shift has converged. Also, the absolute frequency
shift should scale with the volume, i.e. ∝ d3, which is the case for the 2.5 mm and the 3 mm
beads, but not for the 5 mm bead. On the basis of these observations we conclude that for
the 5 mm bead the perturbation assumption is no longer valid and that this bead introduces
additional field imbalance in the cavity. The 2.5 mm measurement probably gives the most
accurate measurement of the local electric field. In Fig. 4.16 the 2.5 mm field measurement
is compared to a superfish calculation based on the measured dimensions. Superfish

predicts a field balance of 87%-100%-98% while the measurement yields 89%-100%-88%.

Concluding remarks

Table 4.6 summarizes the most important measured cavity characteristics. The agreement
between the superfish predictions and the measurements is in general very good. The
quality factor is off by only 5% while the error in the resonant frequency is less than
0.02%. The field balance is definitely the most sensitive parameter. Because the field
balance depends on, for instance, the number of meshpoints used in superfish and on
sub-micron size changes during the fabrication, the best field balance achievable, with a
machining tolerance of 1 µm, is probably around 90%. A better field balance requires
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Figure 4.16: Comparison between the measured (solid curve) and cal-
culated (dotted curve) on-axis field.

either tuning plungers or an iterative approach. Because the pre-braze results were not
significantly different from the final measurements, superfish can be used to calculate,
based on these pre-braze measurements, corrections to the size of one or more cells. By
iterating in this way it is probably possible to achieve a field balance better than 90%.

We thus conclude that a high-quality π-mode, RF photo-injector can be fabricated,
without any tuning plungers. This is only possible through the combination of state-of-
the-art machining techniques and advanced simulation tools.

Table 4.6: Measured cavity characteristics

Parameter Value

Resonant frequency 2998.5 MHz

Operating temperature 30◦C
Loaded Q 6.52×103

Unloaded Q 1.31×104

Power coupling VSWR < 1.05

Field balance 89%-100%- 88%

Coupling constant K = 1.55×10−3
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Figure 4.17: Measured power transmission through the coupler as a
function of a) the position of the shorting plane at a fixed frequency of
2998.5 MHz and b) as a function of frequency at two positions of the
shorting plane.

4.4.3 Coupler characterization

The coupler has been characterized by using the taper described in Sec. 4.4.1, and a
standard rectangular waveguide coupler. In this setup both the transmission and the
reflection can be measured. The position of the shorting plane in the coupler is used to
maximize the transmitted power. Figure 4.17a shows the power transmission, for a fixed
frequency of 2998.5 MHz, as function of the position of the shorting plane. The position
is measured with respect to the symmetry axis of the rigid coax. As can be seen from
the figure the transmission is a periodic function of the shorting plane position. The
distance between two maxima is 6.95 cm, exactly half the wavelength of the TE10-mode
in the waveguide. Positioning the shorting plane at a larger distance gives more space
for pumping slots. However, this goes at the expense of transmission bandwidth. This
is shown in Fig. 4.17b where the transmission as function of wavelength is depicted for
the first (99 mm) and the second maximum (169 mm) of Fig. 4.17a. Because the -1 dB
bandwidth of the klystron is only 10 MHz, the shorting plane can be positioned at 169 mm
without affecting the transmission of the RF system. This leaves sufficient space for the
pumping slots discussed in Sec. 4.3.1. The transmission of the coupler at 2998.5 MHz is
very high: 99±1%, indicating that it has been well-designed. For maximum transmission
it is important to fine-tune the position of the shorting plane when the total system has
been assembled.
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Chapter 5

RF setup

This chapter describes the RF system of the RF photo-injector. Section 5.1 starts with
an overview of the complete system and a description of the most important parts, i.e.
the modulator and klystron tube. As discussed in Sec. 4.2.1, the RF amplitude and phase
should be stable to guarantee low pulse-to-pulse arrival time fluctuations of the accelerated
electron bunches. In Sec. 5.2 the measured amplitude and phase stability of the RF system
are used to calculate these arrival time fluctuations. Finally, in Sec. 5.3, the measured RF
output power and phase behavior of the RF system are used to calculate the electric field
in the cavity.

5.1 Introduction

As discussed in Chap. 4, an RF input power of 9.1 MW is required to build-up the
100 MV/m standing-wave field inside the resonant cavity of the RF photo-injector. Because
this electric field needs to be present only when electron bunches have to be accelerated, the
power source can be a pulsed source. A suitable source for these high power short pulses
is the klystron. Klystrons are high gain amplifiers with an excellent frequency stability,
high efficiency and long lifetimes. It is also possible to use a magnetron, but magnetrons
are self-excited oscillators, which makes it very difficult to synchronize the phase of the RF
field to other signals. The klystron is an amplifier, i.e. it needs an input signal and input
power. The input signal is usually generated by a low power oscillator and then amplified
by a solid-state amplifier. The input power is generated by a so-called modulator.

A klystron is a straight vacuum tube with four fundamental parts: a thermionic electron
source with a DC-acceleration stage, an input cavity, sometimes called the buncher, a drift
space, and an output cavity, sometimes called the catcher. RF power is amplified as
follows: the modulator voltage is used to accelerate electrons in the DC-acceleration stage.
This electron beam then enters the buncher. In this cavity the electron beam is velocity
modulated by the input signal. Because the faster electrons overtake the slower electrons
the velocity modulation is converted into a current modulation in the drift space. The
output cavity is placed at a position where the current modulation in the electron beam
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Figure 5.1: Schematic layout of the RF system for the photo-injector.

is maximal. The output cavity is resonant with the modulation frequency of the current
modulated beam and thus the beam drives a resonant oscillation in this cavity. Microwave
power is extracted from this cavity by a loop or a waveguide. The efficiency of modern
klystrons is very high. Almost 50% of the input power is converted into microwave power.

5.1.1 System layout

A schematic layout of the RF system is presented in Fig. 5.1. The starting point of the
system is a low power Voltage Controlled Oscillator (VCO). The main characteristics of
the VCO are summarized in Table 5.1. The frequency of the VCO, and thus the frequency
of the RF power, is controlled by the phase control loop that will be discussed in Chap. 8.
Part of the output power of the VCO is used as input for this control loop. The output

Table 5.1: Voltage controlled oscillator characteristics

Parameter value

Type CTI DRO-33XX

Central Frequency 2998 MHz

Mechanical tuning range 2994-3002 MHz

Electrical tuning range ±0.25%

Control bandwidth 12 MHz

Control sensitivity 1.36 MHz/V

Output power 14 dBm

Phase noise: offset=0.01, 0.1, 1 MHz 105, 125, 145 dBc/Hz
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power of the VCO is amplified by a low noise, class A, GaAs FET amplifier (AM50,
Microwave Amplifiers Ltd.) to approximately 60 W. Because the average input power into
the klystron should not exceed 10 W a solid-state RF switch is placed in between the
VCO and the amplifier. The low power RF signal is then amplified by the klystron to a
maximum of 10 MW. This power is transported through rectangular waveguides (WR284),
filled with SF6 to prevent breakdown. Because the cavity is a standing-wave structure it
reflects power at the beginning and the end of the RF pulse, as explained in Sec. 3.4.3. To
protect the klystron from this reflected power, and also from reflections from breakdown,
the first element in the waveguide system is a 4-port circulator that acts as an isolator,
i.e. 2 ports are terminated by a matched load. Directional couplers with RF detectors are
placed at several positions in the amplifier chain to measure the forward RF power, i.e.
the power flowing towards the cavity, and the reflected RF power.

5.1.2 The modulator

The modulator delivers the high voltage needed to accelerate the electrons inside the
klystron tube, as explained before. It is an important element because the stability of
the RF power, in terms of amplitude fluctuations and phase fluctuations, depends for a
large part on the modulator performance. Usually a modulator consists of a so-called
Pulse Forming Network (PFN). This is a discrete-element circuit, consisting of capacitors
and inductors, that provides a shaped output pulse. The optimum shape is a rectangular
voltage pulse, which leads to a constant output power out of the klystron. For a sharp-
edged, rectangular voltage pulse with low voltage ripple, many LC sections are needed.
This makes the modulator a costly and bulky part of the RF setup. However, in the RF
photo-injector only one electron bunch has to be accelerated per RF pulse and thus the
demands on the time duration of the flat top and the ripple on this top can be relaxed
considerably. The modulator for the RF photo-injector therefore consists of only one LC
section. Consequently the modulator is very compact (it fits inside a regular 19′′ cabinet)
and cheap. Furthermore, because of the limited lifetime of capacitors, it is more reliable
then a modulator consisting of many LC sections.

Figure 5.2 shows the basic components of the PFN of the modulator. The impedance
Z in this figure represents the klystron. The capacitor is charged by the current source
to a voltage U0. At time t = 0 the switch is closed, thus applying a voltage step to the
circuit. The differential equation describing the current through the circuit is:

L
d2I

dt2
+ Z

dI

dt
+

1

C
I = 0. (5.1)

When Z is taken to be real and constant, this equation can be solved straightforwardly.
With boundary conditions I(0) = 0 and dI/dt|t=0 = U0/L the solution is:

I(t) =
U0

L(λ1 − λ2)

[
eλ1t − eλ2t

]
, (5.2)
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Figure 5.2: Simplified electrical scheme for the pulse forming network
of the modulator. The klystron is represented by the load impedance Z.
The capacitor is charged by the current source. When the switch closes
a negative voltage pulse is applied to the load impedance.

where:

λ1,2 = −ω0

(
βm ±

√
β2

m − 1
)

, ω0 =
1√
LC

, βm =
Z

2Lω0

. (5.3)

This is the familiar solution for a second order differential equation. The behavior is
determined by the damping parameter βm and the characteristic frequency ω0. In case
βm < 1 the circuit is underdamped and the current through the circuit is described by
a damped oscillation with oscillation frequency ω0. If βm > 1 the circuit is overdamped
and the current through the circuit is described by a single pulse with no oscillations. The
PFN of the modulator is slightly underdamped: βm ≈ 0.6.

In the real modulator some additional elements are included [1]. Figure 5.3 shows all
the high voltage components of the modulator. The figure has been split into two parts.
The first part shows the PFN, which is placed into a cabinet next to the klystron. The
maximum voltage in this part is 25 kV. For a practical pulse modulator it is necessary
to generate the pulse at a lower voltage and to use a step-up transformer to transform
the voltage to the correct level for the klystron. This transformer, shown in the second
part of Fig. 5.3, is located in an oil tank just below the klystron cathode assembly. The
maximum voltage at the secondary side of the transformer is approximately 190 kV. The
L, C and Z components of Fig. 5.2 are represented by respectively L1, C1 and Zklystron in
Fig 5.3. Capacitor C1 is charged by the 30 kV supply. This power supply is a constant
current capacitor charging power supply (Kaiser systems, LS2500HV) of 2500 W. It takes
66 ms to charge C1 (0.5 µF ) to 24 kV, which is the nominal voltage. This charging time
limits the maximum repetition rate of the klystron to approximately 15 Hz. The switch
is a solid-state thyristor switch (Behlke Electronic GmbH, HTS 320-800-SCR) capable
of switching a maximum current of 8 kA at 32 kV. Resistor R1 limits the peak current
due to the discharging of the exit capacitance of the charging supply when the switch
closes. Two diode stacks, D1 and D2, protect the charging supply and the thyristor switch
from negative voltages. For safety reasons a bleeder resistance, R2, is placed in parallel
with capacitor C1. When the modulator is switched off it takes approximately 30 s for
the capacitor to discharge over this resistor. The lifetime of capacitor C1 is drastically
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Figure 5.3: Modulator setup. The low voltage part (upper graph) is
placed in a cabinet. The pulse transformer (lower graph) is placed in a
tank, filled with oil, directly beneath the klystron tube.
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Figure 5.4: a) Measured modulator voltage pulses for different charging
supply voltages. Charging supply voltages: 16.2 kV, 17.3 kV, 18.5 kV,
19.6 kV, 20.7 kV, 21.8 kV, 23.0 kV, 24.1 kV. b) Comparison between the
measured nominal modulator pulse (solid line) and the pulse described by
Eq. (5.2) (dotted line).

reduced when the voltage difference across the capacitor changes polarity. This happens
when the PFN is underdamped. Diode stack D3 in combination with resistor R3 prevents
this. This so-called snubber network introduces an additional loss into the PFN when the
voltage reverses sign, thus terminating the oscillation. Finally, R4 and C2 are included to
damp parasitic oscillations due to parasitic capacitances and stray inductances in the pulse
transformer.

The pulse from the PFN is transported to the pulse transformer by a shielded coaxial
cable. The pulse transformer has a step up ratio of 1:13. The core is DC-biased with
the core bias current supply to preset the operation point on the core saturation curve
and to prevent core saturation. Inductance L2 isolates the core bias current supply from
the high voltage pulse. The secondary side of the transformer is equipped with double
windings. These double winding enable the application of a DC-current, needed to heat
the thermionic electron source of the klystron. This heater current is supplied by the
filament heater current supply and dissipated by the klystron filament, represented by
Rfilament in Fig. 5.3. Capacitors on both sides of the double windings guarantee that there
are no voltage differences between the windings due to the high voltage pulse. A capacitive
voltage divider (Pearson electronics inc., Model VD-305A) is included to measure the HV
pulse on the klystron.

Figure 5.4a shows the measured high voltage pulses from the modulator for different
settings of the charging power supply. In fig 5.4b the measurement for nominal operation
(22.4 kV) is compared with the pulse described by Eq. (5.2). For the klystron an impedance
of 7.1 Ω has been used (see Sec. 5.1.3). Although the main peak can be described, in first
approximation, by the double exponential pulse shape of Eq. (5.2), the detailed behavior
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deviates. Especially the flat slope just before the top can not be explained by the simple
model and may be connected to a hysteresis effect in the pulse transformer [1]. The
undershoot in the analytical description (Eq. (5.2)) is not present in the measurement.
This is because of the snubber network explained before. This network effectively removes
the undershoot.

5.1.3 The klystron tube

The klystron tube used in the RF setup is a Thomson TH 2157A, modified by Thomson
to deliver 10 MW of peak output power. The main characteristics are summarized in
Table 5.2. Apart from the input cavity and the output cavity, discussed in Sec. 5.1, the

Table 5.2: Characteristics of the klystron tube

Parameter Value

Central Frequency 2998.5 MHz

Peak output power 10 MW

Average output power 3 kW

Instantaneous bandwidth (-1 dB) 10 MHz

Efficiency 49%

Nominal RF drive power 60 W

Nominal beam voltage 170 kV

Perveance 1.75 µA/V−3/2

tube has three intermediate cavities in the drift space. These non-dissipative cavities
increase the beam current modulation and thereby the total gain and the efficiency. Three
solenoidal magnets around the tube focus the electron beam. The vacuum in the tube is
maintained by an ion-getter pump.

In the calculations for the output pulse of the modulator the klystron impedance was
represented by a constant resistor (see Eq. (5.2)). This is however not an accurate descrip-
tion of the real klystron impedance. The thermionic gun in the klystron operates in the
space charge limited regime. The current in this regime is described by the Child-Langmuir
”three halves power law”:

I = p U3/2, (5.4)

with p the perveance of the klystron and U the applied modulator voltage. This leads to
a klystron impedance of:

Z(I) =
1

I1/3p2/3
. (5.5)

Because the klystron impedance is now a function of current, Eq. (5.1) becomes nonlinear
and can only be solved numerically. However, the deviation between this calculation and a
calculation with an equivalent constant klystron resistance, is not so large. Equation. (5.2)
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Figure 5.5: Measured klystron output power for different charging power
supply voltages. Charging power supply voltages: 16.2 kV, 17.3 kV,
18.5 kV, 19.6 kV, 20.7 kV, 21.8 kV, 23.0 kV, 24.1 kV.

can still be used as a good approximation [2]. The equivalent constant resistance which
best fits the measurements is 1.2 kΩ, leading to an equivalent resistance of 7.1 Ω on the
primary side of the pulse transformer.

Figure 5.5 shows the measured output power of the klystron for different values of the
charging power supply and an input power of 60 W. The output power has been mea-
sured with a calibrated RF detector on the directional coupler directly after the circulator,
indicated in Fig. 5.1. The measurements have been corrected for 5% power loss in the cir-
culator. The shape of the output power curve, for a given modulator voltage, is sensitive
to the amount of input power and to the settings of the focussing coils around the klystron
tube. If the amount of input power is too high the efficiency of the tube decreases. If it
is too low, small oscillations become visible in the output power. For the optimal pulse
shape the input power and the focussing coils have to be optimized for a specific modulator
voltage. The additional structure in the klystron power at approximately 2.0 µs and 4.2 µs
is probably due to the influence of the intermediate cavities in the klystron tube [2].

5.2 Amplitude and phase stability

For reproducible electron bunch production the pulse-to-pulse amplitude and phase varia-
tions of the RF field in the cavity should be as small as possible, as discussed in Sec. 4.2.1.
The amplitude stability is mainly determined by the voltage stability of the capacitor
charger supply. Variation in the charging voltage results in variation in the high voltage
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pulse and thus in variation of the output power of the klystron. The RMS voltage fluctua-
tions of the high voltage pulse amount to 0.05% at nominal operation. The sensitivity for
charging voltage fluctuations can be calculated from the RF power measurements as func-
tion of charging voltage (see Fig. 5.5) and is equal to 0.98 MW/kV at nominal operation.
On the basis of these numbers the RMS RF power stability is 0.1%.

Charging voltage fluctuations also result in pulse-to-pulse phase fluctuations of the
RF field. In fact this is the most important contribution to the phase fluctuations of a
klystron [3]. Because the klystron is a travelling-wave tube it takes a certain amount of
time tdrift before the amplified RF signal appears at the output cavity. During this time
the total phase rotation of the RF signal at the input of the klystron is:

φ = ωtdrift = ω
Ldrift

v
, (5.6)

where Ldrift is the distance between the input cavity and the output cavity and v the
velocity of the electrons in the tube. When the velocities of the electrons in tube fluctuate,
due to variation of the acceleration voltage, the phase difference between the RF field at
the input and the amplified RF field fluctuates as well. Because in most cases the phase
of the input RF field has been synchronized to other processes in the setup, the phase
of the amplified RF field fluctuates with respect to these processes. For small velocity
fluctuations the phase fluctuations can be written directly as function of the modulator
voltage fluctuations:

∆φ = − ωLdrift

c(γ + 1)
√

γ2 − 1

∆U

U
, (5.7)

where γ is the relativistic factor for the electron beam in the klystron. At nominal opera-
tion, with an acceleration voltage of 170 kV and Ldrift = 0.41 m, Eq. (5.7) predicts a phase
sensitivity of 72 µrad/V. With the measured RMS amplitude stability of the modulator,
0.05%, the RMS value of the phase fluctuations is then equal to 0.35◦. This value has been
verified by mixing the RF input signal and the RF output signal of the klystron. An RMS
value of 0.34 ± 0.05◦ was found, in good agreement with the value predicted on the basis
of the high voltage amplitude variations.

The numbers for the amplitude stability and the phase stability can be used to calculate
the arrival time variation of the accelerated electron bunches. As explained in Sec. 4.2.1,
the total arrival time variation can be divided into two terms: variation in the time it takes
to accelerate the electrons and variation in the time-of-flight from the exit of the cavity
to the experiment. The last term scales linearly with the distance between the cavity
and the experiment. Figures 4.8 and 4.9 can be used to calculate the total arrival time
variation for given amplitude and phase variations. On the basis of the power variation of
0.1%, the amplitude variation of the electric field in the cavity is 0.05%. The time-of-flight
variation per unit length due to this amplitude variation is 7.5 fs/m and the variation in
the acceleration time is 12 fs. The influence of the phase variation on the energy of the
electrons and thus on the time-of-flight of the electrons in the drift space, when tuned
to the optimum injection phase, is a negligible 0.2 fs/m. However, the time it takes to
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accelerate the electrons varies with 85 fs due to the phase variation. This contribution is
much larger than the other contributions and determines the pulse-to-pulse arrival time
variation. The sensitivity of the acceleration time to phase variations is due to the fact
that the accelerator is not exactly 21/2 cells long (see Sec. 4.2). If the accelerator would be
made exactly 21/2×λRF the time variation would be reduced from 85 fs to 8.4 fs. When
a DC pre-accelerator is used, which accelerates the electrons to 2 MeV before they enter
the RF accelerator, the contributions of the RF accelerator to the arrival time variations
become very small. The arrival time variation is then determined by the energy stability
of the pre-accelerator. A time-of-flight variation of < 10 fs/m requires a field stability of
< 0.5% in the pre-accelerator. In this estimate the length of the pre-accelerator is assumed
to be small so that the acceleration time variation in this accelerator is negligible.

5.3 RF power absorption by the cavity

The advantages of a modulator based on a PFN with only a single RLC are compactness,
reliability and a low price. However, there is also a disadvantage connected to the use of
a single RLC section. The high voltage pulse out of the modulator has a continuously
changing amplitude, instead of the flat top of a PFN with many LC sections. This con-
tinuously changing amplitude leads to two unwanted effects, both reducing the maximum
attainable energy in the cavity. Firstly, the RF pulse is simply too short, compared to the
time constant of the cavity, to completely fill the cavity with energy. Secondly, because
the acceleration voltage inside the klystron tube changes, the output phase of the ampli-
fied RF field slips with respect to the input RF phase, as described by Eq. (5.7). The
change of the phase is equivalent to an instantaneous de-tuning of the frequency of the
amplified RF power, dφ/dt, thereby shifting it off resonance. This effect results into less
energy in the cavity (see Eq. (3.31)). These two effects have been analyzed and measured
in detail by Van Lierop in the framework of this thesis [2]. Here the main conclusions will
be summarized.

The phase slip, during the pulse, of the output signal of the klystron with respect to
the input signal has been measured by mixing the amplified RF signal with the input RF
signal. Figure 5.6a shows the result. As expected the amplified RF signal slips with respect
to the input RF signal, due to the changing modulator voltage. The slip is only zero at
the maximum of the modulator pulse. Figure 5.6b shows the calculated time derivative of
Fig. 5.6a, which is the instantaneous frequency de-tuning. Because the FWHM width of
the resonance peak of the cavity is only 460 kHz, the output power effectively sweeps over
the resonance curve of the cavity and the cavity is thus only partially filled.

The effects of the changing amplitude and frequency of the RF power have been ana-
lyzed with a numerical model. In this model the measured klystron RF power (Fig. 5.5)
and the measured phase slip (Fig. 5.6a) have been used. The cavity was represented by
an RLC circuit, as described in Sec. 3.2.3. Figure 5.7 shows the result of this calculation
for 10 MW of input power. For reference the solid curve shows a calculation for an ideal
flat top pulse. This curve is given by Eq. (3.35) and gives the maximum energy in the
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Figure 5.6: a) Measured phase difference between the input RF sig-
nal and the amplified RF signal of the klystron. b) Time derivative of
Fig. 5.6a, which is the instantaneous frequency de-tuning of the ampli-
fied RF signal.
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Figure 5.7: Numerically calculated stored energy in the cavity as func-
tion of time. The solid curve represents filling with an ideal flat modulator
pulse. The dashed curve shows the influence of the changing amplitude
of the power to the cavity. The dotted curve includes both effects, the
influence of the changing frequency and the changing amplitude, on the
stored energy in the cavity.



82 RF setup Chap. 5

cavity for a certain amount of input power. The filling time of the cavity (see Eq. (3.37))
is 0.35 µs and, as discussed in Sec. 3.4, it takes approximately six times the filling time to
store 90% of the maximum energy. Due to the changing amplitude of the RF power the
cavity is only filled to 91% of its maximum value (dashed curve). When the phase slip is
added to the model, the maximum energy is reduced to 80% of the maximum value (dotted
curve). Because the electric field scales with the square root of the stored energy, the total
reduction in electric field, compared to the ideal flat top case, is approximately 10%.
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Chapter 6

Optical setup

The electron bunches in the RF photo-injector are created by photo-emission. Assuming
the photo-emission process to be prompt the initial characteristics of the electron bunch
will largely depend on the longitudinal and transverse characteristics of the laser beam.
Because the ultimate goal is to make 100 fs, kA peak current electron bunches, a sub 100 fs,
high pulse energy laser system is required. The invention of Chirped Pulse Amplification
(CPA) [1] and the progress made in recent years in the construction of dispersion minimized
Ti:Sapphire lasers [2] makes that these laser systems are now commercially available. Laser
pulses from these systems are, however, very fragile. Due to the inherently large bandwidth
they are easily stretched or distorted by dispersive and/or absorbing media.

This chapter starts, in Sec. 6.1, with a short review of the relevant equations to calculate
dispersive effects. These effects limit the laser pulse length available for photo-emission
in the experiment. In Sec. 6.2 the main parts of the laser system are described and the
specifications of the system are given.

6.1 Introduction

When an ultra-short laser pulse propagates through a medium its pulse shape is affected
by the wavelength dependent absorption and dispersion of the medium. When the medium
is transparent the most important effect is the stretching of the pulse due to dispersion.
Dispersion changes the relative phase of the different frequency components. To calculate
the effect on the laser pulse length the phase, φ, as function of the frequency can be
expanded in a power series around the center frequency, ω0:

φ(ω) = φ0 +
dφ

dω
(ω − ω0) +

1

2

d2φ

dω2
(ω − ω0)

2 + ..... . (6.1)

The zero order term just adds a phase shift to all frequency components. Also the first
order term does not change the pulse shape, it only delays the pulse in time. The second
and higher order terms, however, cause stretching and chirping. The amount can be derived
from the refractive index data of the medium. Usually only the second order term, called
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the Group Velocity Dispersion (GVD), is of importance for the stretching, the contribution
of the other terms being negligible. The GVD can be calculated from refractive index data
with the relation:

d2φ

dω2
=

λ3L

2πc2

d2n

dλ2
, (6.2)

where L is the length of the medium and λ the central wavelength of the laser pulse. When
the laser pulse length, τ , is initially bandwidth limited (unchirped) the pulse length, τ ′,
after propagating through the medium is [3]:

τ ′ = τ

√√√√
1 +

(
d2φ
dω2

)2

τ 4
. (6.3)

Table 6.1 lists the GVD coefficient for different materials used in the optical setup. This

Table 6.1: Group velocity dispersion, 1
L

d2φ
dω2 , in dif-

ferent materials

Material 800 nm [fs2/cm] 266 nm [fs2/cm]

Air 2.13×10−1 1.2

Sapphire 5.80×102 -

SF 10 glass 1.54×103 -

BK 7 glass 4.53×102 -

Fused silica 3.62×102 2.2×103

Zinc telluride 1.77×104 -

data has been calculated from refractive index data using Eq. (6.2). The GVD dispersion
coefficient for 266 nm is only given for air and fused silica because the other materials are
not used at this wavelength.

It should be stressed that stretching by dispersive effects is completely reversible. When
a stretched pulse is sent through a medium or setup with the opposite dispersion charac-
teristics the pulse is compressed again. This forms the bases of CPA.

6.2 Laser system

A Ti:Sapphire laser system is used to generate the ultra-short laser pulses. It is installed
on an optical table in a room next to the RF photo-injector. The room is temperature
stabilized to 22 ± 1◦C. The laser system consists of three separate parts: a Ti:Sapphire
oscillator, a Ti:Sapphire amplifier and a Third Harmonic Generator (THG). The oscillator
generates the ultra-short pulses at a high repetition rate and with a relatively low energy
per pulse. These pulses are then amplified, at a lower repetition rate, in the amplifier. The
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Figure 6.1: Optical layout of the Ti:Sapphire oscillator.

THG converts the 800 nm wavelength pulses into 266 nm pulses. This is the wavelength
needed to photo-excite electrons out of a copper photo-cathode. The next three sections
discuss the most important characteristics of this laser system.

6.2.1 Ti:Sapphire oscillator

For the generation of the short pulses a Ti:Sapphire oscillator is used. It consists of a tita-
nium doped sapphire (Al2O3) crystal placed in an optical cavity. Because of the extremely
broad gain curve of the Ti:Sapphire crystal, from 650 nm to more than 1000 nm, many lon-
gitudinal cavity modes can be present in the oscillator cavity. For short-pulse operation it
is necessary that the oscillator oscillates in many of these cavity modes simultaneously and
that the different oscillations are in phase with each other. This is achieved with so-called
Kerr lens mode-locking. The Kerr effect is a third order, nonlinear effect which induces
a change in the medium’s index of refraction under the influence of a strong electric field
(see Sec. 10.3). This effect is used to self-focus, i.e. focus under the influence of the electric
field of the beam, the laser beam inside the Ti:Sapphire crystal. By pumping the crystal
with a pump beam that has a waist which is smaller than that of the continuous wave
(cw) Ti:Sapphire laser beam an intensity dependent loss mechanism is introduced into the
cavity. When the oscillator operates in cw mode and a small noise spike is introduced
in the cavity intensity, this noise spike has a better spatial overlap with the pump beam,
due to the Kerr lensing. The result is a higher gain for the noise spike and subsequently
it builds up until saturation occurs. At this point the oscillator works mode-locked and
a single, isolated pulse travels around in the cavity. Each time this pulse reflects at the
output coupler a fraction of the pulse energy is transmitted. The repetition period of the
oscillator is therefore equal to the cavity round-trip time.

Figure 6.1 shows the optical layout of the oscillator (Femtosource, Femtolasers Produk-
tions GmbH). The Peltier-cooled Ti:Sapphire crystal is placed under the brewster angle
and pumped by a cw diode-pumped, frequency doubled Nd:YVO4 laser (Verdi, Coherent)
at λ = 532 nm. The crystal is placed between two focussing mirrors to achieve the tight
focussing needed for Kerr lensing. Astigmatism, introduced by the Ti:Sapphire crystal, is
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minimized by matching it to the astigmatism introduced by the focussing mirrors [4]. This
fixes the angles, θ1 and θ2 (see Fig. 6.1). Mode-locking is started by introducing a small
perturbation in the cavity length. For this purpose the end mirror of the cavity is mounted
on a translation stage. Table 6.2 lists the main characteristics of the oscillator.

Table 6.2: Characteristics of the Ti:Sapphire
oscillator

Parameter Value

Pump power 5 W

cw output power 600 mW

Mode-locked output power 420 mW

Repetition rate 75 MHz

Central wavelength 790 nm

Spectral width 116 nm FWHM

Pulse width 10 fs FWHM

The repetition rate of the mode-locked oscillator is inversely proportional to the cavity
length and can therefore be changed by displacing the end mirror. This enables straight-
forward synchronization of the laser pulses to an external clock. For the displacement of
the end mirror a piezo-electric actuator and a stepper motor have been integrated into the
translation stage. The piezo-electric actuator, used for fine adjustment of the oscillator
repetition rate, provides a total displacement of 15 µm, equal to a change in repetition
rate of 560 Hz. The maximum displacement of the stepper motor is equal to 5 mm, which
is equivalent to a change in repetition rate of 188 kHz. A fast silicon photodiode, placed
behind one of the cavity mirrors and detecting the energy leakage through this mirror,
measures the repetition rate of the oscillator.

6.2.2 Amplifier

Because of the high repetition rate of the Ti:Sapphire oscillator the energy per pulse is
low, approximately 5 nJ. In order to increase this energy, the pulses are amplified in a
Ti:Sapphire multi-pass amplifier (Omega Pro, Femtolasers Produktions GmbH). To avoid
damage to the optical components inside the amplifier and to avoid nonlinear effects in the
Ti:Sapphire crystal, the pulses are first stretched, then amplified, and finally compressed
again. This scheme is called Chirped Pulse Amplification (CPA). Usually a grating-based
stretcher is used for CPA, however, because of the large bandwidth of the oscillator pulses
and the moderate output energy of the amplifier, dispersive stretching is in this case
sufficient. For this the pulses are sent through 10 cm of glass, which stretches the pulses to
approximately 4 ps. After amplification they are compressed again in a prism compressor.
The advantage of using a material dispersion based stretcher/compressor system, instead
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of a grating based system, is the high efficiency leading to an exceptionally high system
throughput.

The amplifier itself consists of a Peltier-cooled Ti:Sapphire crystal. The crystal is
pumped by a frequency doubled Nd:YLF laser at λ = 527 nm (BMI 621-D, B.M.Industries).
This laser operates at a repetition rate of 1 kHz with a pulse length of 280 ns. Amplification
in the amplifier is based on the multi-pass principle. Each oscillator pulse passes four times
through the Ti:Sapphire crystal. After the fourth pass a Pockels cell slicer, synchronized to
the pump laser, selects one pulse per ms out of the 75 MHz pulse train from the oscillator.
In the next five passes these pulses are amplified to a total energy of 1 mJ per pulse.
Table 6.3 summarizes the most important characteristics of the amplifier.

Table 6.3: Characteristics of the
Ti:Sapphire amplifier

Parameter Value

Pump power 8 W

Output power 1 W

Repetition rate 1 kHz

Central wavelength 800 nm

Spectral width 45 nm FWHM

Pulse width 30 fs FWHM

6.2.3 Third harmonic generator

After amplification to 1 mJ the 800 nm pulses are sent to the THG. First the beam diameter
is reduced to increase the intensity to the level needed for harmonic generation. This is done
with a combination of a concave and a convex mirror to prevent material dispersion. Then
the fundamental beam enters the harmonic generator. Figure 6.2 shows the optical layout.
In the first crystal the Second Harmonic (SH) (400 nm) beam is created. The polarization
of the fundamental beam, incident on the crystal, is in the horizontal plane while the SH
beam leaves the crystal vertically polarized. Phase matching between the two beams is
optimized by adjusting the angle of the crystal in the vertical plane. At the optimum phase
matching angle approximately 30% of the fundamental energy is converted into the SH.
Both the fundamental and the SH beam travel collinearly to the first dichroic mirror. This
mirror reflects the SH beam while the fundamental beam is transmitted. For the THG
process the polarization of the two beams must be equal. To achieve this the fundamental
beam is sent through a zero order half wave plate which changes the polarization from the
horizontal plane to vertical plane. The second dichroic mirror combines the two beams and
make them collinear again. A delay stage in the SH beam path enables the synchronization
of the fundamental and the SH beam in the TH crystal. The TH crystal produces UV
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Figure 6.2: Optical layout of the third harmonic generation system.

pulses at 266 nm by sum-frequency mixing of the fundamental and the SH beam. Phase
matching is optimized by adjusting the crystal angle in the horizontal plane. At the
optimum phase matching angle approximately 30% of the SH energy is converted into the
TH. The polarization of the TH beam is in the horizontal plane while the fundamental
beam and the SH beam are polarized in the vertical plane. The total efficiency of the THG
process is approximately 10%, i.e. with an input energy of 1 mJ at 800 nm approximately
100 µJ at 266 nm can be generated. Standard pulse length measurement techniques, i.e.
second order autocorrelation, can not be used to measure the TH pulse length because of
the strong absorbtion in materials and air at 133 nm. However, because of the limited
number of dispersive elements in the THG, the pulse length is expected to be in the same
range as the fundamental beam, i.e. around 30 fs FWHM.

After THG three dichroic mirrors are used to split the three beams. These mirrors
introduce chirp into the SH beam and into the fundamental beam. Although this chirp
can simply be removed again in a compressor this is not part of the setup yet. The
pulse length of the fundamental pulse coming out of the THG can be calculated to be
approximately 35 fs.

Next the UV beam is sent to the photo-cathode. It is focussed by a 2 mm thick plano-
convex fused silica lens (f = 2 m) and it enters the vacuum system through a 3.3 mm thick
fused silica window. The pulse is stretched by these two components to approximately
49 fs. The total distance the beam travels in air is approximately 4 m, which adds another
4 fs to the pulse length.
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Chapter 7

Beam line setup

Apart from the accelerating cavity, discussed in the preceding chapters, many more compo-
nents are needed to guide and diagnose the electron bunches. Together, these components
constitute the beam line. Of the different elements in the beam line only the cavity and
its magnets have a fixed position. The other elements are built into standard four-way
and six-way vacuum crosses and can be removed or exchanged when needed. A simple rail
system provides the flexibility for the positioning of the elements. This chapter discusses
the main beam line components. Focussing and beam steering elements are discussed in
Sec. 7.1. Diagnostic elements are treated in Sec. 7.2. Finally, the chapter ends, in Sec. 7.3,
with a few remarks on the vacuum system of the beam line.

7.1 Focussing and beam steering elements

Acceleration and transport of charged particle beams generally requires some form of
charged particle beam optics. In case of the RF photo-injector several magnets are needed
for optimum beam quality and beam guidance. The most important elements are discussed
in the next sections.

7.1.1 Main solenoid

The RF cavity is mounted inside the bore of a solenoidal magnet. This magnet is used to
apply a transverse focussing force to the electrons while they are accelerated. Transverse
focussing is needed for three reasons: 1) to balance the radial de-focussing space charge
forces inside the electron bunch; 2) to counter-act the exit-kick when the electrons leave the
accelerator; and 3) for emittance compensation. Although in the present setup these three
functions have been combined into a single solenoid, it is probably better, for optimum
beam quality, to add one or two dedicated solenoids. Because of the absence of plungers and
side-coupling of the RF power there is maximum freedom for placement of these additional
solenoids.

Solenoidal focussing is somewhat unusual in the sense that the fringe fields of the
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solenoid play an important role in the focussing. Because the magnetic field has to satisfy
∇·B = 0, it must fringe at the entrance and at the exit of the solenoid. An off-axis charged
particle, even with no initial transverse momentum, entering this region encounters a radial
component of the magnetic field because of the non-vanishing ∂Bz/∂z. This results into an
azimuthal momentum kick to the particle. One can show straightforwardly that the kick,
integrated over the entire region of finite ∂Bz/∂z, is such that the subsequent motion of
the particle in the solenoidal field is helical. The radius of curvature of the helical motion
is such that the particle passes through the solenoid axis. The frequency of the motion
is the Larmor frequency associated with the uniform field inside the solenoid. On passing
through the exit fringe field the azimuthal momentum kick has the opposite sign, leaving
the particle with no net azimuthal momentum change. The focal strength, i.e. the inverse
focal length, for a small net rotation in the solenoid and constant γ, is [1]:

Psol = f−1
sol =

q2
∫

Bz(0, z)2dz

4γ2m2β2c2
. (7.1)

To keep a constant lens power the magnetic field strength therefore has to increase pro-
portionally to the relativistic mass. If the particles are accelerated while they are moving
through the solenoid the full equations of motion have to be solved numerically. Particle
tracking simulations have been performed with gpt taking into account the exact acceler-
ation fields in the cavity and space charge forces [2]. The simulations show that in order
to properly counteract the exit-kick of the 2 MV, 1 GV/m, DC acceleration stage, and to
obtain an ≈ 1 mm radius beam at 10 MeV after the RF cavity, an on-axis magnetic field
of 0.5 T is required.

An on-axis magnetic strength of 0.5 T was the starting point for the design calcula-
tions, which have been done using pandira, the static magnetic field solver of the pois-

son/superfish code. Figure 7.1 shows the result. Based on this design the magnet has
been constructed by the Central Design and Engineering Facilities of the TU Eindhoven.
The magnet consists of a coil with in total 198 windings, surrounded by a low-carbon steel
jacket to enhance and guide the magnetic field. The bore of the magnet is 130 mm, leaving
a 5 mm gap between the magnet and the cavity for cooling of the cavity. The outer diame-
ter is 315 mm. The coil consists of 9 separate sections. These sections have been connected
in series for the electrical current and in parallel for cooling water. Each section consists of
22 windings. Square copper rod, 6×6 mm2, has been used for the windings. This copper
rod has a 3.5 mm diameter hollow channel in the center, enabling cooling water to flow
through. The maximum current is limited by the current supplies to a value of 326 A. At
this excitation current the dissipation is 9.5 kW, which is removed by cooling water with
a flow of 12 l/min.

Figure 7.2a shows the measured on-axis magnetic field profile for different values of
the current through the coil. The maximum field is 0.52 T for 326 A excitation current,
in excellent agreement with the design value of 0.5 T. Figure 7.2b shows the maximum
field as function of the current through the coil. For currents higher than 250 A the field
deviates from the linear increase, indicated by the solid curve, due the saturation effects
in the iron around the coil.
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Figure 7.1: Design drawing of the main solenoid.
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Figure 7.2: a) Main solenoid magnetic field profiles for 49 A, 99 A,
149 A, 199 A, 249 A, 299 A and 326 A. The dotted line indicates the
position of the photo-cathode surface. b) Maximum magnetic field as
function of excitation current.
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7.1.2 Bucking magnet

In Fig 7.2 the position of the photo-cathode is indicated by the dotted line. Clearly
the electrons start at a position where a significant solenoidal magnetic field is already
present. The result is that the azimuthal momentum compensation, explained above, is
not complete. Because the electrons are created inside the solenoid they do not travel
through the complete entrance fringe field and thus gain more azimuthal momentum in
the exit fringe field than needed to compensate for the gain in azimuthal momentum in
the entrance fringe field. The difference can be calculated with Busch’s theorem, which
relates the momentum difference to the difference in magnetic field [3]:

∆pθ ≈ q
r

2
[Bz(0, z2) − Bz(0, z1)] , (7.2)

with r the off-axis distance. When electrons are started outside the solenoid and travel
completely through the solenoid, both Bz(0, z1) and Bz(0, z2) are zero and the momentum
difference is zero. For all other initial positions and final positions the electrons gain net
azimuthal momentum, which contributes to the emittance of the electron bunch. The
emittance contribution for a uniform distribution is approximately equal to [4]:

εN
x ≈

∣∣∣∣18 q∆B

2mc
σ2

x

∣∣∣∣ . (7.3)

For a typical beam radius of σx = 1 mm, this contribution is equal to 37 mm mrad/T. For a
emittance contribution small compared to the thermal contribution the residual magnetic
field on the cathode should thus be lower than 2×10−3 T. The most straightforward method
to null the field on the cathode is to include a second solenoid, identical to the main solenoid
but with opposite magnetic field. This magnet is placed behind the photo-cathode and
is called a bucking magnet. Since, the magnetic field needs to be zero only on the small
spot where the electron bunches are created, this can also be achieved with a much smaller
magnet, positioned close to the photo-cathode. For the RF photo-injector such a small
bucking solenoid has been designed to null the field on the photo-cathode locally.

Figure 7.3 shows the design of the bucking magnet. It consists of a coil with 630 turns
of 1 mm copper wire and an iron core. The outer diameter of the coil is 33 mm and it
is 70 mm long. The low-carbon iron core has a diameter of 15 mm and is 140 mm long.
The core not only enhances and guides the magnetic field, it also transports heat from the
coil to the cooling water. The maximum power dissipation in the coil is 70 W for 10 A
of excitation current. To have the maximum possible magnetic field on the photo-cathode
the magnet is positioned as closely as possible to the cathode. The distance between the
magnet and the photo-cathode is 6 mm.

Figure 7.4a shows the measured on-axis magnetic field profiles as function of the dis-
tance from the magnet for different excitation currents. The position of the cathode is
again indicated by the dotted line. Because of the small diameter of the iron core the
field starts to saturate already at rather low currents. This can be seen in Fig. 7.4b where
the maximum measured field is plotted as function of excitation current. Higher magnetic
fields can be achieved by choosing a core material with a higher saturation field.
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Figure 7.3: Design drawing of the bucking magnet. The magnet is placed
as close as possible to the cathode surface to increase the magnetic field.
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Figure 7.5: Bucking magnet current required to cancel the magnetic field
on the photo-cathode as function of the main solenoid current.

The current through the bucking coil, required to null the field on the cathode surface
for a given current through the main solenoid coil, has been measured. For this purpose
a sensitive (100 mV/mT) Hall probe, measuring 1×1 mm2, was placed at the cathode
position. For different settings of the main solenoid current the current through the bucking
magnet for less than 1×10−3 T residual field was determined. The result is shown in
Fig. 7.5. With 10 A of bucking magnet current the magnetic field corresponding to 200 A
of main solenoid current can be compensated. This corresponds to a maximum on-axis
magnetic field of 0.33 T.

7.1.3 Quadrupole triplet

In principle the magnetic field of the main solenoid is set for maximum bunch quality
and not to focus the beam. When a focussed beam is needed in the experiment, addi-
tional optics has to be included. For this purpose a quadrupole triplet has been designed.
Quadrupole magnets focus in one transverse plane and de-focus in the other transverse
plane. Focussing in both planes requires a combination of at least two quadrupoles, which
is called a quadrupole doublet. A quadrupole doublet, however, only produces a stigmatic
focus if the magnification in the two transverse planes differs. For stigmatic focussing
with equal magnification in the two planes a combination of at least three quadrupoles is
needed, which is called a quadrupole triplet. The focal strength of a thin quadrupole is:

Px = −Py =
qkLeff

γmβc
, (7.4)
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Figure 7.6: a) Measured magnetic field map for one transverse plane of
the quadrupole for an excitation current of 5 A. b) Measured magnetic
field at the pole of the quadrupole as function of excitation current.

where k = dBx/dy|x=0 is the quadrupole field gradient and Leff is the effective length of the
quadrupole. When arranged in a triplet, with equal distances L between the quadrupoles,
the outer quadrupoles should have the same focal strength P1 while the focal strength of
the middle quadrupole should be set to:

P2 = − 2P1

1 + L2P 2
1

≈ −2P1 if LP1 � 1. (7.5)

With this setting for the focal strength of the middle quadrupole, the focal strength of the
triplet is equal to:

Px = Py =
2LP 2

1 (1 − L2P 2
1 )

(1 + L2P 2
1 )

≈ 2LP 2
1 if LP1 � 1. (7.6)

The design of the quadrupoles has been done using the codes pandira and transport.
Pandira was used to design the iron yoke of the quadrupole and to calculate the field
gradient while transport was used the calculate the focussing properties of the triplet.
The quadrupoles have been made with a pole width of 30 mm and a distance between the
poles of 39 mm. The coils around the poles consist of 100 windings of 2 mm copper wire.

Figure 7.6a shows the measured magnetic field for one of the quadrupoles. Electrons
propagate in the z direction and only off-axis electrons (r �= 0) experience a magnetic field.
The effective field length, calculated from the field map, is equal to 53 mm. Figure 7.6b
shows the field at the pole for different excitation currents. The field gradient, calculated
from Fig 7.6a and Fig. 7.6b is equal to 0.84 Tm−1 per ampere current through the coils.

The three identical quadrupoles are mounted on a single xyz stage. The distance
between the quadrupoles can be varied and is nominally 10 cm. Quadrupoles in a triplet
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should not be rotated with respect to each other because rotations couple the different
transverse phase planes. The excitation currents for a certain focal distance of the triplet
can be calculated with Eq. (7.6) and the derived field gradient. As an example, to focus
6.9 MeV electrons 30 cm behind the triplet the current through the outer quadrupoles
should be 2.1 A while the current through the middle quadrupole should be -3.7 A.

7.2 Diagnostics

To measure the electron bunch quality several diagnostic tools have been designed and
built. Definitely the most demanding measurement is the measurement of the length of
the electron bunch. For this a relatively new method has been used: electro-optic sampling.
The setup for this experiment will be discussed separately, together with the results, in
Chap. 10.

This section discusses the details of three, more or less standard, diagnostic tools: the
phosphor screen setup to measure the transverse beam size, the Faraday cup to measure
the bunch charge and the spectrometer to measure energy and energy spread. To fully
characterize the electron bunch quality one diagnostic tool is still missing in the beam line:
an emittance measurement setup. Although it is possible to estimate the emittance on
the basis of the focusability of the electron bunches, for instance with a quad scan, this
method assumes linear matrix transport theory applies, which is not the case for the high
space charge bunches out of the RF photo-injector. A better method is to use a slit mask
or a pepper pot mask to divide the beam into independent, emittance dominated, slices or
spots. A drift space then transforms the transverse angular spreads of these slices/spots
into transverse position spread which can be measured on a phosphor screen. The phase-
space distribution can then be reconstructed from these positions. Although the trade-offs
of the slit mask setup have been studied and a first design of the experiment has been
made [5] this diagnostic tool is not yet part of the beam line.

7.2.1 Phosphor screen

Phosphor screens enable a simple and straightforward measurement of the transverse di-
mensions of electron beams. Because the phosphor screen has to intercept the electron
beam it is a destructive measurement and, in general, it must be possible to move the
phosphor screen in and out the beam path. Usually the phosphor screen is placed under
an angle of 45◦ with respect to the electron beam axis and an off-axis lens system is used to
collect the fluorescent light. For the RF photo-injector a slightly different setup has been
used, shown in Fig. 7.7. The phosphor screen has been placed perpendicular to the beam
axis and an on-axis mirror directs the fluorescent light to the lens system. The advantages
of this setup are twofold: there is no distortion in the image and there is no loss of spatial
resolution due to increased depth of field. A disadvantage is that the electrons not only
hit the phosphor screen but also the mirror, leading to an increase in bremsstrahlung and
possible mirror damage. For the low average currents out of the RF photo-injector this is,
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Figure 7.7: Phosphor screen setup. The screen has been placed perpen-
dicular to the beam axis. A mirror is used to direct the fluorescent light
to the lens system.

however, not a problem.

The phosphor used in the experiment is a standard (type P20) ZnCdS:Ag layer de-
posited on a 25 mm diameter glass disc (Coultron Research Corporation). It has a grain
size of 1 µm and a thickness of 20 µm. For high spatial resolution the grain size and the
thickness of the phosphor layer should be small. The emission spectrum from the phosphor
ranges from 470 nm to 670 nm with a maximum at 550 nm (yellow/green). To prevent the
build-up of space charge a 25 nm thick aluminum layer has been deposited on top of the
phosphor layer.

An aluminum ring clamps the screen in the holder and provides electrical contact
between the aluminum layer and the grounded holder. The phosphor screen has been
placed at the focal plane of the first achromatic lens (focal length = 35 mm). This lens
has been integrated in the phosphor screen holder. To move the holder in and out the
beam path it is mounted on a stage inside a four-way vacuum cross. The fluorescent
light leaves the vacuum through a kodial window. A second achromatic lens, outside the
vacuum system, images the phosphor screen onto a CCD camera. When well aligned the
imaging system is independent of the position of the stage. Magnification can be changed
by changing the focal strength of the second lens.

A Sony DFW-X700 1024×768 CCD camera, with a pixel size of 6.25×6.25 µm2, is used
to record the image. Neutral density filters, which can be placed in front of the camera,
prevent over-illumination of the CCD chip. The image from the CCD camera is recorded
by a computer.
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Figure 7.8: Design drawing of the Faraday cup.

7.2.2 Faraday cup

Usually Integrating Current Transformers (ICTs) and Faraday cups are used to measure
bunch charges in accelerators. An ICT does not intercept the electron beam and is thus
very well suited to measure the bunch charge on intermediate positions in the beam line.
At the end of the beam line, however, the electrons have the be stopped anyway and at
this position a Faraday cup can be used. In the experiments with the RF photo-injector
only a Faraday cup has been used. Figure 7.8 shows its design. For accurate charge
measurements the Faraday cup should not only stop all relativistic electrons, it should also
prevent secondary electrons from escaping the Faraday cup. For this reason the Faraday
cup has been designed with a rather long core of 96 mm length. Its wall thickness exceeds
7 mm, the stopping range for 10 MeV electrons in copper, everywhere. The opening in
the core is 32 mm in diameter and copper irises can be inserted in front of the Faraday
cup to reduce this opening. The core is connected to a standard CF40 coaxial feedthrough
with a BNC connector to connect to the read-out electronics. Six insulating pins prevent
electrical contact between the core and stainless steel outer tube. A copper shielding
around the stainless steel tube at the outside of the Faraday cup minimizes the influence
of high frequency noise on the Faraday cup signal.

The capacitance of the Faraday cup is 67 pF leading to a characteristic time constant of
3.5 ns when connected to a 50 Ω load. It is however more convenient to connect the output
of the Faraday cup to a charge sensitive amplifier. In this case high frequency noise is
suppressed and the output voltage of the charge sensitive amplifier is directly proportional
to the bunch charge. For the measurements, presented in Chap. 9 and 10, it is assumed that
the Faraday cup stops and detects all the electrons in the electron bunch. No calibration
has been performed.
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Figure 7.9: a) Measured magnetic field map for the dipole magnet. Elec-
trons propagate in the xz-plane and enter and leave the magnet with an
angle of 15◦ with respect to the z-axis in the plot. b) Measured maximum
field in the dipole magnet as function of excitation current.

7.2.3 Spectrometer

An H-shaped dipole sector magnet has been designed to provide momentum dispersion for
energy measurements. The Faraday cup, with a 5 mm iris, discussed in the previous section
is used to detect the electrons. The sector of the magnet has an angle of 30◦ and a radius
of 150 mm. Two coils of 108 turns provide the magnetic field. The distance between the
poles is 35.5 mm. In between the poles a vacuum chamber is placed with two exit ports:
one in the propagation direction of the electrons and another making an angle of 30◦ with
respect to this direction. The magnet is placed in the beam line with its entrance pole
faces perpendicular to the propagation direction of the electrons. Electrons bent over angle
of 30◦ then leave the magnet perpendicular to the exit pole faces.

For accurate energy measurements it is essential to accurately measure the magnetic
field profile. For this purpose a calibrated Hall probe has been used with a specified
accuracy of ±0.15%. Furthermore, a procedure should be used to preset the magnets
residual magnetic field, thus ensuring reproducibility of the magnetic field for a given
value of the current through the coil. The procedure that has been used is to reverse
the current in the magnet and to ramp the current up to 20 A. After this the residual
magnetic field is 14×10−4 T, measured at the field maximum in the center of the magnet
and independent of the magnets history. With this procedure the magnetic field can be set
with a measured reproducibility of ±0.1%. Without presetting the residual magnetism the
reproducibility is not better than ±2%. Figure 7.9a shows the measured field map of the
magnet. The center of the magnet is positioned at (x, z) = (0, 0) and electrons propagate
in the xz-plane. They enter and leave the magnet with an angle of 15◦ with respect to
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Figure 7.10: a) Calculated energy of the electrons on the Faraday cup
as function of the excitation current of the dipole. For the calculations
the measured data, presented in Fig. 7.9a and Fig. 7.9b, have been used
in a ray-tracing program.

the z-axis in the plot. Figure 7.9b shows the measured maximum field in the magnet as
function of excitation current.

Accurate calculations for the energy of the electrons arriving at the Faraday cup, as
a function of the current through the magnet, have been done by using the measured
field map (Fig. 7.9), in a simple ray-tracing program written for this purpose in matlab.
Fig 7.10 shows the calculated energy of the electrons as function of current through the
magnet. The energy resolution is ±4%, limited by the 5 mm diameter of the iris in front
of the Faraday cup. This can easily be improved by reducing the iris diameter and/or
increasing the distance between the Faraday cup and the magnet. For accurate absolute
measurements the bending magnet should be carefully aligned with respect to the beam
line and the vacuum chamber. Alignment marks on the vacuum chamber and the bending
magnet provide an alignment accuracy of < 1 mm. The vacuum chamber has been aligned
within 1 mm with respect to the center of the beam, by means of a HeNe laser.

7.3 Vacuum considerations

The vacuum level in the beam line should preferably be equal or better than the vacuum
inside the cavity, i.e. in the order of 10−9 mbar. To arrive at this vacuum level all the
beam line components are equipped with knife-edge flanges (Conflat) and sealed with
copper gaskets. A 180 l/s (for nitrogen) turbo molecular pump backed by an oil free
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4 m3/h membrane pump is used to pump the beam line. The pressure is measured with a
Bayard-Alpert gauge and is typically 10−9 mbar, without bake-out.
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Chapter 8

Synchronization1

For efficient acceleration the electron bunches in the RF photo-injector have to be created
at a specific phase of the RF field, i.e. synchronization is required between the laser pulse
and the RF field. The better the synchronism between the two, the lower the energy-
jitter and arrival time-jitter of the accelerated electron bunches. Both, the RF system
and the laser system, consist of an oscillator and an amplifier. In case of the RF system,
the oscillator is an electronic oscillator and the amplifier is the klystron (see Chap. 5).
In case of the laser system, both the oscillator and the amplifier are optical: the mode-
locked Ti:Sapphire oscillator and the multi-pass Ti:Sapphire amplifier (see Chap. 6). A
standard technique to synchronize two oscillators is by means of Phase Locked Loop (PLL)
electronics. In accelerator setups usually the RF oscillator is chosen to be the master
oscillator, i.e. the free running oscillator. This, however, seriously limits the achievable
phase-jitter because of the limited control bandwidth of mode-locked laser oscillators. By
making the laser oscillator the master oscillator we were able the improve the resulting
phase-jitter significantly.

This chapter describes the synchronization of the pulse train from the mode-locked
Ti:Sapphire laser oscillator and the oscillating RF field of the electronic oscillator by means
of a PLL. The resulting RMS time-jitter between the two is extremely low: 20 fs in the
frequency range of 0.05 Hz to 100 kHz and a drift of 20 fs/h. Note however that this is the
jitter between the two signals before the amplifiers. Although the contribution of the laser
amplifier to the total jitter is probably negligible, the klystron contribution is certainly
not. As discussed in Sec. 5.2, the RMS phase-jitter in the klystron is 0.34± 0.05◦ which is
equivalent to an RMS time-jitter of 315±46 fs. This contribution thus determines the final
time-jitter between the laser pulse at the photo-cathode and the RF field in the cavity.
The resulting RMS arrival time-jitter of the accelerated electron bunches is 85 fs (see
Sec. 5.2). In this calculation the time-jitter between the oscillators was neglected, because
its influence is negligible compared to the contribution of the klystron. The arrival time-
jitter can be improved by using a charging power supply for the modulator with higher

1This chapter is based on an article published in the journal “Nuclear Instruments and Methods in
Physics Research A”. The title of the article is “Femtosecond synchronization of a 3 GHz RF oscillator to
a mode locked Ti:Sapphire laser” [1].
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stability or by making the accelerator exactly 21/2 cells long. In the latter case the arrival
time-jitter, at small distances behind the accelerator, improves to < 10 fs.

8.1 Introduction

In previous experiments mode-locked lasers have been synchronized to other lasers, to elec-
tronic oscillators [2] and, recently, to a free electron laser [3] with subpicosecond jitter. In
these experiments the frequency of the laser is adjusted by changing the cavity length,
to follow a master oscillator. In case the master oscillator is a stable crystal oscillator
the advantages are obvious: the absolute (long term) jitter approaches the jitter of the
crystal oscillator which is usually much better than the jitter and drift of a laser oscilla-
tor. However, in many experiments it is of greater interest how well the two sources are
synchronized, i.e. the relative jitter counts and not the absolute jitter. In pump-probe ex-
periments, for instance, it is the delay between the pump and the probe which is of prime
importance, irrespective of the absolute timing with respect to some external reference.
In these cases changing the frequency of the oscillator with the highest control bandwidth
is to be preferred, because in a stable well-designed feedback system this bandwidth will
determine the residual jitter. The control bandwidth of electronic oscillators often exceeds
the control bandwidth of laser oscillators by more than three orders of magnitude. In our
case the control bandwidth of the 75 MHz laser oscillator is of the order of 1 kHz compared
to 12 MHz for the 3 GHz electronic oscillator. By making the laser the master oscillator we
were able to improve the relative phase-jitter by almost 2 orders of magnitude, resulting
in an RMS jitter of 18 fs.

8.2 Synchronization setup

A schematic layout of the synchronization system is given in Fig. 8.1. The Ti:Sapphire laser
(Femtolasers GmbH, Vienna) delivers 10 fs, 5 nJ pulses at a repetition rate of 75 MHz. The
repetition rate is inversely proportional to the cavity length and can therefore be changed
by moving one of the end mirrors. A piezo-electric transducer (PZT) is used to displace
this mirror. The characteristics of the piezo together with the mass of the mirror limit the
maximum frequency for displacement to about 1 kHz. The electronic oscillator operates
at a frequency of 3 GHz (CTI, Type DRO-33XX). Its frequency is voltage controllable
with a bandwidth of 12 MHz. The 75 MHz optical pulse train from the Ti:Sapphire laser
is monitored with a fast Si-(PIN)-photodiode. A narrow-band filter is used to select the
5th harmonic of this signal at 375 MHz. As phase-jitter increases at higher harmonics the
use of the 5th harmonic increases the sensitivity of the loop. An added advantage of using
the 375 MHz frequency band is the availability of reliable and cheap components such as
amplifiers and filters. To compare the phase of the laser with the phase of the electronic
oscillator the 3 GHz RF signal is divided by 8 and subsequently filtered to remove the higher
harmonics. The narrow-band filters are passive bandpass devices having a bandwidth of
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Figure 8.1: Block diagram of the electronics used to phase lock the
electronic oscillator to the laser.

16 MHz. The filters behind the amplifiers are used to remove spurious amplifier output.
The amplifiers (mini-circuits, ZFL-500LN) are wide-band with 24 dB gain, and a specified
noise figure of 2.9 dB. To avoid phase errors by temperature changes the two signal paths to
the inputs of the mixer are constructed fully identically. A Double-Balanced Mixer (DBM)
is used to measure the phase difference of the two amplified signals. The DBM output
signal is used by the loop electronics to change the frequency of the electronic oscillator.

8.3 Phase-jitter

The loop continuously adjusts the phase of the electronic oscillator to match the phase of
the laser oscillator, thereby reducing the relative phase fluctuations to a value determined
by: 1) the non-ideal characteristics of the DBM, 2) the added noise in the phase-detection
system, and 3) the limited bandwidth and gain of the feedback loop. These contributions
have been measured and will be discussed.

8.3.1 Mixer introduced jitter

The main mixer-related limitation in the synchronization is the conversion of amplitude-
jitter to phase-jitter by the DC-offset of the mixer. Ideally, the mixer should give zero
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output if the two inputs are in phase (or 90◦ out of phase, depending on the type of mixer
used), but due to slight mismatches in the diodes and imperfect balance in the transformer
windings of the mixer a small DC offset will be left. The feedback loop will subsequently
adjust the oscillator phase to null the offset. For perfectly stable input amplitudes this
results in a perfectly stable phase offset. However, if the amplitudes of the input signals
are not stable this offset gives rise to a fluctuating output signal, even if the input signals
are perfectly in phase. Because the control action of the loop minimizes the output of
the mixer by adjusting the oscillator frequency, this amplitude-jitter will be converted into
phase-jitter. If A(t) is the normalized amplitude-jitter of the input signal then, for small
A(t), the resulting phase-jitter P(t) is given by [2]:

P (t) =
− A(t) Voff

K ω0

, (8.1)

where K is the sensitivity of the mixer in [V/rad], ω0 the frequency and Voff the offset
voltage. The mixer used in this experiment is a double-balanced (Minicircuits, MPD-
21) diode ring-type mixer with a quoted offset of Voff = 0.5 mV. The normalized pulse
energy fluctuations A(t) of the diode-pumped Ti:Sapphire laser have been measured on an
identical system, where a RMS value of 0.2% (0.06 Hz – 1.5 MHz) was found [4]. Together
with a mixer sensitivity K = 1 V/rad at a frequency ω0/2π = 375 MHz this leads to a
mixer related jitter of 0.5 fs. As will be discussed in the next section this jitter is negligible
compared to the added jitter in the rest of the phase measurement system.

8.3.2 Measurement system introduced jitter

To investigate the second contribution to the total jitter, the added jitter in the phase
measurement system, the inputs of the system are connected to the same oscillator and
the output of the phase detector is measured in open loop. To minimize temperature
related drift the system is temperature stabilized within 0.1◦C. Ideally, no signal is expected
because both inputs exhibit the same amplitude and phase fluctuations. Figure 8.2 shows
the measured output signal as function of time. This signal has been measured, after
amplification, with a 12-bit ADC-card. The resolution of the measurement system was
1 fs, limited by the amplifier noise and the digitizing noise. The first part of the graph has
been measured with a sampling rate of 40 kHz and an anti-aliasing filter of 10 kHz. To limit
the amount of data, the second part was measured with a lower sampling rate of 0.5 Hz and
a filter of 1.5 Hz. Because of this filter higher frequencies are averaged and only the long-
term drift is left. Clearly, the phase measurement is not perfect: although the input signals
are perfectly synchronous, the detector indicates phase-jitter and drift. In closed loop this
output signal will degrade the synchronization because the part of the signal which is in
the control range of the loop will be inverted and fed back to the controlled oscillator.
The resulting jitter and drift can be calculated from the graph. For example, the RMS
jitter from 10−4 to 0.1 s is 3.4 fs. The drift calculated from the second part of the graph
is approximately 20 fs/h. Without temperature stabilization the drift is approximately 4
times worse. A similar analysis can be made in the frequency-domain. Figure 8.3 shows the



Sec. 8.3 Phase-jitter 111

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

0

20

40

60

80

100

120
Sampling rate 0.5 Hz

Low-pass filter 1.5 Hz

Sampling rate 40 kHz

Low-pass filter 10 kHz

P
h
a
s
e
 [
fs

]

Time [s]

Figure 8.2: Typical time-evolution of the output signal of the phase
measurement system if both inputs are connected to the same oscillator.

Phase-Noise Spectral Density (PNSD), i.e. the distribution of the phase fluctuations over
frequency, as measured with a spectrum analyzer. By integrating in Fig. 8.3 from 10 Hz to
10 kHz a RMS phase-jitter of 3.1 fs is obtained, in good agreement with the time-domain
result. RMS values for different frequency bands are given in Table 8.1. The distinct
spikes in the spectrum at 50 Hz, its higher harmonics, and at 50 kHz are introduced by the
power supplies. Particularly the peak at 50 kHz contributes significantly (∼30%) to the
jitter. Additional filtering may therefore lead to further improvement of the phase-detector
induced jitter.

8.3.3 Influence of the limited bandwidth of the feedback loop

The final contribution to the total jitter is due to the limited bandwidth of the feedback
loop. First the relative phase-jitter of the two oscillators in free-running mode is measured.
Both the laser and the electronic oscillator are connected to the phase measurement system.
The relative jitter is measured as side-band jitter by shifting the laser frequency by 50 kHz
and subtracting the 50 kHz difference frequency (see Fig. 8.4). The PNSD decreases with
frequency, the main contributions to phase-jitter being due to frequencies below 10 kHz.
To have a large suppression at 10 kHz and below, the unity gain loop bandwidth of the
feedback controller was set at 1 MHz. Once the unity-gain bandwidth is chosen, the loop
gain and the integration time constant of the controller can be calculated from feedback
control system theory [5]. Ideally, the loop should have large gain at all frequencies where
the phase-jitter is significant, but it is limited by stability constraints. The open loop gain
was set at 1.1×106 and the integration time constant of the controller at 4.7 µs, leading
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Figure 8.3: Phase-noise spectral density with both inputs of the phase
detector coupled to the same oscillator.

to a fast, well-damped system with a maximum overshoot of 10%. Figure 8.4 also shows
the relative phase-fluctuations when the control loop is closed. From these data it can
be seen that the noise level has been reduced by many orders of magnitude for the low
frequency range, indicating a very tight lock between the two oscillators. The inferred
RMS timing-jitter figures are summarized in Table 8.1. If we compare the phase-detector

Table 8.1: The RMS phase-jitter for different frequency ranges

Frequency range [Hz] Phase detector [fs] Closed loop [fs]

0.05 – 10 2.5 0.028

10 – 1k 2.2 0.29

1k – 100k 10 15

0.05 – 100k 11 15

induced jitter with the jitter in closed loop (Table 8.1), it can be concluded that at low
frequencies the residual jitter is dominated by imperfections of the phase measurement
system. At higher frequencies the suppression of the relative phase-jitter of the oscillators
becomes less effective. For this reason the residual phase-jitter at higher frequencies is
dominated by the relative phase-jitter of the oscillators. Combining the phase-detector
jitter and residual jitter in closed loop, the total phase-jitter between 0.05 Hz – 100 kHz
is calculated to be 18 fs. It must be emphasized that this phase-jitter is measured directly
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Figure 8.4: Phase-noise spectral density of the laser and electronic os-
cillator as measured at the output of the phase detector. The “Open
loop”graph has been measured as side-band jitter by shifting the laser fre-
quency by 50 kHz.

at the output of the oscillators. In practice additional components, such as amplifiers, will
add phase-jitter. For instance, the added phase-jitter of a klystron RF amplifier depends
on the stability of the drive voltage. To arrive at a phase-jitter of less than 100 fs after the
klystron requires, in our case, a relative voltage stability of better than 10−4.

8.4 Conclusions

In conclusion, we have synchronized a 3 GHz electronic oscillator to a mode-locked Ti:sap-
phire laser with an RMS accuracy of 18 fs (0.05 Hz – 100 kHz), using a simple, large
bandwidth, feedback circuit. The measured phase-jitter is completely understood in terms
of the separate components. The drift is mainly determined by the phase measurement
system and is as low as 20 fs/h. The jitter is limited, for high frequencies, by the bandwidth
and gain of the feedback loop and, for low frequencies, by the phase measurement system.
By improving the phase measurement system and the bandwidth of the control loop a
RMS jitter below 10 fs should be possible.
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Chapter 9

Commissioning

In the preceding chapters the most important parts of the RF photo-injector setup have
been presented and measurements on the different sub-systems have been discussed. In
this chapter the different parts are integrated and the system as a whole is tested. First,
in Sec. 9.1, the RF photo-injector is connected to the RF power supply. The absorption
and the reflection of the RF power by the cavity has been measured and the results are
compared with the theory. Next, Sec. 9.2 discusses electrical breakdown and dark current
in the cavity. The dark current has been measured as function of field strength in the
cavity and is analyzed by fitting it to the Fowler-Nordheim theory. Breakdown limits the
maximally achievable field strength in the cavity. Then, Sec. 9.3 discusses the vacuum
level inside the accelerator. Finally, in Sec. 9.4, the laser system is added to the system
and the RF photo-injector is used to accelerate electron bunches. The different diagnostic
tools, discussed in Chap. 7, are used to characterize the accelerated electron bunches.

9.1 Initial start-up

For the first tests the RF photo-injector was operated without drive laser. The main goals
of these tests were to see how the cavity responds to high power RF fields and to assess
the stability of the RF system. Because no synchronization was needed between the drive
laser and the RF system, the frequency of the 3 GHz VCO was controlled directly with a
voltage source. The repetition rate of the RF pulses was typically between 5 and 10 Hz.

As described in Sec. 4.4 the temperature of the cavity should be 30◦C to operate the
cavity at 2998.5 MHz, the central frequency of the klystron. Moreover, the temperature
of the cavity should be sufficiently stable to guarantee stable operation. For this purpose
an air cooling/heating system has been installed. The air is pumped through the space in
between the main coil and the cavity. Two temperature gauges measure the ingoing and
outgoing air temperature and on the basis of these measurements the air temperature is
regulated. Water cooled Peltier elements are used to heat or cool the air. These elements
are mounted in a separate box which is connected to the RF photo-injector through air
hoses. A maximum of 700 W of heat can be removed by this system. A control system
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Figure 9.1: Measured RF power fed in (solid curve) and reflected from
(dotted curve) the RF cavity as function of time.

keeps the air temperature constant to within 0.1◦C. It takes approximately 20 minutes to
heat the cavity from room temperature to 30◦C.

Figure 9.1 shows a typical measurements of the RF power pulse fed into (solid curve)
and reflected from (dotted curve) the cavity. The shape of the reflected signal can be
understood by recalling the two effects that play a role in the absorption of energy by the
cavity, discussed in Sec. 3.4 and Sec. 5.3. Firstly, because of the de-tuning of the klystron
frequency, due to the changing modulator voltage, the first 2 µs the frequency of the RF
power does not match the absorption band of the cavity. All power is reflected by the
cavity and then absorbed by the circulator. Subsequently the cavity starts to absorb. It
takes another 2 µs before all forward power is absorbed because of the high quality factor
of the cavity. Then the cavity starts to reflect again due to the de-tuning of the frequency.
The reflected power becomes higher than the power fed into the cavity, indicating that the
cavity loses its energy to the external load in the circulator. The maximum in the stored
energy in the cavity and thus the maximum in the electric field is reached somewhat after
the minimum in the reflected power.

The maximum power towards the cavity in Fig. 9.1 is 4.2 MW, which is limited by
breakdown. For higher powers the cavity had to be trained, as explained in Sec. 3.6.
Usually training of structures towards a maximum field of 100 MV/m takes several days,
but in case of the RF photo-injector the initial training only took several hours. During
this time the RF power was slowly increased from 4 MW to 10 MW. When a breakdown
occurred the power was reduced and slowly increased again. After the training the cavity
could be run at 10 MW of input power for hours without breakdown.
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Figure 9.2: a) Dark current as function of time for different values of
the RF power: 5.6 MW, 6.4 MW, 7.4 MW, 7.9 MW, 8.3 MW, 8.9 MW,
9.3 MW, 9.8 MW, 10 MW. b) Fowler-Nordheim plot for the dark current
emitted by two different photo-cathodes.

9.2 Breakdown and dark current

Although initially the RF photo-injector could be run at maximum input power as ex-
plained in the previous section, this power decreased over time to approximately 6 MW,
limited by breakdown in the cavity. For higher powers extremely long training was neces-
sary. Because a sharp decrease in the achievable maximum power was observed after the
cavity had been opened in a (recently renovated) dusty laboratory it was concluded that
the overall decrease was most probably caused by contamination of the cavity. Copper
surfaces contaminated with low work function dust particles are known to generate con-
siderable field emission at lower than expected electric fields. This is the main reason why
cavities, after manufacturing, should be rinsed with ultra-pure water and assembled in a
dust-free environment. Additional field emission causes breakdown and the damage due
to this breakdown limits the maximum achievable field strength in the cavity, as discussed
in Sec. 3.6. From our experiment we conclude that it is essential to keep the time during
which the cavity is exposed to a not completely dust-free environment as short as possible.
Preferably the cavity should only be opened under clean room conditions.

A second effect is the increase of dark current, i.e. the part of the field-emitted electrons
that is captured and accelerated by the RF wave. Figure 9.2a shows measurements of the
dark current as function of time for different values of the forward power. This dark
current has been measured with a Faraday cup at the end of the beam line. The dark
current strongly increases when the power exceeds 6 MW. Because it is a strong function
of the electric field in the cavity, it is only present during that fraction of the RF pulse
when the field inside the cavity is maximal, i.e. between 4 µs and 5.5 µs. With a new
photo-cathode the dark current was reduced by approximately a factor of 20, compared
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Figure 9.3: Microscope photographs of a breakdown spot on the photo-
cathode.

to the measurements presented in Fig. 9.2a, indicating that 1) most of the dark current
is generated at the photo-cathode and 2) that the dark current depends strongly on the
quality of this surface. To compare the measured dark currents, Id, to the Fowler-Nordheim
theory presented in Sec. 3.6, the quantity Id/E

2.5 is plotted versus 1/E in a semi-log plot
in Fig. 9.2b. The field enhancement factor, βfe, can be determined from the slope of this
plot while the emitting area can be calculated from the value at which the curve intercepts
the y-axis. Two measurement series are plotted, corresponding to two different photo-
cathodes. The two series show the same general behavior, which can not be fitted with a
single Fowler-Nordheim model. If we however assume a different field enhancement factor
for fields above and below 80 MV/m a reasonable fit is obtained, as shown in Fig. 9.2b.
The lines through the data points represent the fits. The values for the field enhancement
factor and the effective emitting area are indicated next to the curves. For electric fields
smaller than 80 MV/m the field enhancement factor is in agreement with values found
in other experiments, typically between 40-100 [1]. However, for higher electric fields the
dark current seems to saturate. When the field emission theory is applied to these data
points a very high value for the field enhancement factor is found together with a very
small emitting area. It should be realized, however, that Eq. (3.49) is an expression for
the total field-emitted current, while in the experiment only the detectable dark current
has been measured. So, the extraction of a meaningful number for the emitting area is
obscured by the difficulty of measuring the total value of the field-emitted current.

Figure 9.2b shows that different photo-cathodes give different values for the dark cur-
rent. A close inspection of the surface of the photo-cathode which gave the highest dark
current revealed 5 spots on the cathode plane. Figure 9.3 shows two microscope pho-
tographs, with different magnification, of one of these spots. The spots are approximately
1 mm in diameter and consist of molten droplets of copper, clearly visible in the Fig. 9.3b.
The craters and sharp edges increase the field emission from this area and are responsible
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for the higher dark current from this cathode. These spots are the result of the break-
down process described in Sec. 3.6. The initiator of this breakdown process could be, for
instance, field emitted electrons from dust particles in the cavity. This results in a lower
breakdown field and a higher dark current. To minimize the damage due to breakdown
it is important to switch the RF power off immediately after breakdown occurs. For this
purpose a breakdown detection circuit has been installed in the modulator trigger unit. A
breakdown short-circuits the cavity and subsequently all forward RF power to the cavity is
reflected. This results in a fast transient in the reflected RF power signal. This transient is
detected by a simple electronic circuit, which subsequently switches the modulator off and
opens the RF switch. The introduction of this detection circuit improved the operation
of the photo-injector considerably. The damage to the photo-cathode due to breakdown
turned out to be less and the photo-injector could be trained to higher values of the RF
power with lower final dark current.

9.3 Vacuum

The initial vacuum level in the cavity was ≈ 1×10−7 mbar, without bake-out. With
RF fields the pressure in the cavity increased slightly to ≈ 2×10−7 mbar. Because of the
breakdown problems discussed in the previous section and the possible connection between
these breakdowns and the vacuum level, the vacuum in the cavity was improved by baking
out the cavity at ≈ 100◦C. Although the vacuum level improved by almost two orders of
magnitude the breakdown problems persisted, indicating no direct link with the pressure
in the cavity and the breakdowns. Based on this observation a moderate bake-out (100◦C
for 24 hours) is now used to improve the pressure in the cavity. This bake-out results in a
pressure of ≈ 8×10−9 mbar without RF power and ≈ 2×10−8 mbar with RF power.

9.4 Electron bunches

To enable production of electron bunches the Ti:Sapphire laser was synchronized to the
RF system with the synchronization system discussed in Chap. 8. Because the frequency
of the RF system then depends on the frequency of the Ti:Sapphire oscillator, the RF
frequency can be tuned to the resonant frequency of the RF cavity by adjusting the cavity
length of the Ti:Sapphire oscillator with the stepper motor discussed in Sec. 6.2.1.

The UV pulse out of the laser system is focussed onto the photo-cathode with a plano-
convex lens to a spot with an RMS radius of approximately 1 mm. The laser beam path
consists of four mirrors, a fused silica lens and a fused silica vacuum window. One of the
mirrors is placed in the vacuum. In first instance the vacuum mirror was a high reflectivity
(> 99%) dielectric mirror. However, after some months the reflectivity of this mirror
decreased to less than 50%, which was probably caused by contamination of the mirror,
a well-known problem for UV optics in vacuum. This contamination can be reduced by
heating the mirror and/or placing a cryogenic pump nearby the mirror. Since more than
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enough UV power is available in the laser system the dielectric mirror was replaced by
a protected aluminum mirror. Although the reflectivity of this mirror was worse (68%)
it did not deteriorate in the vacuum. The transmission of the fused silica lens and the
fused silica window is 90%. This gives a total transmission from the laser to the photo-
cathode of 53 ± 5%. If the protected aluminum mirror is replaced by a dielectric mirror
the transmission can be improved to 78 ± 5%.

For electron bunch acceleration the timing of the Ti:Sapphire laser pulse with respect
to the RF field has to be tuned to a value close to the value for optimum acceleration,
i.e. the optimum injection phase. In the experiments the injection phase was optimized by
maximizing the energy of the electron bunches. One of the phase shifters in the synchro-
nization system (see Fig. 8.1) was used to change the injection phase. By increasing the
magnetic field of the spectrometer and maximizing the signal on the Faraday cup, placed
behind the spectrometer, the optimum injection phase was set.

With a transmission of 53±5% and a UV power out of the laser system of 100 µJ, typi-
cally 300 pC of charge, measured with the Faraday cup, can be excited. The measured QE
of our copper photo-cathode is therefore equal to 3×10−5, in between the value of 4×10−4

mentioned in [2] and the value of 2×10−6 mentioned in [3]. The amount of charge per pulse
is proportional to the laser pulse energy and can therefore be reduced straightforwardly.
The photo-cathode used in the experiments is made from the same OFHC, poly-crystalline,
copper as the cavity. It was machined by single-point diamond-turning and cleaned with
standard cleaning afterwards. Although it may be possible to improve the QE, for instance
by using single-crystalline copper, chemical etching and/or in-situ cleaning, no attempts
have been undertaken yet. The QE did not change significantly during the experiments,
which lasted several months. The maximum electron energy out of the accelerator for an
RF input power of 9 MW was 6.2 ± 0.2 MeV. This is in good agreement with the design
value of 6.9 MeV, when corrected for the 10% reduction of the electric field in the cavity
due to the changing amplitude and changing phase effects of the RF field, as discussed in
Sec. 5.3.

Figure 9.4 shows a typical phosphor screen measurement of the electron bunches pro-
duced. The phosphor screen (see Sec. 7.2.1) was placed in the beam line at a distance of
71 cm from the photo-cathode. In this measurement the electron bunches are somewhat
focussed by the main solenoid to a FWHM spot size of 3.1×102 µm. The energy of the
electrons was 4.2 ± 0.2 MeV. It has been observed that the homogeneity of the electron
beam and the minimum spot size that can be achieved depends strongly on the bucking
coil field. For the measurement presented, the bucking coil strength was set to the value
needed to cancel the main solenoid field on the photo-cathode (see Fig. 7.5). Figure 9.5
shows the same measurement in a 2-D plot. The electron bunch is slightly elliptical, which
is due to ellipticity already present in the UV beam.
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Figure 9.4: a) Image of 4.2 MeV electron bunches on the phosphor
screen. b) Pixel intensity over a vertical line.
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Figure 9.5: 2-D image of the phosphor screen measurement.
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Chapter 10

Electro-optic bunch length
measurements

The most challenging diagnostic is the determination of the longitudinal charge distribu-
tion in the bunch and, from this, the bunch length. The measurement should preferably
be non-destructive, allowing further use of the same bunch downstream, and preferably
also single-shot, to avoid the influence of time-jitter on the resolution of the measurement.
Several techniques have been proposed and tested in recent years. Section 10.1 starts with
a short review of the most promising techniques. Because of the availability of a synchro-
nized femtosecond laser pulse, its non-invasive nature and the opportunity to upgrade to a
single-shot setup, the electro-optic sampling technique was chosen to measure the bunches
from the RF photo-injector. The details of this technique are discussed in Sec. 10.2 and
Sec. 10.3. Finally, Sec. 10.4 discusses the results obtained with the electro-optic sampling
experiments.

10.1 Introduction

Bunch length and charge distribution measurement techniques can be classified as either di-
rect or indirect measurements. In the direct measurement the charge distribution within the
bunch as function of time (position) is directly measured. In the indirect measurements the
electric field of the bunch is measured and, from the measured field, the charge distribution
is derived. The indirect measurements can be further sub-divided into frequency-domain
and time-domain techniques. Indirect measurements always require a reconstruction tech-
nique to calculate the charge distribution from the measured fields. The accuracy of
this reconstruction technique largely depends on how many approximations and assump-
tions have to be made to arrive at the charge distribution. The different measurement
techniques are reviewed in [1] and [2]. The most promising techniques to measure short
electron bunches are:
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Direct methods:

• Off-crest RF acceleration
A single-shot measurement based on energy differences between different slices in
the bunch due to the different RF phases of these slices during acceleration. The
energy distribution is measured behind an energy spectrometer with a high resolution
beam profile monitor. The resolution is limited by the spectrometer and the beam
profile monitor. Also, for short bunches, nonlinear effects due to space charge have
to be taken into account. It requires an extra accelerator section behind the RF
photo-injector for off-crest acceleration. At Stanford Picosecond FEL Center a time
resolution of approximately 100 fs has been reached with this method [3].

• Kicker cavity
A single-shot measurement based on the same principle as off-crest RF-acceleration.
Instead of off-crest acceleration and a spectrometer a special RF cavity, called a kicker
cavity, is used to induce a time-dependent kick on the bunch. A high resolution beam
profile monitor is used to measure the charge as function of position [4]. Using an
L-band RF deflecting cavity a few tens of a picosecond time resolution has been
reported by the LANL group [5].

• Streak camera
A device for time-domain single-shot, measurements, used in almost all accelera-
tor laboratories. A light pulse generated by the electron bunch, by for instance,
Cherenkov radiation, transition radiation or synchrotron radiation is used to gener-
ate an electron beam in the streak camera tube. Using deflection plates this beam is
swept over a phosphor screen generating a streak. The streak intensity as function
of position is proportional to the incoming light intensity as function of time. Space
charge effects in the tube limit the time resolution. The present time resolution limit
for commercially available streak cameras is 200 fs for the FESCA-200 manufactured
by Hamamatsu. The shortest bunch length measured with a streak camera is 440 fs
FWHM, measured at the University of Tokyo [6].

Indirect methods:

• Electro-optic sampling
A relatively new technique first tested at the FELIX facility [7]. The electric field of
the electron bunch induces a birefringence in a nonlinear optical crystal placed near
the beam. This birefringence is probed by a short (much shorter than the bunch
length) laser pulse. The initially linearly polarized laser pulse becomes elliptically
polarized and the ellipticity is measured with an ellipsometric setup. By varying
the delay between the laser pulse and the electron bunch, the electric field of the
bunches can be measured as function of position. Recently a single-shot version of
this technique has been developed which makes use of chirped laser pulses which are
longer than the electron bunch [8]. In the chirped pulse every wavelength corresponds
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to a unique position in the laser pulse. By measuring the ellipticity as a function
of wavelength the transverse electric field of the electron bunch as a function of
longitudinal position can be measured in a single shot. The electro-optic sampling
technique requires a femtosecond laser synchronized to the electron bunches. The
shortest bunches measured with the single-shot setup mentioned above are 1.7 ps
FWHM with a resolution of 370 fs [8].

• CTR based measurements
Coherent transition radiation is nowadays widely used in accelerator laboratories
to characterize bunches in the sub-ps regime. Transition Radiation (TR) is emit-
ted when an electron passes an interface between two dielectrics. Usually a thin
aluminum foil, at an angle of 45◦ with respect to the beam direction, is used. At
this angle the TR leaves the foil perpendicular to the beam direction. The spectral
intensity of the transition radiation from the N particle electron bunch is:

Itot(ω) = Is(ω)N + Is(ω)N(N − 1) |f(ω)| , (10.1)

where N is the number of electrons in the bunch, Is(ω) is the intensity radiated
by a single electron and f(ω) is the so-called bunch form factor. The bunch form
factor is the Fourier transform of the normalized charge distribution. Equation (10.1)
consists of two terms: the first part is the incoherent part, the second the coherent
part. The bunch form factor, and thus the coherent part, is non-negligible only when
the radiation wavelength is comparable to or longer than the bunch length. In this
case the intensity of the radiation is enhanced by (N − 1), i.e. approximately by
the number of electrons in the bunch. From the measurement of the coherent part,
the absolute value of the form factor |f(ω)| can be calculated and from this, under
certain assumptions, the charge distribution.

The spectrum of the coherent part can either be measured directly, with a broad-
band spectrometer (single-shot), or by measuring the autocorrelation function in
an interferometer setup. Because of the extreme bandwidth needed for the spec-
trometer usually the autocorrelation method is used [9]. A fourier transform of the
autocorrelation function then yields the amplitude of the form factor, |f(ω)|. Calcu-
lation of the charge distribution, however, also requires phase information. Usually
the Kramers-Kronig dispersion relation is applied to |f(ω)| to calculate the mini-
mal phase. Especially the limited bandwidth of the detectors and the diffraction
effects in the measurement setup, which requires extrapolating to low frequencies,
limit the accuracy of this method [10]. At the Stanford SUNSHINE facility, electron
bunches with bunch lengths down to 160 fs FWHM have been measured using the
autocorrelation CTR method [11].
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10.2 The electric field of an electron bunch

Indirect measurements are based on the fact that the electric field of an electron bunch
is uniquely determined by its charge distribution. In this section the connection will be
derived from the Liénard-Wiechert potentials.

10.2.1 Fields of a moving point charge

The electric field of a moving point charge can be derived from the Liénard-Wiechert
potentials [12]. The potentials at an observation position x at a distance R from a moving
point charge are:

φ(x, t) =
q

4πε0

[
1

(1 − β · n)R

]
ret

,

A(x, t) =
q

4πε0c

[
β

(1 − β · n)R

]
ret

,

(10.2)

where the subscript ret means that the expression between the square brackets has to be
evaluated at the retarded time, t′ = t−R(t′)/c. The unit vector n points from the retarded
position towards the observation position. Using E = −∇φ − ∂A/∂t the electric field due
to the point charge is :

E(x, t) =
q

4πε0

[
n − β

γ2(1 − β · n)3R2

]
ret

+
q

4πε0c


n ×

(
(n − β) × β̇

)
(1 − β · n)3R




ret

. (10.3)

In this equation the electric field is split into the velocity field, which is independent of
acceleration, and the acceleration field, which depends linearly on β̇. Most of the indirect
measurements techniques make use of the acceleration fields. The electro-optic sampling
method however can be used to measure both fields. If the crystal is placed very near to
the beam axis and the bunch moves in a straight line the velocity field is probed. If, on the
other hand, the beam is sent through a medium, thus generating transition radiation, and
the crystal is placed at some distance of the beam axis it is mainly the radiative field that is
measured. The advantages and disadvantages of both methods are discussed in Sec. 10.4.
For the electro-optic measurements presented in this thesis the velocity fields have been
used. The geometry in this measurement is sketched in Fig. 10.1. The electron bunch, for
the time being represented by the elementary charge q, moves with a constant velocity in
the +z direction. The potentials at the observation point P follow from Eq. (10.2) and are
given by:

φ(x, y, z, t) =
q

4πε0

γ√
(γ(z − βct))2 + x2 + y2

,

Az(x, y, z, t) = βcφ(x, y, z, t).

(10.4)
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Figure 10.1: To calculate the potentials at position P due to a point
charge moving at a constant velocity in the z direction, the particle’s
retarded position must be used.

The electric fields at position P can then be calculated either from Eq. (10.2) or from
Eq. (10.3):

Ex(x, y, z, t) =
γq

4πε0

x

(γ2(z − βct)2 + x2 + y2)
3
2

, (10.5)

Ey(x, y, z, t) =
γq

4πε0

y

(γ2(z − βct)2 + x2 + y2)
3
2

, (10.6)

Ez(x, y, z, t) =
γq

4πε0

z − βct

(γ2(z − βct)2 + x2 + y2)
3
2

. (10.7)

For γ = 1 the observer just sees the static Coulomb field, illustrated in Fig. 10.2a. As γ
increases the electric field is concentrated more and more perpendicular to the direction of
propagation, illustrated in Fig. 10.2b. The same result can of course also be derived from
a Lorentz transformation of the static Coulomb field in the rest frame of the particle to
the observer frame. The compression of the field lines can then be viewed as the result of
the Lorentz contraction in the z direction. Figure 10.3 shows the Ex and Ez fields at the
observation point for two different values of γ. The maximum Ex field increases propor-
tional to γ while the FWHM time duration of the transverse field is inversely proportional

v

a) b)

Figure 10.2: a) Electric field lines for a point charge at rest and b) at
relativistic velocity.
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to γ:

Êx = γ
q

4πε0

x

r3
, (10.8)

∆tFWHM =
2r

√
2

2
3 − 1

γβc
, (10.9)

with r =
√

x2 + y2. So the maximum electric field, due to the moving charge, is γ times the
static Coulomb field. The Ez field changes sign when the charge passes by. Its maximum
value is independent of γ and is given by:

Êz =

√
4

27

q

4πε0r2
. (10.10)

The time distance between the two maxima is equal to:

∆t =
2r√
2γβc

. (10.11)

Because the Ex field is unipolar and scales with γ it is the best suited field for electro-optic
detection. However, Eq. (10.9) also reveals a disadvantage of using the velocity field for
bunch length and charge distribution measurements. This equation gives the FWHM of
the field for a single electron. For maximum resolution this should be a equal to zero,
i.e. the field should be a δ function, but this is only the case for high values of γ and/or
measurements very close to the beam axis. If this is not the case the maximum time
resolution of the measurements is limited by the opening angle of the field. Given the
values for the RF photo-injector: γ ≈ 15 the temporal resolution is ∆tFWHM = 340 fs per
mm distance to the beam.
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10.2.2 Fields of an electron bunch

In case the longitudinal extent of the transverse electric field, of a single electron (see
Eq. (10.9)), at the observer position is much smaller than the actual bunch length, the
electric field is proportional to the average charge density of a small slice of the bunch.
The longitudinal charge profile can then straightforwardly be derived from the measured
electric field. If this is not the case, however, the electric field at the observer is determined
by average charge density of a large part of the bunch. The limiting case is the situation
where the longitudinal extent of the transverse field, of a single electron, is much larger than
the bunch length. In this case the field at the observer is again given by Eq. (10.5) but with
the total bunch charge Q instead of the elementary charge q. Of course no bunch length
or charge distribution can be calculated from such a measurement. In the intermediate
regime the bunch length and the charge distribution can be estimated by de-convolution of
the measured data. The electric field due to an arbitrary charge distribution can be found
by integrating over the charge distribution. For instance, for the Ex field at the observer
position (x1, y1, z1) and at time t:

Ex(x1, y1, z1, t) =
γ

4πε0

∫
V

(x1 − x)ρ(x, y, z)

(γ2(z1 − z − βct)2 + (x1 − x)2 + (y1 − y)2)
3
2

dV, (10.12)

with ρ(x, y, z) the lab-frame charge density. Unfortunately analytical expressions only exist
for some very simple shapes of the charge distribution. So, in practice numerical tools have
to be used for the de-convolution.

10.3 Measuring the electric field

In the electro-optic sampling setup the electric field of the moving electron bunch intro-
duces a time-dependent birefringence in a nonlinear crystal placed near the beam. This
birefringence is probed by measuring the polarization state of a short laser pulse which co-
propagates with the bunch. The linearly polarized laser pulse becomes elliptically polarized
while traversing the nonlinear crystal. In Sec. 10.3.1 first the nonlinear effect, responsible
for the birefringence, will be introduced. Then, in Sec. 10.3.2, this nonlinear effect will be
applied to the optically isotropic crystal used in the experiments, leading to a simple ex-
pression for the induced ellipticity in the laser pulse. Finally, in Sec. 10.3.3, some methods
will be discussed to measure this ellipticity.

10.3.1 Pockels effect

Birefringence due to an external field is a nonlinear effect. The equation for the dielectric
displacement inside a nonlinear material can be written as [13]:

D = εE + PNL = ε0E + PL + PNL, (10.13)
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where the polarization has been split into a linear part PL, i.e. proportional to the electric
field E, and a nonlinear part PNL. The nonlinear part can be expanded as:

PNL(ω1) = ε0χ
(2)E1(ω2)E2(ω3) + ε0χ

(3)E1(ω2)E2(ω3)E3(ω4) + ... , (10.14)

where χ is the susceptibility tensor. The susceptibility tensor now couples the different
electric fields, i.e. the propagation characteristics of the laser pulse now also depend on the
external electric field. Polarization rotations in materials due to the first term in Eq. (10.14)
are called Pockels effect rotations, rotations due to the second term Kerr effect rotations.
The electro-optic sampling method is based on the Pockels effect. In the Pockels effect the
phase rotation depends linearly on the external field.

The optical properties of a crystal with a non-zero second order susceptibility tensor
χ(2), change when placed in an electric field. The optical properties of a crystal can be
represented by its refractive index ellipsoid [14]:

x2

n2
x

+
y2

n2
y

+
z2

n2
z

= 1, (10.15)

where the x, y and z direction have been chosen such that they coincide with the directions
of the principal dielectric axes when there is no external electric field. When placed in an
electric field the refractive indices change and the principal axes of the new index ellipsoid
are in general no longer parallel to the x, y and z axes. The general expression for the new
refractive index ellipsoid is:

x2

n2
1

+
y2

n2
2

+
z2

n2
3

+
2yz

n2
4

+
2xz

n2
5

+
2xy

n2
6

= 1, (10.16)

where the ni refractive indices depend on the electric field. When the applied field is
zero Eq. (10.15) should be equal to Eq. (10.16), i.e. n1 = nx, n2 = ny, n3 = nz and
n4 = n5 = n6 = ∞. The variation of the indices when the electric field is applied is given
by the electro-optic tensor rij of the crystal:

∆

(
1

n2
i

)
=

3∑
j=1

rijEj i = 1, 2, · · · , 6 . (10.17)

The coefficients of the electro-optic tensor can in principle be calculated from χ(2), but in
practice the relevant matrix coefficients are tabulated directly [15] .

Equations (10.16) and (10.17) now completely characterize the phase rotation due to the
Pockels effect for any direction and polarization of the incoming beam and for any crystal
type (isotropic, uniaxial or biaxial). However, the crystal used in the experiment, ZnTe,
is an optically isotropic crystal and by choosing the laser propagation and polarization
direction in a specific direction some simple equations for the phase rotation can be derived.
This will be explained in the next section.
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Figure 10.4: Crystal axes (x, y, z) and new principal dielectric axes
(x′, y′, z′) in a 〈110〉 cut ZnTe crystal with the applied electric field E
parallel to the {110} plane and perpendicular to the 〈001〉 direction.

10.3.2 The Pockels effect applied to ZnTe

The crystal used in the electro-optic experiment is ZnTe. It is a cubic crystal and therefore
optically isotropic, i.e. when there is no external field nx = ny = nz = n0. The x, y
and z axes have been chosen along the crystal axes. The electro-optic tensor has only
three non-zero components: r41 = r52 = r63. The electro-optic effect is maximal when this
crystal is cut in the {110} plane and the electric field vector is parallel to the {110} plane
and perpendicular to the 〈001〉 direction, as indicated in Fig. 10.4 [16]. The effect can be
calculated by applying Eq. (10.16) and Eq. (10.17) with the above given tensor components.
The result is that the crystal becomes birefringent. The new principal dielectric axes of
the crystal are in the x′, y′ and z′ direction, indicated in Fig. 10.4. The refractive indices
along these axes are:

nx′ = n0,

ny′ = n0 − n3
0r41E

2
,

nz′ = n0 +
n3

0r41E

2
.

(10.18)

A probe beam polarized along the z direction and propagating in the 〈110〉 direction can
now be decomposed into a component along the z′ direction propagating with a velocity
of c/nz′ and a component along the y′ direction propagating with c/ny′ . The result of the
different velocity is a phase shift between the two components:

∆φ =
ω

c
n3

0r41E∆l, (10.19)
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where ∆l is the thickness of the crystal. Due to this phase shift the initially linearly
polarized beam becomes elliptically polarized. The ellipticity thus is a direct measure of
the electric field.

In the literature sometimes a different orientation is used. Instead of the electric field
directed as depicted in Fig. 10.4, the field is directed along the z-axis 〈001〉. The probe
beam is then polarized in the y′ direction. The phase rotation in this geometry is half the
phase rotation given by Eq. (10.19).

10.3.3 Measuring the ellipticity of the probe pulse

The ellipticity of the probe beam can be measured straightforwardly with an analyzer and
a photodiode. If the analyzer is placed perpendicular to the polarization direction of the
incoming probe beam, the transmitted intensity is given by:

I = I0 sin2

(
∆φ

2

)
, (10.20)

where I0 is the intensity of the laser incident on the electro optic crystal. For small phase
rotations the transmitted intensity, and thus the photodiode signal, is then proportional
to the square of the electric field in the crystal. However, a more sensitive measurement of
the phase rotation can be performed by the method of optical biasing, which is illustrated
in Fig. 10.5a. The analyzer is replaced by a quarter wave plate and a polarizing beam
splitter. The quarter wave plate transforms the slightly elliptically polarized beam into an
almost circularly polarized beam. The polarizing beam splitter (Wollaston prism) splits
the almost circularly polarized beam into two linearly polarized beams, which are measured
separately by two photodiodes. The intensities of the two beams are given by:

I1,2 =
1

2
I0 [1 ± sin (∆φ)] . (10.21)

For small phase rotations the response of each photodiode consists of a static phase inde-
pendent part and the part proportional to the electric field in the crystal. By subtracting
the two responses, the static part is removed and the resulting signal is proportional to:

I1 − I2 = I0 sin(∆φ). (10.22)

For small rotations this signal is now proportional to the electric field and also 1/∆φ times
larger than the signal given by Eq. (10.20).

In the measurements presented in this chapter a slight modification was made to the
above described standard setup for ellipticity measurements. Instead of converting the
elliptically polarized beam into an almost circularly polarized beam, the quarter wave plate
was used to make the beam linearly polarized again. For this purpose, either the slow or
the fast axis of the quarter wave plate has to be in the direction of the laser polarization,
instead of being rotated by 45◦ with respect to this axis, as illustrated in Fig. 10.5b. For
small angles, the angle of the polarization direction of the linearly polarized beam coming
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Figure 10.5: Setup for electro-optic measurement of electric fields. The
incoming beam is polarized in the vertical direction, perpendicular to the
electric field direction. Two different orientations for the quarter wave
plate and the polarizing beam splitter can be used: a) quarter wave plate
axis rotated by 45◦ with respect to the incoming polarization and the beam
splitter in the direction of the polarization of the incoming beam or b)
quarter wave plate axis in the direction of the incoming polarization and
the polarizing beam splitter rotated by 45◦ with respect to this axis.

out of the quarter wave plate now scales linearly with the induced ellipticity. By placing
the polarizing beam splitter at a rotation of 45◦ with respect to the initial polarization
direction of the probe beam, the signal on the photodiodes is again given by Eq. (10.22).
The advantage of this setup is that it can be calibrated straightforwardly by rotating the
quarter wave plate. A rotation of the quarter wave plate by an amount of ∆φ′ is equivalent
to an induced ellipticity of 0.5∆φ′.

10.4 Electro-optic measurements

10.4.1 The electro-optic crystal: ZnTe

For sensitive bunch length measurements the electro-optic crystal should have a high
electro-optic coefficient, it should have an almost instantaneous nonlinear response and
it should be transparent for the probe beam. In recent years several crystals have been
used and tested for the detection of freely propagating THz pulses [17], [18]. The best
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results have been obtained with ZnTe. The best reported resolution is by Wu and Zhang.
They used a 30 µm thick ZnTe crystal to measure the electric field of THz pulses and
obtained a resolution of 31 fs [19].

ZnTe is a semi-conducting zincblende-structure crystal with a high electro-optic con-
stant. The main properties of the crystal are summarized in Table 10.1. The crystal is

Table 10.1: Properties of ZnTe

Parameter Value

Crystal structure cubic

Point group 43m

Energy gap 2.26 eV @ 300 K

Optical phonon resonance 5.3 THz

Electro-optic coefficient r41 = 4.3 pm/V

Refractive index at 800 nm n0 = ne = 2.85

DC dielectric constant 8.7

transparent between 550 nm and 52 µm. At short wavelengths the transparency is lim-
ited by the energy gap and at long wavelengths by the optical phonon resonance. The
achievable time resolution in an electro-optic sampling experiment is limited by dispersion
and frequency dependent attenuation of the propagating electric fields inside the crystal,
and by the difference between the group velocity of the laser pulse and the velocity of
polarization wave in the crystal induced by the velocity field of the bunch. The polariza-
tion wave can be regarded as a propagating THz pulse. Because the group velocity of the
optical probe pulse is generally larger than the velocity of the THz pulse, the probe pulse
overtakes the THz pulse inside the crystal, leading to worse time resolution. Both effects,
dispersion/attenuation and slippage, scale with the length of the crystal. So, for optimum
time resolution the crystal should be very thin. Use of a thinner crystal however leads
to a smaller phase rotation (see Eq. (10.19)) and thus the signal-to-noise ratio becomes
worse. In practice a trade-off has to be made between the achievable time resolution and
the minimum required signal-to-noise ratio.

Figure 10.6a shows the measured refractive index of ZnTe for optical wavelengths (data
taken from [20]). From this data the group velocity, shown in Fig. 10.6b, can be calculated.
At the probe beam central wavelength of 800 nm the group velocity of the probe beam is
approximately 1/3 of the light velocity. For THz radiation with frequencies up to 4 THz
this group velocity matches very well the velocity of the THz pulse (n ≈ 3.2) [21] leading
to a negligible slippage for thin crystals.

For high time resolution and straightforward data analysis the probe pulse should be
much shorter than the applied electric field. This is in general not a problem. Femtosecond
lasers proliferate rapidly and can be bought commercially with 10 fs pulse lengths. Due
to the dispersion of the ZnTe crystal the laser pulse is somewhat stretched. The second
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Figure 10.6: a) Refractive index of ZnTe for optical wavelengths (data
from [20]). b) Calculated group velocity for optical wavelengths in ZnTe.

order dispersion coefficient can be calculated from Fig. 10.6 and is equal to 1.77 ps2/m
at 800 nm. Usually this dispersion does not limit the time resolution. For instance, the
measurements presented in the next section have been performed with the 35 fs 800 nm
pulse out of the THG (see Chap. 6) and a 0.5 mm thick ZnTe crystal. By passing through
the ZnTe crystal the 35 fs pulse is stretched to 43 fs. For shorter pulses the stretching is
of course more severe.

10.4.2 Measurement setup

Figure 10.7 shows the experimental setup used for the electro-optic bunch length measure-
ments. The crystal and the mirror are mounted on a moveable stage inside a four-way
vacuum cross, placed approximately 44 cm behind the RF photo-injector. By moving the
stage the distance between the ZnTe crystal and the center of the beam line can be varied.
A delay line in the probe beam path provides the necessary adjustable delay time for the
scanning. The turning mirrors of the delay line are mounted on a motorized stage which is
attached to a 50 cm optical rail. The optical rail provides 3.33 ns delay time and is used for
coarse pre-alignment of the probe beam with respect to the electron bunch. The computer
controlled (Newport ESP300 Motion controller) motorized stage (Newport M-MFN25PP)
has a travelling distance of 25 mm with a minimum step size of 0.2 µm, providing 167 ps
delay time with a minimum step size of 1.3 fs. After the delay line the probe beam is
polarized in the vertical direction. It enters the four-way cross through a (Kodial) window
and passes through the ZnTe crystal. At the end of the beam line it leaves the vacuum
system again through a (Kodial) window. The windows preserve the polarization direction
of the probe beam, although they do introduce chirp. Subsequently, the induced elliptic-
ity is measured with a quarter wave plate, a wollaston polarizing beam splitter and two
silicon photodiodes, as explained in Sec. 10.3.3. The signals from the two photodiodes
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Figure 10.7: Experimental setup used for the electro-optic measurement
of the electric field of the electron bunches.

are integrated by charge sensitive amplifiers, filtered (RCCR low pass/high pass filtering,
τ = 2.2 µs), and subtracted. The difference signal is then amplified ten times, digitized
with a 12-bit ADC and logged by a computer. Figure 10.8 shows the arrangement of the
ZnTe crystal in detail. The 〈110〉 cut ZnTe crystal measures 5×5×0.5 mm3 (INGCRYS
Laser Systems Limited, U.K.). The face of the crystal is perpendicular to the propagation
direction of the electrons (z direction). For the probe beam a small fraction, ≈ 1 nJ, of
the 800 nm pulse out of the THG box is used.

The setup has been calibrated by rotating the quarter wave plate as explained in
Sec. 10.3.3. Figure 10.9 shows the normalized difference signal as a function of rota-
tion angle. The normalized difference signal is twice the rotation angle in radians, as
expected, indicating that the setup has been well-aligned. The minimum detectable signal
is ∆I/I0 = 5×10−4, which corresponds to an ellipticity of ∆φ ≈ 0.03◦.

Electron beamLaser beam

ZnTe crystal

X

Y Z

Figure 10.8: Detail of the electro-optic crystal arrangement. The elec-
tron beam and the laser beam co-propagate in the z direction. The x
position and the y position of the electron beam can be varied by steering
magnets.
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Figure 10.9: Normalized difference signal from the photodiodes as func-
tion of the quarter wave plate rotation angle.

10.4.3 Results

Figure 10.10a shows the electro-optic signal for 110± 10 pC electron bunches. The energy
of the electrons in this measurement is 4.3±0.2 MeV and the bunch is focussed to approx-
imately 0.5 mm diameter at the position of the ZnTe crystal. The diameter of the beam
is measured with the phosphor screen, which is placed 12 cm after the ZnTe crystal. The
laser spot is approximately 1 mm in diameter and the distance between the center of the
laser spot on the ZnTe crystal and the center of the electron bunch is estimated to be 2 mm.
The main peak in Fig. 10.10a is attributed to the direct influence of the velocity field of
the electron bunch. As expected on the basis of Eq. (10.5) it is a unipolar field. However,
a damped oscillating field of smaller amplitude is superposed on the unipolar field. This
oscillating field is probably due to wakefields. They were also present in the electro-optic
measurements performed at the FELIX facility [7]. The wakefields can be caused by the
crystal and mirror mount or by discontinuities in the beam pipe upstream. Note, however,
that in front of the main peak there is a small additional peak, which seems to be part
of the wakefield. This additional peak is present in all the measurements. It arrives at
the crystal approximately 10 ps earlier than the electron bunch itself. Assuming that this
field propagates with the light velocity it must have been created 60 cm before the crystal
to outrun the electron bunch by 10 ps. This is exactly the position of the photo-cathode
surface, indicating that at least some of the wakefields seem to be connected to the cre-
ation process of the electron bunch itself, which can be explained as follows. The sudden
appearance of charge at the photo-cathode, due to the photo-emission process, leads to a
Coulomb field. This Coulomb field is, however, confined to a sphere of radius c∆t, where
∆t is the time elapsed since the first appearance of charge. We associate the observed
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Figure 10.10: a) Electro-optic measurement of the field profile of a
110 pC electron bunch. b) Enlargement of the main peak.
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Figure 10.11: a) Electro-optic measurement of the field profile of a
40 pC electron bunch. b) Electro-optic measurement of the main peak,
measured with a higher time resolution.

wakefield precursor with the expanding outer shell of this Coulomb sphere.

Figure 10.10b shows an enlargement of the main peak. The FWHM pulse width is
2.6±0.1 ps. To verify whether this number is determined by the resolution of the diagnostic
or by the real bunch length, the charge in the bunch was reduced by lowering the energy
of the UV pulse. The measured FWHM pulse width went down to a minimum value of
1.5±0.1 ps at 40 pC of bunch charge. This measurement is shown in Fig. 10.11. A further
reduction of the charge did not influence the measured FWHM pulse width any further. By
assuming uncorrelated contributions to the measured FWHM pulse width, the real bunch
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Figure 10.12: FWHM of the measured peaks as function of a) x position
and b) y position.

length at 110 pC charge can be estimated to be
√

2.62 − 1.52 = 2.1 ± 0.2 ps. Although
these measurements give an indication of the bunch length for the 110 pC bunches, the
resolution is insufficient to retrieve the full charge distribution.

EO pulse width measurements as function of transverse bunch position

Additional measurements have been done to pin-point the resolution limiting process.
Two possible processes are suggested by the theory derived: the finite opening angle of the
velocity field and slippage between the electron bunch and the probe beam. The FWHM
pulse width due to a limited opening angle of the velocity field depends on the distance
between the bunch and the probe beam while the FWHM pulse width limited by the
slippage effect does not. This provides a straightforward test to distinguish between the
two processes. The steering magnet in the beam line has been used to vary the x and y
distances (see Fig. 10.8) between the bunch and the laser.

Figure 10.12 shows the result for scans in the x direction and y direction. For increasing
distance the velocity-field-induced signal becomes comparable to the wakefield-induced
signal, which leads to a less accurate determination of the FWHM peak width and thus to
larger error bars. The FWHM pulse width is clearly a strong function of the position of
the bunch, indicating that the resolution is probably limited by the opening angle of the
velocity field. In order to quantify this, a simple model has been used to fit the data. The
model assumes a point-like electron bunch and a point-like probe pulse. It neglects the
influence of the crystal on the velocity fields, and thus assumes that the electric fields are
simply given by Eqs. (10.5), (10.6) and (10.7). For the fit the total FWHM pulse width
is described as the uncorrelated contribution of two processes: the bunch length of the
110 pC bunch and the opening angle effect described by Eq. (10.9), i.e. a process which
scales linearly with the distance. For the bunch length the value of 2.1 ps, derived above,
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Figure 10.13: a) Maximum phase rotation angle ∆φ as function of dis-
tance between the crystal and the electron bunch. b) 1/

√
∆φ as function

of distance. The line is a linear fit to the data in this graph.

has been used. Because the distance x0 between the probe laser and the bunch is not known
very accurately this has been added as a fitting variable. The solid curve in Fig. 10.12a
is the fit to the data. The equation for the fit is given in the graph. The fit describes the
data points rather well and the correction to the estimated 2 mm distance is, according to
this fit, negligible: x0 = 2.05 ± 0.4 mm. The slope of the curve for larger distances, where
the bunch length contribution to the FWHM pulse width is negligible, is somewhat higher
than the value given by Eq. (10.9). From the fit a slope of 0.73 ± 0.2 ps/mm is derived.
Equation (10.9) yields 0.55 ps/mm, which is still within the error bars.

The same analysis has been done for displacement in the y direction, the result is
presented in Fig. 10.12b. For displacement in the y direction the FWHM pulse width
due to the opening angle should scale with r =

√
x2 + y2. So, when the displacement in

the y direction is much smaller than the x distance between the laser and the bunch, the
bunch length should not change much. When the displacement becomes larger, the curve
should again approach a straight line. This behavior can also be seen in the graph. The
points are fitted with the same expression as used for the x displacement data. The x0

distance derived from the fit is 1.3 ± 0.2 mm, somewhat smaller than the value found in
the x displacement measurements. The final slope of the curve, for large values of the
displacement in the y direction, is in the same order of magnitude (1.3± 0.3 ps/mm) as in
the x displacement measurements.

EO pulse height measurements as function of transverse bunch position

Finally, Fig. 10.13a shows the maximum phase rotation signal as a function of the position.
For large distances the maximum electric field of the bunch should approach the point
charge behavior of Eq. (10.8). To verify this dependence 1/

√
∆φ of the signal has been
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plotted as function of the x position in Fig. 10.13b. The line is a linear fit to the data in
this graph. The influence of the bunch length on the maximum signal has been neglected
in this fit. The linear fit is seen to match the data quite well, indicating again that indeed
the velocity fields are probed in these measurements. The x0 distance from this fit is
3.7 ± 0.3 mm, somewhat larger than the 2 mm found from the fit of the FWHM pulse
width data.

10.4.4 Discussion and Conclusions

The measurements presented in the preceding section clearly show that it is possible to
measure the electric fields of relatively low energy electron bunches with electro-optic
detection. The sensitivity of the measurement is very high, enabling also the measurement
of the much weaker wakefields of an electron bunch. At a distance of 2 mm the field due
to 1 pC of charge can be measured.

A crude model has been used to verify that the main resolution limiting factor, in our
present setup, is associated with the finite opening angle of the velocity field. In view of
the crudeness of the model used, the overall agreement between the measurements and the
theory is rather good. In particular the dependencies of the pulse height and the pulse
width on transverse bunch position is described very well by the simple geometric model.
The remaining discrepancies between the different data sets, however small, indicate that
more refined modelling is required for detailed understanding.

A disadvantage of probing the velocity field is the limited time resolution due to the
opening angle of the field. This effect limits the time resolution in the present setup to
approximately 1.5 ps. The estimated bunch length for a 110 pC bunch is 2.1 ± 0.2 ps
FWHM. No efforts have been made to de-convolute the longitudinal charge distribution
from the measurements because of the limited time resolution. The time resolution can
be improved by increasing the energy of the electron bunch or by decreasing the distance
between the probe laser and the electron bunch. For maximum time resolution it is even
possible to send the electron bunch through the crystal and probe the same spot with
the probe laser beam, thereby reducing the distance to zero, although this will spoil the
brightness of the bunch.

An alternative is to probe radiative fields. For instance, by sending the electron bunch
through a foil. The resulting coherent transition THz radiation pulse can be measured
with the same electro-optic sampling technique. This has the advantage that there is no
broadening due to the opening angle effect. Moreover, the THz radiation pulse can be
guided to a convenient detection setup outside the beam line. A disadvantage is, however,
that the elastic scattering in the foil and the emission of coherent transition radiation spoil
the brightness of the bunch.
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Design drawings of the RF
photo-injector
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Figure A.1: Design drawing of the cavity and the coupler.
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Figure A.2: Detailed design drawing of the cavity.
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Figure A.3: Detailed design drawing of the coupler.



Samenvatting in het Nederlands

Sinds de ontdekking van kathodestraling in het midden van de 19e eeuw en de daaropvol-
gende ontdekking van het elektron door Thomson in 1887 hebben bundels van versnelde
elektronen hun toepassing gevonden op veel verschillende terreinen. De magnetron, de te-
levisie en de röntgenbuis zijn voorbeelden van apparaten uit ons dagelijkse leven die op de
één of andere manier gebruik maken van versnelde elektronen. Ook in de industrie en de we-
tenschap spelen versnelde elektronen een belangrijke rol. Eén van de belangrijkste redenen
voor dit veelvuldige gebruik is de mogelijkheid om met versnelde elektronen elektromagne-
tische straling op te wekken. Deze elektromagnetische straling kan opgewekt worden over
een zeer breed golflengtegebied: van golflengtes in de orde grootte van meters (magnetron)
tot minder dan een miljardste van een meter (röntgenbuis). In de loop van de 20e eeuw zijn
steeds efficiëntere opstellingen gebouwd om de hoeveelheid elektromagnetische straling en
de kwaliteit van deze straling te verhogen. Deze ontwikkelingen culmineerden aan het einde
van de 20e eeuw in de bouw van de zogenaamde vrije-elektronen-laser (Engels: Free Elec-
tron Laser (FEL)). FELs zijn bronnen van intense, coherente elektromagnetische straling.
In de FEL wordt deze straling opgewekt door een elektronenbundel door een wisselend
magnetisch veld te sturen. Dit wisselende magnetische veld wordt meestal gecreëerd door
een aantal permanente magneten op een rij te plaatsen. De golflengte van de elektromagne-
tische straling van een FEL kan over een groot gebied gevarieerd worden door de energie van
de elektronenbundel aan te passen. Bestaande FELs leveren elektromagnetische straling
van het verre infrarood tot in het ultraviolet. De unieke eigenschappen van de FEL maken
dat deze stralingsbron, ondanks zijn recente geschiedenis, aan de basis staat van zeer veel
wetenschappelijk werk. De logische volgende stap in de ontwikkeling van de FEL is het
uitbreiden van het golflengtegebied tot in het röntgenstralingsgebied (XFEL). De XFEL
belooft spectaculaire nieuwe mogelijkheden. Zo zal het bijvoorbeeld mogelijk worden om
met atomaire resolutie te kijken naar de structuur van complexe biomoleculen. Dit is op
dit moment slechts voor een zeer beperkt aantal (kristalliseerbare) biomoleculen mogelijk.
Ook zal met atomaire resolutie gekeken kunnen worden naar ultrasnelle chemische reacties,
waardoor niet alleen vastgesteld kan worden hoe snel de reacties plaatsvinden, maar ook
hoe de moleculen veranderen door de reacties. De XFEL stelt echter zeer hoge eisen aan
de kwaliteit van de elektronenbundel. Geen van de huidige elektronenversnellers is in staat
de vereiste bundelkwaliteit te leveren.

Dit proefschrift beschrijft de ontwikkeling en de realisatie van een zogenaamde elektro-
neninjector. De elektroneninjector vormt het beginpunt van elke elektronenversneller en
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bepaalt, in een lineaire versneller, voor een belangrijk deel de kwaliteit van de uiteindelijke
elektronenbundel. Het uiteindelijke doel van dit onderzoek is een elektroneninjector te
maken die de bundelkwaliteit kan leveren die nodig is voor de XFEL. Naast de XFEL zijn
er echter vele andere toepassingen die baat hebben bij een hoge elektronenbundelkwaliteit.

De beschreven elektroneninjector bestaat uit een aantal onderdelen. Het hart wordt ge-
vormd door een koperen trilholte, waarin door middel van radiofrequent vermogen een elek-
trisch veld wordt opgebouwd. Door een laser te focusseren op de achterwand van deze tril-
holte worden elektronen bevrijd uit het koper, die vervolgens versneld worden in het elektri-
sche veld. Doordat de laserpuls extreem kort is (35 femtoseconde= 0, 000 000 000 000 035 se-
conde) en doordat foto-excitatie uit metalen zeer snel plaatsvindt, ontstaat er een zeer korte
puls van elektronen. Deze puls kan het beste voorgesteld worden als een wolk van elek-
tronen in de vorm van een ‘pannenkoek’: de dikte van de wolk is veel geringer dan zijn
diameter. Door de geringe dikte van de ladingswolk is de piekstroom enorm hoog. Dit
is een van de vereisten voor een XFEL. Helaas is het moeilijk om deze hoge piekstroom
te behouden. Doordat de elektronen in de ladingswolk elkaar afstoten dijt de ladingswolk
in hoog tempo uit waardoor de piekstroom en de bundelkwaliteit afnemen. Om de bun-
delkwaliteit te behouden dienen de elektronen zo snel mogelijk versneld te worden naar
hogere energieën. Bij hogere energieën nemen de effectieve krachten tussen de elektronen
namelijk af, waardoor de bundelkwaliteit langer behouden kan worden. Dit vereist extreem
hoge elektrische velden in de trilholte. De veldsterkte kan echter niet onbeperkt opgevoerd
worden. Bij te hoge veldsterktes ontstaat er een elektrische doorslag in de trilholte die
het oppervlak kan beschadigen. Dit proces beperkt de maximale veldsterkte en dus de
maximaal haalbare bundelkwaliteit.

De injector beschreven in het proefschrift bevat een aantal verbeteringen en wijzigingen
ten opzichte van bestaande injectoren waardoor de bundelkwaliteit zal verbeteren. Een
van de belangrijkste verbeteringen betreft de realisatie van een trilholte met volledige
cilindersymmetrie. Om dit te bereiken moesten tal van technologische problemen opgelost
worden. Het aanvoeren van het radiofrequente vermogen bijvoorbeeld kon niet langer
door een gat in de zijkant plaatsvinden, maar moest gebeuren via een coaxiale structuur.
De trilholte is uiteindelijk gemaakt met een absolute nauwkeurigheid van 1 micrometer.
Door deze hoge nauwkeurigheid en de cilindersymmetrie is het voor het eerst mogelijk
gebleken een injector te ontwerpen die goed werkt zonder voorzieningen om achteraf de
elektrische veldverdeling in de trilholte aan te passen. De kwaliteit van het oppervlak
speelt ook een belangrijke rol in de maximale veldsterkte die aangelegd kan worden. De
injector is gemaakt met een speciale draaitechniek waarbij met een diamanten beitel het
oppervlak wordt afgedraaid. Deze materiaalbewerking levert, naast een extreem hoge
absolute nauwkeurigheid, een spiegelglad oppervlak met een hoge doorslagveldsterkte.

Voor nauwkeurige reproduceerbare versnelexperimenten is het van belang dat de elek-
tronen altijd op dezelfde fase van het radiofrequente veld starten. Dit betekent dat de
laserpulsen gesynchroniseerd moeten worden met de bron die het radiofrequente vermogen
levert. De in het proefschrift beschreven faseregeling zorgt hiervoor. Deze faseregeling is
in staat de laserpulsen te synchroniseren met de fase van het radiofrequente signaal van de
bron, met een nauwkeurigheid van beter dan 20 femtoseconde.



Samenvatting in het Nederlands 151

Naast de elektroneninjector zelf zijn ook instrumenten ontwikkeld om de elektronen-
pulsen te diagnosticeren. Met name de meting van de lengte van de elektronenpulsen
is bijzonder. Voor deze meting is een relatief nieuwe optische meetmethode toegepast,
waarbij gebruik gemaakt wordt van dezelfde extreem korte laserpulsen als waarmee de
elektronenpulsen opgewekt worden. De in dit proefschrift beschreven metingen zijn de eer-
ste metingen bij lage energieën en tonen aan dat deze methode ook gebruikt kan worden
voor het karakteriseren van elektronen rechtstreeks uit een injector.

De kwaliteit van de elektronenpulsen uit de elektroneninjector is nog niet voldoende
voor de bovengenoemde XFEL. Dit was echter ook niet te verwachten omdat het versnelveld
in de elektroneninjector nog niet hoog genoeg is om de effecten van de afstotende krachten
tussen de elektronen snel genoeg te beperken. In de 2e fase van het project wordt er daarom
een extra versneller toegevoegd met een tien keer hogere veldsterkte. Deze versneller, die
gebaseerd is op een geheel nieuw concept, namelijk het binnen een miljardste seconde aan-
en uitschakelen van een miljoen volt, is het onderwerp van een aparte promotie-opdracht.
Berekeningen laten zien dat de combinatie van dit nieuwe type versneller met de in dit
proefschrift beschreven radiofrequente versneller de vereiste bundelkwaliteit kan opleveren.



Nawoord

De laatste bladzijden van dit proefschrift wil ik graag gebruiken om die mensen te bedanken
die de afgelopen vier jaar tot een succes hebben gemaakt. Promotie-onderzoek is zelden
het werk van één persoon alleen en het onderzoek beschreven in dit proefschrift vormt
daarop geen uitzondering. Vele mensen hebben zich, direct of indirect, ingespannen om
mijn promotie-opdracht tot een goed einde te brengen.

Als eerste wil ik mijn copromotor Jom Luiten bedanken. Jom, het was vooral jouw
aanmoediging, tijdens onze SRON periode, die voor mij de doorslag gaf om aan een pro-
motie te beginnen. Jouw leiding, enthousiasme en nimmer aflatend optimisme de afgelopen
vier jaar heb ik als bijzonder prettig en stimulerend ervaren. Veel van de resultaten in dit
proefschrift zouden er niet gekomen zijn zonder jouw vermogen om op het juiste moment
knopen door te hakken en nieuwe wegen in te slaan. Jouw positieve kritiek (welke zin in
dit proefschrift is eigenlijk niet door jou aangepast?) en enorme betrokkenheid heb ik zeer
gewaardeerd.

Ook mijn 1e promotor Marnix van der Wiel wil ik graag bedanken. Marnix, ik heb veel
waardering voor het feit dat je personen zoals ik, die niet het standaard opleidingstraject
gevolgd hebben, durft aan te stellen als promovendus. Ik heb het bijzonder goed naar mijn
zin gehad de afgelopen vier jaar in jouw groep en genoten van de vrijheid om zelf richting
te mogen geven aan het onderzoek. Bedankt voor het vertrouwen.

Een ieder die dit proefschrift openslaat zal het opvallen dat dit proefschrift het ontwerp
en de realisatie van een complexe opstelling beschrijft. Vele mensen hebben bijgedragen
aan de uiteindelijke voltooiing van deze opstelling. Bijzonder prettig heb ik samengewerkt
met Bas van der Geer en Marieke de Loos die een belangrijk deel van het ontwerpwerk van
de trilholte voor hun rekening hebben genomen. Een groot deel van de opstelling is vervol-
gens gemaakt bij de Gemeenschappelijke Technische Dienst waarbij talloze technologische
hobbels genomen moesten worden. Vele uren zijn er besteed door o.a. Peer Brinkgreve,
Erwin Dekkers, Theo Maas, Simon Plukker en Jovita Moerel om de opstelling te voltooien.
Een speciale vermelding in dit verband verdient toch wel onze ‘eigen’ instrumentmaker
Eddy Rietman. Als een spin in het web coördineerde hij de verschillende werkzaamheden
en zorgde ervoor dat de opstelling ruim op tijd klaar was. Ook in latere fases van het on-
derzoek was Eddy’s vermogen om snel even iets aan te passen of te maken van onschatbare
waarde voor de voortgang van het onderzoek.

De opstelling is niet alleen complex in mechanisch opzicht, ook elektronisch moest
er het een en ander gebouwd worden. Dit werd gedaan door het elektronische ‘dream
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team’: Ad Kemper, Wim Kemper en Harry van Doorn. Ad, jij met name bedankt voor
de ondersteuning tijdens de vele metingen na werktijd. Het blijft jammer dat we die
‘feedforward controller’ voor het klystron nooit afgemaakt hebben!

Voor de technische ondersteuning was er altijd de bedrijfsgroep: Rinus Queens, Leo de
Folter, Henk Heller, Frits van Hirtum, Eric van Eerden en Jan van den Berg. Jan met
name bedankt voor je hulp tijdens het bouwen van de bunkers en het aanleggen van de
infrastructuur.

Een van de leuke aspecten van promoveren aan een universiteit is de begeleiding en
samenwerking met studenten. Ook aan dit onderzoek hebben verschillende studenten, in
het kader van hun stage of afstudeerwerk, meegewerkt. In chronologische volgorde waren
dit: Gerben Kooijman, Erik Bogaart, José Morlanes, Benjamin Canuel, Nelis van Lierop en
Thijs van Oudheusden. Veel van de metingen in dit proefschrift zijn door hen uitgevoerd
en uitgewerkt.

De elektro-optische metingen uit hoofdstuk 10 hadden er een stuk minder fraai uitgezien
zonder de hulp van Seth Brussaard.

Mijn collega’s en mede-AIOs van de capaciteitsgroepen FTV en TIB wil ik graag be-
danken voor de gezellige sfeer en de vele discussies aan de koffietafel en gedurende de
lunch.

Tenslotte wil ik Sigrid bedanken voor haar hulp en ondersteuning: zonder jouw inzet
was deze promotie niet mogelijk geweest.

Fred Kiewiet
Eindhoven, oktober 2003
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