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Résumé
Dans cette thèse, les propriétés transversales et longitudinales de faisceaux du

photoinjecteur PHIN sont caractérisées. L’objectif de la recherche est de démontrer la
production sûre et ferme d’un train de bouquet longueur 1.3 µs, avec 2.33 nC charge
par bouquet et 4.5 nC de charge totale, par le photoinjecteur PHIN. Dorénavant, la thèse
constitue l’étude de faisabilité pour l’implémentation d’un photoinjecteur comme la source
de faisceau “drive” du Collider Linéaire Compact.

Le photoinjecteur PHIN a été conçu et installé sur un éventaire d’essai dévoué à CERN
en 2008, par une collaboration entre LAL, CCLRC et CERN. Dans cette collaboration,
LAL et RAL ont engagé au design et à la construction du canon RF et du laser, respec-
tivement. La production de la photocathode aussi bien que la coordination générale et le
fait de commander était sous la responsabilité du CERN. Le projet est dans le cadre de
la deuxième Activité de Recherche Collective PHIN du programme de CARE Européen.

Pendant le fait de commander du photoinjecteur PHIN, les propriétés de faisceaux
ont été étudiées par les mesures systématiques rigoureuses et les simulations. La charge
maximum par bouquet produit par la cathode Cs2Te a été trouvée comme 4.4 nC, en
accord avec la limite théorique de 4.7 nC. L’émittance normalisée transversale, l’énergie
du faisceau et la propagation d’énergie ont été mesurés dans un coup simple ainsi qu’en
fonction du temps. Les mesures de coup simples ont révélé des informations utiles sur la
stabilité de coup-à-coup propriétés du faisceau, alors que les mesures en fonction du temps
ont reflété la stabilité le long du train de bouquet. Le système de mesures d’émittance avec
multifente, les moniteurs de profil d’OTR avec gated CCD cameras et une calorimetre
segmentée ont été conçus, implementés et utilisés pour les mesures principales.

La caractérisation expérimentale et les études numériques indiquent clairement la fais-
abilité d’un photoinjecteur dans les spécifications définies par la facilité d’épreuve de CLIC
existante. Des études de design et simulations plus avancés ont été accomplis basés sur les
modifications du courant PHIN RF canon. Dans ce modèle successif, un canon RF avec
les spécifications du faisceau “drive” de CLIC a été enquêté et proposé comme le design
préliminaire pour les futures études d’injecteur du faisceau “drive” CLIC.

Mots-Clés: Le photoinjecteur, le canon RF, la source du faisceau “drive” CLIC, le fais-
ceau d’électron dominé par la charge spatiale, la mesure d’émittance avec la technique
multifente.





Abstract
In this thesis, the transverse and longitudinal beam properties of the PHIN pho-

toinjector are characterized. The objective of the research is to demonstrate the reliable
and stable production of a 1.3 µs long bunch train, with 2.33 nC charge per bunch and
4.5 µC of total charge, by the PHIN photoinjector. The results of this thesis are the
important steps towards the feasibility demonstration of a photoinjector as the Compact
Linear Collider’s drive beam source.

The PHIN photoinjector has been conceptualized by a collaboration between “Labo-
ratoire de l’Accélérateur Linéaire (LAL)”, “Rutherford Appleton Laboratory (RAL)” and
“Organisation Européenne pour la Recherche Nucléaire (CERN)”. Within this collabora-
tion, LAL and RAL have committed to the design and the construction of the RF gun and
laser, respectively. The photocathode production as well as the overall coordination and
commissioning were under the responsibility of CERN. The project is in the framework
of the second Joint Research Activity PHIN of the European CARE program.

The photoinjector has been installed, in 2008, on a dedicated test-stand at CERN. Dur-
ing the commissioning of the PHIN photoinjector, the beam properties have been studied
by rigorous systematic measurements and simulations. The maximum charge per bunch
yield of the Cs2Te cathode has been found to be 4.4 nC, in agreement with the theoretical
limit of 4.7 nC. The transverse normalized emittance, beam energy and energy spread
have been measured both in a single shot and the time-resolved manner. The single shot
measurements revealed useful information about the shot-to-shot stability of the beam
properties, whereas the time-resolved measurements have reflected the stability along the
bunch train. The multi-slit emittance measurement set-up, OTR profile monitors with
gated CCD cameras and a segmented beam dump have been designed, implemented and
utilized for the main measurements.

The experimental characterization and the numerical studies clearly indicate the feasi-
bility of a photoinjector within the specifications defined by the existing CLIC test facility.
Further simulation and design studies have been conducted based on several modifications
of the current PHIN RF gun design. In this successive model an RF gun with the speci-
fications of the CLIC drive beam has been investigated and proposed as the preliminary
design for the future CLIC drive beam injector studies.

Keywords: Photoinjector, RF gun, CLIC drive beam source, space charge dominated
electron beam, multi-slit emittance measurement.
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Preface
The Compact Linear Collider (CLIC) study proposes a multi-TeV, high luminosity,

electron-positron linear collider in order to fulfill the current need for a lepton collider.
The study has been started in the late 80s at CERN and currently is a joint effort with
a collaboration of 40 institutes.

An innovative scheme of high peak RF power production for the high accelerating
gradient has been proposed for CLIC. The so called "two-beam scheme" consists of two
beams that are running parallel to each other. One of the beams is to be accelerated for
the collision experiments and called "the main beam". The second beam of the CLIC
scheme is "the drive beam" and will be employed for the power production. The two-
beam acceleration scheme of CLIC Study proposes a unique power production technique.
The scheme uses efficient low frequency klystrons to energize a very long drive beam train
which is folded into short trains. The process provides high peak power that is adopted
to the 12 GHz accelerating structures. The two-beam scheme should deliver a power of
275 MW per active accelerating metre, which is necessary to produce the electric fields of
100 MV/m.

The quality of the main beam acceleration depends on the stability of the power that is
generated by the drive beam. Therefore, the optimization of the drive beam production
with the proper time structure and within the required beam dynamics tolerances is one
of the most important accelerator physics aspects of the project. The drive beam consists
of a high current (101 A), low energy (2.37 GeV) beam with a repetition rate of 12 GHz.
The high current is needed for the high peak power production in the so called “Power
Extraction and Transfer Structures (PETS)”. Consequently, a design for the CLIC drive
beam source should provide high charge and adequate intensity stability as the paramount
criteria.

Currently in the conceptual level, the baseline design of the drive beam injector consists
of a thermionic gun. This electron source has to be combined with a sub-harmonic bunch-
ing system in order to provide the required time structure of the drive beam. However, a
big disadvantage of this scheme is the parasitic satellite bunches due to the sub-harmonic
bunching system.

A photoinjector has been raised as another option in this thesis in order to replace the
existing thermionic gun of CLIC test facility (CTF3) and to form the bases of a source
for the CLIC drive beam. A photoinjector is an electron source that uses laser pulses in
order to extract electrons from the surface of a metallic or a semiconductor cathode. It
has been proposed as a candidate for the CLIC drive beam for being a compact, high
charge, low emittance electron source. The system is compact since it does not require
an additional bunching system. The time structure is provided by manipulating the time
structure of the laser pulses. Therefore the production of the parasitic charge is not an
issue for the photoinjectors.

The goals of this thesis are:
- to perform comprehensive simulations of the PHIN photoinjector test beam line by

using the PARMELA program,
- to optimize a working point for the PHIN photoinjector based on these simulations

for the operation specifications,
- full experimental characterization of the PHIN beam with the short and the long
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bunch trains,
- to compare the simulation and the measurements,
- to develop a single shot emittance measurement for space charge dominated beams

(multi-slit method),
- to perform time-resolved measurements and to determine the evolution of the beam

properties along the bunch train,
- to study the consequences of the findings in order to constitute a preliminary RF gun

design for the CLIC drive beam injector specifications.
The following manuscript consists of six chapters.
The first chapter presents the Compact Linear Collider Project with an introduction of

the several scenarios for the construction of a lepton collider. This chapter has a deductive
structure which later focuses on the CLIC drive beam and its injector specifications. In
this context, the photoinjector concept is given in this chapter.

The second chapter reviews the beam dynamics aspects of the photoinjectors in con-
junction with the design of the PHIN photoinjector. Regarding the analytic and the
numerical considerations, a general design strategy is summarised.

The third chapter has been devoted to the comprehensive characterization of a pho-
toinjector by numerical studies. For this purpose, the PARMELA program has been used
and introduced. A model for the PHIN photoinjector has been studied as a function of
the key parameters and the stability aspects.

The experimental set-up with an emphasize on the beam diagnostics is discussed in
details in Chapter 4.

The Chapter 5 includes the experimental results of the PHIN photoinjector. The beam
measurements concerning the charge production, the transverse and the longitudinal phase
space has been reported in this chapter. The data analysis techniques which developed
for the multi-slit emittance measurement set-up are given in detail.

The findings of the research program and the general simulation studies have been
compiled in order to lead to a conceptual design for a new RF gun. This new design
has been intended to initiate a photoinjector technical design for the CLIC drive beam
photoinjector. In Chapter 6, this design study is presented following a short introduction
to the requirements and the stability challenges of the drive beam injector in comparison
with PHIN commissioning results.
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1 Introduction to the Compact Linear Collider Project
Contents

1.1 Accelerator Aspects of Multi-TeV Physics Studies . . . . . . . . . . . . . . . . 3
1.2 Scenarios for a Lepton Collider in the Post-LHC Era . . . . . . . . . . . . . . 4
1.3 Compact Linear Collider (CLIC), A Multi-TeV e−e+ Linear Collider . . . . 5

1.3.1 Description of the CLIC General Layout . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 Power Generation for CLIC: Drive Beam and Its Injector Specifica-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.3.3 History of the CLIC Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4 Photo-injector Option for the Drive Beam . . . . . . . . . . . . . . . . . . . . . 13

1.1 Accelerator Aspects of Multi-TeV Physics Studies
Throughout the 20th century, the history of particle physics has recorded many

explorations in different laboratories. The hadron-hadron colliders have been built to
achieve discoveries in the energy frontiers. Essentially, the lepton-lepton colliders accom-
plished the precision measurements in the energy ranges charted by the hadron machines.
Whereas the inner structure of a hadron was better probed by a lepton-hadron collider.

The realization of this tripodal scheme has been established by several colliders until
the beginning of the 21st century. Some examples are TEVATRON (Fermilab, 1983-2011)
for proton-antiproton collisions, LEP (CERN, 1989-2000) and SLC (SLAC, 1962-1998) for
electron-positron collisions and HERA (DESY, 1992-207) for electron-proton collisions.
It should be noted that the linear collider concept has been first demonstrated by SLAC
Linear Collider (SLC).The centre of mass energies that are provided over the years by
several accelerators have been summarized in the “Livingstone Chart”. The chart can be
seen in Fig. 1.

Today, high energy physics experiments are focused on the tera electron volt (TeV)
energy regions to explore the physics beyond the Standard Model such as supersymmetry,
extra dimensions and new gauge bosons. In conjunction with these, the energy frontier
will be extended by LHC up to 14 TeV. LHC physics program will confirm the standard
model and will address the current open questions such as the existence of Higgs boson.
In pursuit of new particles and their interactions, the searches “Beyond the Standard
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Figure 1: Livingstone plot.

Model” will be possible with the machine’s high discovery potential in the "terascale"
era. Consequently, LHC will determine the prospects of any future collider project to
complement its results.

1.2 Scenarios for a Lepton Collider in the Post-LHC Era
There are several collider concepts in the context of providing complementary data

to the LHC results. The International Linear Collider (ILC), Muon Collider (MC) and
the Compact Linear Collider (CLIC) will be given as examples of lepton colliders. Those
different schemes have been proposed for their certain particle physics prospects. However,
their feasibility should be investigated from the accelerator physics point of view.

The ILC study is one of the international efforts in progress. It is an electron-positron
linear collider with centre-of-mass energy of 0.5 TeV with a possible future upgrade to 1
TeV. This study proposes an RF system using superconducting accelerator cavities with
the nominal accelerating gradient of 31.5 MV/m resulting with a total length of 31 km
for the case of 0.5 TeV. The ILC machine would probably be sufficient to search a light
Higgs boson or light supersymmetric particles. However, in order to explore a possible
supersymmetric spectrum and the new strong interactions, a lepton-antilepton collider
with multi-TeV centre-of-mass energy is required. In this case, the implementation of the
ILC technology raises a feasibility issue in terms of the length of the linear accelerator.

A muon collider raises as another option. In theory the Higgs boson couples to the
particles proportional to their masses. Therefore a muon collider would produce a higher
Higgs production rate compared to a e+e− collider since the muon is heavier than the
electron. Its potential to serve as a neutrino factory can be also added among a muon
collider’s physics prospects. The technological challenges of building a muon collider would
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be beam cooling, difficulties in final-focus parameters, synchrotron and neutrino radiation
concerns [1, 2, 3, 4]. Although the continuing effort to explore innovative solutions to
these challenges, regarding the ongoing effort for e+e− colliders, the muon collisions would
possibly come after the realization of a e+e− collider.

To summarise, one can conclude that, a multi-TeV electron-positron collider is necessary
in order to make precision measurements in the LHC era. Due to the nature of this thesis,
the accelerator physics aspects of such a collider will be the main focus for the following
discussion.

Energy loss due to the synchrotron radiation can be considered as an argument while
building a lepton collider. The charged particles emit “synchrotron radiation” when they
are accelerated to relativistic velocities along the circular orbits. The circular orbit of
particles in an accelerator is provided by magnetic fields. The particles are subject to a
transverse deflection force due to the magnetic field. This is the so called “Lorentz force”
given in Eq. (1), where p⊥, v⊥ are the momentum and the velocity vectors perpendicular
to the magnetic field vector, B, m is the mass of the particle under the effect of the
magnetic field. The radiation power , Pγ, emitted by a charged particle with the energy
of , E, in a magnetic field is given in Eq. (2-3). In this equation, the rc and µ0 denote
the classical electron radius and the magnetic permeability of free space, respectively.
According to this expression, the energy loss as the synchrotron radiation is inversely
proportional to the fourth power of the mass of the circulating particle. This loss has to
be compensated by supplying additional RF power to the accelerator.

dp⊥
dt

= γmv̇⊥ = e
[c]

c
[v ×B] (1)

Pγ =

[
4π

µ0

]
2r2

cc

3(mc2)2
B2E2 = CBB2E2 (2)

CB =

[
4π

µ0

]
2r2

cc

3(mc2)2
(3)

The energy loss by radiation means an inefficient consumption of the RF power for a
lepton accelerator. Therefore, the linear accelerators are advantageous for a future tera
scale e+e− collider. Within this context, the CLIC project introduces the “two-beam
acceleration” technology in order to build a compact linear e+e− collider with the reach
of multi TeV energies.

1.3 Compact Linear Collider (CLIC), A Multi-TeV e−e+ Linear
Collider
Compact Linear Collider (CLIC) study proposes a multi-TeV, high luminosity,

electron-positron linear collider in order to fulfill the current need for a lepton collider
[5, 6]. The study has been started in the late 80s at CERN and currently is a joint effort
with a collaboration of 40 institutes.

For a high energy linear accelerator, such as CLIC, the length of the machine is a
paramount item to be optimized in terms of cost-effectiveness. Therefore, the development
of the accelerating structures capable of producing the required high gradient is one of
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the technological challenges of the CLIC scheme. Within the CLIC study, an RF system
has been proposed by using normal accelerator cavities operating at 12 GHz, in pulses
239 ns long, with the nominal accelerating gradient of 100 MV/m. The implementation
of such cavities would result a total machine length of 48 km for a 3 TeV centre of mass
energy of colliding beams.

The choice of an optimum acceleration frequency is an essential item of optimization
for the linear collider studies. This optimization is done concerning the RF power con-
sumption and the achievable accelerating gradient. In the last fifty years, a significant
number of research activities have been carried out under the assumption that the achiev-
able accelerating gradient extends with the increasing RF frequency [7, 8]. The limitation
comes from the phenomenon called RF breakdown and the early investigations has been
done by Kilpatrick [9] in 1957. The RF breakdown is a localized dissipation of energy
on the accelerating structure surface due to high electric or magnetic fields. The process
causes surface damages such as crater forming and melting on the structure surface. The
experimental results confirm that the gradient limit increases with the square root of the
frequency in a range of 300 MHz to 3 GHz in agreement with the Kilpatrick type criteria
in Eq. (4),

E ∼
√

f, (4)

where f is the RF frequency and E is the maximum electric field. However the criteria
does not work for the absolute value of the achievable gradient.

The accelerating structure development is a crucial research activity within the CLIC
study. The aspects of this research are studying the RF breakdown phenomenology and
determining the limitations on the achievable accelerating gradient. The experiments
focus on the RF frequency and pulse length dependence of the phenomenon as well as
the impact of the material type and the surface treatment of the structures. The target
structure should operate at low RF breakdown rates and remain undamaged by the in-
evitable RF breakdowns and RF heating. Among several designs, the candidate structure
for CLIC has demonstrated an extremely low RF breakdown probability of less than one
in 107 pulses. The tests have been done for 100 MV/m at the nominal pulse length. The
mentioned accelerating structure can be seen in Fig. 2.

1.3.1 Description of the CLIC General Layout

The general CLIC layout is shown in Fig. 3. An innovative scheme of high peak RF
power production for the high accelerating gradient has been proposed for CLIC. The so
called "two-beam scheme" consists of two beams that are running parallel to each other.
The overall CLIC parameters as denoted in the conceptual design studies in 2010, is given
in Table 1.

One of the beams is to be accelerated for the collision experiments and called "the main
beam". For a linear collider providing the colliding beams of high charge and ultra-low
emittance is essential to obtain high collision luminosity. This implies the requirement
for an injection system that has been designed, efficiently. The lower part of the layout
illustrates the injector system for the CLIC main beams. The pre-damping and the
damping rings are shown as a part of the system. These rings have been designed to reduce
the beam emittance of the high charged electron and positron beams. The circumference,
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Figure 2: An accelerating structure for CLIC that has been tested to 100 MV/m. Designed
at CERN, the components were manufactured by KEK and the assembly and
bonding as well as testing with high-power RF was done by SLAC (Courtesy
SLAC).

Table 1: Overall CLIC parameters from 2010 conceptual design study.

Centre of Mass Energy (GeV) 3000
Main Linac RF Frequency (GHz) 11.994
Luminosity (1034cm−2s−1) 5.9
Linac Repetition Rate (Hz) 50
Number of Particles / Bunch 3.72×109

Number of Bunches / Train 312
Bunch Separation (ns) 0.5
Bunch Train Length (ns) 156
Beam Power / Beam (MW) 14
Unloaded / Loaded Gradient (MW/m) 120 / 100
Overall Two Linac Length (km) 42.16
Total Beam Delivery System Length (km) 2×2.75
Proposed Site Length (km) 48.4
Wall Plug to Main Beam Power Efficiency (%) 7

therefore the design of the optical lattice of the damping rings can be accomplished by
considering the beam parameters such as injection emittance, number of bunches in the
bunch trains, bunch spacing and bunch charge. The necessary extraction emittance is
obtained depending on the damping time, which determines the energy of the ring. More
details on the damping ring design and issues can be found in reference [10]. The pre-
damping rings of CLIC has been designed to receive a 2.86 GeV beam with a large
emittance. They reduces emittance of electron and positron beams before the injection
to the damping rings. Damping rings produce the ultra-low emittance needed for the
luminosity performance of CLIC [11, 12]. Some of the beam parameters before and after
the pre-damping rings, and damping rings are given in the Table 2.

Additionally, further emittance reduction is possible by minimizing the emittance growth
due to wake fields that are generated by the beam itself. The accelerating cavities of the
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Figure 3: CLIC general layout.

Table 2: The parameters for the CLIC main beams before and after the pre-damping
rings.

Pre-Damping Rings Damping Rings

Injected Extracted
e− e+

Bunch Population (109) 4.7 6.4 4.5 4.1
Bunch Length (mm) 1 9 10 1.4
Bunch Spacing (ns) 0.5
Number of Bunches / Train 312
Energy Spread (%) 0.07 1 0.5 0.13
Longitudinal Emittance (keV.m) 2 257 121 6
Horizontal Normalized Emittance (µm) 100 7.103 63 0.5
Vertical Normalized Emittance (µm) 100 7.103 1.5 5.10−3

main linac have been optimized in order to minimize this effect. Eventually, after the
beam delivery system, the beam has the emittances of 1 nm rms and 40 nm rms, in the
vertical and horizontal planes, respectively.

The second beam of the CLIC scheme is "the drive beam" and will be employed for the
power production. The two-beam scheme should deliver a power of 275 MW per active
accelerating metre, which is necessary to produce the electric fields of 100 MV/m. The
drive beam generation system can be seen in the upper part of the layout. The quality
of the main beam acceleration depends on the stability of the power that is generated
by the drive beam. Therefore, the optimization of the drive beam production with the
proper time structure and within the required beam dynamics tolerances is one of the
most important accelerator physics aspects of the project.
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1.3.2 Power Generation for CLIC: Drive Beam and Its Injector Specifications

The two-beam acceleration scheme of CLIC Study proposes a unique power production
technique. The scheme eliminates the utilization of the conventional klystrons and it is
less expensive and more efficient in providing the high peak power required by the CLIC
accelerating structures (275 MW/m). This also prevents the additional underground
building of a scheme with klystrons.

The drive beam consists of a high current (101 A), low energy (2.37 GeV) beam with
a bunch repetition rate of 12 GHz. The design specifications of drive beam is shown in
Table 3. The high current is needed for the high peak power production in the so called
“Power Extraction and Transfer Structures (PETS)” [13].

According to the CLIC scheme, the drive beam is generated as a long train (139 µs)
of electron bunches. The separation between the individual bunches is 60 cm. This
beam with a large bunch separation is accelerated up to 2.37 GeV in a linac with high
efficiency, using the fully-beam-loaded acceleration mode [14]. In this mode, the most of
the RF power is transferred to the beam so that the accelerating gradient in the end of
the structure reduces nearly down to zero.

Table 3: The baseline parameters of the CLIC drive beam from the conceptual design
studies (2010).

Energy (decelerator injection)(GeV) 2.37
Energy (final, minimum) (MeV) 237
Average Current in the Pulse (A) 101
Train Duration (ns) 243.7
Number of Bunches / Train 2922
Bunch Charge (nC) 8.4
Bunch Separation (ns) 0.083
Bunch Length (rms) (mm) 1
Normalized Emittance (rms) (mm mrad) 150

The drive beam linac is built by using normal conducting accelerating structures that
operate at 1 GHz. Those structures are powered by the conventional klystrons. A series
of rings are located in the drive beam generation system. These rings can be seen in
Fig. 3 as “delay loop” and two successive “combiner rings (CR1 and CR2)”. This system
of three rings is designed to achieve the frequency multiplication of the drive beam in
order to increase its current up to 101 A. This innovative technique is called “the beam
combination”. In the delay loop, the 139 µs long bunch train is divided into 24 sub-trains
with the length of 243.7 ns. The 500 MHz RF deflectors are used to separate the “even”
and “odd” buckets to be transferred to the delay loop or toward CR1 and CR2 that are
equipped with RF deflectors of 1 GHz and 3 GHz, respectively. The “even” buckets are
delayed while they are circulating the delay loop. Then, they are interleaved between
the “odd” buckets by means of the combiner rings. After the whole procedure, the 24
sub-trains form a burst with the average beam current of 101 A. The time structure of
the drive beam before and after the “beam combination process” is shown in Fig. 4.

The drive beam system generates 24 of such bursts with the separation of 5.8 µs and
sends them to the decelerators for the power production. A decelerator module houses

9



Figure 4: The schematic of the beam recombination and the time structure of the drive
beam before and the beam recombination process.

PETS, quadrupoles and high power RF networks. The layout of the CLIC two-beam
module can be seen in Fig. 5. When the bursts of drive beam enters one of the PETS,
it excites preferentially the synchronous mode by interacting with the impedance of the
periodically loaded waveguide. In this way, a single PETS generates 12 GHz RF power
and drives two accelerating structures of the main beam, as shown in Fig. 6.

Figure 5: Schematic of the CLIC two-beam acceleration module.
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Figure 6: The illustration of two-beam acceleration.

1.3.3 History of the CLIC Study

A series of CLIC Test Facilities (CTF) have been built at CERN in order to
experimentally approve the technologies necessary to build a linear collider. The CTF1
came into being to test the first CLIC prototype [15]. The prototype has been constructed
from a 3 GHz, 1 + 1

2 RF gun and an accelerating section. The gun has been equipped
with a laser-driven photocathode and operated at 100 MV/m resulting in a beam of 4.5
MeV. The generation of high frequency power (30 GHz) has been demonstrated with a
structure excited by the bunch train of 24 bunches. The first phase of the CTF has been
completed at the end of 1995 and the construction of a new phase has been initiated.

The new phase, CTF2, started soon after the first phase [16]. The facility had to
demonstrate the feasibility of a number of technological challenges. The goals of CTF2
were:

1. to demonstrate the feasibility of CLIC two-beam accelerating scheme with 30 GHz
technology;

2. to produce and test the prototypes of the CLIC modules; 1

3. to study the beam dynamics of a high-charge, multi-bunch drive beam;

4. to test the dynamic alignment system;

5. to test the CLIC instrumentation for beam monitoring.

During this second phase, the goals that are mentioned above have been successfully ful-
filled [17]. Nevertheless CTF2 continued its operation for the investigations of a phenom-
ena observed during the 30 GHz structure tests [18]. The structures under test, showed
the signs of damage due to RF breakdown for the gradients higher than 60 MV/m. Hence
the facility was transformed into a test stand for the investigations of the RF breakdown
phenomena and meanwhile the construction of the third phase has been started.

1A CLIC module is the building block for the CLIC accelerator. It consists of the accelerating structures
operating at 30 GHz and the power extraction structures (PETS) to produce the 30 GHz RF power
from the drive beam. It also houses the support girders and the active alignment system. Today the
CLIC modules are based on the 12 GHz technology.
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The third and the current phase (CTF3) is a downscaled version of the CLIC scheme.
It is an international collaboration that is continuing the efforts towards the feasibility
studies for CLIC [19]. It has to demonstrate the main feasibility issues such as two-beam
acceleration towards the preparation of Conceptual and Technical Design Reports of CLIC
Study.

The layout of the facility is given in the Fig. 7. The beam initiates from a thermionic
gun which is located at the left-hand-side of the layout. After the gun and the following
bunching system, the electron beam is accelerated in the CTF3 linac in the fully-beam-
loaded mode. In CTF3, this operation mode has been tested with a 1.5 µs long pulse
train that is accelerated by six fully-loaded structures, with a transfer efficiency of 98%.

In the end of the linac, the beam has a current of 3.5 A, a train length of 1.4 µs
and the energy of 150 MeV. A novel CLIC technique to produce high current, the beam
recombination, has been experimentally shown in CTF3. Regarding the technique, the
pulse compression and the frequency multiplication occur in the CTF3 delay loop and the
combiner ring. Eventually the train length is compressed down to 140 ns and the average
beam current is increased up to 28 A.

After the beam recombination in the combiner ring, the beam is sent it the CLIC
Experimental Area (CLEX), towards the left of the layout. There are several installations
in the CLEX hall such as the Test Beam Line (TBL), Two-Beam Test-Stand (TBTS),
probe beam injector CALIFES and the linac. The stability of the drive beam in PETS
is tested in TBL. The beam can also be transferred to the TBTS by using a magnetic
chicane in order to test the 12 GHz power production and the e− beam acceleration [20].
This test is done with two beams that are running parallel to each other. The first one
is the drive beam, as already mentioned, and the second one is the probe beam that is
generated by the CALIFES photo-injector in the CLEX hall. The latest results from
CTF3 towards the demonstration of the feasibility of CLIC can be found in the reference
[21]

30 GHz test stand 150 MeV e– linac

magnetic chicane pulse compression frequency multiplication

photo injector tests and laser CLIC experimental area (CLEX) with 
two-beam test stand, probe beam and 
test beam line

28 A, 140 ns

total length about 140 m

10 m

delay loop

combiner ring

3.5 A, 1.4 μs

Figure 7: Layout of the CLIC Test Facility. A downscaled version of the CLIC Drive
Beam Generation System.
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1.4 Photo-injector Option for the Drive Beam
A photoinjector is an electron source that uses laser pulses in order to extract

electrons from the surface of a metallic or a semiconductor cathode. The electrons can
escape the cathode surface provided that the laser pulses satisfies the energy to decrease
the potential barrier of the surface. The cathode plug is placed in one end of an RF cavity.
This RF cavity is used for the rapid acceleration of the electrons after the production.
The photoinjectors are high brightness, low emittance electron beam sources. The theory
and implementation of them date back to 80s. A review of technical details and the beam
dynamics aspects of the photoinjectors are introduced in Chapter 2.

A photo-injector option for CLIC drive beam has been also discussed during the early
stages of the test facility studies [22]. The previous studies for the CLIC photo-injector can
be found in the reference [23]. Indeed, there would be certain advantages of implementing
an RF gun as the CLIC drive beam injector.

First of all, as a laser-driven system, a photo-injector can provide flexibility in manip-
ulating the time structure of the beam. This manipulation is provided by a phase coding
technique of a laser system. Additionally, a laser system does not require the switching
time needed for a buncher system that should be utilized for a thermionic gun.

Moreover, in the drive beam linac every second bucket is populated and the interleaving
buckets are supposed to be empty. However, the parasitic charge in the supposedly-empty
buckets is inevitable due to the sub-harmonic bunching system. Those bunches are called
as "the satellite bunches" above. The charge in the satellite bunches can cause radiation
problems and compromises the power production efficiency. The necessary time structure
can be provided by a photo-injector without producing this parasitic charge.

A photo-injector can provide a beam with small transverse and longitudinal emittances
compared to a thermionic gun. Therefore, the beam transportation and bunch length
manipulation become easier throughout the machine. A photo-injector is capable of pro-
ducing long electron pulse trains by ensuring the stability of the beam parameters within
the defined tolerances.

The feasibility research on the implementation of a photoinjector as the current CTF3
and future drive beam source is the main objective of this thesis. Within this research
program the commissioning of the PHIN photoinjector has been completed [24]. The
produced electron beam has been characterized in terms of the longitudinal and transverse
properties.

The PHIN photoinjector has been designed and installed on a dedicated test-stand at
CERN in 2008, by a collaboration between LAL, CCLRC and CERN. The project is in
the framework of the second Joint Research Activity PHIN of the CARE (Coordinated
Accelerator Research Europa) program.

Throughout this manuscript the photoinjector concept is introduced. The PHIN ex-
perimental set-up and a variety of accompanying beam diagnostics instrumentation are
described. The PHIN commissioning has been continued with the intermittent runs be-
tween 2008 and 2010. The results of the beam characterization measurements are pre-
sented in comparison with the design specifications and the simulations. The current
PHIN specifications aims an injector as a replacement of the existing CTF3 thermal in-
jector. Therefore, as a part of the research program, several modifications have been
performed on the current design of the PHIN RF gun according to the conceptual design
parameters of the CLIC drive beam. In the end of the thesis, this design is explained
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and the beam dynamics response is presented in comparison with the drive beam specifi-
cations. This final chapter is expected to constitute a preliminary effort and a reference
towards the further studies of the CLIC drive beam electron source.
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2 A Review of Beam Dynamics Aspects of the
Photoinjectors
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The photoinjector concept has been first proposed by J. S. Fraser in 1985 and R. L.
Sheffield in 1988 [25, 26]. It consists of an RF gun and the laser system. A semiconductor
or metallic cathode is used to extract the electrons under the illumination of the laser
pulses. The cathode is placed inside the half cell of the RF gun.

The modern accelerator applications, such as high energy physics experiments and light
sources need high brightness electron beams. Over a few decades, the RF photoinjectors
are favorably chosen for their stability and compactness to produce high brightness elec-
tron beams for free electron lasers (FEL), energy recovery linacs (ERL), and particle
colliders. The brightness of the beam is defined as the ratio of the square of total beam
emittance to the peak beam current, as shown in Eq. (5). Hence a low emittance, εtot,
and a high peak current, I, are required for a high brightness, B. This can be obtained
by maintaining a high longitudinal charge density which might be a result of either high
bunch charge or a short bunch lenght or both. The photoinjectors became popular for
their performance in providing these specifications.
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B =
2I

ε2
tot

(5)

They are compact since they do not require an additional bunching system. The time
structure of the electron beam resembles the laser time structure therefore it is easily
manipulated by coding the laser temporal structure. The transverse properties of the
beam also depends on the transverse properties of the laser so that the laser spot size and
shape can be used to obtain small emittances.

There are several beam dynamics aspects of designing and optimizing an RF photoinjec-
tor. These aspects define certain physical limitations on frequency, gradient and geometry.
A model for estimation of the basic set of parameters can be determined by using those
limitations. Despite the fact that a simplified model is useful for the first estimation of the
critical parameters, rigorous simulations are mandatory for a full-fledged design study.

This thesis will refer to a combination of two models for the initial estimation of the
design parameters. The first one is the so called Kim’s model [27]. In the model the
dynamics of an electron beam in a laser-driven RF gun was explained. Kim develops
his model under the assumptions that the beam does not expand longitudinally or trans-
versely during the acceleration and the bunch length is small when compared to the RF
period. The second model has been proposed by C. Travier [28]. The latter is based on
Kim’s model and it introduces some corrections to the formulas which are derived from
the numerical studies. This improved model will be considered as a guideline in the scope
of this thesis.

2.1 Longitudinal Dynamics in an RF Gun
In order to investigate the longitudinal dynamics, one can start with an RF gun that

consists of a cavity with (n + 1/2) cells, where n is the number of cells in the cavity.
The on-axis electric field envelope in the cavity is considered as a perfect sinusoidal. The
example geometry of a 2 + 1

2 cell cavity and its on-axis electric field envelope can be seen
in the Fig. 8. The equation for the field envelope is given in the Eq. (6), where k = 2π/λ
is the RF wave number, λ is the RF wave lenght, E0 is the amplitude, z is the longitudinal
position and it extends across [0, (n + 0.5)λ/2].

Ez(z) = E0cos(kz) (6)

The particles that are travelling through the cavity cells gain energy from the field
according to their phases with respect to the field. This can be written as the Eq. (7)
under the sine convention,

∆W = q

ˆ +L/2

−L/2

Ez(z, t) = q

ˆ +L/2

−L/2

Ez(z)sin(ωt + φ∞)dz, (7)

where q is the charge of the particle, L is the lenght of the cavity and ω is the angular
frequency of the RF field. The asymptotic phase of the reference particle in the exit of
the gun is given as φ∞. The reference particle has the phase φ0 as it emerges from the
cathode. Physically, the phase φ0 is the phase difference between the reference particle
and the RF field, as it emerging from the cathode. Whereas, in PARMELA program, the
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Figure 8: Axial electric field for a 2 + 1
2 cell cavity (a) and half geometry the cavity cross-

section which is symmetric with respect to the horizontal axis.

phase φ0 determines the phase difference between the angle of the master clock and the
phases of the time-varying elements such as cells. The phase φ∞ is defined as a function
of the initial phase φ0 and it is expressed in Eq. (8) in the practical units. The RF field
strength is represented by the dimensionless parameter α as shown in the Eq. (9).

φ∞ = φ0[
o] +

f [MHz]

E0[MV/m]



 0.61

(sin(φ0[o] + 4.4
√

f [MHz]
E0[MV/m])

+ 0.26



 (8)

α = 46.7
E0[MV/m]

f [MHz]
(9)

This model under the sine convention requires an optimum phase of π/2 for the reference
particle in the exit of the cavity, in order to obtain the maximum energy gain from the
RF field. In this respect, the α and φ0 parameters are subject to optimization in order to
provide an effective acceleration.

In Fig. 9, the behavior of the dimensionless field parameter, α, is shown with respect
to the initial phase of the reference particle. The figure shows that, in the case of φ∞ = π

2
there exist no solution for α ≤ 0.9. Moreover, in the plot, one can obtain two φ0 values
which are fulfilling the condition α ≥ 0.9, one smaller and one larger than π/4. The
value which constitutes the physical solution can be identified in the light of the following
discussion.

The model assumes that the phase slippage of the electrons on the RF wave is limited to
the cathode region. Therefore energy increases rapidly near the cathode. The relativistic
Lorentz factor is given as Eq. 10. The rapid acceleration can be indicated by a high γ
factor. Consequently, in the below expression, the term αsin(φ0) holds the information
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of gradient in connection with the parameters α and, the emission phase of the reference
particle, φ0. As a conclusion, the values in the φ0 ≥ π/4 region can be considered as the
preferable solutions.

γ = πnαsin(φ0) + 1 (10)

The Eq. (11) summarises the above discussion. In fact, one can deduce from these
limits that αsin(φ0) ≥ 0.64. Substitution of this value in the formula results a relativistic
Lorentz factor of β ! 0.9 for n = 0.5. The physical meaning of the result is the acceleration
of the electrons up to the relativistic energies until the middle of the first cavity.

α ≥ 0.9, φ0 ≥ π/4 (11)

Furthermore, the energy spread of the beam can be expressed in terms of the model
parameters as in Eq (12) and Eq. (13). These equations result with the values at the
exit of the gun for the short bunches with Gaussian distribution in both transverse and
longitudinal planes. The given parameters are the rms energy spread σ∆γ, the rms
relative energy spread ∆U/U ,

σ∆γ = 2παfσb (12)

∆U

U
=

σ∆γ

γ − 1
=

2fσb

n + 0.5
, (13)

where σb is the rms bunch length in time. The longitudinal beam parameters for PHIN
have been calculated according to the model and can be found in Table 4.

Analogously, in PARMELA, the phase of the time-varying elements, such as a cell as
in this example, has to be determined with respect to the master clock. The phase of the
cell element, that provides the maximum energy gain, is determined after a phase scan in
PARMELA. The simulations revealed that the nominal emission phase for the electrons
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Table 4: The longitudinal beam parameters of PHIN according to model.

Parameter Model

The field strength parameter, α 1.32

The particle phase during the photoemission, φ0[o] ∼ 65

The particle phase at the end of the gun, φ∞[o] 90

Relativistic Lorentz Factor, γ 11.4

The rms Energy Spread (keV), σ∆γ 197

The Relative Energy Spread (%), ∆U
U 0.7

is 35o for a gradient of 85 MV/m at a resonance of 3 GHz.
The ramping of the beam energy throughout the cavity at the optimum emission phase

is simulated by using PARMELA. The parameters of the PHIN RF gun has been used
for modelling. The acceleration occurs in the RF field that is generated by a 2 + 1

2 cell
cavity with the gradient of E0 = 85 MV/m and the frequency of 3 GHz. The example is
given in Fig. 10. In the figure, a) presents a phase scan that reveals the nominal phase for
the maximum energy gain from the field, and b) shows the ramping of the beam energy
at this nominal phase as a function of the distance from the cathode. The particles gain
5.5 MeV at the exit of the RF gun with the length of 17.5 cm, at the emission phase of
35o. This phase introduces a phase difference between the particles and the RF field in
order to compensate the phase slippage of the electrons that are at unrelativistic velocities
during the photoemission.
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Figure 10: PARMELA simulation result shows a) the energy gain in the RF field as a
function of the relative phase of the cell with respect to the master clock, b)
the ramping of the beam energy in the cavity at the nominal phase of 35o.
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2.2 Emittance Growth Mechanisms
The total emittance of the electron beam in an RF gun arises from the combination of
several effects. In this section, the time dependence of the RF focusing in the gun, space
charge forces in the vicinity of the cathode and thermal effects will be described as the
typical sources of emittance growth in photoinjectors. The dominant source of emittance
will be investigated among those effects under consideration.

2.2.1 RF Field Dependence

During the acceleration in the RF cavity, the electrons at different longitudinal
positions experience different focusing of the RF field due to its time dependence. This
time dependence of the RF field gives rise to a radial force and an increase in the total
emittance. According to the Maxwell’s equations, radial electric field component can be
written as Eq. (14) due to a longitudinal electric field Ez which is a function of longitudinal
position, z and time, t, in addition it is independent of radial coordinates θ and r.

Er = −r

2

∂

∂z
Ez (14)

The radial force, Fr, acting on an electron is given as,

Fr = e(Er − βcBθ), (15)

where e is the charge of the electron, Bθ is the magnetic field and β is the velocity of the
particle.

In the photoinjector models, the variation of RF field during the acceleration and over
the electron pulse duration is taken into account. The emittance contribution of RF field,
εrf , is given as Eq. (16) in practical units [28],

εrf [mm mrad] = 2.73× 10−11E0[MV/m]f 2[MHz]σ2
x[mm]σ2

b [ps] (16)

where E0 is the peak gradient, f is the resonance frequency of the RF cavity, σx is the
rms beam size and σb is the rms bunch lenght. Under these considerations, the RF
contribution to the emittance has been calculated for the PHIN photoinjector. As the
result, the emittance has been found to increase as 1.33 mm mrad due to the RF field. A
beam with the bunch length of 8 ps and a typical beam size of 1 mm which is accelerated
by a gradient of 85 MV/m at the frequency of 3 GHz has been used for the calculations.

2.2.2 The Space Charge Effect

The space charge has significant degrading effects on the emittance of a high brightness
beam. The Coulomb force between the particles causes the emittance growth.

As the electrons are extracted from the cathode they experience the electric field pro-
duced by the surface charge distribution, ρ. When this space charge induced electric field
is high due to the high charge density, it can balance the accelerating field and limits the
amount of charge production. This decelerating field, Edec, is given in Eq. (17) according
to the Gauss’ law,
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Edec =
ρ

ε0
(17)

where ε0 is the permittivity of the vacuum. The decelerating field can be expressed in
terms of the peak charge density of a Gaussian distribution given in Eq. (18) and becomes
as in Eq. (19). In the equations, Q is the extracted charge and σx is the size of the spot
that is illuminated on the cathode. The balance between the space charge field and the
accelerating field has been experimentally studied in several references [29, 30, 31, 32].
It has been shown that the extracted charge yield linearly increases with the increasing
accelerating field. Nevertheless, the charge yield has a limitation due to the maximum
achievable gradient as indicated in the Killpatrick criterion, which is mentioned in Section
2.4.

ρ =
Q

2πσ2
x

(18)

Edec =
Q

2πε0σ2
x

(19)

According to the model, the expression for the space charge contribution to the trans-
verse normalized emittance is given in Eq. (20) in practical units [28].

εsc[mm mrad] = 3.76× 103 Q[nC]

E0[MV/m](2σx[mm] + σb[ps])
(20)

The agreement between the model and PARMELA simulations has been investigated.
This investigation shows that the dynamics under space charge effect gives rise to an space
charge induced transverse normalized emittance of 10.3 mm mrad for the PHIN specifi-
cations, as a model prediction. Similarly the simulations results a value of 10.7 mm mrad
at the nominal emission phase.

2.2.3 Thermal Effects during the Photoemission Process

In addition to the emittance growth due to the properties of RF field and the space
charge effect, thermal emittance of the electrons has to be also considered [33]. The
thermal emittance depends on the area of the emission surface, momentum distribution
and angular distribution of the emitted electrons. It originates during the photoemission
process and it arises from the temperature of the cathode surface. In order to understand
the nature of the thermal emittance one should look into the photoemission process. The
details of the photoemission are presented in Chapter 4. In this section only the thermal
emittance is given as a consequence of this process.

Thermal Emittance
The electrons are emitted isotropically inside a half-sphere in front of the cathode

surface. The thermal emittance of those electrons is given by Eq. (21) [33],

εth =
γrc

2

√
kbTe(eV )

m0c2

√
2 + cos3φmax − 3cosφmax

2(1− cosφmax)
, (21)

where φmax is the emission angle of the particles with respect to the cathode surface nor-
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mal. The rc is the laser spot size illuminating the cathode surfaces for the photocathodes.
For the thermionic cathodes this variable refers to the cathode radius. For simplicity, the
expression in Eq. (21) can be reduced to Eq. (22) when φmax = π/2 . In Fig. 11, the
thermal emittance is estimated as a function of the laser spot size according to this model.
The behavior at the typical temperature for the PHIN has been plotted. The tempera-
ture for a photocathode is considered as the corresponding laser energy illuminating the
cathode surface.

εn,th = γ
rc

2

√
kbTe

mec2
(22)
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Figure 11: Analytic estimations for the thermal emittance with respect to laser spot size
and the cathode temperature.

As a result, it can be concluded that the thermal emittance contribution is in the range
of 0.2 - 0.6 mm mrad in the laser spot size range tested for PHIN. The thermal emittance
can be measured by using a beam with a very low charge and short pulse duration [34].
This condition ensures to minimize the contribution from the other sources of emittance.

2.2.4 Conclusion

The emittance contributions from different sources have been investigated for PHIN
photoinjector. These individual contributions from the above mentioned effects are added
to the total beam dynamics emittance quadratically. The general formula can be seen in
Eq. (23).

εn,x,y,tot =
√

ε2
rf + ε2

sc + ε2
th (23)

The results of the model are given in Table 5. According to the model, the dominant
cause of emittance growth is the space charge effect near the cathode for a typical RF gun.
The contributions of thermal effects and RF to the total emittance are almost negligible.
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Table 5: According to model, the contributions of different sources to the total transverse
normalized emittance for beam parameters of PHIN.

Parameter Model

Space Charge Induced Emittance (mm mrad) 10.3

RF Induced Emittance (mm mrad) 1.33

Thermal Emittance (mm mrad) 0.42

Total Beam Dynamics Emittance (mm mrad) 10.4

As a consequence the emittance growth due to the space charge effect has to be the main
item for the emittance compensation. Two of the compensation techniques are given in
the next section.

2.3 Emittance Compensation Schemes
There are different compensation techniques for the different sources of beam emittance

that are described previously. In PHIN photoinjector, the compensation has been achieved
by placing a solenoid magnet after the RF gun. Therefore the scheme by using the constant
magnetic field of a focusing magnet will be explained more detailed throughout the section.

2.3.1 Compensation of Space-Charge-Induced Emittance with a Lens

In a high brightness photoinjector, the bunch density varies as a function of the
longitudinal position across the bunch. Therefore, analytically it is convenient to consider
that the bunch consists of longitudinal slices. In each slice the space charge force can be
different due to the longitudinal dependence of the bunch density. In this case, despite
the transverse emittance of the individual slices are conserved, the projection of all slices
in the phase space results with the emittance growth. A theory for compensation of this
emittance growth due to linear space charge effect has been developed by B. E. Carlsten
in 1988 [35].

To begin with, a laminar beam of radius r0 is considered with zero initial beam diver-
gence, that has the beam edge at z=0. Additionally, for simplicity, the space charge force
is assumed to have no time dependence. This condition is called the weak focusing limit.
The unrelativistic transverse motion of the particles within the bunch can be investigated,
in this limit. Here the cylindrical coordinates ρ and ξ should be introduced, where ρ = 1
is defining the radial edge and ξ = ±1 is defining the longitudinal ends. The equations
governing the motion under space charge force λ(ρ, ξ), at the distance z, within the beam
at location (ρ, ξ) are,

r(ρ, ξ, z) = r0 + λ(ρ, ξ)z2/2 (24)

r′(ρ, ξ, z) = λ(ρ, ξ)z

In this case the ratio of the beam radius and the divergence is a function of ρ and ξ.
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The spread in this ratio is the origin of the emittance growth. When a lens with the
focal length of 1/αL (ex: a solenoid magnet) is placed at z = zl, the equations have the
following form,

r(ρ, ξ, z) = r0 + λ(ξ)(zl + z)2/2− αL[r0z + λ(ξ)z2
l z/2], (25)

r′(ρ, ξ, z) = λ(zl + z)− αL(r0 + λ(ξ)z2
l /2).

If the focal length is chosen as,

f =
z2

2(zl + z)
(26)

the ratio of the beam divergence and beam radius at a downstream position of zd from
the lens reads,

r′(ρ, ξ, z)

r(ρ, ξ, z)
=

2(zl + zd)

zd(zd + 2zl)
. (27)

Eq. (27) is independent of λ and ξ, namely, position of the particle within the bunch.
The linear focusing force of the lens causes a rotation of the slices in the phase space so
that they all lie in the same line. Therefore at a position z the emittance is zero since all
the points have the same orientation in phase space.

In this model, transverse normalized emittance has the following form, as a function of
the longitudinal position and the focal length of the lens.

εx,n =
1

2
βγ

√
〈Λ2〉〈ρ2〉 − 〈Λρ〉2(2r0(zl + zd)−

z2
dr0

f
) (28)

According to Eq. (28), the transverse emittance growth due to space charge can be
minimized by choosing an appropriate focal length for the lens. The theory and im-
plementation of the emittance compensation has been discussed in several publications
[36, 37].

Fig. 12 illustrates the phase space evolution during the emittance growth and compen-
sation. In the figure, the phase space has been shown after the 2 + 1

2 cell cavity (a), and
at a downstream point where the compensation occurs (b). The data has been retrieved
from the PARMELA simulation by using the PHIN photoinjector design specifications.

2.3.2 Compensation of Space-Charge-Induced Emittance with Focusing RF
Force

After the compensation by using a constant magnetic focusing field, a residual emit-
tance of the beam might still exist. According to the theory, the line up of the slices
in the beam can be improved with an additional RF focusing which leads to a decrease
in the emittance. As a matter of fact, at the low gradients the emittance compensation
can be accomplished by the constant magnetic field of a focusing solenoid. However, as
the gradient increases the compensation starts degrading, and gives rise to a need for
additional focusing. In this case, further compensation is possible by using a radial RF
focusing force.[38]
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Figure 12: Transverse phase space (a) after the gun and (b) at a downstream position of
115.6 cm where the emittance compensation occurs.

The recent projects such as SwissFEL [39], LCLS [40], SCSS [41] and PITZ [42] focused
their research on the low emittance injector studies. Concerning these recent facilities,
one of the conclusions of ICFA Future Light Sources (FLS 2010) Conference [43] was the
validity of relation in Eq. (29) for a well optimized injector, regardless of its type, when
the compensation schemes are applied and the proper laser pulse shaping is provided.

εx,y,n[mm mrad] ≈ 1µm
√

Q[nC] (29)

For PHIN photoinjector, the transverse normalized emittance specified as < 25 mm mrad.
It is a relatively larger emittance budget compared to the needs of X-FEL facilities.
Nevertheless, the above condition indicates that an emittance of 1.5 mm mrad would be
possible to obtain for PHIN with a charge per bunch of 2.33 nC. In order to achieve this
emittance, it would be interesting to study the transverse and longitudinal laser profile
shaping. And therefore, a systematic measurements could be conducted on the effects of
the laser properties to the transverse phase space.

2.4 A Model for Optimization of the Parameters
The different design and optimization criteria can be specified for the RF photoinjec-

tors. These different approaches originate from the trade offs between several parameters
according to the implementation purposes of the photoinjector. Furthermore, possible
technological challenges have to be taken into account for the realization of any design.
In this section those aspects of designing an RF photoinjector will be summarized accord-
ing to the Travier’s model and the design parameters for the PHIN photoinjector will be
examined.

RF Frequency
As a first parameter of the photoinjector, one could determine the frequency of the RF

gun. The frequency of the RF gun plays a key role for many of the other properties of
the injector such as the charge production, size of the cavity therefore the vacuum needs.

25



The maximum achievable gradient is a function of the frequency. Consequently, frequency
choice has an impact on the charge production which is related to the gradient. The
volume of the cavity is inversely proportional to the cube of the resonance frequency of the
cavity (V ∼ 1/f3). At the higher frequencies, the volume of the cavity is relatively small
than a lower frequency cavity. In small cavities, it is easier to achieve the good vacuum
conditions. For the charge production of a photocathode, the high vacuum conditions are
necessary. Therefore a lower limitation to the design frequency can be defined as 144 MHz
regarding the existing CEA facility. On the contrary, shorter RF wave lengths will require
short laser pulses hence bringing another limitation for the charge production. Under these
circumstances, the frequency range has been considered as 144 MHz ≤ f ≤ 17 GHz in
Travier’s studies.

Maximum Gradient
In the high brightness sources such as RF guns the dynamics is space charge dominated.

In order to obtain a low emittance, the space charge induced emittance growth has to
be suppressed as much as possible. As shown in Eq. (20), this can be achieved provided
that the accelerating gradient is as high as possible. The normal conducting accelerating
cavities are capable of producing such high gradients. The Killpatrick criterion can be
used as an indication for the highest achievable gradient as described in Chapter 1. Travier
introduced a practical formula for the gradient as given in Eq. (30). The more information
can be found in reference [44].

E0,max[MV/m] = 8.47 + 1.57
√

f [MHz]) (30)

The achievable gradient has been calculated as a function of the resonance frequency,
according to the above formula. The resulting curve can be seen in the Fig. 13 as a
Killpatrick-like criteria. The achievable gradient values of several photoinjector studies
have been presented in the figure. The PHIN RF gun has been designed and commissioned
with the achievable gradient value of 85 MV/m at 3 GHz. Furthermore, a successive design
study for CLIC DB injector uses an RF gun with the gradient of 40 MV/m at 1 GHz.
These two values indicate agreement with the Killpatrick criteria therefore confirm the
consistency of design choices. In addition, the figure indicates the design gradient values
of other recent photoinjector studies. These studies have been summarized in Section
(2.2).

Maximum Beam Size
In an RF gun, the field is strongly non-linear near the cavity walls. This non-linear

effect cause emittance growth at the large beam spot sizes. Travier suggests to have a
beam spot size smaller than the one-third of the cavity aperture in order to avoid this
effect.

Maximum Bunch Length
A maximum bunch length can be defined in connection with a reasonable energy spread.

The relation in Eq. (31) gives a practical limitation on the bunch length, σb. Together
with the condition in Eq. (31), the relative energy spread given in Eq. (13) can be limited
to < 1% with a 2 + 1

2 cell cavity. According to this formula, for a 3 GHz RF cavity with
2 + 1

2 cell, as in PHIN, a maximum bunch length up to 16 ps is allowed in order to
limit energy spread to 4%. Regarding the PHIN specifications and this model, a bunch
length of 8 ps results with the 2% relative energy spread which is also consistent with the
measurements.
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Figure 13: Maximum achievable accelerating gradient values for different RF guns includ-
ing the CLIC designs in comparison with the Killpatrick criteria.

σb[ps] ≤
5× 104

f [MHz]
(31)

Achievable Charge
The maximum charge is given in Eq. (33) provided that the electrons are extracted

when the accelerating field, Eacc, is equal to the decelerating space charge field that is
given in Eq. (19),

Edec[MV/m] = 18
Q[nC]

σ2
x[mm2]

, (32)

Qmax[nC] =
Eacc[MV/m]σ2

x[mm2]

18
. (33)

According to this model, with a typical laser spot size of 1 mm (sigma) and an ac-
celerating gradient of 85MV/m, as in the PHIN specifications, would yield a maximum
charge of 4.7 nC. This result has been confirmed by recording the maximum charge of
4.5 nC during the commissioning of PHIN photoinjector that will be presented in detail
later in the Chapter 5. The charge measurements have been done under the optimized
emission phase of the electrons with respect to the RF field which results the maximum
transmission of the emitted electrons through the RF gun.

V acuum
High vacuum conditions should be maintained in order to improve the cathode lifetime.

The vacuum pressure has been observed to increase as a function of the total extracted
charge in the past studies for CTF2. Referring to these studies, the simulations showed
that the vacuum condition should be lower than 2 × 10−10mbar inside the first half-cell
where the Cs2Te cathode is placed.
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2.5 Applications of RF Photoinjectors
Photoinjectors have been used for several applications such as Free Electron Lasers

(FELs), colliders and Energy Recovery Linacs (ERLs). The beam dynamics in a pho-
toinjector has been well understood with an exception of some details in photoemission
process. The sources for different applications can be designed by using photoinjector prin-
ciple within the frame of various design and optimization strategies as described above.
The emittance tolerances, charge per bunch, beam current, time structure of the beam,
stability requirements are some of the application specific parameters.

Photoinjector development is a dynamic field with lots of innovations as of it has first
proposed. Several review studies of photoinjectors in terms of their technology and appli-
cation areas have been done in the past years. The advanced photoinjector laboratories
and pioneering design studies have been reviewed by C. Travier in 1994 [45]. The publica-
tions on recent photoinjectors have been updated and the status of the advanced facilities
have been given in Table 6. The highlights in photoinjector development has been given
by S. J. Russell until 2002, as shown in Table 7. This table has been updated in this
section in order to cover the highlights since 2002.

In general, the properties of the outcome are attained from the initial conditions of the
electron beam that is produced by the photoinjector. For example, the properties of the
light that is produced by an FEL are based on the quality of the electron beam. Therefore
a short wavelength, high brightness laser pulse can be obtained by means of an electron
beam with a high transverse brightness and low energy spread. The transverse brightness
refers to the transverse emittances in both directions as shown in Eq. (34),

B⊥ =
2I

εn,xεn,y
(34)

where, I is the peak current, εn,x and εn,y are the transverse normalized beam emittances.
High optical gain of an FEL, therefore an efficient amplification can be achieved with a
high brightness electron beam. The typical values for a high brightness beam are, the
peak current of several kA and the normalized transverse emittance of ∼ 1µm. A detailed
overview of FEL injectors has been prepared by S. J. Russell in 2003 [64] and later by M.
Ferrario in 2006 [65]. The modern examples of photoinjectors that are used to drive X-
FELs are LCLS (SLAC), PITZ (DESY), FLASH (DESY), SPARC (INFN) and SwissFEL
(PSI).

Despite the fact that the ultra-low emittance is essential for the colliders, it is achieved
by several damping rings after the injector. Therefore, for the collider beams, the emit-
tance requirement is more relaxed compared to the FELs in the early stages of the particle
production. A photoinjector design effort for e−e+ linear colliders, that is based on the
TeV Energy Superconducting Linear Accelerator (TESLA) technology, has been initi-
ated at FNAL with the collaboration of Univ. of Rochester, UCLA, INFN-Milano and
DESY. A0 photoinjector test-stand at FNAL, has aimed to prototype a source for TESLA
of DESY and to investigate the possible issues for the designers. The injector study for
TESLA 500 (TESLA at 0.5 TeV) took place at DESY in parallel with A0. The parameters
for both designs can be found in Table 6. The high intensity bunches with the charge of
∼ 8 nC and the relaxed emittance requirements of ∼ 11 mm mrad for the post-injector
stage are the common specifications for the collider sources as in the examples of A0,
TESLA500. This also strengthens the proposal of using a photoinjector for the CLIC
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Table 7: Highlights in photoinjector development*. (Modified from S. J. Rusell)
Year Highlight Ref.

1985 First photoinjector experiment at LANL. [25]

1988 Stanford FEL has been driven by a photoinjector. [46]

Theory of emittance compensation has been proposed. [36]

1989 First high gradient S-band photoinjector at BNL. [47]

1991 First RF integrated photoinjector with emittance compensation
at LANL.

[48]

1992 High duty factor, RF photoinjector experiment at Boeing. [49]

First photocathode in a superconducting cavity. [50]

1993 LANL photoinjector driven FEL lasers in the UV. [51]

1995 Experimental demonstration of the emittance compensation. [52]

1996 First operation of DC photoinjector at TJNAF. [53]

Experimental demonstration of microbunching in a
photoinjector.

[54]

1997 Envelope analysis of emittance compensation. [55]

1999 TJNAF FEL demonstrates 1.72 kW average power. [56]

2000 First systematic measurement of multipacting in a
photocathode RF gun.

[57]

2001 First operation of an X-band (8.547 GHz) photoinjector. [58]

2002 First operation of a superconducting RF photoinjector. [59]

2003 The initial studies on the use of needle cathodes in
photoinjectors to enhance the beam brightness.

[60]

2007 SPARC has done the first direct observation of the
double emittance minimum.

[61]

2008 First Operation of PHIN photoinjector. [62]

2009 The first simultaneous demonstration of emittance
compensation and velocity bunching.

[63]

*The modifications to the original table have been denoted with bold blue fonts.

DB production. A future CLIC DB photoinjector is required to produce an electron
beam with the charge per bunch of 8.4 nC and with a normalized transverse emittance of
≤ 100 mm mrad.

The photoinjectors can also provide beams for ERLs. An example of operating facility
is BOEING high duty cycle photoinjector installed at Photoinjected Energy Recovery
Linac (PERL) at Brookhaven National Laboratory (BNL). The injector has provided a
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high duty cycle by delivering a macropulse repetition rate of 30 Hz with the micropulses
of 8.3 ms. The remarks from the first operation of PERL’s BOEING injector can be found
in [66].

PHIN (CERN) and SRF Gun (ELBE/FZR) injectors were among the tasks of the
CARE project. SRFgun is an example of the superconducting RF gun to maintain the
electron beam for an IR-FEL facility [67]. PHIN photoinjector is a research program in
order to investigate the feasibility of using a photoinjector as the source of the CLIC DB.
It is designed to provide long electron pulse trains with high charge density. The stability
of the long pulse trains have a paramount importance for the power production from
the drive beam. The demonstration of this stability is another aspect of this research
program.

2.6 PHIN Photoinjector Test Facility at CERN
The PHIN photoinjector has been designed and installed on a dedicated test-stand at

CERN in 2008, by a collaboration between LAL, RAL and CERN. Within this collabora-
tion, LAL and RAL have committed to the design and the construction of the RF gun and
laser, respectively. The photocathode production as well as the overall coordination and
commissioning were under the responsibility of CERN. The project is in the framework of
the second Joint Research Activity PHIN of the European CARE program. The purpose
of PHIN photoinjector is, to investigate the feasibility as a possible source for the CLIC
DB [68, 69, 70]. An illustration of the PHIN RF gun can be found in Fig. 14.

Figure 14: The illustration of the PHIN RF gun from different view angles.

The PHIN photoinjector is capable of delivering a 1.3 µs long train containing 1908
bunches with 2.33 nC charge per bunch with stability of 1-2%. It is equipped with a
2 + 1

2 cell RF gun that supplies 85 MV/m gradient at 3 GHz. The production of this
very long bunch train with a high charge per bunch is the prominent characteristic of the
PHIN photoinjector among the other photoinjector implementations. In addition to the
RF gun, a beam diagnostics section has been installed on the beamline. This section is
equipped with the beam position and current monitors, OTR screens and CCD cameras
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for beam profiling, multi-slit mask for emittance measurements and a spectrometer with
an additional segmented-dump. A phase-coding scheme is under development for the
PHIN laser system which will provide the required beam temporal structure without
generating satellite bunches as in the case of the current thermionic CTF3 gun. More
details on the instrumentation of the PHIN photoinjector will be given in Chapter 4.

The main challenges for PHIN commissioning are the demonstration of the high charge
production and the stability of the beam parameters along the pulse train. Because these
are also main feasibility items for the CLIC DB. All the beam measurements have been
simulated with the measured parameters of both the e− and the laser beam in order to
ensure the reliability of the results. The beam dynamics of PHIN photoinjector has been
modelled with the PARMELA simulation code [71]. Additionally, RF field calculations
within the study has been done with SUPERFISH simulation code [72]. The rigorous
numerical studies have been done over a wide range of parameters in order to optimize
the system and investigate the beam dynamics.

The PHIN layout with the instrumentation on the beamline and the commissioning
results obtained between the years 2008-2010 will be given in the following chapters.
In this thesis, the studies have been extended towards the optimization of a generic
photoinjector for the CLIC DB. This optimization has been based on the learned lessons
from the commissioning of the PHIN photoinjector. The details of this conceptual study
of a photoinjector for CLIC DB is also presented in Chapter 6.
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3 Beam Dynamics Simulations for the PHIN
Photoinjector
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The simulation studies for the beam dynamics of the PHIN photoinjector have been
done with the PARMELA simulation program. The main features of PARMELA are
described by focusing on the photoinjector example in the beginning of this chapter.
Some descriptions of the laser and electron beam parameters of PHIN as well as the
beamline elements will be given as they are used in PARMELA.

The modeling of a photoinjector was one of the main intentions for the development of
this program. Therefore, it provides the flexibility to investigate the operational dynamics
within the large number of parameters.

PHIN has been developed and studied in order to prototype a photoinjector to replace
the existing CLIC Test Facility 3 (CTF3) injector and later to constitute the base for
the future CLIC Drive Beam (DB) injector. The design of the RF gun and the initial
simulation studies can be found in reference [73].
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The DB has been designed to provide RF power to accelerate the main beams of
CLIC by means of the Power Extraction and Transfer Structures (PETS), as described in
Chapter 1. Therefore the quality of the power production in terms of the stability and the
power uniformity depends on the DB injector, significantly. The small variations in the
beam properties are called “the jitter”. In this context, the jitter on the key parameters
has been simulated for the PHIN photoinjector. A comparison of these results with the
DB stability tolerances is another aspect of the feasibility for a photoinjector as the source
of the DB. The stability of the PHIN photoinjector is discussed in this chapter.

3.1 PARMELA, A Particle Tracking Code
PARMELA is a particle beam dynamics simulation program particularly for the

electron linacs. The name, PARMELA, stands for the “Phase and Radial Motion in
Electron Linear Accelerators”. It is written in FORTRAN 95 for the Windows operating
system. The version under consideration for PHIN has been developed by Lloyd Young
and distributed by the Los Alamos Accelerator Code Group. James H. Billen has prepared
a detailed documentation of the code [71].

The program can be used for the design and simulation studies of the linear accelerators
for medical, sterilization and ion implanter applications as well as the photoinjectors,
transport systems, high intensity electron and ion linacs.

3.1.1 Highlights from the PARMELA Program

PARMELA simulates the beam dynamics by integrating the particle trajectories in
the presence of the user-defined fields. The independent variable is the phase (time) for
the integration. Additionally, the program can import RF fields or static magnetic fields
generated by the other simulation programs.

PARMELA provides many input cards that enable the user to define the elements of
the beamline under study. It includes accelerating and focusing elements. It is possible
to run PARMELA in real-time or in batch mode. The output options and the flow logic
also can be specified in the input file. The cards can be considered as the commands
with particular attributes. These attributes give the parameters for each element that is
represented in the input card. The some of the key input cards and their attributes that
concern PHIN are mentioned later in the text.

The space charge effect can be included in the simulations. The 2D or 3D space charge
effects can be activated for the beam dynamics. The 2-D space charge calculations in-
cluded for the PHIN simulations. PARMELA calculates the space charge effect by using
a particle in cell (PIC) method. According to the 2-D case of the method, the program
transforms the beam to the rest frame. The beam volume is divided into a grid of dis-
crete rings with the radial and longitudinal coordinates of (ri, zj), respectively. The PIC
method uses the “Green’s function” method to approximately calculate the radial and lon-
gitudinal components of the electric fields for each ring by taking into account the effects
of every other ring. For the numerical calculation, the integration step and the number of
steps are specified in PARMELA by the user. The space charge impulse is calculated for
each space charge step. Each particle receives a space charge impulse according to this
computation. In general, at each integration step, the program examines the necessary
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impulses to be applied to the particles and applies them in the beginning of each step.
These impulses can come either from the space charge or from a defined background field.

It is useful to denote the PARMELA conventions on the charge, coordinates and phase
of the particles. Since PARMELA has been originally written for the electron linacs, the
charge of the electron is given as the default value. The conventional charge is −1 for the
positively charged particles.

The particles are tracked in six coordinates. The three of them are the horizontal,
vertical and longitudinal position coordinates of (x, y, z), respectively. The rest is the
dimensionless momentum coordinates of (βγ)x, (βγ)y and (βγ)z. A reference particle is
defined in the program. The initial values of the z coordinate and the kinetic energy of the
reference particle is given by the user. Initially the particles are generated with the total
number of NT . This number is only limited by the availability of the computer memory.
The particles can be lost during the calculations for different reasons. For the case of the
PHIN beamline, particles can be lost if they exceed the radial aperture of 20 mm in any
of the elements or if they are behind the reference particle by a given zlimit value. The
surviving particles are called “the good particles”. The number of good particles is tracked
by a variable NG.

In general, there are two common conventions for the definition of the time variation of
the RF field. The cosine convention is common between the designers and the textbooks.
According to the cosine convention the energy gained from the axial electric field, Ez, in
an standing wave cavity by the particle with charge q, is given by,

∆W = q

ˆ −L
2

+ l
2

Ez(z)cos(ωt + φ), (35)

where, L is the length of the cavity, ω is the resonance frequency and φ is the phase at
t = 0. In the case of the cosine convention, φ = 0 represents the crest of the RF wave
where the maximum energy gain occurs.

On the other hand, PARMELA follows the sine convention where the time variation
of the axial electric field is given by,

∆W = q

ˆ −L
2

+ l
2

Ez(z)sin(ωt + φ). (36)

Therefore, in PARMELA calculations, at φ = 0 the rising field crosses zero. The wave
crest is at φ = 90o.

Additionally, there is an independent variable called the master clock, Φ, in the program.
The master clock is a reference for the possible elements in the beamline using the time-
varying fields. Therefore all “the inner clock’s” of these elements are set with respect to
the master clock that can be set in the PARMELA input.

PARMELA creates output files with the various content that are defined by the user.

3.1.2 Representation of PHIN in PARMELA Input

A PARMELA input file has been prepared in order to simulate the beam dynamics
of the PHIN beamline. Fig. 15 illustrates the beamline elements that are included in the
PARMELA input. The positions of these elements are given in cm with respect to the
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cathode which is located at “0” position.

Figure 15: PHIN Layout.

The various cards which are relevant to this study are described and summarized in
Table 8 and the corresponding attributes are described in Table 9. The program manual
is referred [71] for more details.

Table 8: The cards that are used in the PARMELA input file for PHIN.

Card Attributes

RUN RunNumber, PrintF lag, f0, Z0, W0, LinacType

INPUT Type, NA, σr, rmax, σφ, φmax

CELL L, Ra, OutputF lag, φ0, E0, CellType, ∆Φmax, Config

COIL Z, RC , IC , Zmin, Zmax

SCHEFF IT , ∆RSC , ∆ZSC , NR, NZ , NBunch, LBunch

An example input file for the PHIN beamline is given Fig. 16. The line numbers are
introduced in order to help the explanations. Normally they are not included in the input
file.

In the third line of the example input file, the RUN card introduces some global
parameters. The RF frequency, f0, is given in this card. The initial beam parameters
are assigned also in this stage. The reference particle is placed in the middle of the
phase spread of the beam. Z0 denotes a negative longitudinal position of the reference
particle behind the cathode large enough for the entire beam. Therefore, the beam is
created behind the cathode. Z0 is calculated as the distance travelled by the reference
particle with its given initial energy, W0, during the time corresponding to the half of the
phase spread. The initial energy is equal to the kinetic energy of the particles during the
photoemission from the cathode surface as explained in Chapter 2.
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Table 9: Some of the attributes used in the PARMELA cards.

Attribute Description

f0 (MHz) Resonance frequency of the RF gun.

Z0 (cm) Negative distance where the particles created behind the cathode.

W0 (MeV) Initial kinetic energy of the particles as they are emitted from the
cathode surface.

NA Number of macroparticles in the calculation.

σr (cm) 1sigma radius of the laser spot on the cathode in units of cm.

rmax (cm) Maximum value for the radius of the laser spot on the cathode.

σφ (ps) 1sigma length of the laser pulse.

φm (ps) Maximum value for the length of the laser pulse.

φ0 (o) The phase difference between the cell and the master clock.

E0 (MV/m) The axial electric field strength.

IT (A) The total current on the solenoid magnet.

∆RSC , ∆ZSC , NR, NZ The intervals and number of steps for the radial and longitudinal
meshes.

NBunch, LBunch Number of the bunches and the bunch length.

The initial distribution of the laser beam is specified in the INPUT card that is shown
in line 5 of Fig. 16. Among many different input types, the INPUT 9 is used for
the photocathodes. This defines an initial beam with the Gaussian and uniform radial
and longitudinal distribution with zero initial energy spread. The initial distribution of
the beam is defined according to the laser transverse and the temporal properties. The
attributes, σr and rmax represent the transverse size of the laser spot on the cathode
and its maximum value, respectively. These are given in the units of cm. Naturally, the
maximum size of the laser spot is limited by the cathode size. The longitudinal properties
of the laser pulse are introduced to the program via the attributes, σφ and φmax in units
of ps.

The RF cavity of PHIN has been represented by the CELL card as in the line 7. The
attribute φ0 is the phase of the RF field in degrees with respect to the master clock. The
axial electric field strength is given as E0 in the units of MV/m.

The RF field data is imported from the output of another program, SUPERFISH, for
the PARMELA simulations of PHIN. SUPERFISH is a program consisting of various
subroutines to calculate the static magnetic and electric fields or RF fields in the 2D
Cartesian coordinates or axially symmetric cylindrical coordinates [72]. The geometry of
PHIN’s 2 + 1

2 cell cavity has been provided for SUPERFISH and the RF field has been
retrieved in a text file with the extension of “T7”. The CField card, in line 8, is used in
order to inform PARMELA that the RF field will be provided externally, for the cell line
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1 TITLE
2 PHIN RFGUN
3 RUN /n0=1 /ip=999 /freq=2998.55 /z0=-0.001 /W0=1.0e-6
/itype=1
4 OUTPUT 5 (or OUTPUT 1)
5 INPUT 9 /np=5999 /sigr=0.1274 /rmax=1.0 /sigt=3.0 /tmax=10
6 DRIFT 0 2 1
7 CELL /l=17.5 /aper=2.0 /iout=1 /phi0=35 /E0=85 /nc=1
/dwtmax=5.0 /sym=-1
8 CFIELD 1
9 RF_PHIN.T7
10 COIL 0 20 -1.2758e5 0 250
11 COIL 8 20 1.6745e5 0 250
12 COIL 25 20 -2.7110e4 0 250
13 DRIFT /l=12.5 /aper=2.0 /iout=1
14 DRIFT /l=88.5 /aper=2.0 /iout=1
15 DRIFT /l=23 /aper=2.0 /iout=1
16 DRIFT /l=15 /aper=2.0 /iout=1
17 BEND 19.6 20 1 5.486 90
18 DRIFT /l=0 /aper=2.0 /iout=1
19 DRIFT /l=86 /aper=2.0 /iout=1
20 DRIFT /l=24 /aper=2.0 /iout=1
21 DRIFT /l=50 /aper=2.0 /iout=1
22 ZOUT 600 0 0 250 0 0
23 SCHEFF /beami=6.9866215 0.5 5 10 20 1908 0
24 START /wt=0 /dwt=1 /nsteps=30000 /nsc=1 /nout=10
25 end

Figure 16: The example of a PARMELA input file for PHIN.

that is denoted by CellType. After the CField card the program expects to receive the
name of the text file which has the RF data.

The elements that provide the static magnetic fields can be also defined in the input file.
PARMELA can generate the fields of the focusing solenoids and the dipole on the PHIN
beamline. It utilizes the information passed by the attributes of COIL and BEND cards.
COIL card is not considered as a beamline element by the program. It only provides
the background field within the longitudinal range determined by the Zmin and Zmax

attributes. Two solenoid magnets were used in the PHIN set-up. The measured magnetic
field provided by these two solenoids can be best represented by means of three COIL
lines in the PARMELA input file. The background magnetic field for the PHIN is given
in the Fig. 17. As seen in the figure, the combination of the solenoids should provide
zero magnetic field at the longitudinal position of zero, where the cathode is placed. The
details of this arrangement will be given in Chapter 4.

In PARMELA, calculation of the space charge impulses is performed according to the
information given by the SCHEFF card. The beam current IT is the first attribute
and it is defined as the product of the RF frequency and the charge per bunch. The
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Figure 17: The background magnetic field for PHIN as it is represented in the PARMELA
program.

number of bunches and the length of the bunches can also be specified by the attributes
NBunch, LBunch. The program generates radial and longitudinal mesh regions for the space
charge calculations. The number of these regions are given as NR and NZ , respectively.
∆RSC and ∆ZSC are the mesh region lengths in cm.

After the proper definition of the beamline and the beam parameters, the START card
invokes the beam dynamics calculation.

3.2 Model for the PHIN Photoinjector
In the frame of the modelling studies the general beam dynamics of a photoinjector

have been investigated under the variation of the certain parameters. The laser spot
size on the cathode, charge per bunch, RF phase, on-axis electric field of the cavity and
magnetic focusing of the solenoid magnet have been determined as the variables of the
modelling study. A set of values for these parameters will be considered as a reference
point for the simulations. This set of values are assigned in connection with the PHIN
specifications and will be called “the baseline configuration”. The baseline values for the
aforementioned parameters are given in the Table 10. The calibration from the three-coil
system of PARMELA to the two-coil system of the actual set-up is given in Table 11.
The effects on the overall beam dynamics have been investigated under the variation of
the model parameters, individually. The beam dynamics parameters have been calculated
on the locations where measurement of the corresponding observable is possible on the
set-up as given in Table 12. The results of these investigations are given in this section.
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Table 10: The baseline parameters used for simulations of PHIN.

Parameter Value

Laser Spot Size (1σ) (mm) 1.2

Charge / Bunch 2.33

RF Phase (o) 35

Gradient (MV/m) 85

Focusing Solenoid Current (A) 238

Laser Pulse Length (1σ) (ps) 3

Table 11: The reference calibration for the baseline settings of the solenoids.

PARMELA Settings (×105) Laboratory Settings

COIL 1 COIL 2 COIL 3 Bucking Coil
(A)

Focusing
Solenoid (A)

Peak Magnetic Field
(Gauss)

−1.7935 2.3539 −3.8111 223.1 237.7 2716

Table 12: The longitudinal positions where a PARMELA simulation output is retrieved
for the corresponding parameter.

Parameter Measurement Position

Beam Size (mm) Screen 1

Transverse Emittance (mm mrad) Multi-Slit Mask

Bunch Length (ps) Screen 2

Energy Spread (keV) Screen 2

Longitudinal Emittance (µm) Screen 2

Energy (MeV) After RF Gun

3.2.1 RF Phase Dependence

A phase scan has been simulated in order to search the on-crest phase, where the
maximum energy gain from the RF field occurs. The evolution of the bunch length is
another criteria for the phase choice. The RF phase has to be chosen so that the bunch
length should stay constant with respect to the longitudinal position on the beamline.

The simulations have been performed in the baseline configuration by only changing the
RF phase with the steps of 5o. The result can be seen in Figure 18-a. The phase difference
between the particles (master clock of PARMELA) and RF field can be determined so
that the particles catch the RF field at the on-crest phase while they are emitted from the
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cathode. This phase difference has been found to be 35o for the rest of PHIN simulations.
As explained before, this phase is an arbitrary parameter which introduces a given phase
difference between the RF field and the master clock in the program in order to compensate
the phase slippage of the unrelativistic electrons. In Fig. 18-b, the bunch lenght evolution
is shown for different RF phases. It is seen that the bunch lenght is fairly constant for
the nominal phase of 35o.
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Figure 18: The simulation result of the scan in the search of (a) the on-crest phase for the
PHIN simulations and (b) the evolution of the bunch length along the beamline
at these emission phases (b).

3.2.2 Laser Spot Size Dependence

The laser spot size is one of the most determining factors for the photoinjector
beam dynamics. It has an impact on the initiation of the characteristics from the charge
production to the transverse beam size and emittance. It has been already given in the
Chapter 2 that the maximum achievable charge increases proportional to the laser spot
size on the cathode. Here, the effects of the laser spot size on the beam dynamics will be
investigated.

In the Fig. 19-a the parabolic behavior of the beam size with respect to the focusing
solenoid current is shown. The beam size values have been extracted for the longitudinal
position of the OTR screen which is installed 141.5 cm downstream in the beam line. Each
different curve in the plot represents the simulation result with respect to different laser
spot size. In the figure the blue curve is the typical laser spot size for PHIN. For this
typical case, the minimum beam size occurs under a focusing that is provided by solenoid
current of 230 A. These simulation results show that when laser spot size changes, it is
not possible to obtain the same beam size with the same focusing force. The minimum
beam size occurs for different focusing solenoid settings.

The behavior of the transverse normalized emittance is plotted in the Fig. 19-b. The
emittance compensation is accomplished at a certain focusing solenoid current for each
curve in the figure. The nominal magnet settings are denoted by the red dots where the
emittance compensation occurs. As a result, the emittance is minimized, in each case,
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just after the focus region where the beam starts to become divergent. However, it has
been observed that the emittance increases significantly with the increasing laser spot size.
Additionally, the focusing condition which is providing the minimum emittance changes
for each different laser spot size. In reality the determination of the nominal laser spot
size should be a compromise between the maximum achievable charge per bunch and the
minimum achievable transverse normalized emittance. For the PHIN commissioning, the
typical laser spot size has been determined as ! 1 mm (1σ). This yields 4.7 nC maximum
charge per bunch and an transverse normalized emittance of 14 mm mrad.
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Figure 19: (a) The variation of the transverse beam size and (b) the transverse emittance
with respect to the focusing solenoid current for different laser spot sizes. The
magnet settings that are providing the minimum emittance for each laser spot
size are marked with the red dots on the beam size curves. The simulations
have been performed for a charge per bunch value of 2.33 nC.

The same simulation results can be investigated from a different point of view. In
Fig. 20 the evolution of the transverse beam size (a) and the normalized emittance (b)
are presented along the beamline up to a downstream point of 150 cm. According to
these simulation results, in Fig. 20-a, the larger the laser spot size, the closer the beam
waist occurs with respect to the cathode position. A drastic change in the beam envelope
occurs by varying the laser spot size under the same focusing conditions. This shows that
a proper focusing has to be provided for a smoother beam envelope in order to avoid the
emittance growth, due to laser spot size changes, that is shown in the Fig. 20-b.

Regarding the emittance scan with respect to the focusing solenoid current in Fig. 19-
b, a nominal focusing current can be specified that provides the minimum emittance for
different laser spot size. The value of the parameters under the optimized focusing are
given in the Table 13. In this case, a variation of the emittance can be observed along the
beamline after the beam becomes divergent around 87.5 cm as seen in the Fig. 21-a. In
this optimized case, the emittance growth is not as drastic as the case with the lack of an
optimized focusing. Nevertheless, as an overall behavior, the beam emittance increases
with the increasing laser spot size as seen in the Fig. 21-b.
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Figure 20: The transverse beam size (a) and the emittance (b) evolution along the beam-
line up to a downstream point at 150 cm. The simulations have been performed
under the optimum focusing for the nominal PHIN specifications which corre-
sponds to 237.65 A.

Table 13: Transverse beam parameters as a function of the laser spot size. The magnet
settings are optimized for the minimum transverse normalized emittance.

Laser Spot Size
(mm)

Solenoid
Current (A)

Beam Size
(mm)

Transverse
Emittance
(mm mrad)

0.64 247.4 1.1 7.4

1.23 237.7 1.6 9.6

1.91 227.8 1.8 12.5

2.55 220.5 1.9 14.4

3.2.3 Gradient Dependence

The energy of the particles has an effect on both the transverse and the longitudinal
dynamics. These effects have been studied by using PARMELA simulations including the
PHIN energy specification of 5.5 MeV . The results are shown in Fig. 22 and Fig. 23.

The transverse properties of the beam under the energy variation is shown in Fig. 22.
The behavior of the beam size with respect to the focusing magnet current can be seen
in the Fig. 22-a, for different energies. One has to apply a stronger focusing for the
higher energies in order to obtain the beam waist of these parabolic curves at the same
longitudinal position. The data points where the transverse normalized emittance reaches
a minimum in Fig. 22-b for each energy value, have been marked on the beam size curves
in Fig. 22-a. This has revealed that each time the minimum emittance occurs just after
the beam becomes divergent under the effect of magnetic focusing. As a matter of fact,
the transverse normalized emittance decreases by increasing energy. Fig. 22-b reveals this
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Figure 21: The transverse beam size (a) and the emittance (b) evolution along the beam-
line up to a downstream point at 150 cm. The curves show the case under
the focusing conditions that are optimized for minimum emittance for each
different laser spot size.

behavior provided that the magnetic focusing is optimized for the minimum emittance.
The beam size and transverse normalized emittance are given in Fig. 22-c and d, along
the beamline. Each curve is generated for the optimum focusing. The beam waist appears
approximately at the same longitudinal position and the minimum possible emittance is
shown for each energy. However, the emittance growth is a characteristic behavior for the
decreasing energy.

The longitudinal beam properties can be seen as a function of the beam energy and
the focusing in Fig. 23. The phase of the RF with respect to the particles has been
optimized for the PHIN nominal case of 5.5 MeV . This optimized phase has been kept
constant as the energy changes to observe the effect of deviations around the nominal
emittance. Besides the overall bunch length changes for different energies, an additional
bunch lengthening is observed along the beamline as shown in Fig. 23-a for the lower
energies. The bunch lengthening leads to an increase in the energy spread of the beam
as shown in Fig. 23-b. As a consequence the longitudinal emittance blows up along the
beamline after a longitudinal position of ∼ 70 cm, in an inversely proportional manner to
the beam energy, as shown in Fig. 23-c.

The summary of the transverse and longitudinal beam characteristics under the energy
variation is given in Table 14, for the optimum focusing.

3.2.4 Charge per Bunch Dependence

Production of the high charge per bunch is one of the main goals of the PHIN
photoinjector. This brings the issue of the space charge induced decelerating force. The
transverse normalized emittance grows significantly due to the space charge effect. In
this section, the transverse and longitudinal beam characteristics are studied for different
charge values, including the nominal PHIN charge of 2.33 nC. All the parameters except
from the charge have been kept at their values specified as the “baseline configuration”
for the simulations.
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Figure 22: The behavior of (a) the beam size and (b) the transverse normalized emittance
with respect to the focusing solenoid current for different gradient values. The
red dots on (a) are used to emphasize the settings for the minimum emittance.
The evolution of the parameters along the beamline up to a downstream posi-
tion of 150 cm, with respect to the cathode, is given in (c) and (d).

Table 14: Transverse and longitudinal parameters of the beam as a function of the gradi-
ent for the settings that are optimized for the minimum transverse normalized
emittance.

Gradient
(MV/m)

Energy
(MeV)

Solenoid
Current

(A)

Beam
Size

(mm)

Transverse
Emittance
(mm mrad)

Bunch
Length

(ps)

∆E/E

(%)
Longitudinal
Emittance

(µm)

63 4.0 191.10 2.60 12.00 5.10 2.66 12.7

78 5.0 225.40 2.03 9.80 3.20 1.55 11.0

85 5.5 237.70 1.63 9.60 2.60 1.03 8.6
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Figure 23: The longitudinal beam parameters for different gradient values. The bunch
length (a) and the energy spread (b) along the beamline increases when the
gradient is lower. As a result the longitudinal normalized emittance grows after
a longitudinal position of ∼ 70 cm.

The space charge effect on the transverse normalized emittance is clearly visible, from
the increasing emittance with the charge, in the Fig. 24-b. This phenomena has been
explained in Chapter 2 in more details. The space charge induced transverse emittance
growth is compensated by the magnetic focusing force that is provided by a solenoid mag-
net in PHIN set-up. The emittance minimum occurs under a stronger focusing condition
proportional to the charge per bunch. The evolution of the beam size and the emittance
can be seen in Fig. 24-c and d under the proper focusing conditions for each charge
value. The emittance compensation occurs after a certain distance from the cathode.
The compensated transverse normalized emittance values has been investigated with re-
spect to the charge per bunch. The result is presented in Fig. 25, where there is a linear
proportionality between the emittance and the square root of the charge.

The overall longitudinal beam parameters changes proportional to the value of charge
per bunch as it appears in Fig. 26. The energy spread increases along the beamline.
But the bunch length is fairly constant due to the emission phase that is optimized for
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Figure 24: The behavior of the beam size (a) and the transverse normalized emittance
(b) with respect to the focusing solenoid current for different charge values.
The red dots on (a) are used to emphasize the settings for the minimum emit-
tance. The evolution of the parameters along the beamline up to a downstream
position of 150 cm, with respect to the cathode, is given in (c) and (d).

the baseline energy that is used in these simulations. Despite the increase in energy
spread, there is no significant blow up in the longitudinal normalized emittance along the
beamline.

The summary of the transverse and longitudinal beam characteristics under the energy
variation is given in Table 15, for the optimum focusing.

3.2.5 Summary for the PHIN Baseline Configuration

The optimum operation settings can be determined for the PHIN photoinjector after
the previous general investigation. A range of the charge per bunch values spanned from
1 nC to 2.5 nC. As a consequence, a quick reference for working points at different charge
values has been provided. This has been used as a look-up table during the operations
where the cathode quantum efficiency is degrading and resulting different charge yields
over time with the same cathode. The results of these simulations are presented in this
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Figure 25: The transverse normalized emittance scales with the square root of the charge
per bunch value.

Table 15: Transverse and longitudinal parameters of the beam as a function of the charge
per bunch for the settings that are optimized for the minimum emittance.
Charge
(nC)

Solenoid
Current

(A)

Beam
Size

(mm)

Transverse
Emittance
(mm mrad)

Bunch
Length

(ps)

∆E/E

(%)
Longitudinal
Emittance

(µm)

1.00 225.4 1.03 5.3 2.01 0.30 5.3

1.50 230.3 1.15 7.3 2.13 0.40 6.4

2.00 235.2 1.46 8.4 2.26 0.50 7.6

2.33 237.7 1.63 9.6 2.36 0.56 8.6

2.50 237.7 1.57 10.0 2.40 0.60 8.9

section.
A procedure can be summarized for the optimization of the photoinjector parameters

in the light of the simulations and the Travier’s model. The aim is the search of a working
point that provides a trade-off between the key parameters. The following optimization
steps have been determined for this study:

1. The emission phase of the particles with respect to the RF (master clock in PARMELA)
is determined according to the result of the simulated phase scan at a given gra-
dient. This emission phase should be chosen which provides the maximum energy
gain from the RF field. Additionally, a constant bunch length along the beamline
implies a proper bunching. The changes in the bunch length cause a change in the
energy spread. Therefore, the evolution of the bunch length along the beamline is
another important criteria for the phase choice.

2. The nominal laser spot size is determined both empirically and numerically. The
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Figure 26: The longitudinal beam parameters for different charge per bunch values. The
energy spread (a) and the bunch length (b) along the beamline increases in-
versely proportional to the charge per bunch. As a result the longitudinal
normalized emittance grows after a longitudinal position of ∼ 80 cm.

charge production yield per bunch is a function of the laser spot size. Therefore the
larger spot size is supposed to lead a higher charge production. On the contrary, an
initially larger beam spot, inherited from the larger laser spot leads to an increase
in the transverse normalized emittance. In reality the larger beam size would cause
difficulties in focusing due to the current limits of the solenoids.

3. The focusing solenoid current after the RF gun is the next item to be optimized. In
the simulations the solenoid settings that are controlling the background magnetic
field can be scanned in a suitable range. The current range is chosen provided that
no particles are lost during the transport through the beamline. The emittance com-
pensation should occur within the determined focusing range for the given charge
and energy values.

4. In most cases, to maintain the minimum emittance and the energy spread in the
same time is not possible. Therefore, the settings can be chosen so that the set-up
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is optimized for a working point between the minimum emittance and minimum
energy spread.

5. For each step of the optimization, the particle transport along the beamline has to
be checked to make sure that the particle loss is within the acceptable percentage.

For the rest of the optimization studies, the RF phase and the laser spot size values
have been chosen as 35o and 1.2 mm, respectively, according to the previous discussions.
The energy of the beam is given as 5.5 MeV , according to the photoinjector specifications.
The PHIN laser pulse train has the 1.5 GHz inner structure, providing a micro pulse length
of ∼ 6.62 (±0.41) ps (FWHM) . Therefore, a bunch length of 3 ps (1σ) is used as an input
for PARMELA simulations.

The fig. 27 illustrates the beam dynamics for the baseline configuration of PHIN pho-
toinjector. The figure contains four plots to present the evolution of four different param-
eters as a function of the focusing solenoid current. These parameters are the transverse
and longitudinal normalized emittances, the energy spread and the bunch lenght. The
various simulation results for different charge values are summarized in Appendix 2. In
each case, the transverse and longitudinal emittance, energy spread and the bunch length
are shown. The values of these parameters are retrieved at various longitudinal posi-
tions of the beamline, usually, where a measurement of that particular parameter could
be possible. For example, the transverse emittance is shown after the gun, at a point of
118.5 cm where the multi slit mask is located and at a downstream point of 150 cm. In the
PHIN set-up, one can only measure the emittance at the location of the multi-slit mask.
Therefore it is important to provide simulations at this location for the comparison with
the measurements. The instrumentation and the measurement methods are presented in
detail in the Chapter 4.

Once the focusing solenoid current is chosen for the minimum transverse emittance,
the other parameters are determined at the same settings. The energy spread, the bunch
length and therefore the longitudinal emittance are given at several locations. The values
are tracked also after the dipole magnet, in the dispersive section of the beamline, for the
longitudinal beam parameters. These are the locations that are denoted as the “Screen
2” and the “Segmented Dump”. The energy spread can be measured at these locations.

The downstream point of 150 cm is assumed to be the exit of the injector. Therefore
the values of the parameters at a 150 cm downstream location, can be considered as the
deliverable specifications by the PHIN photoinjector.

On the other hand, in order to present a more complete picture, the same research has
been done also for different energies. For each case, the optimum focusing has been deter-
mined. The determination is done according to the emittance behavior at the longitudinal
position of the multi-slit mask. The particular solenoid setting is chosen which provides
the emittance compensation, namely, where the minimum emittance occurs during the
focusing solenoid scan. The longitudinal parameters are also presented corresponding to
these nominal solenoid magnet setting. The summary of the working points for different
energies and charge values can be seen in Table 16. According to the table, the area
occupied by the beam both in the transverse and the longitudinal phase space increases
with the increasing charge per bunch values due to the space charge effects. Furthermore,
the increase in energy results with a decrease in both transverse and the longitudinal
normalized emittances as a consequence of the Liouville’s theorem on the conservation of
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Figure 27: The beam dynamics parameters at the gradient of 85 MV/m for the nominal
beam charge of 2.33 nC.

the phase space.
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Table 16: Summary of the optimum working points for PHIN for the given beam energy
and the charge per bunch values.

75 MV/m (4.8 MeV at 35◦)

Charge (nC) 1.0 1.5 2.0 2.33 2.5

Ifocusing(A) 208.2 213.2 215.6 218.1 218.1

εx(mmmrad)(@Gun-Exit/@Slit
Mask)

6.8 / 5.7 9.5 / 7.8 11.0 / 9.0 12.3 / 10.1 13.1 / 10.8

εz (µm)(@Gun-exit/@Screen2) 6.3 / 79.1 6.3 / 116.6 7.5 / 147.5 8.4 / 166.2 8.8 / 172.7

∆E(KeV )(@Gun-
exit/@Screen2)

0.48 /
0.72

0.59 / 0.88 0.68 / 1.0 0.74 / 1.1 0.78 / 1.12

σz(ps)(@Gun-exit/@Screen2) 2.2 / 7.2 2.1 / 8.3 2.2 / 8.9 2.3 / 10.1 2.3 / 10.0

80 MV/m (5.2 MeV at 35◦)

Charge (nC) 1.0 1.5 2.0 2.33 2.5

Ifocusing(A) 218.1 225.4 227.8 227.8 230.3

εx(mmmrad)(@Gun-Exit/Slit
Mask)

6.4 / 5.5 8.9 / 7.5 10.5 / 8.6 11.7 / 9.7 12.4 /
10.3

εz (µm)(@Gun-exit/Screen2) 5.3 / 66.5 6.4 / 104.2 7.6 / 134.6 8.5 / 152.3 8.9 / 162

∆E(KeV )(@Gun-exit/Screen2) 0.36 / 0.62 0.45 / 0.78 0.53 / 0.9 0.6 / 1 0.6 / 1

σz(ps)(@Gun-exit/Screen2) 2.1 / 6.5 2.2 / 8.5 2.2 / 9.1 2.5 / 8.8 2.3 / 9.9

85 MV/m (5.5 MeV at 35◦)

Charge (nC) 1.0 1.5 2.0 2.33 2.5

Ifocusing(A) 225.4 230.3 235.2 237.7 237.7

εx(mmmrad)(@Gun-Exit/Slit
Mask)

5.9 / 5.3 8.4 / 7.3 9.8 / 8.4 11.0 / 9.5 11.7 / 10.2

εz (µm)(@Gun-exit/Screen2) 5.4 / 33.7 6.7 / 47 8.2 / 63.3 9.5 / 76.1 9.9 / 76.9

∆E(%)(@Gun-exit/Screen2) 0.25 /
0.35

0.33 /
0.48

0.2 / 0.6 0.44 / 0.64 0.5 / 0.7

σz(ps)(@Gun-exit/Screen2) 2.0 / 5.5 2.2 / 6.0 2.1 / 7.4 2.3 / 8.2 2.2 / 7.9
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3.3 Stability Aspects of PHIN: e− Beam Sensitivity to the Jitter
on the Parameters

The performance of a photo-injector determines the initial conditions for many beam
parameters such as the transverse and longitudinal emittances, energy spread and the
bunch length. The errors or jitters in terms of the laser parameters, the phase, gradient
and the charge can cause improper initiation of the beam. As a source for the CLIC
drive beam, the stability and sensitivity of the PHIN photoinjector have been studied and
presented in this section.

The phase error of the RF field relative to the laser and, the variations in the amplitude
of the average accelerating gradient are important issues for the stability of photoinjec-
tors. The phase and gradient errors are transferred to the beam energy, therefore to the
normalized beam emittance and the bunch length. The impact of the laser and the charge
jitter both on the transverse and longitudinal phase should be clarified.

The possible scenarios have been investigated in order to consider the errors on several
parameters within the ±1%. The tolerances of the PHIN photoinjector have been studied
by performing jitter simulations with PARMELA program. The results are presented in
this section. The measured stability of various laser parameters and the stability of RF
according to the klystron specifications for the PHIN photoinjector are summarized in
Table 17.

Table 17: The measure PHIN laser stability and the stability of the conventional RF power
generator.

Parameter Value

Laser Stability

Intensity (%) 1.66

Spot Size (mm) (x / y) 0.064 / 0.053

Pulse Length (ps) 0.41

RF Stability

Phase (o) 0.24

RF Amplitude (%) 1

In the plots which are given within the jitter studies, the ”0” value in the y-axis cor-
responds to the nominal case where no jitter has been introduced. The variation of a
parameter under investigation has been given relative to the nominal value of this param-
eter.

3.3.1 Phase Jitter

The phase jitter has been simulated up to ±1% variation around the on-crest phase
of 35◦. The effect of the phase variation on energy, energy spread, bunch length and as
a result the longitudinal emittance have been investigated. The results after the gun and
at 150 cm downstream of the beamline are presented in Fig. 28. The variation on these
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parameters have been calculated corresponding to the maximum phase variation of ±1%.
The results are given in Table 18 for the longitudinal location at 150 cm. As seen in this
summary table all parameters vary less than ±1% under a phase jitter of ±1%, except the
energy spread. The largest impact of a phase jitter is shown to be on the energy spread
of the beam. The bunch length deviates from the nominal value significantly due to the
degradation in the bunching under the phase jitter. This leads to the similar change in
the longitudinal emittance.
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Figure 28: The effect of the phase jitter on energy (a), energy spread (b), bunch length
(c) and longitudinal emittance (d).
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Table 18: The deviation from the nominal longitudinal parameters under ±1% phase vari-
ation.

Parameter Variation (%)

Energy +0.67 / −0.98

Energy Spread ±3.6

Bunch Length ±0.63

Longitudinal Normalized Emittance ±0.9

3.3.2 Gradient Jitter

A ±1% variation of has been introduced in PARMELA simulations to the average
accelerating gradient of the RF gun. The irregularity in the gradient caused variations in
the longitudinal beam parameters as seen in Fig. 29. The variation on the parameters
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Figure 29: The effect of the gradient jitter on energy (a), energy spread (b), the bunch
length (c) and the longitudinal emittance (d).

are given in Table 19 with their values at a 150 cm distance from the cathode.
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Table 19: The deviation from the nominal longitudinal parameters under ±1% gradient
variation.

Parameter Variation (%)

Energy ±1

Energy Spread ±2.5

Bunch Length ±0.6

Longitudinal Normalized Emittance ±2.4

3.3.3 Charge Jitter

The variation of the charge within a range of ±1% has been investigated. The design
specifications of the PHIN photo-injector includes a charge stability of <0.25%. Therefore
the values given in Table 20 is more pessimistic than the design specifications. The
nominal transverse normalized emittance is found 12 mm mrad. Within a ±1% variation
of the charge value the impact on the beam emittance is significantly low. However the
energy spread should be < 1% according to the PHIN specifications and the ±0.9% of
variation due to the charge jitter would be an issue in this case.

During the commissioning studies a charge stability of 0.8% and a laser intensity sta-
bility of 1.66% have been recorded. Nevertheless, the improvement of the charge stability
by implementing a feedback stabilization system for the laser is within the short-term
plans of PHIN.

Table 20: The effect of the ±1% charge variation on the beam parameters.

Parameter Variation (%)

Transverse Normalized Emittance ±0.6

Longitudinal Normalized Emittance ±0.8

Energy Spread ±0.9

Bunch Length ±0.3
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Figure 30: The effect of the charge jitter on transverse (a) and longitudinal emittance (b),
energy spread (c) and bunch length (d).

3.3.4 Laser Spot Size Jitter

The effects of a ±1% jitter of laser spot size on the3 transverse beam parameters have
been investigated. The results are introduced in Fig. 31. The PARMELA simulations
showed that such a fluctuation during the operation can cause a transverse size deviation of
∼ ±2% at 150 cm downstream of the beamline. The variation in the beamsize is reflected
to the transverse normalized emittance as a variation of ±0.3% at the same position as
given in Table 21. The standard deviation on the laser spot size has been measured as
∼ 0.064 mm in the horizontal axis which is a ∼ 5% variation in the horizontal laser spot
size. The corresponding transverse normalized emittance variation of ±1.5% has been
extrapolated from the simulations.
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Figure 31: The effect of the jitter of laser spot size on the beam size (a) and the transverse
normalized emittance (b).

Table 21: The effect of the ±1% laser spot size variation on the transverse beam param-
eters.

Parameter Variation (%)

Beam Size ±2

Transverse Normalized Emittance ±0.3

3.3.5 Laser Pulse Length Jitter

The deviations around the nominal laser pulse length can effect the longitudinal
beam dynamics, significantly. The results of the PARMELA simulations are presented
in the Fig. 32. The variation of the longitudinal parameters under the ±1% jitter of
the laser pulse length is presented in Table 22. The impact on the bunch length and
the energy spread has been found less than ±1% while the longitudinal emittance varied
within ±1.67% as a combination of both.

Table 22: The effect of the ±1% laser pulse length variation on the longitudinal beam
parameters at 150 cm downstream of the beamline.

Parameter Variation

e− Bunch Length ±0.96%

Energy Spread ±0.67%

Longitudinal Normalized Emittance ±1.67%
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Figure 32: The effect of the changes in laser pulse length on longitudinal beam parameters.
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4 Instrumentation and Experimental Set-Up for PHIN
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4.5 Instruments for the Time Resolved Measurements . . . . . . . . . . . . . . . . 79
4.5.1 Specifications of the Intensified-Gated CCD Camera . . . . . . . . . . . . . . . . . 79
4.5.2 Segmented Dump for the Energy Measurements . . . . . . . . . . . . . . . . . . . 80

4.6 Automated Software for the Measurements . . . . . . . . . . . . . . . . . . . . 82

The PHIN photoinjector consists of a semiconductor photocathode, a laser system and
the RF gun and a set of solenoids for focusing. The test-stand at CERN also houses a
section with various instruments to measure the transverse and the longitudinal beam
parameters with different techniques.

The measurement section has been equipped with the beam current monitoring instru-
ments such as a fast current transformer, a beam position monitor, a wall current monitor
and a Faraday cup. The OTR profiling has been widely used in the system in order to
measure the size, the transverse emittance and the energy of the beam. A magnetic
spectrometer has been installed in the beam line. In addition, the spectrometer set-up
includes a segmented beam dump.

The demonstration of the stability along the 1.3 µs bunch train is one of the main
focuses of the project. Therefore, the time-resolved measurements give the substantial
results of the PHIN commissioning. In the beamline, the time resolved measurements

61



were done by using gated-intensified CCD (Charge Coupled Device) cameras in order to
be used for the OTR monitoring. The segmented dump monitors the energy and the
energy spread as a function of time.

This chapter introduces the specifications of the building blocks for the PHIN photoin-
jector. The details of the instruments are presented. The tolerances and the resolutions
are discussed.

During the PHIN commissioning studies, sizeable amounts of data had to be acquired
for various systematic measurements. A set of MatLab data acquisition scripts has been
developed for the automation of the measurements. The package also has offline analysis
components and is called “PHINEMA”. This data acquisition and analysis software is
presented in this chapter.

4.1 Photocathode
For the PHIN photoinjector, the electron production is based on the photoemission of

the electrons from a semiconductor surface, illuminated by laser pulses with the repetition
rate of 1.5 GHz. In this section, the electron production process by using a photocathode
is described in addition with the other electron emission mechanisms. The preparation of
the Cs2Te photocathodes for the PHIN photoinjector is summarized.

4.1.1 Electron Emission: Thermionic, Field-Emission, Photo-Emission

Electrons can be extracted from a metallic or semiconductor surface by heating the
emitter surface, or applying high electric fields in the vicinity of the emitter surface which
cause a decrease of the potential barrier for the electron emission. Another method is the
illumination of a cathode by the laser pulses to employ the photoemission process. These
electron emission methods are briefly summarized in this section. For further details on
the theory of the electron emission the references [74, 75] are given.

Thermionic ElectronEmission

The extraction of the electrons from a metallic cathode by heating the emission surface
is called the “thermionic emission”. The Richardson law, given in Eq. 37, describes the
thermionic emission of the electrons as a function of the temperature of the emitter surface,

jTE = c3T
2exp(− φ

kBT
) (37)

where jTE , is the current density of the emitted electrons, c3 is a constant, T is the
temperature of the emitter surface, φ is the work function and kB is the Boltzmann
constant.

Field Emission

The phenomenon is explained by the Fowler-Nordheim (FN) theory [76]. The
field emission is described within the quantum theory. Basically, the electron emission is
assisted by the strong fields that are lowering the potential barrier of the surface. The
current density of the extracted charge is given by Eq. (38),
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J = CF 2e−β/F (38)

where F is the electric field, C and β are the coefficients as a function of the surface
properties. β is called the “field enhancement factor” and it is a measure of the local field,
Eloc = βF , on the emission surface.

The β can be experimentally estimated by using the FW plot of ln(J/F 2) versus (1/F ).

Photoemission

The photoemission from the semiconductor surfaces has been described by a process
of three stages [77]. In the first stage the electrons are excited to the conduction band
by the laser photons. The second stage is the migration of the electrons to the first
density state of the conduction band. This band is located at the final state energy of
Ef = 4.05 eV for the Cs2Te cathodes. Detailed studies on the photoemission properties
of Cs2Te cathodes can be found in reference [78]. In the third stage, the electrons that
are overcoming the surface barrier escape to the vacuum with the kinetic energy, Ekin.
In order to escape, electrons should gain the energy from the laser photons that is high
enough to pass over the energy gap, EG, and the electron affinity, EA. The energy gap and
the electron affinity for Cs2Te are 3.3 eV and 0.2 eV , respectively. The sum ET = EG+EA

is called the threshold energy. The kinetic energy of the electrons that are emerging from
the semiconductor surface can be expressed by,

Ekin = Ef − ET . (39)

In the view of the above discussion, one can calculate the kinetic energy of the
photo-emitted electrons from the Cs2Te cathode of PHIN as Ekin = 0.55 eV .

Moreover, the “effective” temperature of the electrons can be deduced in term of the
kinetic energy Ekin as given in Eq. (40).

Ekin =
3

2
kbTe (40)

Considering the kinetic energy of 0.55 MeV , the effective temperature is calculated as
∼ 4300 K for the PHIN electrons that are emerging from the Cs2Te cathode surface.

4.1.2 Cs2Te Cathode Preparation for PHIN at CERN Photo-Emission Laboratory

The electrons of the PHIN photoinjector are extracted from a semiconductor Cs2Te
cathode, which is mounted on one end of a 2 + 1/2 cell RF gun. The cathode has
been developed by the CERN photoemission laboratory and they have demonstrated a
lifetime to allow> 100h run at a 3% quantum efficiency for a 262 nm laser wavelength [79].
Excellent vacuum conditions, P " 10−11 mbar can be obtained by applying a bake-out at
300◦C to achieve this lifetime.

The cathodes are prepared by co-evaporation of Cs and Te on a copper plug. After
the preparation, they have to be transferred from the photoemission laboratory to the
experimental area. The cathode transfer chamber, the so-called “Transport Carrier” (or
T.C.), is a mechanical device designed to receive and deliver up to four photocathodes,
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under Ultra High Vacuum conditions (U.H.V.), from the photo-emission laboratory to the
PHIN photo-injector.

Before the measurements at the PHIN set-up, a bake-out at 130◦C has been done. The
vacuum value of ∼ 3 x 10−10 has been measured on the RF cavity without the RF and the
beam. During the measurements a vacuum value of ∼ 10−9 mbar have been maintained
in the existence of the RF and the beam.

4.2 Laser System
In order to provide the laser pulses for PHIN, initially a Nd:YLF oscillator produces

laser pulses at a repetition rate of 1.5 GHz with an average power of P = 10 W in a
continues wave (CW) train.

Figure 33: Layout of the laser system.

The layout of the laser is shown in Figure 33. In the layout, after the pre-amplification,
two additional amplification stages follow in order to increase the laser power from 10 W
CW power to 9 kW of quasi continues wave (QCW) mean power.

The length of the pulse train can be adjusted between 50 ns and 170 µs by using the
Pockels cells [80, 81, 82]. The nominal pulse train length for the PHIN photoinjector is
1.27 µs. The PHIN laser has been designed to produce pulse trains at a repetition rate
of up to 50 Hz. A temporal structure that consists of a macropulse repetition rate of
1− 5 Hz has been used during the measurements.

After the UV conversion the cathode is illuminated by the laser train of 1908 pulses
(1.27 µs) at the wavelength of 262 nm and with the energy of 370 nJ/Pulse. This is the
nominal energy in order to extract the bunch charge of 2.33 nC assuming the quantum
efficiency of 3%. The laser spot size on the photocathode can be changed within a range of
0.1− 5mm (4σ) . The micropulse width of ∼ 6.5 (±0.41) ps (FWHM) has been measured
for the UV laser.

During the commissioning runs a laser with the pulse train length of 200− 1300 ns was
used, alternatively, obtaining 300− 1950 bunches. The laser spot sizes of 2, 3, 4 mm have
been used for different measurements as denoted in Chapter 5.
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4.3 Design and Simulations for the PHIN RF Gun
The laser-driven PHIN RF gun consists of a 2 + 1/2 cell normal conducting S-

band standing wave cavity [73]. The gun has been designed by LAL and it has been
installed on the PHIN beamline at CERN. The design has been based on a previous
proto-type CERN RF gun. The previous design has been modified for the PHIN gun in
order to provide the specifications that are needed by a possible CTF3 photoinjector. It
has been optimised for the high charge by choosing an angle of 3.4o to the half-cell wall,
around the photo-cathode, to provide additional transverse focusing with an RF gradient
of 85 MV/m. Additionally, the shape of the iris was changed from circular to elliptical
to decrease the surface electric field and therefore minimize the electrical breakdown and
dark current levels. The specifications for the PHIN RF gun are summarized in the
Table.23. The design of the RF gun aims to maximize the vacuum pumping speed which
increases the dynamic vacuum. Therefore, a Non Evaporable Getter (NEG) thin film has
been implemented on the wall of the anti-chamber that is placed around the cavity. A
photograph of the PHIN RF gun is shown in Fig. 34.

Table 23: The design specifications for the PHIN laser-driven RF gun.
Parameter Value

RF Frequency (GHz) 2.99855

RF Power (MW ) 30

Gradient (MV/m) 85

Beam Energy (MeV ) 5.5

Beam Current (A) 3.5

Charge / Bunch (nC) 2.33

Bunch Length (ps) 10

Energy Spread (%) <1

Normalized Transverse Emittance (mm mrad) <25

Pulse Length Duration (µs) 1.27

Vacuum Pressure (mbar) 2× 10−10

The π resonance mode is used for the acceleration in the PHIN RF gun which corre-
sponds to a frequency of 2.99855GHz. This mode has been presented in Fig. 35 from
the result of SUPERFISH simulation program. The on-axis electric field that is excited
on the cavity is presented in Fig. 36.

The first step of the SUPERFISH simulation studies is to define the geometry of the
structure in the input file. The geometry of the RF gun has been defined in the SUPER-
FISH input file, as it is shown in Fig. 35, in order to simulate the field in the cavity.
Once the geometry is defined, a “frequency scan” can be run in the SUPERFISH to cal-
culate the modes that can be excited in the cavity. The simulation gives a D(k2) − f
curve as the output, where D is the Dirichlet function, k is the wave number and f is the
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Figure 34: A photograph from the laser-driven PHIN RF gun that consists of a 2 + 1/2
cell normal conducting S-band standing wave cavity.

PHIN 3GHz  F = 2998.55 MHz                                                                                                

F:\SUPERFISH_PHINGUN\SFISH_FINAL\SFISH_INPUT010_FINAL.AF  1−08−2006  11:30:56
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Figure 35: Illustration of the electric field in the cavity that is excited in the π-mode.
The figure obtained as the result of the SUPERFISH simulation for the 2+1/2
cell normal conducting S-band standing wave PHIN cavity.

frequency of the excited electromagnetic wave in the cavity. The frequencies, correspond-
ing to D(k2) = 0 where this curve has a slope of −1, are the mode frequencies of the
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Figure 36: The on-axis electric field that is excited in the PHIN RF gun for the π mode.

structure. An example PHIN frequency scan result is shown in Fig. 37. The three of the
resonance frequency modes can be recognized from the plot in the figure. The requested
resonance frequency is chosen and the program is run once more by assigning the “starting
frequency” as the required resonance frequency. As a result of the run a field map can be
obtained in the text format. This map can be used as an input for the beam dynamics
simulation programs such as PARMELA. An example SUPERFISH input file is shown in
Fig. 38, that has been used for the PHIN RF gun simulations.

Frequency (MHz)

D(
k^
2)

−.004

−.002

0

.002

.004

.006

.008

.010

2880 2900 2920 2940 2960 2980 3000

D(
k^
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Figure 37: The result of the SUPERFISH frequency scan. The resonance frequencies for
different modes are, 2897.15 MHz, 2944.15 MHz, 2998.55 MHz. The reso-
nance frequency of 2998.55 MHz has been used for the PHIN RF gun, which
corresponds to the π-mode.
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PHIN 3GHz
&reg kprob=1, ; Superfish problem
dx=0.03,
freq=2998.55 , ; Starting frequency in MHz
dslope=-1, ; Allow convergence on first iteration
xdri=5.5,ydri=4.462 ; Drive point location&
&po x=0.0,y=0.0 &
&po x=0.0,y=1.0 &
&po x=0.163,y=3.75&
&po nt=2,x0=0.263,y0=3.75,x=0.0,y=0.1&
&po x=0.29,y=3.85&
&po nt=2,x0=0.29,y0=3.95,x=0.1,y=0.0&
&po x=0.39,y=4.4585 & ; tune for the first cell E field
&po nt=2,x0=0.41,y0=4.4585,x=0.0,y=0.02&
&po x=1.42,y=4.4785 &
&po nt=2,x0=1.42,y0=3.8585,x=0.62,y=0.0 &
&po x=2.04,y=3.7985&
&po nt=2,x0=3.04,y0=3.7985,A=1.0,B=1.79,x=1.0,y=0.0 &
&po x=4.04,y=3.8379161&
&po nt=2,x0=4.66,y0=3.8379161,x=0.0,y=0.62&
&po x=6.54,y=4.4579161 &
&po x=6.64,y=4.4579161&
&po x=6.64,y=3.7859161 &
&po nt=2,x0=7.64,y0=3.7859161,A=1.0,B=1.79,x=1.0,y=0.0 &
&po nt=2,x0=9.24,y0=3.7859161,x=0.0,y=0.6 &
&po x=11.24,y=4.3859161 & &po x=11.24,y=2.7459161 &
&po nt=2,x0=12.24,y0=2.7459161,x=0.0,y=-1.0 &
&po x=16.24,y=1.7459161 &
&po x=16.24,y=0.0 &
&po x=0.0,y=0.0 &

Figure 38: An example SUPERFISH input file for the PHIN RF gun for the π resonance
mode.

The RF cavity can be considered as its equivalent LCR circuit and the Ohmic resistor
parallel to this circuit is called the “shunt impedance” of the cavity. The shunt impedance
is calculated in terms of the acceleration gradient, Eacc, the length of the cavity, Lc, and
the dissipated power in the cavity, Pdissipated, as given in the Eq. (41).

RShunt =
(EacLc)2

Pdissipated
(41)

Another figure of merit for an RF cavity is the “quality factor” of the cavity. It is defined
as the ratio of the power delivered to the cavity and the dissipated power on the walls of
the cavity in one cycle. Some of the parameters that are retrieved from the SUPERFISH
calculations are shown in Table 24.

The RF gun is surrounded by two solenoids as shown in Fig. 39. The first solenoid is
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Table 24: The PHIN RF gun properties that are retrieved from the SUPERFISH calcu-
lations.

Parameter Value

Frequency (GHz) 2.99855

Operating Temperature (oC) 20

Quality Factor, Q 14343.1

Shunt Impedance (MΩ) 33.25

Peak Power Dissipation (kW ) 4.9

Figure 39: A view from the beamline including the PHIN RF gun and the solenoids that
are installed at both ends of the cavity.

placed in the beginning of the cavity where the cathode is located. This solenoid is called
the “bucking coil”. The function of the bucking coil is to compensate the magnetic field
generated by the second solenoid and to ensure that the magnetic field on the cathode
surface is zero. The magnetic field on the cathode surface should be zero in order to
prevent the emerging particles from gaining transverse momentum. The initial transverse
momentum of the particles cause an transverse emittance growth for the beam, therefore,
it has to be avoided. The second solenoid in the system is called the “focusing solenoid”
and it is used for the emittance compensation.
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4.4 OTR Profile Monitoring for Beam Size, Emittance and
Energy Measurements

The optical transition radiation (OTR) is emitted when a charged particle crosses a
boundary with different dielectric properties. The radiation is emitted into the forward
and the backward directions of the boundary surface. The corresponding electric field
has two polarizations. These are the components that are parallel and the perpendicular
to the observation plane. The total intensity of the emission is calculated as the sum of
these two components. The intensity of the radiation per unit solid angle dΩ and per unit
frequency dω is given in Eq.(42), where q is the charge of the particle, γ is the relativistic
Lorentz factor and θ is the angle between the normal of the surface and the direction
of the emitted photons. The equation is an approximation under the condition that the
boundary is a perfectly reflective metallic surface. More details on the OTR theory can
be found in the reference [83].

I(θ, ω) =
d2W

dΩdω
=

d2W!
dΩdω

+
d2W⊥

dΩdω
≈ q2

π2c

θ2

(γ−2 + θ2)2
(42)

The angular distribution of the OTR intensity is presented in Fig. 40 for different
electron beam energies. The maximum emission angle has been calculated as 2.7o for the
5.5 MeV electrons, according to the PHIN specifications. This result has been taken into
account for the OTR profile monitoring systems on the PHIN beamline.

−40 −30 −20 −10 0 10 20 30 40
0

0.2

0.4

0.6

0.8

1

x 10−8

θ (o)

In
te

ns
ity

 (a
.u

.)

 

 
3 MeV
4 MeV
5.5 MeV

Figure 40: The intensity distribution of the OTR for different beam energies, according to
the Eq. (42). For a beam with the 5.5 MeV energy, the detector can be placed
with the optimum observation angle of 2.7o, with respect to the incident surface
normal, in order to receive the maximum OTR intensity.

The schematic representation of the angular distribution of the backward OTR lobs is
shown in Fig. 41. The OTR emission occurs in the backward and the forward directions
of the screen, when the electrons, that are travelling in the vacuum, interact with the
observation screen with different optical properties. In the PHIN OTR profile monitoring
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Figure 41: The schematic representation of the angular distribution of the backward OTR.

Figure 42: The illustration of the PHIN OTR profile monitoring system for emittance and
beamsize measurements.

system the backward OTR emission is used. The backward emission is easier to image
from the instrumentation point of view. To detect the backward OTR, the observation
screen is placed inside the vacuum chamber with a 45o angle with respect to the direction
of motion of the beam. Then, the detector is placed with an angle of 90o with respect
to the beam axis as shown in the figure in order to image the backward OTR photons.
The OTR is within visible range of the electromagnetic spectrum (∼ 350 nm− 750 nm).
Therefore, an optical imaging device can be utilized as the detector, such as a CCD
(charge coupled device) camera. The transmission of the radiation from the beam pipe
to the camera is done via a transparent window. The layout of the PHIN OTR profile
monitoring system is presented in Fig. 42. The system can be used both for the transverse
emittance and the beamsize measurements. The so called multi-slit mask is used for the
emittance measurement and will be described later. The system is configured to measure
the transverse emittance when the mask is within the beam pipe. The mask is removed
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Figure 43: The illustration of the PHIN OTR profile monitoring system for energy and
energy spread measurements.

in order to measure the beam size. The OTR profile monitor for the spectrometer line is
shown in Fig. 43. A fixed aluminium observation screen with the thickness of 25 µm is
placed with the incident angle of 45o as shown in the figure. The beam travels through
the aluminium screen and a vacuum window then reaches the segmented beam dump,
which is another observation device for the time-resolved monitoring.

Several observation screens have been used for the PHIN OTR monitoring diagnostics.
The aluminium, silicon and ceramic (alumina) thin radiator screens have been preferred,
alternatively, according to the available OTR light intensity. Qualitatively, the ceramic
screen is more sensitive than both the aluminium and the silicon screen while the latter
two are similar in terms of the sensitivity. The system can host two different screens
inside the vacuum chamber and the movements of the screens, as well as the multi-slit
mask, are controlled by the control system software.

It is useful to shield the monitoring system in order to prevent the external-light pertur-
bation. The background noise can be a problem for the OTR monitoring, especially when
the OTR intensity is low. The photon yield can be as low as ∼ 0.01 photons/electron.
Additionally, a portion of the photons can be lost during the transmission. In this case,
the quality of the image (signal/noise ratio) depends on the sensitivity of the CCD cam-
era. A standard CCD camera can need thousands of photons per pixel in order to produce
a significant signal. During the PHIN measurements an intensified-gated CCD camera
has been used. The intensified camera has a high resolution image intensifier and it is up
to 106 times more sensitive than the standard CCDs in order to image the low intensity
light. The spectral sensitivity of the intensified CCD is from 180 nm to 900 nm covering
the visible spectrum.

4.4.1 Emittance Measurement for Space Charge Dominated Beams: The
Multi-Slit Method

The emittance of the PHIN beam has been measured using the multi-slit method.
This method is applicable for low energy and space charge dominated beams [84, 85]. The
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principle of the multi-slit method is to slice the beam transversely into beamlets, therefore
the space charge effect becomes negligible during the measurements. The emittance in the
slits position can be reconstructed from the beam profile measured after the multi-slits.
After a drift section, the momentum distribution can be observed by imaging the beamlets
from an OTR screen with a CCD camera. The first and second moments of the beamlets
can be obtained from the measured profile, and used for the emittance calculation. The
concept of the measurement is given in Fig. 44.

For the emittance measurements at the PHIN beamline, a 2 mm thick tungsten multi-
slit mask was utilized. The mask has 25 slits with a width of 100 µm, spaced by 900
µm from centre to centre. A 25 µm thick aluminum OTR screen, at 45◦ incidence to the
beam, was used in the system to image the beamlets after the slits. An intensified-gated
CCD camera has been used to acquire the images.

Figure 44: The concept of the emittance measurement with the multi-slit set-up at the
PHIN photoinjector.

The following formulation shows the calculation of the transverse emittance by using
the measured first and second moments of the beamlets. The distance between the slits
on the slit mask is given as w and the distance between the mask and the observation
screen is denoted as L. The intensities of the beamlets are taken into account and the
intensity of the ith beamlet is represented as ρi. The correlated beam divergences are
calculated by using the mean position of the beamlets, xi, and the slit positions, xi,c as
shown in Eq. (43). The spread in the divergence is given as Eq. (44) for the ith beamlet.

x′i,c =< xi − xi,c > /L =< xi − iw > /L (43)

σ′i =
√

< x2
i > /L2 − (x′i,c)

2 (44)

The phase space coordinates can be centered in both x and x′ axis, by subtracting the
overall value of the centroids as shown in Eq. (45) and Eq. (46). These coordinates will
refer to their centered values for the rest of the calculations.

xi,c = iw −
∑N

i=1 ρiiw∑N
i=1 ρi

(45)
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x′i,c = x′i,c|old −
∑N

i=1 ρiiw∑N
i=1 ρi

(46)

The transverse emittance is given as the Eq. (47). This equation can be rephrased
in terms of the coordinates of the beamlets that created by a multi-slit mask. The
substitution of the terms given in Eq. (48-50) leads to an expression Eq. (51) for the
transverse emittance. The transverse normalized emittance, εx,n = βγεx, is obtained by
multiplying the geometric emittance with the relativistic Lorentz factor and the velocity
of the electrons.

εx ≡
√

< x2 >< x′2 > − < xx′ >2 (47)

< x2 >=

∑N
i=1 ρix2

i,c∑N
i=1 ρi

(48)

< x
′2 >=

∑N
i=1 ρi(x

′2
i,c − σ

′2
i )

∑N
i=1 ρi

(49)

< xx′ >=

∑N
i=1 ρixi,cx′i,c∑N

i=1 ρi

(50)

εx ≡

√√√√(
∑N

i=1 ρix2
i,c)(

∑N
j=1 ρix

′2
j )− (

∑N
i=1 ρixi,cx′i,c)

2

(
∑N

i=1 ρi)2
(51)

4.4.2 Optimization of a Multi-Slit Measurement System and the Design of the
PHIN Emittance-Meter

The design of the multi-slit measurement set-up can be optimized in the guidance
of some analytical, numerical and the mechanical considerations. In this section, some
of the analytical criteria will be mentioned regarding the design of the PHIN multi-slit
measurement set-up.

The discussions will be done in the frame of the four arguments on the multi-slit mask
geometry: the beamlets after the multi-slit mask must be emittance dominated, the
thickness of the multi-slit mask should be sufficient to stop the electrons [85], the overlap
of the beamlets on the observation screen should be minimized and, the position and the
divergence resolution of the system must be comparable [86].

For the first argument, one can consider the forces governing the beam envelope
behavior. The evolution of the rms beam envelope is given by the invariant envelope
equation as shown in Eq. (52) [87], specifically for the RF photoinjectors as in this example
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and in general for any space charge dominated relativistic beam that is accelerated in high
gradients. In the equation, the 3rd, 4th and 5th terms represents the focusing force due
to the external focusing channel and the defocusing forces due to the space charge and
the transverse normalized emittance, respectively.

σ” + σ′
(

γ′

β2γ

)
+ Krσ −

κs

σβ3γ3
− ε2

n

σ3β2γ2
= 0 (52)

In the above equation, σ is the rms transverse beam size, β is the normalized beam
velocity and γ is the relativistic Lorentz factor. The strength of the linear focusing is
represented by Kr while κs is the beam perveance and εn is the transverse normalized
beam emittance. The perveance is the proportionality constant between the space charge
dominated beam current and the gun anode voltage, e.i., it is a measure of the space
charge force.

In general, the dominant defocusing force is the space charge force, for the high bright-
ness beams. Therefore, emittance measurement should be done by using a technique
which takes into account this effect. The multi-slit or pepper-pot methods are widely
and successfully used for the low energy, space charge dominated beams. The multi-slit
method has been implemented on the PHIN beamline. According to the multi-slit emit-
tance measurement method, the individual beamlets must be emittance dominant after
the multi-slit mask. Therefore, in order to benefit from the method, the design of the set-
up must ensure emittance dominant beamlets after the mask. According to Anderson’s
study, the ratio between the space charge force and the transverse normalized emittance
after the multi-slit mask is given as Eq. (53),

R′ =
2I

γ2I0

wL

dεn
(53)

where d is the distance between the neighbouring slits, w is the width of the slits and L is
the distance between the multi-slit mask and the observation screen, I is the peak beam
current, I0 is a constant called the Alfen current with the value of 17 kA. The ratio, R′,
should be less than unity in order to confirm the emittance dominant beamlets after the
multi-slit mask.

Consequently, the ratio between the defocusing of the space charge and the emittance
is calculated as R′ = 0.53, indicating that the space charge contribution to the transverse
momentum is insignificant for the individual beamlets. Therefore the beam is totally
emittance dominated after the multi-slit mask, fulfilling the measurement principle.

The second argument is related with the choice of the multi-slit mask thickness.
In order to determine the thickness of the mask one should consider the passage of the
electrons in tungsten. The electrons should be stopped or scattered sufficiently within
the mask which causes a flat background that can be removed during the data analysis.
The stopping distance of the electrons in a tungsten slab is calculated with respect to the
Eq. (54) where the ρ = 19.25 g cm−3 is the density of tungsten and E is the energy of the
electrons. The stopping power for the electrons in a tungsten has been retrieved from the
well-described “Bethe-Bloch” plot as 1.5 (MeV cm2 g−1).

Ls =
E
dE
dx

≈ E (MeV )

1.5 (MeV cm2 g−1)ρ(g cm−3)
(54)
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The stopping distance of the tungsten slab for the 5.5 MeV electrons is calculated as
1.9 mm. Therefore, a tungsten mask with the thickness of 2 mm is fairly sufficient to stop
the 5.5 MeV electrons of PHIN.

The third argument states a criterion in order to prevent the beamlets from over-
lapping on the observation screen. According to this criterion, the divergence resolution
of the multi-slit mask should be, at least, a factor of four larger than the typical beam
divergence. That is given in Eq. (55).

4σ′ <
d

L
(55)

The distance between the slits has been chosen as 0.9 mm and the screen has been placed
at a distance of 230 mm from the multi-slit mask, within the availabilities of the PHIN
beamline. Therefore the set-up is able to monitor the beam-lets without any overlap for
the beam divergences up to ∼ 0.9 mrad. Although, there will be certain overlaps on the
profile of the beamlets above this value, the fitting of the profiles have not been disturbed
for the PHIN operation conditions.

According to the fourth argument, the position and divergence resolution should
be comparable for the set-up. This is phrased in Eq. (56),

σ

d
=

σ′

(rd/L)
(56)

where rd is the resolution of the detector and its value is 100 µm (to be confirmed by
proxitronic (pixel resolution X magnification)) for the camera used for the set-up.
These specifications give a position resolution of σ/d = 1.7 and a divergence resolution
of σ′/(rd/L) = 6.9, for the typical beam size of ∼ 1.5 mm and the typical divergence of
∼ 3 mrad. Therefore, the measurement system provides for both the beam position and
the divergence resolutions in the same order of magnitude.

As a summary, the design specifications of the PHIN multi-slit emittance measurement
set-up is given Table (25).

Table 25: The design specifications of the PHIN multi-slit emittance measurement set-up.

Parameter Value

Multi-Slit Mask Material Tungsten

Thickness of the Mask (mm) 2

Mask-Screen Distance (mm) 230

Slit Width (µm) 100

Inter-Slit Distance (µm) 900

Screens Aluminium/Silicon/Alumina

Detector Intensified-Gated CCD Camera

The resolution of the emittance measurement system can be estimated with respect to
εn = γσ′σ0, where σ′ is the beam angle associated to the finite beam emittance. One can
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introduce the formula in Eq. (57) by using the criterion in Eq. (55).

εn =
γσ0w

5L
(57)

By considering the above equation, PHIN multi-slit mask set-up can resolve the nor-
malized transverse emittance values down to 1.5 mm mrad.

4.4.3 Magnetic Spectrometer

A magnetic spectrometer has been installed on the beamline in order to measure the
energy and the energy spread [88]. The working principle of the magnetic spectrometer
consists of the measurement of the beam momentum distribution after a dipole with a
known magnetic field. The momentum of a particle which is deflected by an angle αtot

under the effect of the uniform magnetic field Bz can be calculated from Eq. (58) where
s is the direction of movement of the beam. The integral in the equation is over the
effective magnet length. The energy of the particle with a momentum, p, is given by Eq.
(59). In addition, for the particles at relativistic energies, since γ * 1, the equation can
be simplified as in Eq. (60).

The set-up for the PHIN spectrometer is presented in Fig. 45. It consists of a dipole
magnet with a bending angle of 90o. An OTR profile monitor and a segmented-dump
have been installed after the dipole, in order to image the beam. The OTR profile monitor
is equipped with an aluminium radiative screen and an intensified-gated CCD camera.
The single shot measurements of the beam is possible with the OTR profile monitor.
In addition, the time-resolved characterization of the beam can be done by using the
adjustable gate duration property of the CCD camera. Furthermore, the segmented dump
is a device which is designed and implemented for the time-resolved energy measurements
of PHIN. More details of the segmented-dump will be given later in this chapter.

p =
e

αtot

ˆ

path

Bzds (58)

E =
√

p2c2 + (m0c2)2 (59)

E = pc =
ec

αtot

ˆ

path

Bzds (60)

The integral in the above equation is calculated by using the magnetic map of the
spectrometer magnet [89]. The measured field distribution is presented in Fig. 46. The
figure (a) presents the 3D intensity distribution of the magnetic field generated by the
spectrometer magnet. Whereas a contour plot is given in the figure (b) including the
beam path. This distribution is used to integrate the field along the beam path. The
result has been found as

´

path Bzdl ! 545× 10−4 T.m for a magnet current of 19.92 A.
A practical relation between the beam energy and the current of the spectrometer dipole

is given in Eq. (61). In the equation, IDipole is the total spectrometer dipole current that
is needed in order to focus the beam in the longitudinal axis, e.i., in the middle of the
OTR screen. The OTR profile of the beam is analyzed and the energy corresponding to
the peak of the profile is determined as shown in Eq. (62). In the equation, µx denotes the
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Figure 45: The implementation of the magnetic spectrometer on the PHIN beamline.
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Figure 46: a) The magnetic field intensity distribution of the spectrometer dipole. b) The
same distribution can be represented with a contour plot. The path that the
beam follow is denoted with the “yellow” line.

distance between the position of the peak of the profile and the centre of the screen. The
energy spread is retrieved by using the 1σ width of the distribution, σx, in the units of
millimeter. The calibration relations are given in the Eq. (62) for the energy at the peak
of the profile and in the Eq. (63) for the energy spread. The dispersion at the position of
the observation screen has been calculated as 840 mm and used in the formulas.
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E0[MeV ] = 0.52× IDipole[A] (61)

Epeak[MeV ] = E0[MeV ] +
µx[mm]

840[mm]
E0[MeV ] (62)

∆E[keV ] = 103 × Epeak[MeV ]× σx[mm]

840[mm]
(63)

4.5 Instruments for the Time Resolved Measurements
4.5.1 Specifications of the Intensified-Gated CCD Camera

The Proxitronic CCD camera has been used for the time-resolved OTR profile
monitoring systems in the beamline. The camera and its digital control box unit are
shown in Fig. 47. It includes a fiber optically coupled image intensifier unit which
provides a light sensitivity order of magnitudes higher than conventional CCD cameras.
Therefore, the camera is capable of operating with very low light conditions. Because if
its high sensitivity, the camera has to be operated in a dark room. Before turning on the
camera, the gain and the exposure (gate) duration always set to their minimum values in
order to protect the instrument.

The spectral sensitivity of the CCD cameras are classified according to the type of their
photocathodes. Fig. 48 shows the spectral response characteristics of the intensified CCD
camera for different photocathode types. In the figure the curve which is labelled as “T”
belongs to the camera that has been used in the PHIN measurements. This corresponds
to a “UV enhanced S 20/quartz” type photocathode.

Figure 47: The Proxitronic CCD camera and its digital control box unit that are used in
the PHIN measurements.

The timing properties of the camera provides the necessary flexibility for the unique
PHIN time-resolved measurements in the nanosecond range. The camera has an expo-
sure duration which can be reduced down to 100 ns that enables to measure the beam
properties along the bunch train in the steps of 100 ns. The camera timing can be exter-
nally triggered and it has been synchronized with the laser timing for the measurements.
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Figure 48: The spectral response characteristics of the intensified CCD camera for differ-
ent photocathode types.

Therefore the intensified camera shutter has been synchronized to the beam itself. All
the camera controls and the adjustments are done via a digital control box unit (DCU).
The DCU gives remote access to all camera settings such as the gain, exposure duration,
gate delay, power on/off of the camera. Therefore, the camera can be operated remotely
from the location that it has been installed. More details on the technical specifications
of the camera can be found in the operation manual [90].

Regarding the implementation on the beamline, the camera has been placed with an
angle of 2.7o in order to receive the maximum OTR intensity from the screen. In addition,
during a typical PHIN run, the gain of the camera has been adjusted according to the
available light intensity. The light intensity can be higher or lower according to the type of
the OTR screen in the system, the exposure duration, the bunch train length of the beam
and the charge per bunch value of the beam. Higher gain values have been needed due to
the light reduction by the introduction of the multi-slit mask. A camera gain of 35% has
been used with a combination of aluminium OTR screen for the emittance measurements
of the 1.2 µs long bunch train. Whereas a gain of 10% is sufficient for the beam size
measurements where the whole beam is available for the beam size measurement. Similar
to the transverse phase space monitoring, the typical gain values of 10− 30% have been
used for the spectrometer OTR monitoring system.

4.5.2 Segmented Dump for the Energy Measurements

A segmented beam dump has been installed in the end of the PHIN beamline. This
device enables to measure the energy and the energy spread in a time-resolved manner.
It consists of 20 parallel stainless steel segments which are insulated from each other by
epoxy resin insulators. The design of the segmented dump has been done in the guidance
of several simulations regarding the electron beam interactions with the dump material.
The beam dynamics simulations also have been used in order to investigate the cases with
different beam properties. The GEANT4 and PARMELA programs have been used for
those studies, respectively. The detailed information on the design and development of
the segmented dump can be found in [88, 91].
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Figure 49: A drawing of the 20 channel segmented dump that has been used for the time
resolved energy and energy spread measurements of the PHIN photoinjector.

A drawing of the segmented-dump that has been used during the measurements at the
PHIN beamline is presented in Fig. 49. Before the beam arrives to the segmented dump,
it travels through the fixed OTR screen and a aluminium vacuum window in the dispersive
section of the beamline. A 25µm thick aluminized Mylar foil has been used as the OTR
screen in order to decrease the broadening due to multiple scattering inside the screen.
The screen has been found to broaden the beam size around 17.9%. The measurements
with the segmented dump have been possible after taking into account this effect. The
multi scattering inside the segmented dump is negligible within the PHIN energy regime.
The measurements are done by monitoring the signal from the each segment. This signal
originates from the energy deposition on the segments by the electron beam.
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Figure 50: The signals from the segmented dump.
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4.6 Automated Software for the Measurements
A collection of MatLab [92] scripts has been developed in order to perform the data

acquisition and the analysis for the beam measurements of the PHIN photoinjector. The
collection can be divided into three parts. These parts are the data acquisition, offline
analysis and the library. The different parts and their ingredients are shown in Fig. 51.

Figure 51: The collection of software in order to perform the data acquisition, online and
offline analysis for the PHIN measurements.

The data acquisition part includes the programs that are interacting with the instru-
mentation, collecting the required data and if necessary setting new values for the system
variables. For example, the acquisition software is responsible to read the data from the
CCD cameras, set and get the values of the dipole, focusing and the corrector magnets on
the system in order to perform the measurements. Consequently, the acquisition software
is automated and is able to perform the set of systematic measurements within a user-
defined range and initial parameters. The programs that are performing the beam size
measurements are “DAQ_Solscan.m” and “DAQ_Solscan_Fast.m” as a function of the
focusing. The latter is used to only collect the sizable amount of data without any online
analysis. The “DAQ_Emittance.m” is the program that is used to scan the emittance
values over a range of the focusing in order to study the emittance compensation for a
space charge dominated beam. The “DAQ_Spectrometer.m” is used for the energy and
energy spread measurements in the spectrometer as well as performing the time-resolved
OTR profile monitoring. Eventually, a separate program has been developed in order
to read all the system variables in a single shot, such as the magnets, CCD cameras,
klystron voltage and phase, segmented dump signals, RF power inside the cavity and the
laser profile. This program is called the “DAQ_PHIN_machine_summary.m” and has
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been used effectively to acquire all the information regarding the beamline at a particular
time. For each measurement, these recorded values are used as the input parameters for
the PARMELA simulations.

The offline analysis tools are needed in order to study the stored data after a par-
ticular measurement is performed. Some parts of the energy measurements and all of
the emittance measurements are analyzed offline. Because, the analysis of these measure-
ments require special data treatment, such as the background subtraction, user interaction
during certain stages of the analysis etc. There is an additional program called “OF-
FLINE_Beamsize.m” in the package. This enables a beam size scan data to be analyzed
offline.

The essential component of the offline analysis part is the data analysis program for
the emittance measurements. “OFFLINE_Emittance_Analysis_Package” hosts three
programs. The main program of the package is “Analyze_Signal.m”. This program is
responsible to process the OTR images of the beam after the multi-slit mask. This process
includes the selection of a region of interest in the OTR image, producing the projection
of the image on the requested axis and the noise subtraction from the resulting profile.
The first and the second moments and the weighted intensities of the individual beamlets
are needed for the emittance calculation as previously described in the section 4.51. These
values are determined by this program by several fitting procedures. There are additional
algorithms for several treatments up to the retrieval of the final values. These will be
explained in Chapter 5. After the determination of the fit values, the “Analyze_Signal.m”
calls the “Phase_Space.m” subroutine. This subroutine runs the emittance calculation
algorithm that is given above and finalizes the emittance calculation. The phase space is
also reconstructed by this subroutine. The transverse normalized emittance and related
information for each beamlet are returned to the main program, “Analyze_Signal.m”.
Finally, “Emitt_Systematic.m” is called in order to calculate the systematic error on the
single shot emittance measurement. The details of the systematic error calculation and
several results are presented in Chapter 5.

The library for the PHIN software includes several auxiliary programs. There are two
groups of fitting routines for processing Gaussian and polynomial backgrounds of the beam
profiles, separately. The proper profile fitting routine is defined by the user according to
the behavior of the data. The programs that are starting with “Jget” or “Jset” are specific
for particular device classes in the CERN control system. They are used to read and set
the values of the corresponding devices.
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5 Experimental Results of the PHIN Commissioning
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The PHIN photoinjector has been designed to deliver a 1.3 µs long bunch train con-
taining 1908 bunches with 2.33 nC charge per bunch. It is equipped with a 2 + 1

2 cell
RF gun that supplies 85 MV/m gradient at 3 GHz. In addition to the RF gun, a beam
diagnostics section has been installed on the beamline. This section consists of the beam
position and current monitors, OTR screens and CCD cameras for OTR profile monitor-
ing, multi-slit mask for emittance measurements and a spectrometer with an additional
segmented-dump. These diagnostics have been used for systematic measurements of the
beam parameters within a wide range.

The PHIN photoinjector has been commissioned with the intermittent runs between
2008 and 2010 with a total beam time of 60 workdays. The operation timetable is given
in Table 26. The studies led to an eventual success by fulfilling the design specification
which are given in Table 27. The table will be updated with the achieved parameters in
the end of the chapter. In this chapter, several commissioning items are presented from
charge production to the transverse and the longitudinal characterization of the PHIN
photoinjector.
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Table 26: PHIN Commissioning timetable.
Year Period Beam Time

2008 06 November - 14 November 7
2009 11 March - 24 March 10
2009 23 September - 16 October 18
2010 15 February - 03 March 13
2010 14 June - 29 June 12

Table 27: The specifications for the PHIN photoinjector.
Parameter Specification

Laser

UV Laser Pulse Energy (nJ) 370

Micropulse Repetition Rate (GHz) 1.5

Macropulse Repetition Rate 1-5

Train Length (ns) 1273

Electron Beam

Charge per Bunch (nC) 2.33

Charge per Train (nC) 4446

Current (A) 3.5

Transverse Normalized Emittance (mm mrad) < 25

Energy Spread (%) < 1

Energy (MeV) 5.5

Charge Stability (%, rms) < 0.25

RF Gun

RF Gradient (MV/m) 85

RF Frequency (GHz) 2.99855

Cathode Cs2Te

Quantum Efficiency (%) 3

5.1 Charge Production
The charge measurements have been done by using either the fast current transformer

(FCT) or the Faraday cup (FC) that are installed in the set-up. The signals have been
displayed by a scope. The total charge production is measured as the integral of the
signals. The charge per bunch value is obtained by dividing the total charge value by the
number of bunches in the bunch train. The integration of the signals are measured as the
mean value of several shots in the units of nV s or µV s. The practical formulas for the
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conversion, from the readouts of the FCT and the FC to nC, are shown in Eq. (64) and
in Eq. (65), respectively,

QFCT (nC) =
I(nV s)× Attenuation(dB)

σL
FWHM(ns)× 1.5GHz

(64)

QFC(nC) =
I(nV s)× Attenuation(dB)

50Ω× σL
FWHM(ns)× 1.5GHz

(65)

where, I denotes the scope readings, σL
FWHM is the length of the laser pulse train and

1.5 GHz is the constant micropulse repetition rate that is used during the commissioning.
An external attenuation of 10dB or 20dB has been used according to the signal intensity
in the input of the scope. A purely resistive, 50 Ohm, characteristic scope impedance has
been used while probing the FC signals from the analog to digital converters (ADCs) to
prevent the signal reflections.

The examples of the charge measurement is shown in Fig.52 where the measurement
instrument is a FCT and a FC, respectively. The signals from these current monitors
are integrated as shown as the “current” variable in the “Measurements” tab. The scope
reading is 344.4 (±27.1) nV s for FCT and 14.4 (±0.51) µV s for the FC. According to the
equations that are given above, the charge values of 1.7 (±0.14) nC and 1.5 (±0.05) nC
are calculated for the FCT and the FC, respectively, for this particular case. The dif-
ference between two readings corresponds to the amount of charge which is lost during
the transmission up to the FC. In addition, this beam loss is one of the reasons for the
distorsion in the shape of the signal from the Faraday cup.

In the most of the charge measurements, the FCT has been preferred due to its location
just after the RF gun. Nevertheless, the FC is the most useful in order to study the charge
transmission along the downstream of the beamline.

The charge production characteristics have been studied, systematically. In principle,
the amount of the charge produced by the photoemission increases with the laser energy
per pulse. In Fig. 53-a a charge measurement is presented in order to demonstrate this
behavior. The measurement reveals a region where the charge yield increases linearly
with the laser energy per pulse. This linear region continues up to the energies of 200 nJ .
In a certain point the slope of the curve decreases and finally the increment converges to
a maximum extractable charge value. This region is called the “saturation region”. The
saturation of the photoemission has been showed to be an effect related to the micro pulse
energy. This can be better seen in accordance with the measurement shown in Fig. 53-b,
where the laser micro pulse energy has been kept constant at 420(±17) nJ . During the
measurement, no saturation has been observed in the integrated charge over the pulse
train with respect to the increasing integrated laser pulse train energy with the increasing
laser pulse train length.

In this case, the maximum charge yield of 4.4 nC per bunch has been achieved, even
exceeding the PHIN specification of 2.33nC. The experimental value agrees the theoretical
limit for the maximum achievable charge per bunch. In Chapter 3, the theoretical value
has been calculated as 4.7 nC, for the gradient of 85 MV/m and the laser spot size of
1 mm , regarding the PHIN specifications.

Besides the photoemission, the field emission is an inevitable phenomenon in an RF
gun due to the existence of high RF fields in the vicinity of the cathode. A measurable
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Figure 52: A snapshot from the scope during the operation with an electron pulse train of
1300 ns. The yellow signal in Channel 1 belongs to the FCT which is located
at the exit of the RF gun. The green signal in Channel 2 has been acquired
from the FC which is located after the spectrometer magnet at the end of the
beamline.
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Figure 53: a) Saturation of the photoemission of the electrons with the increasing laser
energy per pulse. b) The linear behavior of the photoemission in terms of the
integrated charge and the laser energy over the pulse train.

charge is emitted from the cathode under the effect of the RF field. In Fig. 54, this
quantity has been presented with respect to the increasing surface electric field and when
no laser is present. This charge can be as high as 0.6 nC in the nominal PHIN RF power
value of 30 MW . In Fig. 54-a, the measurement of the field emission is presented as a
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Figure 54: The field emission. a) The emission increases proportional to the square of
the field. b) The Fowler-Nordheim analysis for the field emission. The field
enhancement factor β, for 3 GHz PHIN gun has been deduced as 77 from the
slope of the curve.

−40 −20 0 20 40 60 80 100 120
0

1

2

3

4

5

6

7

8

Be
am

 In
te

ns
ity

 (a
.u

.)

RF Phase (o)

 

 
PARMELA Simulation

120 140 160 180 200 220 240 260
0

0.5

1

1.5

2

2.5

3

3.5

Phase (MKS14) (o)

Ch
ar

ge
 (n

C)

 

 

30 kV
31 kV
32 kV

(a) (b)

Figure 55: The field emission. a) PARMELA simulation presents the beam intensity
change with respect to the RF phase, by taking into account the photoe-
mission only. b) The measured charge production as a combination of the
photoemission and a “Schottky-like” field emission effect.

function of the field. This emission increases with the increasing RF field, as expected.
Moreover, the data can be plotted in a Fowler-Nordheim representation. The Fowler-
Nordheim (FW) analysis of the field emission [93] for 3 GHz PHIN RF gun is shown in
Fig. 54-b. According to the FW theory the slope of the curve, that is plotted in the
figure, can be used to calculate the field enhancement factor, β, for the emission surface.
The field on the emission surface is perceived as increased by a factor of the enhancement
value and, is given as Eloc = βE, where, E is the RF field and Eloc is the local field on the
Cs2Te cathode. The β value of 77 has been found for this case which is a typical value
for the S-band cavities.

89



The electron emission characteristics can be also investigated with respect to the RF
phase. A typical behaviour of the emission as a function of the RF phase is shown by
the simulations and given in the Fig. 55-a. In the simulation, the electron intensity have
been probed after the RF the gun. Therefore, a non-zero transmission of the electrons
occurs with a constant amount of photoemission, in a particular range of the phase. In
reality, the total number of emitted electrons are a combination of the photoemission and
the field emission. The strong electric fields cause the decrease in the surface potential
barrier. Therefore the charge production is enhanced by the additional field emission.
This phenomenon is known as the “Schottky effect”.

Within the field emission context, the charge-phase scans have been performed for
the PHIN photoinjector. This has been presented in Fig. 55-b. These particular mea-
surements have been performed by using the Faraday cup on the beamline. A 200 ns
long bunch train have been measured under the 20 dB external attenuation in addition
with 50 Ω characteristic scope impedance. Each curve has been measured for a differ-
ent klystron voltage. A “Schottky-like” field emission is visible on the charge-phase scan
curves. The slope of the emission curves follow the phase of the RF field and reaches a
maximum at the on-crest phase. Whereas the maximum achievable charge increases with
the increasing RF gradient corresponding to the given klystron voltages of 30, 31 and
32 kV . Furthermore, gradient variation under the phase scan and the solenoid focusing
certainly effect the amount of charge which arrives to the current monitor. Consequently,
it is suitable to perform the charge-phase scans with a current monitor which is as close
as possible to the RF gun.
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5.2 Beam-Loading Compensation
The electron beam is accelerated in the RF field provided by the PHIN RF gun.

During the acceleration the beam absorbs energy from the RF field. However, it can
also deliver energy to the accelerating mode of the cavity. This effect is called the “beam
loading”. According to the fundamental theorem of beam loading, a charged particle q1

sees a voltage induced by the particle q2 that leaves the cavity, as given in Eq. (66). More
information on the theory of beam loading can be found in reference [94].

Vq1 =
Vq2

2
(66)

The field that is seen by the electrons is a superposition of both the RF field and the
beam induced field. The beam-induced field is 180o out of phase with respect to the RF
field. In this case, the timing of the beam is chosen correctly in order to achieve a flat
acceleration field.

(a) (b)

Figure 56: Beam loading compensation. a) RF power in the gun (1a) and reflected power
(2a) when no beam is present. b) RF power in the gun (1b) and reflected
power (2b) when the beam is present.

The beam loading compensation is studied and optimized for the PHIN photoinjector
by adjusting the timing of the beam versus the RF pulse. The measured RF power and
its reflection are shown for both of the cases in Fig. 56-a when there is no beam and
in 56-b the beam is present. In the presence of the beam, a flat top RF pulse has been
obtained resulting a mono-energetic beam. The timing has to be adjusted for different
bunch charges. The measurements that are presented for the 1.2 µs have been performed
after the optimization of the beam loading for the rest of the commissioning.

5.3 Transverse Phase Space
The beam size and the transverse normalized emittance measurements have been

performed, in the context of the transverse phase space studies for PHIN. The OTR
profiling technique has been used for the measurements.

The emittance has been measured by introducing a multi-slit mask within the vacuum
chamber. The details of the emittance analysis method is explained in this section. The
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results of the systematic studies on the transverse normalized phase space are presented
in comparison with the simulations.

5.3.1 Beam-Size Measurement Results

The electron beam size was measured and compared with the PARMELA simulations.
In PARMELA simulations, the initial parameters of an electron beam emerging from
a photocathode are given by the laser properties. These initial properties of the beam
develop during the simulation according to the beamline elements. Therefore, the electron
beam is defined as a round beam with a Gaussian distribution, having a ∼ 7 ps (FWHM)
bunch length, in the simulations.

The transverse phase space measurements have been done by OTR profiling of the
electron beam. A typical beam spot measured by a CCD camera and its horizontal
profile is shown in Fig. 57.
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Figure 57: An example beam size measurement with single-shot OTR profiling from 02
March 2010. The 1σ beam size has been measured as 1.5 mm.

The beam size can be measured as a function of the solenoid magnet current. This
measurement is called a “solenoid scan”. A solenoid scan is a benchmark measurement to
understand the behaviour of the beam and the response of the instrumentation. An au-
tomated acquisition software has been developed in order to perform the measurements.
An example for the solenoid scan is shown in Fig 58. The beam size has been measured
several times at one particular focusing solenoid current setting. These subsequent mea-
surements in the same setting have been used to calculate the statistical error on the
corresponding measurement point. The scan reveals the variation of the beam size under
the variation of the focusing conditions, e.i., the current of the focusing solenoid magnet.
The three regions can be distinguished: the first as the particles converge, the second
when they form the beam waist and the third they finally become diverging.

Furthermore, solenoid scans are effectively used to calibrate the simulation input pa-
rameters with respect to the actual system settings. One can take the setting of the
solenoid magnet as an example. The calibration factor between the laboratory setting of
the magnet and the settings in the simulation input file can be easily determined by using
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Figure 58: Beam size measurement as a function of the focusing magnet current for a
200 ns - long bunch train with 2.07 nC bunch charge and at the energy of
5.46 MeV .

a beam size scan. And this factor is taken into account during the rest of the simulations
for the same measurement conditions, systematically.

In addition, a quick investigation of the OTR profile of the beam often helps to the
further adjustments of the instrumentation. This will prevent the repetition of relatively
complex and time-consuming measurements. One of the cases is the early diagnosis of the
CCD saturation. As an example, the 3D and 2D beam intensity distribution under the
saturation of the CCD camera, as a result of the high camera gain, is shown in Fig. 59. In
the figure, the 2D intensity distribution is extracted as a cross section of the 3D intensity
distribution. One should note that, the projection of the 3D distribution is still a Gaussian
curve and therefore it is not possible to observe the cutoff on the top of the profile unless
one examines the 3D profile itself or the cross-section of the 3D profile as in Fig. 59-b.
The measurements under the saturation effect overestimate the beam size, especially in
the focus region of a be am size scan where the beam waist appears. An example is shown
in Fig. 60. In this example, the beam size values have been reconstructed by fitting the
feet of the cross-sections in order to prevent the cutoff regions on the top of the profiles.
The simulated 1σ beam sizes, over the range of the focusing magnet current, have been
used as the initial fit parameters. The result of the reconstruction shows the agreement
of data and simulation at the focus region.

Another example of the beam based adjustment of the instrumentation have been noted
for the aspect ratio of the laser spot size on the cathode. As the result of the first run
in 2008, an asymmetric behavior has been observed between the vertical and horizontal
beam sizes. The optics for the laser alignment and the positioning on the cathode, and
the background field by the magnetic components in the set-up have been considered as
the possible sources to be investigated for the asymmetry. Upon these investigations,
it turned out that the laser was not aligned along the axis of the RF gun, correctly.
This has been rectified by re-alignment of the laser in the region. During the second
commissioning run in March 2009, the asymmetry in the beam envelope for the vertical
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Figure 59: The comparison of the saturated intensity distribution with the Gaussian curve
reconstructed by using a simulated beam size. a) The 3D intensity distribution
of the beam under the saturation effect of the CCD camera. b) The example
cross-section of the intensity distribution and the Gaussian fit to the feet of
the profile.

and the horizontal beam sizes was no longer present, confirming a laser alignment problem
before the re-alignment.

During the commissioning, beam size scans have been performed with respect to dif-
ferent laser spot sizes of 2, 3, and 4 mm at 5.7, 5.2 and 5.5 MeV, respectively. The laser
spot size is typically given as knife edge value, defined as the spot size regarding 85% of
the profile. The corresponding 1σ (64%) values of the laser spot sizes are 0.8 mm, 1.2 mm
and 1.6 mm and these values have been used in the PARMELA simulations. The results
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Figure 60: The measured and reconstructed beam size scan in comparison with the
PARMELA simulation (left).

of the beam size scans for different laser spot sizes are shown in Figure 61. Measurements
showed that the spot size scales and the position of the beam waist moves with the laser
spot size, as expected.
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5.3.2 Data Analysis Techniques for the Transverse Emittance Measurements

There are two important issues for the analysis of the multi-slit method. The first is
the determination of the type and the level of the background for the beam profile after
the multi-slit mask. The second one is the proper exclusion of the outermost regions in
the tails of the profile, to prevent the misinterpretation of the noise fluctuations as the
low-intensity beamlets.

After the slit-mask the beam profile has a background that might be a combination
of several sources such as: the un-stopped electrons by the slit-mask, the overlapping
between the individual beamlets, x-rays or external light pollution and radiation due to
the heating of the screen. This background has to be determined and subtracted from the
profile to be analyzed. FLUKA [95] simulations showed that the mask is able to totally
stop a 5.5 MeV electron beam as shown in Fig. 62, while 20% of the incoming electrons
are back-scattered [96].

Figure 62: Energy deposition of 5.5 MeV pencil e− beam in a 2 mm thick tungsten slab.

Therefore, under the conditions of current PHIN beam energies and intensities, one can
assume that there are no electrons traversing the mask and interacting with the OTR
screen except from the ones passing through the slits windows. However, the production
of the x-rays should also be considered as a result of the interaction between the electrons
and the mask. The x-ray shower on the OTR screen is another significant source of
background for the OTR profiling. The background due to those x-rays can be prevented
by shielding the surrounding environment of the multi-slit mask chamber. Additionally,
a CCD camera with a low x-ray sensitivity should be chosen for the OTR profile monitor.

In this study, two different models have been assumed to describe the background of
the profiles. The first one is a background with a Gaussian shape. The second model
assumes the background as a zeroth order polynomial. Different experimental conditions
revealed different types of backgrounds for the emittance measurements. These should be
analyzed with the appropriate type of background subtraction algorithms.

An analysis software has been developed for the emittance measurements and the back-
ground subtraction algorithms have been implemented in the software. The program
allows the user to select a background type to be fitted to the data.
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Figure 63: a) The typical beam profile after the multi-slit mask and the region of interest
for the background fit. b) Gaussian background on the original profile. c)
The beam profile after the Gaussian background subtraction. d) Individual
beamlets with the Gaussian fit curves.

The typical beam profile after the multi-slit mask has been shown in Fig. 63. In the
beginning of the analysis, the software expects the user to determine a region of interest,
for the background, over the raw profile. The selected region is marked in green in Fig.63-
a. The background is determined by fitting the data inside the defined region at the tails
of the profile (Fig. 63-b). The initial fit parameters for the 1σ width, the mean and the
maximum intensity of the background Gaussian are specified during the fit. Moreover,
one can set the initial fit parameter for the maximum intensity as variable in the analysis
program. This variable is defined as the background subtraction level. A number of fits
can be obtained by varying the background subtraction level and a criteria can be defined
to select the best defined background. The following selection criteria is used: it has
been assumed that, after the background subtraction, the envelope covering the whole
beamlets should be a Gaussian curve provided that the profile of incoming beam to the
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multi-slit mask is Gaussian. The quality of fit for the envelope curve could be a measure
for the selection of the background subtraction level and the corresponding best defined
background.

During the analysis, the background subtraction level is changed systematically by the
program within a user-defined range. The profile after the background subtraction can
be seen in Fig.63-c for a particular subtraction level. For this example the background
level has been changed in a range of ±1200 around the initial value with the steps of
200, in arbitrary units of intensity. The first and second moments of each beamlet have
been determined for the emittance calculation (Fig.63-d). The rms normalized transverse
emittance is calculated after the subtraction of each background having different levels.
The result of such an investigation is shown in Figure 64. The best fit is determined as
the quality of fit (χ2) value approaches to 1. The subtraction resulting with the best fit
of beamlets profile and the envelope has been chosen as the best defined background.

The result of the emittance calculation after the subtraction of the best defined back-
ground is 7.4 mm mrad. The steps of the analysis are shown in Fig. 65. The first step is
the acquisition of the OTR image of the beam after the multi-slit mask (Fig. 65-a). The
second step is the determination of the first and the second moments of the individual
beamlets (Fig. 65-b ad c) by using the background determination algorithm and per-
forming Gaussian fit on each beamlet. The third step is the calculation of the emittance
using this information in addition with the weighted intensities of each beamlet and finally
reconstruction of the transverse phase space (Fig. 65-d).

The emittance for this particular case has been calculated as 7.9 mm mrad without
implementing the background subtraction algorithm described above. The background
determination algorithm makes 7% difference on the result for this example.

A comparison of the simulated and measured phase space is presented in Fig.66. The
1σ ellipse is denoted for both cases. The simulation and the measurement agree and the
system is capable of imaging the transverse phase space of the beam in with a single-shot
measurement. However, the reconstruction method is not sensitive to resolve the tails of
the distribution in the phase space.
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Figure 64: The searches for the correct background model for the beam profile. a) The
profile with the Gaussian envelope. b) Resulting emittance with respect to
different background subtraction levels.
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Figure 65: The steps of the emittance analysis. a) The image which is observed after
the multi-slit mask. b) Beam profile with Gaussian fit curves for individual
beamlets. c) The summary of the mean position and the divergence of each
beamlet determined from Gaussian fit curves. d) Reconstructed phase space.
The transverse rms normalized emittance has been measured as 7.4 mm mrad
with a single shot measurement.
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(a) (b)

Figure 66: The phase space, simulated (left) and reconstructed from the measurement
(right). The emittance was measured as 10.7 mm mrad for 1.28 nC beam at
the energy of 5.5 MeV. The measurement was performed with the laser spot
size of 4 mm.
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5.3.3 Systematic Error Calculation for the Emittance Measurement

For the multi-slit measurement method, the transverse geometric emittance, ε, can
be calculated by using the formula given in Eq. (67),

ε =

√√√√(
∑N

i=1 ρix2
i )(

∑N
j=1 ρjx

′2
j )− (

∑N
i=1 ρixix′i)

2

(
∑N

i=1 ρi)2
(67)

where, xi is the position of ith beamlet and x
′
i is the divergence of the ith beamlet.

The intensity of each beamlet is denoted by ρi. An expression has been derived for the
systematic error calculations of the transverse emittance measurement. The derivation of
the formula and results of the error calculations are presented in this section.

The systematic error on a function f(x, y, z) is derived by using the general expression
which is given in Eq. (68). The errors on the function arguments, (x, y, z), are given as
(σx, σy, σz).

σ2
f(x,y,z) =

(
∂f(x, y, z)

∂x

)2

σ2
x +

(
∂f(x, y, z)

∂y

)2

σ2
y +

(
∂f(x, y, z)

∂z

)2

σ2
z (68)

The error propagation of the observables have been done for the systematic error anal-
ysis of the PHIN emittance measurement set-up. The distance between the slits, the
distance between the multi-slit mask and the observation screen have been considered
in order to determine the errors on the beamlet positions and divergences. Additionally
the shot-to-shot intensity stability of the beam has been considered for the calculations.
Further systematic error may originate due to the background subtraction method, non-
Gaussian intensity distribution of the beamlets close to the emittance minimum and un-
derestimation of the beamsize due to the beamlets at the tails of the profile with low signal
to noise ratios. However, the contributions from those sources have not been included in
the following calculations.

In order to determine the systematic error on the geometric emittance, the terms in
the Eq. (67) have been studied separately. The calculation steps are presented in Eq.
(69-74).
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Finally the propagation of the errors have been performed for the division by total
intensity

∑
ρ and the square root to finally derive a formula for the complete emittance

equation. These calculations can be followed in Eq. (75-76).

σ2
[(

P
ρx2)(

P
ρx′2)−(

P
ρxx′)2]/(

P
ρ)

=

[∑N
i=1 ρix2

i )(
∑N

j=1 ρjx
′2
j )− (

∑N
i=1 ρixix

′
i)

2
]2

(
∑N

i=1 ρi)8
4(

N∑

i=1

σ2
ρi

)(
N∑

j=1

ρj)
2

+
(ρjx

′2
j )2(

∑N
i=1 4ρ2

i x
2
i σ

2
xi

+ x4
i σ

2
ρi

)

(
∑N

i=1 ρi)4

+
(ρjx2

j)
2(

∑N
i=1 4ρ2

i x
′2
i σ2

x′
i
+ x

′4
i σ2

ρi
)

(
∑N

i=1 ρi)4

+
4(ρ2

i x
′2
i σ2

xi
+ ρ2

i x
2
i σ

2
x′ + x2

i x
′2
i σ2

ρi
)(ρixix

′
i)

2

(
∑N

i=1 ρi)4
(75)

σ2
ε =

(ρjx
′2
j )2(4ρ2

i x
2
i σ

2
xi

+ x4
i σ

2
ρi

)

4ε2(
∑N

i=1 ρi)4

+
(ρjx2

j)
2(4ρ2

i x
′2
i σ2

x′
i
+ x

′4
i σ2

ρi
)

4ε2(
∑N

i=1 ρi)4

+
(ρ2

i x
′2
i σ2

xi
+ ρ2

i x
2
i σ

2
x′

i
+ x2

i x
′2
i σ2

ρi
)(ρixix

′
i)

2

ε2(
∑N

i=1 ρi)4

103



−
2(

∑N
i=1 ρix2

i )(
∑N

j=1 ρjx
′2
j )(

∑N
i=1 ρixix

′
i)

2(
∑N

i=1 σ2
ρi

)

ε2(
∑N

i=1 ρi)6

+
ε2(

∑N
i=1 σ2

ρi
)

(
∑N

i=1 ρi)6
(76)

150 155 160 165 170 175 180 185 190 195 200
0

5

10

15

20

25

Focusing Solenoid Current (A)

ε x,
n (m

m
 m

ra
d)

Emittance Scan 01 (18 June 2010)
 

 
Data Points with Statistical Error
Data Points with Systematic Error
PARMELA Simulation

Figure 67: The comparison of the statistical and the systematic errors on the multi-slit
method for the emittance measurement.

The systematic error on the geometric transverse emittance can be calculated by using
the formula in Eq. (76) in terms of the first moment, second moment and the intensities
of the beamlets as well as the individual errors on these observables. The errors on the
observables are given in Table 28 as they are used in the calculations. The emittance
measurement as a function of the focusing solenoid current is shown in Fig. 67. The
figure shows a comparison between the statistical and the systematic error on each mea-
surement point. Each data point represents an average of five subsequent measurements.
The statistical error on each point has been calculated as the statistical deviation of the
subsequent measurements. The systematic error of each data point has been found by
propagation of the systematic errors of each subsequent measurement.

The figure indicates that the systematic and the statistical errors for the measurement
system is comparable. Nevertheless, the systematic error for the measurement is less
than the statistical deviations, for this particular example. The shot-to-shot stability is
an important aspect of the photoinjector systems. Therefore, the multi-slit emittance
measurement method is rather suitable for these systems for its single-shot acquisition
property. Indeed, the statistical errors on the data points are the indication of the shot-
to-shot stability of the beam.

As a matter of fact that the intensities of the individual beamlets are taken into account,
one can call the formula in Eq. 76 as the “semi-systematic error formula”. The intensity
stability of the electron beam is inherent from the laser beam intensity stability and the
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Table 28: The errors on the position and the divergence of the beamlets have been calcu-
lated in terms of the slit width and the mask-screen distance. The error on the
beamlet intensities have been calculated as the product of measured individual
beamlet intensities and the 4% electron beam intensity stability.

Parameter Value

Error on the mean position, σx [mm] 0.01

Error on the beam divergence, σx′ [mrad] 0.4

Error on the beamlet intensities, σρ [a.u.] 0.04× ρi

RF pulse shape. Therefore, the systematic errors in the example can be improved by
optimizing these systems.

5.3.4 Emittance Measurement Results

In this section, the systematic study of the transverse normalized emittance of the
beam will be presented with respect to the laser spot size, phase and gradient of the RF
field as well as the length of the pulse train. The analysis methods that are described,
previously, have been used for the measurement results.

In Chapter 3, the transverse normalized emittance was shown to be scaled proportional
to the laser spot size by using simulation results. This has been also demonstrated by the
measurements during the PHIN commissioning. In Fig. 68, the transverse normalized
emittance has been measured as a function of the focusing solenoid current for the laser
spot sizes of 2 mm and 4 mm as the knife edge values. The measurement agrees with the
PARMELA simulation within the measured statistical error ranges. The measurement
has been carried out with an electron pulse train of 200 ns. The charge per pulse and
the energy of the beam have been maintained as close as possible for each case, though
the two measurement were performed in different days. It has been experimentally shown
that the emittance scales with the laser spot size.

The dynamics of the electron beam in an RF gun depends on the phase of the RF
field, significantly. Therefore it is interesting to measure the emittance with respect to
the RF phase. The behavior of the transverse normalized emittance in a range of the
focusing solenoid current for different RF phase values is shown in Fig. 69-a. According
to the measurements in the figure, the emittance changes with the RF phase. The relation
between the transverse normalized emittance and the RF phase is presented more directly
in Fig. 69-b in comparison with the PARMELA simulation. For the measurement the
∆Φ = 0o denotes the optimum phase for the operation. And the emittance values are given
relative to the emittance value measured at this optimum phase. The solenoid current has
been adjusted for each phase setting in order to properly focus the beam. A trend, that
reveals a minimum around the optimum phase, can be distinguished slightly within the
error bars. Nonetheless, there is a certain agreement with the simulated points showing
the existence of a nominal phase for the minimum emittance. Therefore, it is important to
operate the injector with the correct phase in order to optimize the transverse emittance.
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Figure 68: Emittance measurement with respect to the laser spot size. (Blue)
σKnife Edge = 4 mm, Q=1.28, E=5.512 MeV, Train Length = 200ns. (Green)
σKnife Edge = 2 mm, Q=1.1, E=5.67 MeV, Train Length = 200ns.
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Figure 69: a) Emittance scan with respect to the focusing magnet current at different
RF phase values for a bunch train of 500 ns with the 1.6 nC/bunch. b) The
emittance measurement with respect to the RF phase for a bunch train of 1300
ns with the 0.4 nC/bunch. The emittance values in (b) are given with respect
to the value at ∆Φ = 00.

In a laser driven RF gun the pulse train properties of the electron beam can be manip-
ulated by coding the laser temporal structure. This process is called the “phase coding”.
During the PHIN commissioning operations, the inner structure of the laser beam main-
tained at 1.5 GHz, however the length of the laser pulse train has been varied from 200 ns
up to the nominal PHIN specification of 1300 ns for different measurements. In Fig. 70,
the two emittance scans at different pulse train lengths are compared. The measurements
have been performed on the electron pulses with the charge of 1.7 nC and the energy of
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Figure 70: Emittance measurement for different train lengths. 200 ns, 1.7 nC, 5.616 MeV.
1300 ns, 1.7 nC, 5.616 MeV.

5.6 MeV . Though, the emittance scan for the 200 ns train have been performed in a dif-
ferent focusing region. The stronger focusing region has been preferred for the bunch train
of 200 ns since a shorter train produces lower OTR intensity and it is more convenient to
focus the beam on to the slit mask in order to get an intense enough OTR image for the
analysis. The measurement with the shorter bunch train results with the lower emittance
values since this measurement has been performed in the emittance compensation region
of the focusing current range. This also can be seen from the behavior of the simulation.
The decrease of the emittance is not related with the bunch train length. The most sig-
nificant difference between two measurements appear in the statistical fluctuations on the
data points. Even though the both measurements have been analyzed in the same way
and the measurements include the same amount of statistics, the emittance fluctuation on
the 1.3 µs long beam is larger than the 200 ns long beam. This is a result of the fact that
the emittance of the pulse train is a projection of the emittances of the individual pulses.
This observed phenomenon might reflect the intensity or energy fluctuations which cause
the emittance variation along the pulse train. The longitudinal variation of the emittance
would result a larger projected emittance for a longer pulse train. The fluctuations in the
beam properties can be considered in conjunction with the stability of the laser and the
RF field. In the ideal case, the projected emittance of the whole train would be expected
to get closer to the emittance of a single pulse, as the stability along the train increases.

Further than the example above, demonstration of the stability along the pulse train is
an important prospect for the PHIN photoinjector. This aims to strengthen the proposal
of using a photoinjector as the source of the existing CTF3 and as the source of the
future CLIC drive beam. Therefore the characterization of the beam properties along the
pulse train constitutes a key argument for the PHIN commissioning. Consequently, many
measurements have been performed along the bunch train and called the “time resolved”
measurements. The time resolved measurements for the transverse and the longitudinal
beam parameters for PHIN are given in the following sections.
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5.4 Time-Resolved Transverse Characterization of the Beam
The beam properties can be studied as a function of the longitudinal position along

the pulse train by using an intensified-gated camera. The measurements are performed by
capturing the beam profile images with a constant camera gate along the bunch train. A
camera with an adjustable gate duration from 100 ns to several milliseconds has been used
for the measurements. The camera is triggered by an external signal which is synchronized
to the laser timing. In order to perform the time-resolved measurements, the timing for
the camera gate can be delayed according to the beam as illustrated in the Fig. 71. For
each shot, the camera gate delay is increased in order to snapshot a different longitudinal
position along the pulse train. During the commissioning of the long electron pulse train,
a beam of a 1.2 µs or 1.3 µs has been provided for the measurements with respect to the
PHIN specifications.

Figure 71: The illustration of the time-resolved OTR profiling of the electron beam. The
scheme as shown in the figure would allow a measurement over a region from
400 ns to 600 ns along the bunch train.

As a general notice on the plots of the time-resolved measurements, the horizontal
error bars indicate the constant gate duration while the vertical error bars indicate the
statistical fluctuations on that particular data point.

5.4.1 Beam size along the Pulse Train of 1.2 µs

During the October 2009 run, a bunch train at 4.8 MeV that consisted of 1908
bunches with the charge of 1.4 nC has been provided. In Fig. 72, a time-resolved beam
size measurement is presented as a function of the longitudinal location along the bunch
train. A magnetic focusing by the solenoid current of 200 A has been applied during this
measurement. In the first part of the measurement the gate duration has been set to
100 ns and the beam size has been measured by OTR monitoring for each 100 ns step
of the 1.2 µs beam. Regarding the second part of the measurement, the green point in
the plot denotes the beam size value, measured in a way to capture the image of the
full pulse train. For this measurement the camera gate duration has been set to 1.2 µs.
The horizontal error bars in the plots, indicate the statistical fluctuations of each point
and calculated over 10 subsequent measurements. The mean value of the beam size and
the statistical fluctuation along the pulse train are denoted on the plots. The stability
along the bunch train has been measured as 21% for the time resolved measurement with
the 100 ns resolution. Whereas the statistical deviation of the beam size over several
subsequent measurements has been measured as 4% in the case of the measurement with
the full train.
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Figure 72: Beam size measurement along the pulse train in comparison with the measure-
ment with the full train. 1.4 nC, 4.8 MeV

A similar measurement has been repeated during the March 2010 run. This measure-
ment includes several solenoid scans depending on the single shot profiles at different
longitudinal positions along the pulse train. The Fig. 73-a and b shows the time-resolved
solenoid scans to measure both the horizontal and vertical beam sizes. The data points
with different colors, at a particular focusing solenoid setting, represent the time-resolved
measurements for this setting. A stable beam with a charge per bunch of 1.4 nC at an
energy of 4.9 MeV has been provided for this time-resolved solenoid scans. The mea-
surement agrees very well with the PARMELA simulation within the measured statistical
error ranges. Although Fig. 73 is a nice visualization of the measurement, it is useful to
investigate the results in one particular magnet setting. For this reason a point around
the focus region of the solenoid scan has been chosen and presented in Fig. 73-c. The
figure represents the time-resolved beam size measurement as a function of the longitu-
dinal position along the train in the units of ns. For this measurement, the variation of
the beam size along the train is 0.48 mm and 0.69 mm for the horizontal and the vertical
axis, respectively, with the resolution of 200 ns.

5.4.2 Emittance along the Pulse Train of 1.2 µs

The time-resolved emittance measurements have been also performed similarly to the
time-resolved beam size measurements. The emittance has been measured in the steps
of 400 ns, 200 ns and 100 ns in different times of the commissioning. An oscillation-like
behavior becomes more distinguishable in the measurements that are performed in the
smaller gate durations which provides higher resolution along the train.

The difficulty of the time-resolved emittance measurements is to obtain the high enough
OTR light intensity in order to observe the individual beamlets. The introduction of the
multi-slit mask, when it is within the vacuum chamber, stops a ∼ 80% of the electrons.
The ones reaching to the screen emit the OTR radiation with a relatively low intensity
compared to the entire beam. A shorter camera gate duration increases the measurement
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Figure 73: Beam size scan along the pulse train for a beam of 1.4 nC, 4.9 MeV. a) Hori-
zontal beam size. b) Vertical beam size. c) Representation of the measurement
under a focusing current of 202 A at different gate positions.

resolution along the pulse train, however in the same time it causes a decrease in the
intensity of the OTR light which is detected by the CCD camera. Hence this increases
the measurement errors due to the low signal/noise ratio. This issue leads to a compromise
between the camera gate duration and camera gain for the measurements. The camera
gain can be increased so that the low intensity can be compensated provided that no CCD
saturation occurs due to the high camera gain. In addition, implementation of a more
sensitive screen can be another solution for the low intensity measurements. Aluminium,
ceramic and silicon screens have been used alternatively depending on the experimental
conditions for the PHIN measurements. The aluminium and the silicon screens have the
similar sensitivity levels while the ceramic screen is more sensitive to the electrons. The
camera has to be chosen properly according to its sensitivity for the desired spectral range.
And it has to be shielded carefully in order to prevent the x-ray shower on the camera.
This would not only produce a background for the OTR measurement but also damages
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the CCD camera and shortens its life.
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Figure 74: Emittance scan, with a beam of 1.6 nC, 4.8 MeV, along the pulse train with
the steps of 400 ns.

Fig. 74 presents the results of a measurement with a beam of 1.6 nC per pulse at
4.8 MeV. The emittance has been measured in the beginning, in the middle and in the
end of the pulse train. The focusing solenoid current has been changed systematically
during the measurement. According to the measurement the emittance compensation
can be achieved by a focusing that is provided by a solenoid current of 206.7 A. The
time-resolved emittance measurement where this minimum occurs is shown in detail in
Fig. 75-a. For this particular measurement, the average transverse normalized emittance
is 9.45 mm mrad with a fluctuation of 9.4 % along the pulse train.

More results from the time-resolved emittance measurements are presented in Fig. 75-b
and Fig. 75-c with increasing resolution along the pulse train. The beam parameters and
the results of the emittance measurements with different resolutions are summarized in
Table 29. In the table, the emittance values are given as the average of the measure-
ments along the bunch train. The ∆ε/ε, represent the emittance fluctuations along the
bunch train. For three of the measurements, the ∆ε/ε values are obtained by the error
propagation of the each data point measured along the bunch train.

Time-resolved emittance measurements reveal an oscillation-like behavior that is refin-
ing with the increasing resolution. The variations in the RF field and the laser are the
most probable sources of fluctuation. Therefore, the inheritance of the instabilities from
these sources should be studied. Consequently, further investigations have been done in
pursuit of a correlation between the RF field and the beam parameters. Fig. 76 shows
the fluctuation of the emittance along the bunch train in comparison with the RF pulse
shape. The emittance behavior follows the RF power fluctuations. This is a systematic
behavior of the RF pulse shape which originates from the high voltage of the klystron. In
this sense it can represents the shot-to-shot stability. The emittance stability along the
bunch train can be improved by optimizing the modulator that results with a more stable
RF pulse shape. The phase and amplitude stability values for the klystron in the system
are 0.24o and 1%, respectively.
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Table 29: The summary of the results from the time-resolved transverse normalized emit-
tance measurements with different resolutions.

Energy
(MeV)

Charge
(nC)

Train
Length

(ns)

εx,n

(mm mrad)
∆ε/ε
(%)

4.8 1.6 400 9.45 9.4

4.9 1.4 200 7.07 10.8

5 1 100 12.21 14.6
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Figure 75: Emittance measurement along the pulse train with the steps of a) 400 ns (1.6
nC, 4.8 MeV), b) 200 ns (1.4 nC, 4.9 MeV), c) 100 ns (1 nC, 5 MeV).
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5.5 Longitudinal Phase Space
A magnetic spectrometer has been utilized for the energy and the energy spread

measurements during the PHIN commissioning. The spectrometer is equipped with an
OTR beam profile monitor and a segmented dump.

An example profile of a typical PHIN beam in the dispersive section is presented in the
Fig. 77. The mean energy has been measured as the 5.43 MeV with a spread of 50 keV .

The practical formulas for the magnetic spectrometer has been introduced in Chapter
4. Nevertheless, it is useful to repeat them in this section. The mean energy of the
beam has been determined by monitoring the dipole current in the spectrometer. The
relation is given in Eq. 77. IDipole is the spectrometer current that is needed in order to
focus the beam in the longitudinal axis, e.i., in the middle of the OTR screen. The OTR
profile is analyzed and the energy corresponding to the peak of the profile is determined.
The energy spread is retrieved from the profile as the 1σ width of the distribution. The
calibration relations are given in the Eq. 78 for the energy at the peak of the profile and
in the Eq. 79 for the energy spread.

E0[MeV ] = 0.52× IDipole[A] (77)

Epeak[MeV ] = E0[MeV ] +
µx[mm]

8.4× 100
E0[MeV ] (78)

∆E[keV ] = 10× Epeak[MeV ]× σx[mm]

8.4
(79)

In Fig. 78, a systematic measurements of the energy and the energy spread of the
beam are presented in comparison with the PARMELA simulations. The change in these
observables are given in the relative units around their mean values. It has been shown
that, the deviation in the energy spread reaches a minimum around the on-crest phase
which provides the maximum energy.

There is no direct bunch length diagnostics which is implemented in the PHIN beamline.
Nonetheless, the bunch length of the electron beam is inherit from the length of the laser
pulse. Therefore, the laser pulse length measurement is important in order to determine
one of the initial conditions of the electron beam. This measurement has been carried
out by using a streak camera for the PHIN laser beam. One of the typical laser beam
longitudinal profiles is shown in Fig. 79. The subsequent measurements of the laser pulse
lengths resulted with an average 1σ value of 2.8 ps. The statistical deviation has been
found as ±0.2 ps. However, the streak camera, that is used for the measurement, has
a resolution of ∼ 0.7 ps. Consequently, the pulse length stability can not be determined
from this measurement.

The future-implementation of the phase coding system will bring a need for longitudinal
profile measurement in the PHIN studies. The measurement of the electron longitudinal
profile that is produced by a phase coded laser beam is within the short term plans of the
PHIN photoinjector within 2011.
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Figure 77: An example from the energy measurement in the spectrometer by OTR moni-
toring. a) The image that is captured by the CCD camera. b) The horizontal
profile of the image.
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Figure 78: Energy and energy spread measurement with respect to the RF phase.

5.6 Time-Resolved Longitudinal Characterization of the Beam
The time-resolved measurements for the energy and the energy spread are possible

by using a segmented dump. A segmented-dump designed and implemented in the end of
the spectrometer line within the PHIN research program [88]. During the measurements,
the pulse train is dumped on the segments and the signals from the individual segments
are acquired enabling a time-resolved monitoring of the beam distribution through the
segments [97].

The Fig. 80-a shows the time-resolved contour plot that belongs to a bunch train
of 1300 ns. For this measurement the beam energy is 5.97 MeV and the energy spread
is 0.73% along the bunch train which is well within the specification of < 1%. The
fluctuations in the energy along the bunch train have been shown to be correlated with
the RF power fluctuations. The comparison of energy fluctuations and the RF power
fluctuations in time, is presented in Fig. 80-b.

Another measurement is presented in Fig. 81. For this measurement, the energy spread
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Figure 79: An example from the laser pulse train length measurement with the streak
camera. The average of several subsequent measurements resulted with a 1σ of
2.8 (±0.2) ps. This indicates a 7% shot to shot stability for the laser micropulse
length.
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Figure 80: The time-resolved energy and energy spread measurement by the segmented
dump. a) The contour plot of the energy change during the 1300 ns electron
beam hitting the segmented dump. b) Deviation of the mean energy in corre-
lation with the RF pulse shape.

is 0.6% The fluctuation of the energy spread along the bunch train is down to 2!. The
energy spread is found to be fairly constant along the bunch train.

The energy spread can also be measured by using the OTR monitoring in the dispersive
section. A measurement has been presented in Fig. 82 as a function of the longitudinal
position along the bunch train. This measurement shows that the results from the seg-
mented dump and the OTR profile monitor are comparable. This reveals the reliability
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of the OTR monitor as a time-resolved measurement tool. Besides, the statistical error
bars on the OTR profiling results can be considered as the indications of the shot-to-shot
energy spread stability.
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Figure 81: The time-resolved energy spread measurement.
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5.7 Correlation Between the PHIN Laser Beam and the Electron
Beam
The position and the intensity stability of the laser and the electron beam of the

PHIN photoinjector have been studied in order to demonstrate the correlation between
the laser and the electron beams. The position and the intensity of both beams have been
measured in the same time for several hours. The position and the intensity stability of
electron beam has been measured using the BPR. The laser beam has been measured by
using a virtual cathode and a camera within the laser table placed next to the beam line.

The point stability of both the laser and the electron beams have been measured. The
statistical treatment of the data has been presented in Fig. 83 for the horizontal laser
and electron beam sizes. The laser spot has been measured to be stable within ±0.15 mm
on the virtual cathode. Whereas the BPR readings has shown an electron beam position
stability of ±0.32 mm. The position of the electron and the laser beams on the observation
screens have been shown to be correlated. The correlation plots can be seen in Fig. 84.

The intensity stability of the laser and electron beams have been found as 3% and 4%,
respectively. The corresponding histograms are presented in Fig. 85. An example of how
the electron beam intensity follows the laser beam intensity is given in Fig. 86-a. During
the operations a fairly constant laser beam intensity profile has been provided as in the
example given by Fig. 86-b. .
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Figure 83: Horizontal position stability for a) laser beam and b) electron beam.

As a conclusion, the position and the intensity stability of the electron beam is mainly
determined by the laser. The fluctuations on the RF pulse and quantum efficiency of
the cathode also contribute to the beam instabilities, however they have no dominion.
Therefore to better stabilize the electron beam, the laser beam has to be optimized.
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Figure 84: The correlation of the position stability between the laser and the electron
beam for a) horizontal and b) vertical beam positions.
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Figure 85: Intensity stability for a) laser beam and b) electron beam.
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Figure 86: a) An example to demonstrate the intensity of the electron beam follows the
laser intensity profile. b) An example of the flat laser intensity profile.
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5.8 Conclusions and The Post-Commissioning Activities for PHIN
During the PHIN commissioning, the systematic measurements and the simulations

have been done in order to characterize the transverse and longitudinal beam parameters.
The stability and the tolerances of the injector have been studied. The results are sum-
marized in Table 30 in comparison with design specifications. As seen in the table, all the
design specifications have been satisfied except the charge stability. However, this should
be improved by the implementation of a laser feedback stabilization system in 2011.

Table 30: The specifications in comparison with the achieved values for the PHIN pho-
toinjector.

Parameter Specification Achieved

Laser

UV Laser Pulse Energy (nJ) 370 400

Micropulse Repetition Rate (GHz) 1.5 1.5

Macropulse Repetition Rate 1− 5 1

Train Length (ns) 1273 1300

Electron Beam

Charge per Bunch (nC) 2.33 4.4

Charge per Train (nC) 4446 5800

Current (A) 3.5 6.6

Transverse Normalized Emittance (mm mrad) < 25 14

Energy Spread (%) < 1 0.7

Energy (MeV) 5.5 5.5

Charge Stability (%, rms) < 0.25 0.8

RF Gun

RF Gradient (MV/m) 85 85

Quantum Efficiency (%) 3 3− 18

The amplitude instability in a laser system can have different sources. For the PHIN
laser system these possible sources have been defined as electrical noise, noise from the
pumping diodes, noise from the oscillator and preamplifier, pointing instabilities, thermal
drifts and mechanical vibration. The pointing instabilities, which are related to the in-
stabilities on the mean position of the laser on the cathode, can be caused by the water
cooling system, temperature variations due to the quality of the air conditioning, vibra-
tions, airflow in the beam transport up to the cathode. A laser feedback system to improve
the amplitude and the pointing stability for PHIN laser system is under development. The
implementation of this system is within the short term plans. It has been measured that
the position stability of the laser beam on the laser table is factor of 2 better than the
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position stability of the electron beam after a ∼ 1.5 m of transport in between. There-
fore, the transfer medium could be improved for a better transmission of the laser beam.
In addition to the inherent laser instability, the electron beam instability can also be a
combination of the alignment of the laser on the cathode and the RF instability.

The following aspects could be considered as the possible future improvements of the
diagnostics system for the PHIN photoinjector.

The transverse emittance studies have been performed with the multi-slit method. The
method was sufficient in terms of the precision of the results and its applicability to the
space charge dominated low-energy beams. Though, there could be certain advantages in
implementing different emittance diagnostics. The pepperpot method might be proposed
as one of the candidates. The method enables to reach the information on both the
horizontal and the vertical transverse normalized emittance while the measurement of
only one of the axis is possible with the multi-slit method. Additionally the moving-
slit method could be considered for its higher sensitivity to the tails of the phase space
provided that a good position and intensity stability for the beam is maintained. However
the latter would not provide a single shot measurement unlike the pepperpot or multi-slit
methods.

Regardless of the method that is used, the emittance measurement on different longitu-
dinal positions of the beamline would certainly reveal important information. Monitoring
the emittance until a certain distance from the focusing solenoid magnet would be an-
other satisfactory way of demonstrating the emittance compensation. For this application,
installation of the few OTR monitors would be needed on the beamline.
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6 The Conceptual Study of a New RF Gun for the
CLIC Drive Beam Photoinjector
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The PHIN photoinjector has been designed with respect to the current CTF3 injector
requirements. The design has been installed and commissioned in order to demonstrate the
feasibility of the implementation as the CTF3 injector and also to motivate a photoinjector
system for the CLIC drive beam. In conjunction with these feasibility studies, the aim of
the research program is to compile the learned lessons in order to be considered during
the future CLIC drive beam injector studies.

The research results, which reflects the current status of the photoinjector R&D within
the CLIC study, have been presented and discussed throughout the previous chapters.
This chapter is devoted to a conceptual study, regarding the design of an RF gun in order
to constitute a preliminary step towards the CLIC drive beam photoinjector. The design
steps of the 1 GHz RF gun and the beam dynamics simulations are presented following
the introduction to the injector requirements for CLIC drive beam.

6.1 The Requirements and the Stability Challenges of the CLIC
Drive Beam Photoinjector
The charge stability of PHIN photoinjector has been considered as a feasibility

item which indicates that a photoinjector is, in fact, a suitable candidate to be a drive
beam source. The deliverable stability by the PHIN photoinjector meets the drive beam
tolerances in the same order of magnitude.

The comparison between the measured stability of PHIN parameters and the simulated
drive beam tolerances is presented in Table 31, in terms of the RF and the electron
beam stability. In the table, the RF phase stability has been given as 0.24% according
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to the current measurements from the CTF3 klystrons. However, the RF stability is a
requirement of the CLIC injector and it is independent of the photoinjector option. This
issue has been studied within the CLIC feasibility program.

A 0.8% charge stability has been achieved during PHIN commissioning. In addition to
the current achievements, several improvements are planned and included within the short
term plans of the upcoming PHIN operation schedule. Within this context, a feedback
system will be installed to improve the laser intensity stability and the mirror that is used
in the vacuum for laser optics will be renewed in 2011. These improvements will provide
a better intensity stability of the laser beam on the cathode and should compensate for
the factor of five more stability. Consequently, a higher charge stability will have been
fulfilled.

The improvement of stability for the high power RF pulse shape might result with a
more stable energy and emittance along the pulse train.

Table 31: The measured PHIN stability in comparison with the simulated CLIC Drive
Beam (DB) tolerances at the end of the injector.

Parameter PHIN CLIC DB

RF Stability

Phase (o) 0.24 0.05

RF Amplitude (%) 1 1

Electron Beam

Beam Current (%) 0.8 0.2

Laser Pulse Length* (%) 7 1
*Laser pulse length stability has been considered as the initial bunch length stability.

A new RF gun design has been initiated, as an additional item of the PHIN photoin-
jector research. This extensional effort aims to investigate the beam dynamics in an RF
gun with the CLIC drive beam specifications. Therefore, the PHIN specifications for the
RF gun frequency and the charge per bunch value have been modified according to the
CLIC drive beam requirements. Some of the design parameters for the CLIC drive beam
linac at the end of the injector is summarised in Table 32. In the table, an RF frequency
of 1 GHz is given. The frequency choice is a matter of fact that the bunch spacing for
the CLIC drive beam is 500 MHz before the recombination with a factor of 24 in order
to produce the 12 GHz bunch repetition frequency.

The frequency choice for the drive beam injector had lead to the study of a new RF
gun which is modified from the existing 3 GHz system. Whereas the current baseline
design for the drive beam injector is a thermionic gun with the continuing conceptual
design efforts as given in reference [98]. Throughout the text, the comparison of the both
options will be done according to some beam dynamics aspects of the CLIC drive beam
injector.
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Table 32: Some the design parameters for the CLIC Drive Beam Linac at the end of the
injector with the energy of 50 MeV .

Parameters Value

RF Frequency (GHz) 1

Charge/Bunch (nC) 8.4

RMS Bunch Length (ps) 10

Transverse Normalized Emittance (mm mrad) ≤ 100

Energy Spread (%) ≤ 1

6.2 The design of an 1 GHz RF Gun for the CLIC Drive Beam
Photoinjector

A 2 + 1/2 cell RF cavity with the resonance frequency of 3 GHz has been used for
the current photoinjector studies. Therefore, in order to extend the studies towards the
future CLIC drive beam photoinjector, an RF gun design with the resonance frequency
of 1 GHz has been obtained by rescaling the current PHIN cavity. The rescaled geometry
is presented in Fig. 87 with the accompanying field lines corresponding the π resonance
mode. The figure is the solution of an RF design simulation program, SUPERFISH [72].
This rescaled model has been used for the initial investigation of the beam dynamics. A
more detailed feasibility study should be conducted.
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Figure 87: The SUPERFISH solution for the 1 GHz RF gun that is excited in π-mode.
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An example SUPERFISH input file can be found in Fig. 88. Once defining the geometry

1 GHz RF Gun Design
&reg kprob=1, ; Superfish problem
dx=0.09,
freq=1003.811 , ; Starting frequency in MHz
dslope=-1, ; Allow convergence on first iteration
xdri=2.245,ydri=13.36 ; Drive point location&

&po x=0.0,y=0.0 &
&po x=0.0,y=1.0 &
&po x=0.39,y=13.36&
&po x=3.48,y=13.36&
&po nt=2,x0=3.48,y0=12.74,x=0.62,y=0.0&
&po x=4.1,y=7.79 &
&po nt=2,x0=5.1,y0=7.79,A=1.0,B=1.79,x=1.0,y=0.0 &
&po x=6.1,y=12.72&
&po nt=2,x0=6.72,y0=12.72,x=0.0,y=0.62&
&po x=12.660,y=13.34 &
&po x=12.66,y=7.79&
&po nt=2,x0=13.66,y0=7.79,A=1.0,B=1.79,x=1.0,y=0.0 &
&po x=14.66,y=12.49 &
&po nt=2,x0=15.28,y0=12.49,x=0.0,y=0.62 &
&po x=21.28,y=13.11 &
&po x=21.28,y=7 &
&po nt=2,x0=22.28,y0=7,x=0.0,y=-1.0 &
&po x=36.28,y=6 &
&po x=36.28,y=0.0 &
&po x=0.0,y=0.0 &

Figure 88: An example SUPERFISH input file for the 1 GHz RF gun which is designed
for the CLIC drive beam photo injector.

of the cavity, a frequency scan have been done in order to determine the modes that can be
excited in this cavity. The mode frequencies have been determined for the rescaled cavity.
Technically, the result is produced as a plot that shows the behaviour of the Dirichlet
function with respect to the frequency2. The mode frequencies are determined as the
solutions providing a D = 0 at the negative slopes of the curve. The result of the frequency
scan is shown in Fig. 89. As confirmed with the plot, the given design has been tuned
in order to excite the resonance frequencies of 920.5 MHz (0−mode), 968.5 MHz (π/2−
mode) and 1000.5 MHz (π−mode). The π-mode is used for the acceleration in the cavity.
In Table 33, the RF properties are summarized for the acceleration mode.

The cavity design has been optimized in order to minimize the transverse normalized
beam emittance and the energy spread as well as to provide the maximum particle tran-
sition. Within this optimization strategy, the angle of the first half-cell wall has been

2For the resonance frequency determination in SUPERFISH the so called Dirichlet function, D(k2),
which is independent of the magnetic field strength or the current in the region of calculations, is
defined [72].
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Figure 89: The result of the SUPERFISH frequency scan which shows the resonance fre-
quencies for different modes. The resonance frequency of 1 GHz has been used
for the conceptual study of RF gun for the CLIC Drive Beam photoinjector.

Table 33: The RF parameters that are given by the SUPERFISH simulations for the
π-mode.

Parameter Value

Frequency (GHz) 1

Operating Temperature (oC) 20

Quality Factor, Q 18657.2

Shunt Impedance (MΩ) 5.7

Peak Power Dissipation (kW ) 63.6

RF Power (MW ) @ 40 MV/m 67

altered. For different wall angles, the cavity geometry has been adjusted in order to ob-
tain the 1 GHz resonance frequency in π-mode and the corresponding field maps have
been produced. These maps have been introduced into PARMELA simulations and the
emittance values have been recorded. An angle of 1.6o has been chosen for the final design
which provides the minimum transverse normalized emittance.

The flat on-axis electrical field across the cells must be produced in order to control
the energy spread. This has been achieved by adjusting the heights of individual cells.
However, these adjustments caused the deviation from the design resonance frequency of
999.5 MHz and resulted with a resonance frequency of 1003.811 MHz. The latter value
has been used for the beam dynamics simulations which is close to the design frequency.

Several beam dynamics simulations have been performed in order to characterize the
beam properties when it is accelerated by the 1 GHz RF gun. The results are presented
in the following section.

127



6.3 The Beam Dynamics Aspects
The main specifications of the RF gun has been investigated under the guidelines of

the model which has been described in Chapter 2 and also by performing several beam
dynamics simulations.

The beam dynamics simulations have been performed by using the PARMELA program
for the cavity which is under investigation. The RF cavity and the essential focusing units
have been defined in the PARMELA input file. Several drift sections have been introduced
after the cavity in order to study the evolution of the beam parameters. A PARMELA
input file for the 1 GHz RF gun is shown in Fig. 90.

TITLE CLIC DB RF GUN Test

RUN /n0=1 /ip=999 /freq=1003.8111 /z0=-0.001 /W0=1.0e-6 /itype=1
OUTPUT 5
INPUT 9 /np=5999 /sigr=0.1274 /rmax=1.0 /sigt=6.0 /tmax=25
DRIFT 0 2 1

CELL /l=36.28 /aper=2.0 /iout=1 /phi0=150 /E0=40 /nc=1 /dwtmax=5.0 /sym=-1
CFIELD 1
flatfield06.T7

COIL 0 20 -0.1715e5 0 250
COIL 16.58 20 0.3830e5 0 250
COIL 51.83 20 -0.3017e4 0 250

DRIFT /l=3.72 /aper=6.0 /iout=1
DRIFT /l=10 /aper=6.0 /iout=1
DRIFT /l=50 /aper=6.0 /iout=1
DRIFT /l=50 /aper=6.0 /iout=1
DRIFT /l=50 /aper=6.0 /iout=1
DRIFT /l=50 /aper=6.0 /iout=1

ZOUT 600 0 0 250 0 0
SCHEFF /beami=8.4 0.5 5 10 20 300 0
START /wt=0 /dwt=1 /nsteps=30000 /nsc=1 /nout=10
end

Figure 90: An example PARMELA input file for the 1 GHz RF gun which is designed for
the CLIC drive beam photo injector.

The SUPERFISH program can produce an output for on-axis electrical field of the cav-
ity that can be used as an input to the beam dynamics simulation program, PARMELA.
The on-axis electrical field that is generated by the designed cavity has been extracted
for this purpose and it is presented in Fig. 91.

Regarding the maximum achievable gradient in a cavity, one can recall the Travier’s
criterion. The formula that has been introduced in Chapter 2, is repeated in Eq. (80) as
a reminder. According to the criterion, a maximum gradient of ∼ 60 MV/m is possible
to achieve for the resonance frequency of 1 GHz. A moderate gradient of 40 MV/m has
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Figure 91: The on-axis electric field of 40 MV/m is excited in the cavity.

been chosen within this range by considering the existing S-band cavities as introduced in
Chapter 2. Nevertheless, this value might be higher for the normal conducting technology.

E0,max[MV/m] = 8.47 + 1.57
√

f [MHz] (80)

The gradient value is given for a particular phase difference between the RF and the
beam that is chosen in the PARMELA simulations. The emission phase of the particles
with respect to the RF (master clock in PARMELA) is determined according to the result
of the simulated phase scan at a given gradient, as discussed in Chapter 3. This emission
phase should be chosen which provides the maximum energy gain from the RF field.
Additionally, a constant bunch length along the beamline implies a proper bunching. The
changes in the bunch length cause a change in the energy spread. Therefore, the evolution
of the bunch length along the beamline is another important criteria for the phase choice.
According to the model, an upper limit has been set for the initial bunch length as shown
in Eq. (81). This upper limit is calculated as 50 ps for a cavity with the resonance
frequency of 1 GHz. Therefore, the initial value for the bunch length in the PARMELA
input file has been confirmed to fulfill the design guideline. This value has been chosen as
6 ps (1σ), a factor of two larger than the PHIN input bunch length, in order to decrease
the space charge effect due to the higher charge.

σb[ps] ≤
5× 104

f [MHz]
(81)

Fig. 92 presents a phase scan that has been done for the current design. The variations
of the transverse normalized emittance and the beam energy are shown in comparison,
in the figure. According to these results the maximum energy gain occurs at 160o while
the minimum emittance is obtained, at the exit of the gun, with an emission phase of
120o. The maximum energy gain and the minimum emittance are not produced at the
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same emission phase. As a design strategy, the nominal phase value has been defined
as the phase which provides the best trade-off between the energy spread and the bunch
lenght. However, one can still optimize the transverse emittance by employing one of the
compensation schemes after the determination of the nominal phase.
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Figure 92: The variation of the beam energy and the transverse normalized emittance as
a function of the emission phase.

The evolution of the bunch length, the energy spread and the longitudinal normal-
ized emittance have been simulated for several different phase values. The results of the
simulations are presented in Fig. 93. A minimum for the energy spread and the longitu-
dinal emittance has been obtained at the emission phases of 160o and 150o, respectively.
Nevertheless, an emission phase of 150o has been chosen which provides the minimum lon-
gitudinal normalized emittance, namely, the best compromise between the energy spread
and the bunch length. The 160o, that provides the maximum energy, has not been chosen
due to the distortion in the bunch length in that phase as seen in the figure. Additionally,
the related energy ramp is presented in Fig. 94-a which is increasing as a step function
across each cell at different phases.

The parameters have been investigated at the nominal phase of 150o. First of all, a
proper bunching has been ensured by maintaining a constant bunch length of 18 ps, along
the beamline. Regarding phase choice, the compromise between the energy spread and
bunch length results a longitudinal emittance of 75 µm. The energy remains constant af-
ter the RF gun at the value of 8.8 MeV for the gradient of 40 MV/m. The corresponding
energy spread can be rephrased as 3.4% at this beam energy. Additionally, the variation
of the transverse normalized emittance is presented in Fig. 94-b, the emittance varies
between 36 − 38 mm mrad at different longitudinal positions of the beamline. The fur-
ther optimization of the transverse normalized emittance has been performed by using a
external focusing field. This field has been provided by defining three “COIL” elements
in PARMELA simulations. The result of the compensation study will be presented.

The maximum achievable charge per bunch value can be estimated by the laser spot
size and the accelerating gradient as given in Eq. (82). In this example, the gradient
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Figure 93: a) The bunch length along the beamline. In PARMELA simulations, a constant
the bunch of 19.5 ps has been achieved at the particular emission phase of 155o.
b) The variation of the energy spread with respect to the emission phase. The
minimum energy spread of 168.6 KeV can be obtained at the emission phase
of 160o. c) The variation of the longitudinal emittance as a function of the
emission phase. The minimum longitudinal emittance of 75 µm occurs at the
phase of 150o.

value is fixed at 40 MV/m and the laser spot size can be considered as the free parameter
to increase the charge. The CLIC drive beam specification for the charge per bunch value
is 8.4 nC as given in the previous section. Therefore a 1σ laser spot size of ∼ 2 mm is
found to be sufficient to produce the required charge of 8.4 nC per bunch regarding the
accelerating gradient of 40 MV/m.

Qmax[nC] =
Eacc[MV/m]σ2

L

18
(82)

As a matter of fact, the preliminary design is sufficient under the consideration of the
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Figure 94: a) The energy ramp up through the cells of the 2+1/2 cell cavity and through-
out the beamline for different emission phases. b) The evolution of the trans-
verse normalized emittance for various emission phases.

main design criteria of the model.
Similar to the PHIN set-up a pair of coils should be placed before and after the RF

gun, standing for the so called “bucking” and the “focusing” solenoids. The effect has
been simulated by defining three “COIL” elements in PARMELA. The program generates
a background magnetic field by taking into account the combined effect of these coils.
The placement and the current value of the first coil has been optimized so that the
magnetic field on the cathode maintained to be zero. The second and the third coils
have been optimized by rescaling from the existing PHIN configuration with respect to
the ratio of the cavity lengths. This background field is scaled in order to simulate the
different magnetic focusing levels. The behavior of the beam under different magnetic
focusing conditions have been investigated. These investigations are necessary in order to
study the emittance compensation. The theory of the emittance compensation and the
implementation for the PHIN photoinjector have been discussed in detail in the previous
chapters.

The evolution of the beam size and the transverse normalized emittance are presented
in Fig. 95-a and b. According to the simulations, the emittance compensation occurs at a
particular distance from the cathode under the nominal focusing. A transverse normalized
emittance of 34.7 mm mrad at the exit of the gun is reduced to 27.1 mm mrad at a distance
of 250 cm from the cathode under the magnetic focusing of 965.5 Gauss. This particular
longitudinal position can be considered as the location of the next accelerating structure
in order to conserve the optimized beam properties.

Consequently, the particular magnetic field of 965.5 Gauss has been determined to
produce the nominal focusing and provide the emittance compensation. The calibration
of the coils in terms of the PARMELA units is given in Table 34 for this nominal magnetic
settings. The resulting magnetic field distribution is presented in Fig. 98.

The behavior of the emittance under different focusing conditions is simulated and a
summary is given in Fig. 96. In the figure, the variation of the emittance is shown for

132



0 50 100 150 200 250 300
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Z (cm) 

σ
x (m

m
) 

PARMELA Simulation: 8.4 nC, 40 MV/m, 1 GHz

 

 

644 Gauss
805 Gauss
965 Gauss
1126 Gauss
1287 Gauss

0 50 100 150 200 250 300
0

10

20

30

40

50

60

Z (cm) 

ε x (m
m

 m
ra

d)
 

PARMELA Simulation: 8.4 nC, 40 MV/m, 1 GHz

 

 

644 Gauss
805 Gauss
965 Gauss
1126 Gauss
1287 Gauss

a) b)

Figure 95: The evolution of a) the transverse beam size and b) the normalized emit-
tance along the beamline. The emittance compensation occurs at a distance
of 250 cm away from the cathode.
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Figure 96: The evolution of the transverse normalized beam emittance with respect to the
focusing magnet field at a downstream point, 250 cm away from the cathode.
The emittance compensation occurs under the focusing of a magnetic field of
965.5 Gauss.

Table 34: The reference calibration for the nominal settings of the solenoids.

PARMELA Settings (×105) Peak Magnetic Field (Gauss)

COIL 1 COIL 2 COIL 3

−0.1715 0.3830 −0.03017 965.5
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Figure 97: The evolution of the beam size with respect to the focusing magnet field at a
downstream point, 250 cm away from the cathode.
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Figure 98: The background magnetic field that is created by PARMELA program as a
result of the defined coil positions and currents.

both at the exit of the gun and at the downstream position of 250 cm where the emittance
compensation occurs. The evolution of the beam size as a function of the focusing magnet
field has been also simulated and is presented in Fig. 97.

The transverse and longitudinal beam parameters have been retrieved for the optimized
magnet settings and the RF phase. The design specification and these resulting beam
properties are summarized in Table 35 in comparison with the baseline thermionic option.
The study indicates that the specifications for the drive beam can be achieved also by
a photoinjector without producing unwanted parasitic charge. This parasitic charge be-
tween the bunches is a by-product of the bunching system which is used in the case of the
thermionic gun. The current preliminary design for the 1 GHz RF gun already provides
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the required transverse beam emittance as denoted within the drive beam specifications.
The bunch length and the energy spread are slightly exceeding their design values. How-
ever, these values can be optimized by the extension of the preliminary design which is
presented in this chapter. As an example, the bunch lenght can be reduced by compres-
sion after the gun. Whereas, the energy spread which is given for the RF gun is at the
energy of 8.8 MeV and can be reduced by further acceleration after the injector.

Table 35: The design specifications and the resulting beam dynamics parameters for the
1 GHz RF gun in comparison with the thermionic gun.

Parameter RF Gun Thermionic
Gun

CLIC Drive
Beam

RF Frequency (GHz) 1 1 1

Gradient (MV/m) 40 - -

Charge / Bunch (nC) 8.4 8.16 8.4

Beam Size (1σ) , σx (mm) 4.3 - -

Laser Spot Size (1σ), σL

(mm)
2 - -

Normalized Emittance, εx,n

(mm mrad)
27.1 32.9 < 100

Beam Energy (MeV ) 8.8 53.2 2730

Bunch Length, σz (ps) 18 9.43 10− 3.33

RMS Energy Spread,
∆E (KeV ) / (%)

297 / 3.37
(8.8 MeV )

450 / 0.84
(50 MeV )

≤ 1%
(50 MeV )

Satellite Bunches (%) 0 4.9 as less as
possible

The transverse and the longitudinal phase space distribution of different injector options
for CLIC drive beam have been presented in Fig. 99 and Fig. 100. The values for the
thermal injector belong to the end of the injector where the beam energy is 50 MeV . For
the case of the RF gun, the given values are from a downstream point of 250 cm where
the emittance compensation occurs at the current settings. The comparison between
the longitudinal phase space distributions from different injector options reveals that a
photoinjector is clear from the entailment parasitic charge.
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Figure 99: The transverse phase space for the 1 GHz RF gun, at the magnet settings
for the emittance compensation a) for the RF gun at a downstream location
where the emittance compensation occurs (27.1 mm mrad @ 8.8 MeV ), b) for
the thermionic gun at the end of the injector (32.9 mm mrad @ 50 MeV ).
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Conclusions
The PHIN photoinjector research and development activity has been continuing at

CERN within the CARE program. In this thesis, the transverse and longitudinal beam
properties of the PHIN photoinjector have been characterized, the feasibility to become
a substitute for the CTF3 thermal injector has been investigated with the intentions to
study the photoinjector option as the future CLIC drive beam electron source, as well.

The objectives of this thesis are:
- to show that the injector specifications of the CTF3 can be satisfied by a photoin-

jector without producing the unwanted parasitic charge (satellite bunches) due to the
bunching system of the existing thermionic gun. The current parasitic charge level in the
CTF3 beam has been given as 7% in the recent experimental studies. Whereas it can be
completely avoided by using a photoinjector system that does not require an additional
bunching system.

- to demonstrate the reliable and stable production of a 1.3 µs long bunch train, with
2.33 nC charge per bunch and 4.5 µC of total charge, by the PHIN photoinjector. The
stability of the beam has a paramount importance as a drive beam injector candidate.
Because, the stability of the power that is generated in the CLIC decelerators are in-
herit from the drive beam stability. Therefore, it has an direct influence on the effective
acceleration of the CLIC main beams.

In the scope of this thesis, the comprehensive simulations have been performed for
the PHIN test beamline by using PARMELA. These simulation studies can be divided
into two parts as the benchmark simulations and the simulations for the experimental
conditions. The benchmark simulations have been done to reveal the beam properties in
a wide range of parameters. The laser spot size on the cathode, charge per bunch, RF
phase, on-axis electric field of the cavity and magnetic focusing of the solenoid magnet have
been determined as the variables of the benchmark study. The emittance compensation
for space charge dominated beams has been studied. As the result of these investigations
an optimum working point has been defined for the baseline configuration of the PHIN
photoinjector and for a variety of energy and bunch charge values. In each case the
trade-off between the longitudinal parameters and the transverse parameters have been
investigated. The benchmark simulations have provided a reference for different conditions
during the PHIN commissioning and for future photoinjector studies.

The experimental program have aimed the full characterization of the PHIN photoin-
jector for the short and the long bunch trains. In order to conduct these experiments
a set of diagnostics tools have been utilized which enables both single shot and time-
resolved measurements. Besides the traditional current monitoring and the OTR profile
monitoring systems in the set-up, the non-trivial methods have been successfully imple-
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mented such as the multi-slit emittance-meter for the space charge dominated beams and
the segmented beam dump for the time-resolved energy measurements. The multi-slit
emittance-meter has been commissioned within this thesis research. The programs for
the analysis of the data for emittance measurement, in the form of the OTR images, have
been developed. The necessary data acquisition programs with online and offline analysis
components have been prepared. The computer programs that have been used during the
PHIN commissioning have been collected within a software package called “PHINEMA”.
The single shot measurements have been performed to provide shot to shot information
of the beam. Whereas, the time-resolved measurements have supplied the beam status
along the bunch train. In the end of the commissioning the PHIN beam have been fully
characterized and the design specifications have been satisfied. Exceptionally, the charge
stability have been found to be subject to improvement by a factor of three. The im-
provement will be done by implementing a feedback stabilization system for the laser
intensity on the cathode in 2011. All the experimental results have been compared with
the simulations.

The PHIN photoinjector has been commissioned with the intermittent runs between
2008 and 2010 with a total beam time of 60 workdays. The studies led to an eventual
success by fulfilling the design specification. As a result, the PHIN photoinjector has been
shown to be utilized as the CTF3 source.

The results of the experimental and numerical characterization of PHIN photoinjector
have been used to initiate a photoinjector design with the CLIC drive beam parameters.
For this purpose the PHIN RF gun have been rescaled to provide a 1 GHz resonance
frequency at the π-mode. The beam dynamics consequences of the new design have
been discussed in comparison with another ongoing scenario which uses a thermionic
gun. In both cases, the simulation studies fulfils several CLIC drive beam specific pa-
rameters, however the 4.9% of parasitic charge remains to be an issue of the thermionic
gun. Therefore in this thesis, the PHIN photoinjector performance and stability as well
as the further simulation studies for the 1 GHz RF gun ensure that: the photoinjector
constitutes a compact, high charge, low emittance option as the future CLIC drive beam
electron source.

There are numerous items in the context of the future activities for the PHIN photoin-
jector. The phase coding system for the PHIN laser will be installed and commissioned
during the February 2011 PHIN run. The system, that provides the nominal CLIC drive
beam time structure, will be an important step towards the further demonstration of the
feasibility of a photoinjector as drive beam source. Additionally, exceeding the nominal
PHIN charge specification of 2.33 nC, the CLIC drive beam specification of 8.4 nC will be
aimed within the future charge production studies. This has been planned to be achieved
by using a larger laser spot size.

Regarding the future simulation studies for the 1 GHz rescaled RF gun, it is important
to improve the existing preliminary design in terms of the RF parameters such as the
power consumption. The deliverable parameters from the RF gun have to be determined
in case of an additional accelerating cavity for both 3 GHz PHIN case and 1 GHz case.
The further acceleration has to be implemented in the position where the emittance
compensation occurs. Therefore the emittance will be frozen in its minimum value and
the energy spread will be lowered by the acceleration.
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Appendix 1 - Thermal Injector of CTF3
A thermionic gun is utilized in the CTF3 injector [99]. After the continues charge pro-
duction in the gun, a bunching system has to be implemented to produce the desired time
structure. The CTF3 bunching system consists of three 1.5 GHz sub-harmonic bunchers
(SHB), an S-band pre-buncher (PB), a tapered phase velocity travelling wave buncher.
After the bunching process, beam proceeds to two accelerating sections with the lenght
of 1 m. The pre-buncher, buncher and accelerating structures operate at 3 GHz.

Due to the usage of the sub-harmonic bunching system, current CTF3 injector generates
unwanted satellite bunches. The charge inside the satellite bunches is unusable for the
rest of the operation, therefore it reduces the drive beam current. The amount of charge
in the unwanted satellite bunches can be estimated from the streak camera images [100].
The charge in the satellite bunches has been measured as 7 − 8%, recently. The image
that has been produced by the acquisition of the synchrotron radiation from the beam by
a streak camera, is shown in the Fig. 101.

Figure 101: The streak camera image of the bunches in the delay loop and the unwanted
satellite bunches.
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Appendix 2 - The Beam Dynamics for Different
Bunch Charge Values
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Figure 102: The beam dynamics parameters at the gradient of 85 MV/m for the beam charge of 1 nC.
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Figure 103: The beam dynamics parameters at the gradient of 85 MV/m for the beam charge of 1.5
nC.

142



160 170 180 190 200 210 220 230 240 250 260
6

8

10

12

14

16

18

20

22

Focusing Magnet Current (A)   

ε xrm
s 

(m
m

 m
ra

d)
  

 

 

@Gun−exit (17.5 cm)
@Slit−mask (118.5 cm)
@150 cm downstream

160 170 180 190 200 210 220 230 240 250 260
0

20

40

60

80

100

120

Focusing Magnet Current (A)   

ε zrm
s 

(µ
m

)  

 

 

@Gun−exit (17.5 cm)
@150 cm downstream
@Screen−2 (261.1 cm)
@Segmented−Dump (286 cm)

160 170 180 190 200 210 220 230 240 250 260
0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Focusing Magnet Current (A)   

Δ
E 

(%
)  

 

 @Gun−exit (17.5 cm)
@150 cm downstream
@Screen−2 (262.1 cm)
@Segmented−Dump (286.1 cm)

160 170 180 190 200 210 220 230 240 250 260
0

5

10

15

20

25

30

Focusing Magnet Current (A)   

σ
z rm

s (p
s)

  

 

 
@Gun−exit (17.5 cm)
@150 cm downstream
@Screen−2 (261.1 cm)
@Segmented−Dump (286.1 cm)

Figure 104: The beam dynamics parameters at the gradient of 85 MV/m for the beam charge of 2 nC.
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Figure 105: The beam dynamics parameters at the gradient of 85 MV/m for the beam charge of 2.5
nC.
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Appendix 3 - Correlation Between the Fluctuations
along the Pulse Train and on the RF Field
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Figure 106: Correlations between the fluctuations along the train.
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