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Resumen

El descubrimiento del bosén de Higgs ha iniciado una nuevae el LHC cuyo
objetivo sera medir las propiedades de dicho bosén comjenprecision posible. Sin
embargo, dada la complejidad de los protones, compuestagipks y gluones, exis-
te el consenso en la Fisica de Altas Energias de que ehpotolisionador sera un
colisionador electron-positron. Desde un punto de \gstgplista, para que electrones
y positrones colisionen a muy altas energias en un coésioencircular, la energia
perdida por radiacion sincrotron debe reponerse mealesitucturas aceleradoras de
radiofrecuencia. Una alternativa para evitar este prod@sconstruir un colisionador
lineal donde dos aceleradores lineales (linacs) opuestdsran las particulas hasta al-
canzar su energia final en un solo paso antes de hacerlsigigatien un punto de in-
teraccion central. Dos colisionadores lineales de elae y positrones han sido pro-
puestos: ILC (International Linear Collider) en el rangcethergias de 1 TeV, y CLIC
(Compact Linear Collider) en el rango de energias de 10 T&V.ha sido diseiiado
para operar a una energia de 0.5 TeV y con una luminosidact b@2m—2s, uti-
lizando cavidades aceleradoras superconductoras coradiegte de aceleracion de
31.5 MV/m. En cambio, CLIC estéa siendo disefiado para tener ungiands 3 TeV,

y una luminosidad maxima de ¥om-2s1, con un gradiente de aceleracion de 100
MV/m.

Para alcanzar dichas luminosidades se necesitan anillaaiguamiento (Dam-
ping Rings, DRs) que reduzcan la emitancia de los hacesasqaat las fuentes de
electrones y positrones varios ordenes de magnitud, prexido ademas haces muy
estables. El disefio de los DRs es diferente en el caso de @AQG. En CLIC, el tren
de paquetes de particulas es relativamente corto con nuaygspacio entre paquetes 'y
una alta frecuencia de repeticion, mientras que el treradagtes de ILC es mas largo,
lo que hace que los DRs deban tener un radio mayor. Adema#aléuminosidad
necesaria en ILC se consigue aumentando la carga del patpipéeticulas, mientras
gue en CLIC se consigue reduciendo la emitancia del haz Velst&s sin precedentes,
especialmente en el plano vertical: 5 nm en el caso de CLICaaenergia de 2.86
GeV, mientras que para ILC es 20 nm a una energia de 5 Ge\kemEdti@ncia vertical
en CLIC se podria conseguir mediante dos pre-damping (IRBRs) y dos DRs.
Para transferir el haz de un anillo a otro, asi como desdedaté de electrones y
positrones a los PDRs y desde los DRs a los linacs, se negesitstema de inyeccion
y un sistema de extraccion del haz en cada uno de los cualimsartstos sistemas



de inyeccion o extraccion (kickers) deben inyectar oaettrel haz de manera muy
estable y afectar minimamente al haz que circula. Estadhitesiores de los kickers de
inyeccion y extraccion para el desarrollo del ILC y del CLTest Facility 3 (CTF3),
demostraron que el kicker electromagnético, conocidoocstnipline kicker, es el mas
adecuado para este tipo de operacion.

Este proyecto de tesis doctoral tiene como objetivo el deldade la metodologia
necesaria para disefar stripline kickers para acelezadmrculares de baja emitancia.
En particular esta tesis se basa en el disefio, construgdiésts de laboratorio del
stripline kicker para la extraccion de haz de los DRs de CpkZo los estudios reali-
zados pueden extenderse a los DRs de ILC o a cualquier otlo @aibaja emitancia.

La primera parte de este trabajo de investigacion se cente estudio y diseio
del stripline kicker, consistente en dos electrodos detgnon tubo cilindrico de vacio.
Con el fin de conseguir las especificaciones requeridasepdiseio de este prototipo
la autora propone un nuevo enfoque que no habia sido diilibasta ahora en el
estudio de Futuros Colisionadores Lineales (FLESYe consiste en el estudio de los
dos modos de operacion que presentan dos lineas de teaiismcopladas, como es
el caso del stripline kicker, analizando como varianréiiéges parametros en ambos
modos de operacion con la geometria de los electrodos |gsidos geometrias mas
ampliamentes usadas, electrodos planos y electrodosscueatos primeros estudios
se han realizado analiticamente y numéricamente usdruduligo de simulacion de
campos electromagnéticos en el dominio de la frecuenciaSHEstos estudios han
sido: impedancia caracteristica de las lineas de tran@macopladas y homogeneidad
del campo electromagnético. De este estudio se conclug&glo con los electrodos
planos se cumplen las especificaciones de homogeneidadng® cenientras que la
adaptacion de impedancias en ambos modos de operacioenon fdel todo optimas.
Por este motivo, la autora ha propuesto una nueva geomkdrreada media luna,
con la que se mejord la adaptacion de impedancias. Essagedonetrias, electrodos
planos y electrodos media luna, se estudiaron mas en plidachy se confrontaron
los resultados para elegir la geometria mas 6ptima. kagl®s realizados fueron los
siguientes: la aparicion de arcos eléctricos (rigidetédirica) entre los electrodos y
el tubo de vacio, la transmision de potencia a través slelectrodos y la impedancia
longitudinal y transversal que ve el haz de particulas ahpa través del stripline
kicker. Estos Ultimos estudios se realizaron con el progree simulacion de campos
electromagnéticos en el dominio del tiempo CST, que persiitiular el paso de un
haz a través de una estructura. Al final de este estudio,igiereh los electrodos
media luna como la geometria mas Optima para el kickexttaaion del haz de los
DRs de CLIC.

La segunda parte de este trabajo de tesis consiste en eloedtidesto de com-
ponentes, aparte de los electrodos y la camara de va@a;anforman un stripline
kicker: los soportes de los electrodos y los pasamurospasd los materiales y el es-
tudio de las tolerancias. Los soportes convencionales harsatilizado, y un nuevo
disefio, consistente en cuatro anillos ceramicos, hgsmuuesto. Estos soportes per-
miten el ensamblaje de los electrodos fuera de la camaradaie, Mo que asegura su



paralelismo y posicion angular antes de introducirloseendmara: ésta es la Gnica
manera de garantizar la uniformidad de campo. Ademasgddeiipoco espacio entre
los electrodos y la camara de vacio los soportes convealei® no hubiesen podido
utilizarse. El programa de simulacion CST se ha utilizadmpestudiar como estos
anillos ceramicos, asi como los pasamuros comerciategyeos, afectan a la trans-
mision de potencia y a la impedancia de acoplamiento del haz

La tercera parte de la tesis comprende las medidas en laborgtie han per-
mitido corroborar los estudios analiticos y numéricadizados previamente a bajas
frecuencias. Las medidas realizadas han sido: paranarosflexion, impedancia
longitudinal del haz, impedancia transversal del haz prfieerios de arcos eléctricos
para alto voltaje. Los resultados para los parametrosflxitn y para la impedancia
longitudinal del haz estan de acuerdo con las simulacicze&zadas en la fase del
diseilo, mientras que para la impedancia transversale oo en el caso vertical,
se necesitaran mas estudios. Por otro lado, la aparigércos eléctricos a voltajes
de unost10 kV en DC, hace que sean necesarias medidas con voltagesipsalpara
garantizar la correcta operacion del kicker una vez iadtakn un acelerador. Gracias
al profundo conocimiento adquirido durante todo este joaliambién se presentan
diferentes propuestas para kickers de nueva generacion.

Para finalizar la caracterizacion de este primer protogpcel futuro se realizaran
medidas con haz en un acelerador, que ayudaran a estuniigrddancia longitudinal
y transversal del haz, tanto a bajas como a altas frecuencias

La construccion de sistemas de inyeccion y extracci@s estables y con baja
impedancia de haz, permitira que haces de muy baja erataaan inyectados en los
FLCs, aumentando asi la probabilidad de colision en elqpda interaccion. Ademas,
todos estos desarrollos seran de gran utilidad en otrdsraderes como por ejemplo
futuras fuentes de luz sincrotron y los Futuros Colisiamad Circulares (FCCs).






Abstract

In the framework of the design study of Future Linear Coligd¢éhe Com-
pact Linear Collider (CLIC) aims for electron-positron lggibns with
high luminosity at a nominal centre-of-mass energy of 3 Te/achieve
the luminosity requirements, Pre-Damping Rings (PDRs) Rathping
Rings (DRs) are required: they reduce the beam emittanoeiie beam
is accelerated in the main linac. Several injection andaekibn systems
are needed to inject and extract the beam from the PDRs and s
work of this Thesis consists of the design, fabrication ambtatory tests
of the first stripline kicker prototype for beam extractioorh the CLIC
DRs, although the methodology proposed can be extendedipdirst
kickers for any low emittance ring. The excellent field horaogity re-
quired, as well as a good transmission of the high voltagsgthirough the
electrodes, has been achieved by choosing a novel eleghage. With
this new geometry, it has been possible to benefit from alath@antages
that the most common shapes introduce separately. Furtiherra de-
tailed study of the dierent operating modes of a stripline kicker allowed
the beam coupling impedance to be fully characterized atfiequen-
cies. The optimum design of the striplines and their comptseas been
based on studies of impedance matching, field homogeneiwgiptrans-
mission, beam coupling impedance and manufacturing totea Other
studies concerning higher order modes and electrodesgdadve been
done. The striplines have been manufactured by the spanisipany
Trinos Vacuum Projects, and laboratory tests without beave bbeen car-
ried out in order to characterize the striplines. The follugvtests have
been done: power reflection, longitudinal and transversenbeoupling
impedance and RF breakdown. Finally, new ideas for furthgarove-
ment of the performance of future striplines are reported.
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Chapter 1

Introduction

Particle Physics field has made impressive progress in tisipwf its core mis-
sion, elucidating the laws of nature at the most fundaméexel. A giant leap, the dis-
covery of the Higgs boson, has been accompanied by manyimgrgal results con-
firming the Standard Model beyond the previously exploregtgy scales. These re-
sults raise further questions on the origin of elementariigd@ masses and on the role
of the Higgs boson in the more fundamental theory underlyinegStandard Model,
which may involve additional particles to be discovereduabthe TeV scale.

The discovery of the Higgs boson, announced in July 2012astart of a major
programme of work to measure particle’s properties withilglest possible precision
for testing the validity of the Standard Model and to seawmtfdirther new physics at
the energy frontier. The Large Hadron Collider (LHC), thghest energy hadron
accelerator ever built, is in a unique position to pursueehabjectives, and its full
exploitation is one of the highest priorities in ParticleyBiss. The LHC was built in
the existing 27 km circumference of the Large Electron Posi(LEP) tunnel, and first
operated in 2008. In 2012, the LHC achieved a center-of-reasgyy of 8 TeV and a
peak luminosity of 7.210*3cm2s1. In 2015, after a long shutdown, it is planned that
the LHC run at a center-of-mass energy of 13-14 TeV and itgydgseak luminosity
of 10**cm st . To extend its discovery potential, the LHC will need a maipgrade,
the High Luminosity LHC (HL-LHC), to increase its luminogiby a factor of ten
beyond its design valuel[1].

Due to the large background present at hadron collisionghwmpairs the detec-
tion of numerous events, a consensus has been reached erticeephysics commu-
nity, supported by the International Committe for Futuredlerators (ICFA), that the
results of the LHC will need to be complemented by experimant lepton collider
in the TeV energy range.

Historically the last discoveries made by an hadron callidere been followed by
accurate measurements with a light lepton collider. In &ietr the Wrand 2 bosons
discovery in the Super Proton Synchrotron (SPS) the LEP wad to make precise
measurements of their properties. Protons are composeddrksjand gluons, then
the center-of-mass energy of the single elementary pavritiwiolved in the collision

1
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in the LHC cannot be precisely determined. The absence aiggr&nowledge of
the collision’s initial conditions makes the analysis oé tthata very challenging. By
contrast, electrons and positrons are elementary,esooelliders can be used to deter-
mine parameters with a much higher precision than protos,ani¢h very well defined
initial states and lower background in the detectors bexabithe fact that no strong
interactions are present but only electroweak.

In a simplistic point of view, the technical problem of cdilg electrons against
positrons at very high energies in a ring is the loss of endtgyto synchrotron radia-
tion (SR). Itis well known that a charged particle emits &ithn when it is accelerated.
This radiation can be negligible when it comes from longiadl acceleration, but
when the trajectory is bent the energy loss per revolutionesto be:

,8374 E4
AE~ =~ o (1.1)
whereg is the particle’s relative velocity; is the relativistic factor is the bending
radius,E is the particle’s energy ana is the particle’s mass. Ed. (1.1) shows that the
energy loss per revolution depends on the inverse of theifguower of the particle
mass. It is therefore much more higher for light electrormtfor protons or heavy
particles. This lost energy per SR has to be restored by thecR&lerating structures
in order to be able to have the beam circulating and this tiorie one of the major
restrictions to the circular*@™ collider. The highest energy lepton collisions so far,
209 GeV, have been achieved wittee colliding beams in the LEP at CERN. At this
energy, the SR losses were already significant, amountiB§aof the beam energy
for a 27 km-long circumference, compensable by a powerfpésronducting radio-
frequency (SCRF) system providing up to 3640 MV per turn.

An alternative in order to build a Terascale lepton collideuld be to avoid the
bending of particle trajectories by usingee linear colliders where two opposing li-
near accelerators (linacs) accelerate the particles itdithe energy in one pass before
focusing and colliding them in a central Interaction PolR)( There is a strong scien-
tific case for a €e” linear collider, complementary to the LHC, that can study th
properties of the Higgs boson and other particles with urgdented precision and
whose energy can be upgraded. The Technical Design RedaR)([P] of the Inter-
national Linear Collider (ILC) has been completed, witlgaEuropean participation.
The initiative from the Japanese particle physics comnyunihost the ILC in Japan
is most welcome, and European groups are eager to parécipatope looks forward
to a proposal from Japan to discuss a possible participf8jon

1.1 The Future Linear Colliders

There are two figures of merit for a collider: the centre-afss energy and the
luminosity. The instantenous luminosity, at the InteractPoint (IP) is defined as:
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2
nb N frep
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wheren, is the number of bunches in a bunch traihis the number of particles in
a single bunchfie, is the machine pulse repetition rats, andoy are the RMS hori-
zontal and vertical beam sizes at the IP, &ifslis the luminosity enhancement factor.
The luminosity enhancement factor is defined as the ratibe#tective luminosity,
resulting from the beam-beam interaction, to the georadthioninosity. This factor
is not calculable analytically, because the dynamics ofbiémeem-beam interaction is
non-linear. It is however a function of the so-called digiop parameter:
T7 _ 2reNo- (1.3)
fuy  voxylox+oy)

whereo, is the RMS bunch lengtin, is the classical electron radius, ahg is the
effective focal length of the beam in the transverse coordiate the mutual beam-
beam focusing can be assimilated to a very thin quadrupdiis. plarameter quantifies
the beam-beantkects and represents the relative change in the impact ptrawiale
crossing the opposite bunch.

In a circular collider a large luminosity can be easily ob&al because of the high
collision rate (ep) achieved after many cycles. The linear collider is a sipgies
machine where the electron and positron bunches are aatsgleand collided only
once and therefore the collision rate is lower than for dacoolliders. Having a large
number of bunches per train partially compensates this lo@sever, if one wants
to have comparable luminosities to the rings it is then resmgsto reduce drastically
the transverse beam sizes at the IP. The required tiny bems demand for a very
strong focusing quadrupoles close to the IP, and lead tagtream-beamfiects. In
addition, tight tolerances on the vibration of the acceteraomponents are needed.

The luminosity can also be expressed in terms of the fundahkmear collider
parameters which enter into the luminosity scaling:

Dx’y

L« 1Pbeam @

Hp (1.4)
Ecm Y&

wheren is the RF to beam power conversioffi@ency, PyeamiS the average beam
power,E.n is the center-of-mass energys is the beamstrahlung energy loss, aag
is the normalized vertical emittance.

From Eq. [1.4), it is shown that a higher luminosity can alsvag achieved by
increasing the beam power. However, higher beam powersesrerglly constrained
by both the available electrical power and the need to dehltive high beam powers
within the machine. In addition, this power has to be suptientinuosly in order
to accelerate each bunch train. The RF power required iggignenuch higher than
the beam power due to the low beam power converdigtiencyn, which is typically
in the range of 6-24%, depending on the choice of linac teldgyd4]. In addition
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to the high beam power and the high RF to beam power tranfiereacy, a small
normalized vertical emittance is required. Furthermorgall bunch length is better
to achieve high luminosity, although a shorter bunch lemgtenerally accompanied
by higher beamstrahlung energy loss.

The principle of a linear accelerator based on alternatielggiwas proposed by
Ising and Wideroe in the first quarter of the last century.his tnethod, particles are
accelerated by repeated application of RF fields [5]. Nowadee use accelerating
structures composed of a set of discs located normal to tiseofa waveguide tube,
with an iris in the center to let the beam pass through. The aim shape of these
RF cavities are carefully chosen, so that electromagnedie® become resonant and
build up inside the cavity. Charged particles passing thindhe cavity feel the overall
force and direction of the resulting electromagnetic figlthich transfers energy to
push them forwards along the accelerator.

pre-accelerator

fou eV = E Osource
/

damping extraction

& dum
few GeV final fc_ncus ) P

main linac I I
compressor collimation

Figure 1.1: General layout of a “half” linear collider [4].

The general layout of a “half” linear collider is shown in Brg[1.1. The first
part of the collider is the generation and injection syst@ire electrons are created in
thermionic guns while the positrons are generated throagtppoduction. After being
accelerated and bunched, the low energy and high emittaaasa s injected into the
Damping Ring (DR), where the beam emittance is drasticalijpyced. The minimum
emittance achievable in the DR is a crucial parameter becius a lower limit for
the rest of the collider and specially for the emittance atith After the DR the beam
naturally comes out extremely flat, this is an advantageufmithosity enhancement, as
shown in Eq.[(1R). Once the emittance has been reduced DRhéhe bunch length
is shortened in a bunch compresor. Then, the beam is injediethe main linac to
be accelerated, using RF cavities, to the nominal energy fwithe collision. Apart
from the RF cavities the linac has FODO cells, i.e. an arrarege of focusing and
defocusing quadrupoles with the néiset of focusing the beam, dipole correctors and
Beam Position Monitors (BPMs). This is the longest part efélacelerator. After the
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acceleration of the beam comes the so-called Beam Deliyete® (BDS). The BDS
has the role of delivering the beam to the IP with the bestityudl is composed of a
collimation section where the particles with position oergy out of a certain limits
are eliminated in order to protect the Final Focus (FF) quioles and reduce the
background in the detector, and a chromatic correctionsecomposed of sextupoles
with the scope of correcting the aberrations introducedbyRF System (FFS), which
is a set of very strong quadrupoles irffdrent configurations that focus the beam to
the smallest size in the IP. After that, the detectors widbrestruct and measure all the
parameters in the collision event and the beam will be dumped

During the last twenty years, dedicated and successful Wwgriesearch groups
worldwide has demonstrated that a linear collider can bk &nd reliably operated.
Two e*e linear collider projects have been proposed: the ILC in drege of 1 TeV,
and the Compact Linear Collider (CLIC) in the range of 10 TeMJune 2012, ICFA
took the decision that the two projects start to work togetheder a unique Linear
Collider efort collaborating on the technical issues that are commaotio. L. Evans
has been appointed as the new Linear Collider Collabordti@C) Director. The
new leadership role unifies the twéf@rts, providing direction for R&D on both ac-
celerator technologies. The LCC has three main sectiofisctiag the three areas of
research that will continue to be conducted: the ILC and CatCelerator, physics,
and detectors sections, each of them with its associatedtdir

1.1.1 The International Linear Collider

The ILC is a linear &e~ collider with a centre-of-mass energy of 500 GeV and a
luminosity of 2<10*cm2s1, based on 1.3 GHz SCRF accelerating cavities with an
accelerating gradient of 31.5 MM. The use of SCRF technology was recommended
by the International Technology Recommendation Panel R)TiR August 2004, and
shortly thereafter endorsed by the ICFA.

In an unprecedented milestone in high energy physics, they mnatitutes around
the world involved in linear collider R&D join in a commotitert to produce a global
design for the ILC. As a result the ILC Global Desigfidt (GDE) was formed. The
first major goal of the GDE was to define the basic parametatsdagout of the ma-
chine. During nearly a year the Baseline Configuration Daanin(BCD) was used as
the basis for the detailed design work and cost estimateioating in the completion
of the second major milestone, the publication of the ILCeRerice Design Report
(RDR) [6]. With the completion of the RDR the GDE started agiaeering design
study, closely coupled with a prioritized R&D program. Theafwas to produce the
TDR [2], which was published in June 2013, presenting thainedttechnology design
and construction plan for the ILC.

The ILC will extend approximately 31 km in length. The cuirdraseline de-
sign, shown schematically in Fig._1.2, allows for an upgrexd®0 kilometres, 1 TeV
machine during the second stage of the project. There avghkdas for an approach
starting with a 250 GeV Higgs factory to study the propeniethe particle discovered
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at the LHC and then upgrading to 500 GeV.

The electron beam generation is made by means of a thermyomiavhile the
production of positrons is made by an undulator paralleh® ¢lectron linac. The
electron beam is injected into the DR with a normalized eattemittance of 4xm.
In the case of the positron beam, the injected normalizetitaéemittance is 10 mm.
These emittances are reduced in the DRs to 20 nm, by usindexigggnets and RF
cavities in their straight sections. After that and beftveéntrance of the main linac a
bunch compressor reduces the bunch length from 6 mm t@@0@ order to fulfill the
linac requirements. The main linacs accelerate the burfobes15 GeV to 250 GeV
by means of SCRF units. Each SCRF unit has also a quadrupoledte a FODO
lattice, a BPM and a superconducting horizontal and vdrtmaector magnet in order
to control the trajectory and preserve the emittance. Th8 BDOn charge of collima-
tion and aberration corrections and focus the beam at the t?der to have a RMS
beam size of 474 nm and 5.9 nm in the horizontal and the vépiaae, respectively.
The beams collide with a 14 mrad angle: this angle preveetgtieraction with new
bunches and makes easier to eliminate the used beam. Thadkmked by the so-
called crab cavities in order to counter-cancel this anglméaximize the luminosity
by making the bunches interact with no collision angle. Twtedtors with a complex
push-pull system are planned.

Parameter Value [Unit]
Luminosity, £ 1.8x10°* | [cm™2s}]
Total length,L 31 [km]
Accelerating gradient 315 [MV/m]
Linac RF frequencyfre 1.3 [GHZz]
Number of bunches, 1312

Bunch populationN 2.0x10°

Bunch separatiomyt, 554 [ns]
RMS bunch lengthg, 0.3 [mm]
Repetition ratefep 5 [Hz]
Normalized horizontal emittancee, 10 [em]
Normalized vertical emittancee, 35 [nm]
RMS horizontal beam size at &} 474 [nm]
RMS vertical beam size at IB,, 59 [nm]

Table 1.1: Summary table of the ILC parameters for the 500 Gaséline([2].

Each one of these parts has technical challenges assouwdtethe very tight
requirements and constraints, which are summarized irelalhl The main challenges
are related to achieving the very high gradients in the maack and the small beam
sizes in the IP, to provide the high luminosity required.

To demonstrate the industrialization of the SCRF techno&gl its application in
a linac, the European X-Ray Free Electron Laser (XFEL) Rtagaunder construction
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Figure 1.2: Schematic layout of the ILC [2].
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in the Deutsches Elektronen-Synchrotron (DESY) since 20@i7has to be finished in
2015. In this complex the pilot facility, the Free-Electiomser (FLASH), itis possible
to run close to reference design gradients with nominal [e@s. The primary goals
of the 9 mA beam loading experiment are the demonstratiohebtunch-to-bunch
energy uniformity and stability, the characterizationlo# timits at high-gradient, and
the quantification of the klystron power overhead requiceddw level RF control and
measurement of the cryogenics loads. This facility providgportant information on
several goals of the “cryomodule string test’ [7]. In aduliti the construction of the
Linear Coherent Light Source 1l (LCLSII) has been plannedhi@ Stanford Linear
Accelerator Center (SLAC), and will start to run in 2018. TH@LSII will consist of
a 4 GeV SCREF linac based on ILC 1.3 GHz technology, to genesdtemely bright
electron beams [8]. As the European XFEL, the LCLSII will yicke a solid SCRF
technological base, bringing major labs in the field of crgalme production.

An important technical challenge of ILC is the collision otemely small beams
of a few nanometers in size. The latter challenge has thisgendli issues: creating
small emittance beams, preserving the emittance duringlexation and transport, as
well as focusing the beams to nanometers and colliding thEme. Accelerator Test
Facility (ATF) has been built at KEK to create these ultra-lemittance beams[[9],
at a beam energy of 1.3 GeV. In addition to ATF, several lighirses are pushing
the technology of low emittance rings, and achieving ungdeated low emittances
in both horizontal and vertical planes. In 2011-2012, bbthAustralian Synchrotron
Project (ASP)[[10] and the Swiss Light Source (SLS) at thel Baherrer Institute
(PSI) [11], achieved a vertical geometric emittance of 1 pih & beam energy of 3
GeV and 2.4 GeV, respectively. On the other hand, the Ndti®yachrotron Light
Source Il (NSLSII) [12], in the Brookhaven National Labamat (BNL), has been
constructed to achieve the lowest normalized horizontéitance so far, 0.6 nm, with
a beam energy of 3 GeV.

The ATF2 facility, which uses the beam extracted from the SIF, was construc-
ted to address two major challenges of ILC: focusing the lseEmmanometer scale
using an ILC-like final focus system and providing hanomstability [13]. Another
key issue in the R&D of the ILC is the DR, needed to achieve thra-ow vertical
emittance required. In this framework three research draas been identified: the
development of methods to suppress the electron cloudhitistaand its impact on
ultra-low emittance beams, undertaken mainly at the CbEiettron-Positron Stora-
ge Ring Test Accelerator (CersTA) [14]; the demonstratibthe ultra-low vertical
emittance operation and the demonstration of fast inja@idraction systems under-
taken in ATF.

1.1.2 The Compact Linear Collider

CLIC is being designed to have a centre-of-mass collisicerggnbetween 0.5-
5 TeV, optimized for 3 TeV, and a luminosity of ¥010°*° cm™2s™L. In order to reach
this energy in a realistic and codfieient scenario, the accelerating gradient has to



9 1.1. The Future Linear Colliders

be very high —CLIC aims at an accelerating field of 100 My with a frequency of
12 GHz. This allows the accelerator to be “compact”, takimg account the energies
to be reached and comparing with other linear collider mtsjeA design for 500 GeV
has also been developed.

For the generation of the very high accelerating gradienly klystrons are cu-
rrently available as power sources. However, X-band kystworking at a frequency
of 12 GHz could not be feasible in terms of cost and maintemaR&D is presently
being carried out in X-band klystron technology, based @natcelerating structures
developed in SLAC[15] and KEK[16]. In addition, CERN has stracted and is ope-
rating a klystron-based X-band test stand, called Xboxetichted to high-gradient
testing of prototype accelerating structures [17], whishsua klystron built at SLAC
able to produce 12 GHz RE[18]. Nevertheless, X-band klysteehnology needs to
be further developed. Therefore, in order to generate tipgined power for the short
RF pulses, CLIC relies upon a novel two beam acceleratioseqmn the 12 GHz RF
power is generated by a high current electron beam (drivenpeanning parallel to
the main beam, as shown in Fig.]1.3.

drive beam 100 A, 239 ns
2.38 GeV -> 240 MeV

Quadrupole

Quadrupgle Power-g
] transfer

xtraction and
structure fPETS )

- .‘
h
ceferaﬁng s '
E"""Ur@
'S

main beam 1.2 A, 156 ns
9GeV > 1.5TeV

Figure 1.3: Two beam acceleration scheme [19].

The final layout of the collider for 3 TeV center-of-mass gydas shown in Fig, 14.
The main beams are generated and pre-accelerated in tbwirljpacs, then enter the
DRs for emittance reduction, and are extracted from the Di@samnormalized emit-
tance of 500 nm in the horizontal plane and 5 nm in the verptaie. These small
emittance beams are further directed to the bunch comprasddransfer lines to the
main linacs, where their energy reaches 1.5 TeV. To achies@tain beam energy, the
drive beam is decelerated by means of the Power Extractidneansfer Structures
(PETS), and the generated RF power is extracted and tradsfethe main beam. This
leads to a very simple tunnel layout without any active RF ponents, i.e. klystrons.
The main beams collide after a long BDS in one IP in the cerftteeocomplex.

Main beam and main linac parameters are summarized in TaBleld order to
improve the RF to beamfigciency, a high charge per bunch is required, as well as
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a large number of bunches per pulse with short bunch intemwhich results in a
challenging beam power of 14 MW per 1.5 TeV beam. Generahandling, and
machine protection systems with such high beam power areskags.

Parameter Value [Unit]
Luminosity, £ 5.9x10°* | [cm™2s]
Total length,L 48.4 [km]
Accelerating gradient 100 [MV/m]
Linac RF frequencyfrr 12 [GHZz]
Number of bunches, 312

Bunch populationN 3.7x10°

Bunch separatiomyt, 0.5 [ns]
Bunch lengthg, 44 [um]
Repetition ratefep 50 [Hz]
Normalized horizontal emittancee, 0.66 [um]
Normalized vertical emittancee, 20 [nm]
RMS horizontal beam size at &} 40 [nm]
RMS vertical beam size at IB,, 1 [nm]

Table 1.2: CLIC main parameters for the 3 TeV baseliné [19].

The CLIC Conceptual Design Report (CDR) [19], published ictaber 2012,
documents all aspects related to the two-beam accelerstitame, both by compre-
hensive simulation studies of all parts of the machine and Hgtailed experimental
program in the CLIC Test Facility (CTF3) at CERN. CTF3 aimsdamonstrating
the feasibility of the CLIC scheme for multi-TeVf e linear collider. It is meant to
demonstrate the technical feasibility of the key concepte@novel CLIC RF power
source, e.g., generation of high charge and high frequelecyren bunch trains by
beam combination in a ring using transverse RF deflectotspparation with a fully
loaded drive beam accelerator. CTF3 will also be used toGEHEE critical compo-
nents and in particular will provide the 12 GHz RF power nekettetest the main
beam accelerating structures at the nominal gradient alse pangth, i.e. 100 M¥m
for 140 ns.

1.2 Damping Rings in Linear Colliders

DRs for high energy & colliders have a significant role for achieving high lu-
minosity at the IP. The large emittance beams produced bydhigcle sources are
damped in the DRs by several orders of magnitude producitrg-ldw emittance
beams necessary for high luminosity collisions within tepetition rate imposed by
the collider. Moreover, DRs are required to damp the jittethie incoming beams to
provide very stable beams for delivery to the IP, and to déiaypbunches coming from
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the source in order to allow feedforward systems to comgerfea pulse-to-pulse
variations.

Fundamental to the performance of a DR is the damping of #meswerse and
longitudinal emittances. The emittance in any plane at a tiafter injection is given
by:

G(t) = finje_Zt/T + Eequ(]- - e_Zt/T) (1.5)

whereen; is the injected emittance,q, is the equilibrium emittance, andis the
damping time. Eq.(115) is usually the starting point for design of a DR for a linear
collider. The injected emittance depends on the partialecss. Positron production
via a heavy metal target results in much larger emittancestalscattering, whereas
electrons can be produced with much smaller emittancesghran optimized design
of the injector gun and its cathode. The values of the equilb emittances and
damping times depend on the plane under consideration,raadange of parameters
related to the lattice design, the ring energy and the alegtraf the magnets.

In DRs, the RF accelerating field used to compensate theelustdy SR, collects
the electrons into bunches, within which the individuakélens oscillate in longitu-
dinal position and in energy relative to an ideal refereradigle at the center of the
bunch. This is called synchrotron oscillations. Furthemenohe magnetic field used
to guide the electrons along the ring path, drives the elasttoward the ideal or-
bit, and causes them to execute transverse betatron ésafiaabout the ideal closed
path. The energy lost by SR together with the compensatiegggrgain from the
RF cavities gives rise to a slow damping of the synchrotrah lzgtatron oscillations
amplitudes, decreasing the beam emittance. However, tighsytron and betatron
oscillations damping is counteracted by theet of quantum excitations, due to the
random emission of photons of discrete energy, which irrggghe beam emittance.
In stationary conditions a balance is reached between gomexcitation and radia-
tion damping, leading to an equilibrium emittance![20]. Faquilibrium emittance is
affected by the collectivefiects, which dominate the beam dynamics in a DR.

The perfomance challenges of the DRs are driven by the keymters of the
linear collider and the requirements of the upstream andndtowam systems, and
mainly the éficiency of the main linac RF system. The technological chofceCRF
cavities, as in the ILC, over normal conducting RF cavitgesin CLIC, diversifies the
design of DRs, although a number of design issues and clyaltestill remain com-
mon. In CLIC, the bunch trains are relatively short with esliorter bunch spacing
and with a high repetition rate. The ILC bunch train is muatgeer, requiring a much
longer ring circumference where the train is compressealandmpressed in a bunch-
by-bunch beam transfer scheme. For getting the high luntinosthe ILC, the bunch
charge is much higher, whereas CLIC targets for much smeifgttances. These
emittances are unprecedented, specially in the vertiealeplaiming for an extracted
normalized emittance of 20 nm and 5 nm for the ILC and CLIC DiRspectively.
However, several test facilities and other low emittantgckes in operation or under
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construction, are rapidly approaching these regimes.

1.2.1 Collective Hfects in Damping Rings

The high charge density associated with the large bunckicuand low emittance,
makes the beams in linear collider DRs susceptible to a skweliective phenomena
that may #ect the operational performance. In the following the maoisical collec-
tive effects for ée” DRs are presented [20,/21]:

Space Charge (SC). The direct SC force is the Coulomb force between all the par-
ticles in the bunch. SC force causes a shift in each pasitleie, leading to an inco-
herent tune spread within the bunch. Particle’s are alsoantied by the environment
(beam pipe, magnets, etc.), which generates indirectffi®Cts. The intrinsic#ect of

SC is important only at low energies, and vanishes for uktativistic beams, where
magnetic forces compensate electric forces. Howevergetrein and positron rings
operating at low and medium energies, SC might be signifiwsaeh dealing with high
intensity beams.

Intrabeam scattering (IBS). Multiple small-angle collisions within a bunch cou-
ple the transverse and longitudinal particle’s oscillasioand lead to an increase in
beam emittance in both planes. Thifeet is more critical in proton machines, and it
can limit the luminosity lifetime of an hadron collider. Iteetron machines, IBS is
counteracted by radiation damping; however, if the patignsity in a bunch is high
enough, i.e. large bunch population and small emittances tlee energy is not too
high, then emittance growth from IBS may be significant.

Coherent Synchrotron Radiation (CSR). A relativistic electron beam moving in a
circular orbit can radiate coherently if the wavelengthia SR exceeds the length of
the bunch. The constructive interference of the radiateam lse a detrimentalfiéect
when dealing with low emittance beams, high charge bunaigslaort bunch lengths.
CSR can contribute to an increase in emittance and energadpand can limit the
process of bunch compression.

Short-range wakefields. Beam particles in a bunch might b&ected by the short-
range wakefields generated by leading particles in the samehb driving single-
bunch instabilities. These short-range wakefields can bdyzed in all the discon-
tinuities of the beam pipe, as well as in several non-resogatbjects, like pick-ups
and kickers. In order to define the instability threshold #relimpedance budget, the
broadband impedance model is used, which model the gldieait®f all the potential
sources of short-range wakefields. The longitudinal braadbmpedance may create
turbulent bunch lengthening, whereas transverse broadibgmedance may produce
fast head tail instability.
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Long-range wakefields. Bunch trains are susceptible to coupled-bunch instadsliti
driven by long-range wakefields. Long-range wakefields gead by the leading

bunches cause deflecting transverse kicks on the trailinghas, producing an ex-
ponential growth of the bunch oscillations. There are twannsaurces of long-range
wakefields in storage rings: the resistive wall impedandeciwdepends on the aper-
ture and material of the vacuum chamber, and the higheranddes produced in the
RF cavities.

Fast ion Instability (FII).  The ionization of residual gas in the vacuum pipe by the
circulating electron beam will create positive ions whicili,yunder certain circums-
tances, become trapped in the potential well of the storasnbelhe accumulation
of these ions depends on several factors, e.g. the numbenchbs, bunch spacing,
the beam current, transverse beam sizes and the mass addregms. It may lead to
beam tune shift and spread, emittance blow-up, and coupfingrizontal and vertical
motion.

Electron Cloud Instability (EC). In the beam pipe of a positron or proton storage
ring, an EC may be produced by the photoelectrons generdted the SR photons
hit the vacuum chamber walls, or by ionization of residuaeg and then increased
by the secondary emission process. The EC density depermsaomproperties, such
as bunch length, bunch charge and bunch spacing, as wellthe sacondary electron
yield of the beam pipe wall. The EC can lead to beam instafalid losses, ultimately
producing a reduction in the collider luminosity.

1.2.2 The ILC Damping Rings Complex

At ILC the DR complex consists of one electron and one pasitheg, as shown
in Fig. [1.2, operating at a beam energy of 5 GeV. Both ring#h @&icircumference
of 3.2 km each, are housed in a single tunnel with one ringtiposid directly above
the other. The DR complex is located in the central regiomizbatally ofset from
the interaction region by approximately 100 m to avoid theed®r hall. The design
parameters of the ILC DRs are given in Table 1.3.

The ILC DRs must accept electron and positron beams witle laansverse and
longitudinal emittances and damp them to the low emittanegsired for luminosity
production. In addition, the ILC bunch train structure w625 uniformily spaced
bunches with 366 ns between them cannot fit to a reasonagleircumference. Thus,
the long bunch train has to be compressed into a much shortgrand it has to be
decompressed while extracted, through a bunch-by-burtchation scheme.

The DR lattice follows a racetrack design, as shown in Fig. IThe two arc
sections are constructed from 75 Theoretical Minimum Eanite (TME) cells. One of
the two 712 m long straight sections accommodates the Rkesvdamping wigglers,
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Beam parameters Value | [Unit]
Beam energyE 5 [GeV]
CircumferenceC 3.2 [km]
Bunch populationN, 2.0x10%
Extracted norm. horizontal emittange:, 5.7 [um]
Extracted norm. vertical emittancgs, 20 [nm]
Number of bunches, 2820

Bunch spacingAt, 6.1 [ns]
Bunch lengthg, 6 [mm]

Table 1.3: Beam parameters for the ILC DR [2].

and a variable path length to allow changes in phase (phas®tmne), while the other
contains the injection and extraction systems, and a cifetance-adjustment chicane.

The many collective féects that may féect beam quality in the ILC DRs were
examined during the original baseline configuration stei{i&]. These include im-
pedance driven instabilities, due to both short-range angd-range wakefields, IBS,
SC dfects, EC €ects in the positron ring and FlI in the electron ring. Theyéest
sources of emittance dilution were found to be the EC inbtalim the positron DR
and the Fll in the electron DR. A traddfas necessary between the bunch spacing in
the ring, which should be the longest possible for reduci@dkhild-up and increasing
the extraction kicker rigéll times, and its circumference, being the shortest bssi
for cost but also reduction of single bunch collectiféeets, such as SC and IBS.
Mitigation of the FII in the electron DR is achieved by linmg the gas pressure to
below 1 nTorr and by the use of short gaps in the ring fill pattsrd a fast transverse
feedback system, similar to those used in B-factories.

1.2.3 The CLIC Damping Rings Complex

The CLIC DRs complex, consists of two PDRs and two DRs, as shiowig.[1.4.
The four rings, operating at a beam energy of 2.86 GeV, wildagiired to damp both
the electron and the positron beams. Once the beam is damplee final emittance
values, itis extracted from the DRs, and injected into thasier linac, where the beam
will be accelerated up to 9 GeV. The large input emittance eametgy spread, espe-
cially coming from the positron source and the high repatitiate of 50 Hz, require
that the beam damping was performed in two stages, with a RDRdch particle
species.

Two RF baselines are considered for the DR operation: 1 Gldz2aGHz RF
systems. The main linac operates with a 2 GHz RF baselinegVewthe transient
beam loading would be very challenging in DRs with a 2 GHz Rétey, due to the
very high peak and average current of a full train of 312 bescépaced by 0.5 ns
(Table[1.5). In the 1 GHz baseline, two bunch trains with 1 ursch spacing reduce
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Figure 1.5: ILC DR layout[2].

significantly the beam loading, however the trains have toelsembined in a delay
loop downstream of the DRs with an RF deflector, as shown in[EE. In this case,
the head of each train is separated by half of the DRs cira@mée. The two trains are
damped simultaneously and then extracted in a single tom the DRs. The same
delay loop is used for both species and the downstream sydtawe diferent path

lengths to compensate for the time delay between the positrd electron trains [19].

CLIC Pre-Damping Rings

The PDRs are needed to accommodate the large emittancedsuinam the elec-
trorypositron injectors, and damp them to emittances that ard emaugh to be in-
jected into the DR without losses. For electrons, the PDRisdamp the normalized
beam emittance from 1Q@m to 63um, in the horizontal plane, and from 1@@n to
1.5 um, in the vertical plane. For positron beams, the PDRs aresroballenging:
they have to damp the input emittance of 7 mm to the same oatpiitances as for
the electrons, in both vertical and horizontal planes. Tostpon beam has also a large
energy spread which reduces the captdfieiency in the PDRs and requires a much
larger bunch population in the ring.

The CLIC PDRs have a racetrack configuration, as it is showsign[1.7, with a
length of 389.15 m. Each arc section has dipoles surroungeidbblet quadrupoles
forming 17 TME cells. The long straight sections are compdasiel3 FODO cells
with normal conducting damping wigglers. The target emites of the PDRs are not
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Figure 1.6: CLIC DRs complex layout [19].

extremely low and therefore the TME cells can be stronglyled from the absolute
minimum emittance. However, TME cells are chosen for the@mpactness, which re-
duces the overall size of the ring. The electron PDR desigarpeters are summarized
in Table[T.4.

Collective dfects are not expected to present serious limitations in PI3R®M-
pared to the main DRs. The bunch population is moderatelydnigut the transverse
emittance and bunch length are much larger, so 56&ts are negligible. IBS is also
negligible causing an emittance growth of less than 0.1%.I®dhger bunches and the
larger vacuum chamber aperture increases significantlyhtiesholds for broadband
impedance (short-range wakefields) and resistive wall dapee (long-range wake-
fields). Fll in the electron PDR is not a problem due to thedatgeam sizes and can
be mitigated by moderately low vacuum pressure, whereds@he the positron PDR
needs to be mitigated with special coatings for reducingsde®ndary electron yield,
similar to the ones used in the positron DR.

CLIC Damping Rings

The role of the DRs is to provide the final stage of damping tordquired low
emittance at a fast repetition rate of 50 Hz. The normalizedtance requirements
are extremely low, 500 nm in the horizontal plane, and 5 nnhéwertical plane, in
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Beam parameters Value [Unit]
1GHz 2GHz

Beam energykE 2.86 [GeV]

CircumferenceC 389.15 [m]

Bunch populationN, 4.3x10°

Extracted norm. horizontal emittanoes, 63 [um]

Extracted norm. vertical emittancgs, 15 [em]

Number of bunches, 156 312

Bunch spacingAt, 1 0.5 [ns]

Bunch lengthgy, 3.2 4.6 | [mm]

Table 1.4: Beam parameters in the PDRs for electrons [19].

spite of the high bunch intensity of 410°, at the given energy of 2.86 GeV.

The CLIC DRs have a racetrack configuration, as it is shownign [E.8, with a
length of 427.5 m. Each arc is filled with 48 TME cells, and X lsalls at either side
for dispersion supression. The straight sections are fillgkd 13 FODO cells each,
and include normal conducting damping wigglers. The inggcand extraction regions
are in the dispersion free sections upstream of the wigghdrde the RF cavities are
downstream of this long straight section.

The design challenges of the CLIC DRs are driven by the exdhetmgh bunch
density and the collectiveffects associated. In this respect, the design parameters
of the DRs, summarized in Table 1.5, have been carefullyemasd optimized in
order to mitigate theseffects. In addition, these parameters drive the technology of
number of components such as wigglers, RF system, kickacsinm, instrumentation
and feedback. This thesis is devoted to the extraction kicke CLIC DRs and it will
be introduced in Chaptér 2. A detailed description of thé&d&iaesign, manufacturing
and laboratory measurements will be found in further chrapte

Beam parameters Value [Unit]
1GHz 2GHz

Beam energyk: 2.86 [GeV]

CircumferenceC 427.5 [m]

Bunch populationN, 4.1x10°

Extracted norm. horizontal emittange:, 0.5 [em]

Extracted norm. vertical emittances, 5 [nm]

Number of bunches, 156 312

Bunch spacingAt, 1 0.5 [ns]

Bunch lengthgr, 1.6 1.8 | [mm]

Table 1.5: Beam parameters in the DRs for electrons [19].
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From the collective fects point of view, an impedance budget has been defined,
taking into account the ffierent impedance contributions such as the broadband reso-
nator model in combination with the resistive wall conttiba from the arcs and the
wigglers of the DRs[[23]. The IBSfiect is reduced when increasing the energy; in
this respect, the energy of 2.86 GeV was chosen for the CLICViich is close to
a steady state emittance minimum but also reduces the IB&inj®4]. A measure-
ment campaign in CesrTA and the Swiss Light Source (SLS) kas Imitiated for
evaluating the IBS féect and benchmark theories and simulation codes. In additio
due to the very small beam size, especially in the verticaig@| the SCféect needs to
be diminished, by reducing the ring circumference as mugboasible. At the same
time, the bunch length has to be increased withdigcéing the performance of the
downstream bunch compressors.

Simulation studies about EC and FIl are being carried louf [76 mitigate EC
build-up in the positron ring, low secondary electron yiedachieved with special
chamber coatings. Several mitigation techniques are pilgsender study, in par-
ticular, an amorphous carbon coating has been extensesligd at SPS and later at
CesITA, with promising results with respect to secondagctedn yield and photo
emission. In the electron DR, Fll is reduced by coating theuuan chambers with
Non-Evaporable Getter (NEG) for increasing pumping andivatconditioning: with
a gas pressure of 1nTorr, the induced tune shift introdugetidion cloud at the end
of the train is moderate. In addition, the train gaps, i.estatice from train to train,
have also proved to provide a natural cleaning mechanisithéotrapped ions.
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Chapter 2

Injection and Extraction Systems for
Circular Accelerators

2.1 Introduction

In order to reach high energies, high energy accelerat@s aehain of accelera-
tion stages, due to each accelerators limited dynamic rd8wgm transfer between the
different stages of an accelerator requires injection, extraand beam transfer lines.
Injecting or extracting particles into or from a circulacaterator should be done with
minimum beam loss and placing the injected and extractetit|es onto the correct
trajectory with the correct phase space parameters.

A combination of septa and kickers is frequently used tocingamd extract beam
from each stage. The kicker typically produces rectandgigét pulses with fast rise
and fall times; however, the field strength is relatively loo compensate for their
low field strength, the kickers are combined with septa. Temasprovide relatively
strong field strength but are either DC or slow pulsed.

A septum is a kind of dipole with homogeneous magnetic fieldetfbect injected
or extracted beam, without disturbing the circulating bedrhis is possible because
the septum creates a spatial separation between two fiettheegone region with ho-
mogeneous high field, to deflect the beam, and the other regtbrvery low (ideally
zero) field so as not tofiect the circulating beam. Hence a septum provides a space
separation of circulating and the injected or extractedrbebwo types of septa exist:
electrostatic and magnetic septa. An electrostatic seuDC electrostatic device
with very thin (~ um) separation between the zero field and high field regions. A
magnetic septum is either a pulsed or DC dipole magnet witimgt mm) separation
between the zero field and high field regians [26].

A kicker system, by contrast, provides a time selection eftittam to be deflected,
by producing a pulsed electrostatic, magnetic or electgpmatic field. The pulsed
field produced by a kicker must rise and fall within the timeipe between the beam
bunches or bunch trains, so typical rise and fall times atb@brder of tens of ns to
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us, and pulse widths in the range e to tens ofus are usually required. In addition,
the pulsed field must not significantly deviate from the flat & the pulse or from
zero between pulses, i.e. only very small pulse ripple ardrsions are allowed. If a
kicker exhibits a time-varying structure in the field pulbage, this can translate into
small dfsets with respect to the closed orbit. Thus a fast, low-eqtker system is
generally required for injection and extraction[27].

2.2 Injection and Extraction

In transferring the beam from one accelerator to anothesguvation of the beam
properties is essential. Injection should be accomplistigdminimum beam loss and
minimal emittance dilution. Single-turn injection, in vehi a single bunch of particles
is injected in a single empty RF bucket, is usually straigivthird. In many cases,
however, to attain higher bunch currents, one may also waskictumulate beam in
a storage ring by reinjecting fierent beam pulses into the same RF bucket. This is
called multi-turn injection.

Extraction refers to the removal of the beam from an accelerdt is roughly
the reverse process of injection. Oné&elience is that usually at extraction the beam
energy is higher, although this is not the case for a DR. A leifinaction &iciency
is necessary to avoid activation of accelerator comporeerdsalso to make optimum
use of the extracted beam, e.g. to achieve the maximum lwityn®Vhich extraction
procedure is chosen depends on the specific applicatiort.oRasturn extraction is
used for transferring bunches betweeffatent circular machines in an accelerator
chain. For fixed-target experiments, slow extraction by dbetrolled excitation of
nonlinear betatron resonances is a common technique, \whiefides a slow uniform
depletion of particles in the ring.

In addition to these conventional schemes, several otleetian and extraction
techniques exist [28].

2.2.1 Single-turn Injection and Extraction

Single-turn injection and extraction consists of injegtor extracting one single
pulse into or from a circular accelerator. Horizontal sgagirn injection in one plane
uses a septum magnet and a fast kicker element, as shownadaadiy in Fig.[2.1.
The kicker is located at a point downstream from the septuitnwith a phase advance
of /2. The septum and kicker are either side of a quadrupole¢dsiiog in the injec-
tion plane, which provides some of the required deflectiahramimizes the required
strength of the kicker.

The injected beam passes through the homogeneous fieldh i@gip) of the sep-
tum, whereas the circulating beam is in the field-free regitime septum deflects the
injected beam onto the closed orbit at the centre of the kiekel the kicker compen-
sates the remaining angle. As the injected beam is put onrnpeakis at the exit of
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Figure 2.1: Fast single-turn injection in one plane [27].

the kicker, this is also called on-axis injection. The clating beam is in the aperture
of the kicker, therefore the septum and the kicker shouldanbbn the injected beam
when it comes back after one turn, otherwise it would be throwt of the acceptance
of the accelerator. This requires that the fringe field ofgaptum has an acceptable
level, as well as the kicker field must be reduced to zero ima that is short com-
pared to the revolution period. Furthermore, the kickedfimlust rise from zero to
full field in the time interval between the circulating beandahe start of the injected
beam, and fall from full field to zero field in the time inteni@@tween the end of the
injected beam and the subsequent circulating beam. Fohboyxbunch injection, the
kicker field must rise and fall within the time period betweba beam bunches.

For single-turn extraction, orbit bumps are generated Wwhiove the circulating
beam close to the septum magnet, as shown in[Eig. 2.2. Wheqicker is powered,
the beam passing through the kicker is deflected towardsepi®, and the sep-
tum deflects the entire kicked beam into the transfer linee @ktracted beam passes
through the homogeneous field region of the septum, wheheasiitculating beam,
prior to extraction, is in the field-free region of the septurhe most #icient extrac-
tion, i.e. lowest deflection angle required, occurs wherptiese advance between the
kicker and septum is/2. As for single-turn injection, the circulating beam is het
aperture of the kicker. Thus the kicker field rise time mussbert compared to the
revolution period of the ring, then only a small fraction bétparticles are lost. For
bunch-by-bunch extraction, the rise time must be shorter the time interval between
two successive circulating bunches. The pulse length dhtrfee of the kicker are
determined by the number of bunches to be extracted, andcebynidp fill pattern[[27].

The angular deflection that the kicker must give to the bearsifgle-turn injec-
tion and extraction in the horizontal plane is given by EqQI$28]:
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Figure 2.2: Fast single-turn extraction in one plane [27].

o= Xeep (2.1)

\/,Bx,sepgx,kick sin Apix

whereXsep is the transverse displacement of the beam at the septunff@xin-
jection) or at the septum entry (for extractiofi},sep andpyick are the horizontgs-
functions at the septum and at the kicker position, respagtiandAuy is the phase
advance between the septum and the kicker. For single-iatnaetion, the initial
orbit bump is used to reduce the valuex@f, To minimize the kicker angle, large
B values at the septum and kicker locations are required, #ieeinase of a standard
FODO lattice.

The single-turn injection and extraction is used in the ATR |29] for bunch-by
bunch manipulation. For the ILC DRs, the injection and ecttcan will be also bunch-
by-bunch, whereas in the CLIC DRs one or two train of bunchiéisbe injected or
extracted at the same time, depending on the RF choice, amshdable1.5.

2.2.2 Multi-turn Injection and Extraction

Most storage rings use multi-turnffeaxis) injection in order to accumulate many
incoming trains of particles. Furthermore, many physigseexnents and medical ac-
celerators need a quasi-continuous flux of particles, bynsieamulti-turn extraction.
A general scheme of multi-turn injection is shown in Fig.l D8fferent techniques are
employed for electrons and positrons than for protons ovieegaarticles.

In case of electron and positron rings, radiation dampingsed for the injection.
First, a single bunch is injected. Then the orbit bump is cedwver a few revolution
periods. After a few damping times, when the beam size hamkho its equilibrium
value, the orbit bump is reintroduced, and another bunchjected into the same
bucket.
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For proton or heavy ion beams, the multi-turn injection isa#ed as phase-space
painting. In this case, the orbit bump is reduced slowly metj and bunches are in-
jected into diferent regions of the ring acceptance, so that the early l@snotcupy
the central region, and the later ones the outer parts ofdbeptance. Some emit-
tance dilution is inherent to this scheme, and much largett@nee dilutions arise at
low beam energy or high intensity, when space chaffpees are important. Another
possibility is to install two kickers in the ring, powered the same pulse generator.
Only one of the kickers deflects the injected beam, howev#r kickers act on the
circulating beam. If the phase advance between the two ig¢&e or 2z, and the sign
of the kick is appropriately chosen, the kicker deflectioeseyate a closed bump for
the circulating beam [28].
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Figure 2.3: Multi-turn injection in one plang [26].

For multi-turn extraction, shown in Fig._2.4, two technigumn be used: non-
resonant and resonant extraction, mainly used for protambe When extracting the
beam with the non-resonant method, a fast bumper deflecishbke beam onto the
septum, and only a fraction of the beam is extracted. The wliggdvantage of the
non-resonant method is that this technique is intringiaaligh-loss process.

To improve the #iciency of the multi-turn extraction method, the beam can be
slowly extracted by exciting a third order non-linear resmoce, using sextupoles. This
is the resonant method for multi-bunch extraction. As shawFRig. [2.5, particles
are first distributed in a circular normalized phase spad®e dextupole fields distort
the phase space and produce a triangular stable area. Tludeganside the triangle
area are stable, with small amplitude oscillations. Oet#ie triangle, the oscillation
amplitude of the particles grows exponentially; therefqarticles in this region are
rapidly lost, along the triangle branches. Then, the stat#a is reduced adjusting the
strength of the sextupoles and the betatron tune, and mdielpsireach the unstable
area and are extracted. Finally, as the tune approachesoialze particles with very
small amplitude are extracted. It is possible also to ektitze beam by using non-
linear fields produced not only by sextupoles, but octuptmes This method consists
of creating stability “islands” in the phase space, and hasaidvantage of reducing
drastically beam losses.
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The multi-turn injection scheme is used for example at CERNbleam injec-
tion into the Proton Synchrotron Booster (PSB). The beamaetion from the Proton
Synchrotron (PS) at CERN is carried out by means of the nsar@nt multi-turn ex-
traction, whereas the beam extraction from the CERN SPSnis dsing the resonant
technique([30].

2.3 Kicker Technology

Kickers are devices which create very fast fields to defleatgdd particles. They
are usually driven by a pulsed waveform with very fast riseabttimes, typically less
than 1us, and good flat-top stability. A good pulse flat-top is regdifor uniform
deflection of the whole beam or bunches of the beam. The fidkkpuust start and
stop when the bunch or train of bunches enters or leave theikiespectively. When
the field is interrupted inside the bunch or train of buncliesdevice can be referred
as a clipper[31].

The deflecting field in a kicker can be electric, magnetic ecebmagnetic, as all
these fields can deflect charged particles. For a chargedlparpassing through an
electric, magnetic or electromagnetic field, the force igegned by the Lorentz force
equation:

F = q[E + (v x B)] (2.2)

whereE is the electric fieldB the magnetic field, and is the instantaneous velo-
city of the patrticle.

The horizontal deflection of a charged particle beam due terdcal magnetic
field By is given by the equation [27]:

0.3 (™ 0.3L
Osx = —f Byldz= —IB,| (2.3)
P Ja p
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Figure 2.5: Third-order resonant extraction/[30].

wherep is the beam momentum, amdis the dfective length of the magnet. The
horizontal deflection of a charged particle beam with véjogi = v/c, due to an
horizontal electric fieldEy is given by [27]:

1 f “ Y =N ]
—_— |Exdz| = tan™ | ———— 2.4
(p-1096 J, (b- 109 &4
Therefore, kickers can be classified according to the deflgdéield produced as
magnetic kickers, electrostatic kickers and electromagreéckers (also known as

stripline kickers), and they are described in the following

Oy = tan™*

2.3.1 Magnetic Kickers

Magnetic kickers, as shown in Fig. 2.6, are generally fedfidaded transmission
line type magnets with a rectangular aperture of dimendtgpsindV,, embedding a
coil. The horizontal deflection produced by a kicker magaetlze calculated from Eq.
(2.3), where the flux density in the apertBgof the kicker is given by the equation:

NI
By ~ 1o ;) (2.5)
ap

with g = 47 x 1077 H/m being the permeability of free spade,the number of
turns,| the magnet current, and,, the distance between the inner edges of the legs of
the ferrite.
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Figure 2.6: Cross-section of a typical C-core (left) anddew frame (right) mag-
netic kicker. Window frame topology has been used in Ferntiadal Accelerator
Laboratory (FNAL) and KEK for reducing filling time by a factof two [27].

Magnetic kickers have some design concerns. Firstly, iteiy \difficult to get
good field uniformity for large apertures and flat-top st#ypfor fast rise time pulses.
Moreover, magnetic kickers usually represent the highestribution to the beam
impedance in the accelerator. Longitudinal beam couphmgeidance is significantly
reduced by using serigraphy in the ferrites or by placingeciconductors within the
kicker aperture. In addition, this high beam impedance @avwided by using the
two other types of kicker: electrostatic and stripline lack[27].

2.3.2 Electrostatic kickers.

They consist of two parallel electrodes inside a vacuum.pipach electrode is
driven by one electrical feedthrough to charge the capafdtaned by both electrodes
and it is supported by an insulating stanf@l-oThe field uniformity is given by the
electrodes cross section and their position, i.e. the mistdoetween them, like in
a capacitor. When the electrodes are capacitively chargeddtow current source,
the injected beam is deflected by the electrostatic field thek is no magnetic field
contribution. Electrostatic kickers are easier to manwiacthan magnetic kickers,
feature extremely good flat-top stability and very low beanpédance for smaller
apertures. However, the technological restrictions abhaatling high electric fields,
i.e high voltages, are the main problem for these devicesdamtg very powerful.
Furthermore, they usually need charging times in the ortlaffew us [31].

The horizontal deflection produced by an electrostaticeédék given by Eq.[(Z2]4),
where the electric fiel&, is given by:

2V,
Ey = ?k (2.6)

whereV is the voltage applied to an electrode, attie aperture of the kicker, i.e.
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the distance between the electrodes. The factor of 2 asdimaueisoth electrodes are
charged to equal magnitude but opposite polarity voltages.

A new type of electrostatic kicker, shown in FIg. 2.7, will bged to inject heavy
ion particles in the KEK Digital Accelerator (KEK-DA), whiicis being planned as a
new induction synchrotron, and will replace the KEK 500 MVokter Proton Syn-
chrotron (PS) in Tsukuba[32]. The design consists of a nurobimtermediate elec-
trodes between the two main electrodes in order to ensudehftehogeneity through-
out the beam passade [33].

Figure 2.7: Electrostatic kicker for the KEK-DA [33].

2.3.3 Electromagnetic or Stripline kickers.

They also consist of two parallel metallic electrodes sufgabby ceramic stand-
offs inside a vacuum chamber. Nevertheless, the electrodesanected at the ends
by two feedthroughs each, to allow for power input and oytasishown in Fig. 2]8.

The field uniformity is given by the electrodes cross sectiod the distance be-
tween them, as for the electrostatic kickers. The strucirgmilar to a pair of
striplines where each electrode forms a transmission liitke the half beam pipe.
Therefore, the working method consists of an electromagmetve that propagates
along the striplines at the speed of light. In order to geteeaatransverse kick, the
kicker should be driven in ¢lierential mode. Consequently, the ports located down-
stream of the beam direction should be powered by oppodagityaggenerators and the
upstream ports should be connected to dissipation loadser®ise, the electric and
magnetic fields of the electromagnetic wave would subtrach ®ther or even be null
in the kicker axis. This kind of excitation gives an elecaitd magnetic field distribu-
tion, known as Transverse Electromagnetic (TEM) mode, geaerates a combined
Lorentz force over the charged particles. For relativiseams|E| is related withB|
by the speed of light in lossless TEM propagation mode. Therefore, the Lorentz
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Figure 2.8: Scheme of a stripline kicker.

force dfectuated by the electric fiel is similar to the Lorentz force generated by the
magnetic fieldB over a charged particlg

F=q(E+vxB)=2qE (2.7)

This relation makes these devices more powerful than elgettic kickers in terms
of efficiency, as they use both electric and magnetic fields forceftpthe beam. Ho-
wever, the voltage used in stripline kickers is typicallyéy (up to 50 kV) due to
pulsed power supply problems. Nevertheless, striplinkekicare much faster. These
devices can handle rise and fall times of only a few ns, thrders of magnitude lower
than electrostatic kickers. In contrast, they are hardendaufacture, consume much
more power and flat-top stability is a challenging conceftj.[3

2.4 Kicker Systems for Future Linear Colliders

The injection and extraction kicker systems are one of thetratical issues for
ILC and CLIC DRs. For injecion or extraction in DRs, single+t injection is used, in
which bunches are injected on-axis into empty RF bucketbsangle turn-extraction is
also required. Fast kickers are used to deflect the trajestof incoming or outgoing
bunches, without disturbing the stored bunches. It is ex¢hg important that the
deflection given by the kicker has a very small pulse fluctuatr jitter. Any ripple
on the extraction kicker pulse produces beam size jitteciwbould be propagated up
to the collider IP. On the other hand, jitter on the injectiacker reduces the beam
stay clear during the injection process. Usually, kickexrgeha jitter tolerance of 10%
of the beam size, although the injection jitter could bedardrhe relative deflection
stability requirement is [19]:
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06 it _ O.low (2.8)
0 Xsep Xsep

wherecj; is the jitter tolerance andy is the horizontal beam size at extraction.
Using typical parameters for a linear collider DR, the rig&jitter tolerance for the
kicker, 56/6, is on the order of a few 0.

2.4.1 ILC Kickers

Several kicker systems will be required in many stages ofltke In each DR,
two kickers with challenging rise and fall times will be rexqd for bunch-by-bunch
injection and extraction. Furthermore, fast bunch-bydbufeedback systems based
on kicker technology will also be required in the DRs to reslaoupled-bunch insta-
bilities arising from long-range wakefields, which can @hbsnch jitter and emittance
growth. Other feedback and feedforward kicker systemsheiltequired at the exit of
the main linacs and the BDS. Just before the IP, two strijRiokers will correct the
beam dfset and angle. In addition, several kickers will be used asaambabort sys-
tem, extracting the beam into dumps. These kicker systetthbaviocated at the end
of each main linac and at the entrance to the BDS on the poditrac [2].

Injection and Extraction Kickers for ILC Damping Rings

The ILC DRs injection and extraction kickers act as the bdogtbunch beam
manipulator to compress and decompress the bunch spatoand from the DR. For
the ILC baseline parameters, the bunch spacing&sns, which sets the limit for the
rise and fall time for the injection and extraction kickessms.

The injection and extraction are performed simultaneotsheduce variations in
beam loading, but the injection kicker starts to pulse a fesg after the beginning
of the extraction. Thus, injected bunches fill the gaps lgfektracted bunches in the
same order as the bunches were extracted. Individual bumettion is required to
change the bunch spacing and on-axis injection is requoedldw the injection of
a beam with a large emittance. On the other hand, individuath extraction must
preserve low emittance, which means that the extractios doeuse a closed orbit
bump as is usual for beam extraction. The kicker parametergigen in Tablé 2]1.

The kickers require high bunch repetition rate, SMHz forrbeninal configuration
and 6 MHz for the proposed luminosity upgrade, and very fastand fall times of the
kicker field, 6 ns and 3 ns, respectively. The tolerance oizbotal beam jitter of the
extracted beam is around 10% of the beam size, which reqgihieeselative stability
of the extraction kicker amplitude to be belowk71.0~*. To achieve these parameters,
no conventional kicker magnets could be used. Two protatyyere proposed, using
stripline kicker technology, and are explained in the fwilag.
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Kicker parameters ILC DR [Unit]
Nominal High
Luminosity Luminosity

Beam energykE 5 [GeV]
Deflection anglegq 0.6 (extr) - 0.7 (inj) [mrad]
Field rise and fall time 6 3 [ns]
Pulse flat top ~4 [ns]
Flat top reproducibility +1x1073

Injection stability 7 %104

Extraction stability 7 x10*

Repetition ratefep 5 [Hz]
Bunch repetition rate 3 6 [MHZz]

Table 2.1: Extraction kicker specifications for the ILC DR [

ILC-like multi-bunch extraction at ATF.  The ATF facility at KEK, in Tsukuba, is
a test facility operating at a beam energy of 1.3 GeV, maiatuged on the demon-
stration of the small emittances needed for future linedidews. ATF has the same
configuration as the ILC electron injector, and consistsrotbectron gun, a linac,
and a DR[[9]. Nowadays, the beam can be extracted from the ORet&TF2 fa-
cility, which was constructed to address two major chaléengf ILC: focusing the
beams to nanometer scale using an ILC-like final focus syatehproviding nanome-
ter stability. The two ATF2 goals, first one being achievehoi835nm beam size, and
second being achievement of nanometer scale beam stabilRyare being addressed
sequentially[[1B].

The study of the extraction kicker from ILC DRs was carried muATF. The
stripline kicker consists of multiple units of striplineeetrodes, to improve the rise
and fall time, and very fast pulse power supplies. Each ofahanits of stripline
electrodes has a length of 30 cm. The characteristic immedaithe striplines is 49
Q in the operation mode of the kicker, and a field homogeneity.@7% in a 1.8 mm
radius at the center of the striplines was achieved usingefattrodes with curved
edges, as shown in Fig._2.9.

A beam test of a single unit was carried out at the ATF DR. Theld@ment was
focused on realizing rise and fall times of less than 3 ns ekibk field, because this
is the most dficult issue. The bunch repetition rate of the fast pulse paupply is
3 MHz, whereas the specification of the ILC bunch repetitiate is 6 MHz for the
luminosity upgrade. In this beam test, a rise and fall tim& o was demonstrated
[34]. In order to achieve the repetition rate of 6 MHz, an Ity@e beam-extraction
experiment using two stripline kickers was also carried[@8}. The complete length
of the two striplines was 60 cm and the aperture was 9 mm and fomeach kicker.
Two pairs of pulsers with a peak amplitude«5 kV, a rise time of 1.5 ns and a bunch
repetition rate of 3.3 MHz were used to drive the striplinBse stripline kicker system
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Figure 2.9: ATF stripline kicker prototype for multi-bunektraction [29].

produced a 3 mrad total kick angle for a 1.3 GeV beam. The rbultich beam stored
in the DR with 5.6 ns bunch separation was successfully etetla with a 3 mrad

total kick angle and 308 ns bunch spacing in the extractiog INo deterioration of
the extracted vertical beam size was observed, as measitretheslaser wire. The
relative angle jitter of the single-bunch beam extracti@s®.5x 104 r.m.s., which is

better than the requirements for ILC DR extraction. For b@gattion and extraction
in the ILC DRs, 42 units of striplines with 30 cm length eacli i required.

Stripline kicker design for beam injection at DA®NE. The ®-factory DADNE,

at the Laboratori Nazionali di Frascati (LNF), is a circuke™ collider operating
with a center-of-mass energy of 1.02 GeV, mainly for studie€harge Parity (CP)
violation. The collider complex consists of an injectiorstgm composed of a linac,
an accumulator ring and transfer lines from the linac to twmulator and from the
accumulator to the collider. The BBNE collider is based on two independent rings
having two common Interaction Regions (IR) [35].

The design of the new, fast stripline kickers for the injestupgrade of DANE,
shown in Fig.[2.10, is based on stripline tapering to obtadtedce with low beam
impedance, and an excellent uniformity of the deflectinglfielthe transverse plane,
as required for the ILC kickers.

The striplines electrodes must be driverat5 kV for a 5 mrad deflection angle,
and the deflecting field has rise and fall times of less than, &vh&ch corresponds
to the nominal rise and fall times required for the ILC DRskieiis. Therefore, the
experience gained with the new @NE injection system will be applied to the design
of the ILC DR injection system. The DBNE injection kicker has anfiective length
of about 0.85 m, and an aperture at the centre of the strplaies4.8 mm. The
characteristic impedance have been matched f@ the kicker operating mode, and
the inhomogeneity of the deflecting field as a function of thezontal coordinate is
of the order of 2% over all the kicker horizontal aperturejlevh is less than 10% over
1 cm along the vertical coordinate. This uniformity has baehieved by optimizing
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Figure 2.10: DADNE stripline kicker[19].

the curved and tapered electrodes [36]. The coupling impeslaneasurements and
simulations have pointed out the absence of trapped HOMBaridangitudinal and
horizontal planes when at least two ports are loaded bp2437]. In the vertical
plane, only four trapped HOMs were found. The instabilitpwih rates of these
resonances, in the worst case, were well below the dampieg movided by the
DA®NE feedback systems. After installing the injection systaminstability €fects
due to the kickers were observed and the®ME broadband impedance arising from
this and other vacuum chamber modifications made at the sareemvas reduced by
about 50%![[38].

2.4.2 CLIC Kickers

A number of challenging kicker systems are required for bloghMain Beam and
Drive Beam of CLIC, as shownin Fig. 2111. For the Main Beang imjection and one
extraction kicker are required for each PDR and DR, as wedl kigker in the IP, to
correct relative beam-beanffset and steer the beams back into collision. For the Drive
Beam, extraction kicker systems are required for the CRereds the injection is done
by an RF deflector instead of a kicker. Furthermore, a numbiere-around kickers,
to reduce beam phase jitter, and loop phase compensatker&jto synchronize the
phase between the Drive Beam and the Main Beam, will alsodnéresl [19].

Extraction Kicker from the CTF3 CR

The Drive Beam Accelerator of CLIC accelerates long bunaim$rof 140 ns with
a repetition frequency of 500 MHz and an average beam cuofeh® A. Finally the
repetition frequency has to be 12 GHz and the beam currenA10he final values
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Figure 2.11: General layout of CLIC, with kickers pointed ougreen[[19].
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are achieved combiningfiierent incoming bunch trains by means of a delay loop and
two CRs [19].

CTF3 is meant to demonstrate the principle of the RF powercgoand to provide
the 12 GHz RF required. One of the most important issues tested in CTF3 is
the frequency multiplication by the novel bunch interleayiechnique. In CTF3, a
long train of bunches with a bunch spacing of 20 cm, is coedarito a series of short
bunch trains of 2 cm bunch spacing. This bunch spacing reduct done in two
stages, first is reduced by a factor of two in a delay loop, aed by a factor of four
in a CR. After being extracted from the CR, the individual tiues are compressed in
a magnetic bunch compressor and transported to an expeahaeea to produce the
12 GHz RF power required for two-beam studies. The spediieatfor the existing
CTF3 CR extraction kicker as well as for the CLIC CRs are sunmad in Tabld 2.P.

Table 2.2: Extraction kicker specifications for the CTF3 @GRd CLIC CRs|[31].

Kicker parameters CTF3CRs CLIC CRs | [Unit]
Beam energykE 300 2380 [MeV]
Deflection anglegy 8 2.5 [mrad]
Aperture,a 40 20 [mm]
Effective lengthL 1.7 3 [m]
Field rise and fall time 70 150 [ns]
Pulse flat top 200 450 [ns]
Flat top reproducibility +1x10°3

Extraction stability +2.5x1073

Repetition ratefye, 50 [Hz]
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Figure 2.12: Stripline kicker installed in the CTF3 CR|[31].

The extraction kicker for the CTF3 CR is shown in Fig. 2.12isTkicker has an
effective length of 1.7 m, and an aperture of 40 mm. The striplieetrodes shape
have been optimized in order to achieve both an optimum ctexiatic impedance of
50Q and a field homogeneity af 1% over 30 mm radius. The striplines horizontally
extract the 140 ns and 150 MeV beam. As shown in Table 2.2, a lee@rgy of 300
MeV has been used for the kicker design, to be able to deflghehenergy beams for
tests. The kicker pulse is required to feature a flat-top kemgugh to extract 140 ns
of bunches. In addition, the rise time should be fast enoagkdch the flat-top field
after the beam exits the kicker and before it arrives agathddicker to be extracted,
and a rise time of 70 ns has been specified. This requiredmsgedoes not justify the
selection of stripline technology, as kicker magnets ctvaldlso well fitted. However,
the beam impedance requirements made the stripline temiytie ideal solution for
extracting the CTF3 high current beams|[31]. The kicker wesalled at the exit of
the CTF3 CR in mid-2008 and is successfully working sincathe

Injection and Extraction Kickers from CLIC PDRs and DRs

The injection and extraction process will be carried ouhgsine injection and
one extraction system in each ring, with only one pulse gtarehe rings per cycle.
This pulse contains either one single train of 312 bunch#és2{5Hz RF structure, or
two trains of 156 bunches with 1 GHz RF structure, as showrallé[1.4 and Table
[1.5. The kickers are located at a maximum of the horizonta faection to minimize
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the deflection angle. For the same reason, the phase advatweeh injection or
extraction septa and kickers is aroury®.

Kicker parameters PDR DR [Unit]
1 GHz 2GHz | 1GHz 2 GHz
Beam energykE 2.86 2.86 [GeV]
Deflection angleg 2 15 [mrad]
Aperture,a 40 20 [mm]
Effective length 3.4 1.7 [m]
Field rise and fall time 428 1000 560 1000 [ns]
Pulse flat top 900 160 900 160 [ns]
Flat top reproducibility +1x10™4 +1x10°*
Injection stability +2x1072 +2x1073
Extraction stability +2x1073 +2x1074
Injection uniformity (%) +0.1 +0.1
(over 3.5 mm radius) (over 3.5 mm radius
Extraction uniformity (%) +0.1 +0.01
(over 3.5 mm radius) (over 1 mm radius)
Repetition ratefiep 50 50 [Hz]

Table 2.3: Kicker specifications for the DRs [19].

In the DRs, the quadrupole magnets have a circular aperfi@ mmm diameter,
and the dipoles and wigglers have an elliptical aperturé wartical gaps of 20 and
13 mm, respectively. To minimize the impact of the DR exiackicker on the overall
machine beam coupling impedance, the same beam pipe @assnsis used as for
the downstream quadrupoles. For that reason, a circulatuapef 20 mm diameter
was selected for the aperture of the striplines of the CLIG BRraction kicker. For
the PDRs, the striplines aperture needs to be larger, 40 morder to accept larger
emittance beams, as shown in Tdbl€ 1.4.

The complete beam pulse will be extracted at the same timeretdre, the flat top
corresponds to the length of the bunch train for the 2 GHzllmes®r the length of the
two bunch trains plus the train separation for the 1 GHz li@seln order to limit the
beam emittance blow-up due to oscillations at extractiencibmbined flat top ripple
and droop of the field pulse for the DR extraction kickers ningstess than 0.02%. In
the case of PDRs, the injection and extraction stabiligesiired are lower than for the
DRs, due to the larger emittances of the injected and exttldmams.

The total allowable beam coupling impedance in each ringsis @ery low. The
allowable broad band impedances in the CLIC PDRs and DRs &y@,.wheren is
the number of turns, for longitudinal beam coupling impexmgrand 10 M/m in the
transverse plane. These requirements will guarantee @ B&ability against single
bunch éfects [21]. Since the allowable beam impedance is for a campleg, which
is composed of many systems including both injection antheon kicker systems,
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the permissible beam coupling impedances, per kicker sysiee assumed to be 5%
of the longitudinal impedance allowance, i.e. 0@/, and 2% of the transverse
impedance allowance, i.e. 20Qkm [39].

2.4.3 Technological Choice of the Extraction Kicker for CLIC DRs

This thesis is based on the design, development, congtruatid lab measure-
ments of the first extraction kicker prototype for the CLIC §Rince it is the most
challenging from the field homogeneity point of view, as shaw Table[2.8. The
very tight stability tolerances required in order to extthe low emittance beam from
the CLIC DRs, as well as the low beam coupling impedance remeénts, make the
stripline technology an ideal solution for extracting highrrent beams, as it was also
the case for the CTF3 CR extraction kicker![31]. The geometithe CTF3 CR ex-
traction kicker, which has the same stripline length bugéaaperture (40 mm instead
of 20 mm), was first studied for the CLIC DR extraction kickgmpugh not all the
specifications were met. Furthermore, several challenges wdentified that made it
impossible to reuse the designs for the ILC injection andaexion kickers previously
reported:

e The curved and tapered electrodes used @Dk would give higher field inho-
mogeneity than is permissible for the CLIC DRs. In additiamering has been
demonstrated to increase the beam coupling impedanceydovefrequencies,
and this is undesirable for CLIC.

e The 30 cm-long stripline kicker for extracting the beam inFATvith a beam
energy of 1.3 GeV, could not be feasible for deflecting the@hkeam with an
energy of 2.86 GeV by the specified 1.5 mrad. Furthermorethierkicker the
field homogeneity is approximately three times larger tha&réquired for CLIC
DRs.

e The CLIC DR extraction will not be bunch-by-bunch, but a cdetg train of
156 (1 GHz) or 312 (2 GHz) bunches will be extracted at the same hence
the required rise time for the CLIC DR kickers is two ordersnafgnitude larger
than the DAPNE injection kicker and the ILC DR extraction kicker.

In addition, the design of all these kickers was optimizettiie operating mode
of the kicker (odd mode), whereas the non-operating modeekicker (even mode)
was not taken into account.

In the following we will make a complete study of the designamafacturing
and calibration tests of the first stripline prototype fotragting the beam from the
CLIC DRs. The design of the striplines, presented in Chdptérave been done un-
der a collaboration between the Accelerators Group of tiséitiio de Fisica Cor-
puscular (IFIC)[[40], the Accelerators Technology Groughsd Technology Depart-
ment of the Centro de Investigaciones Energéticas, Meathgentales y Tecnolbgicas
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(CIEMAT) [41], and the Accelerator Beam Transfer (ABT) Gpoaf the Technol-
ogy (TE) Department at CERN. The striplines manufacturiag bheen funded by the
Centro para el Desarrollo Tecnologico Industrial (CD™2], a Spanish public en-
tity that supports the industrial research of the Spanishpamies, under a collabora-
tive scheme with research institutes. In this framework,dbmpany Trinos Vacuum
Projects S.L.[]43] has been in charge of the striplines natufing, under a CDTI
contract [44]. Studies of the materials and componentshieikicker fabrication, as
well as manufacturing details, are reported in Chdgter 4. I&boratory tests required
to characterize the electromagnetic response of the il have been carried out
at CERN, and the results are presented in Chapter 5. Fimal$haptei 6, studies
towards improvement of future striplines are discussed.
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Chapter 3

Design and Optimization of the
Striplines

3.1 Introduction

Low emittance rings demand very tight tolerances for thedtipn and extraction
systems, in order to inject and extract the beam in a veryestaid reproducible way.
The most challenging requirements are an excellent fieldmity at the beam posi-
tion and a very low beam coupling impedance. In this chagitennain techniques for
the design of a stripline kicker for low emittance rings aregosed. In particular, the
study will be focused on the specifications for the extrackiwker from CLIC DRs,
but the method can be generalized to any low emittance ricigeki

The requirements for the extraction kicker from CLIC DRs eodlected in Ta-
ble[2.3. The most important challenges are the followingst fithe excellent field
homogeneity, with only= 0.01% of inhomogeneity allowed over 1 mm radius, in the
centre of the aperture; second, good power transmissioimewxiremely low ripple, by
achieving good impedance matching of the striplines in #fkedting (odd) mode; and
third, a very low beam coupling impedance, which should Hev®.05Q/n, where
n is the number of turns, in the longitudinal plane and 209k in the transverse
plane: the beam coupling impedance is important during thatdeflecting and non-
deflecting (even) mode. In order to achieve all these remargs, the design of the
striplines has to be carefully optimized. This study hasilzeme in several steps, both
analytically and numerically, from 2D concepts such asatiaristic impedance, field
homogeneity and RF breakdown, to 3D studies for the reflegiayameter and beam
coupling impedance at low frequencies. Finally, otherwalitons at high frequencies
are reported.

43
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3.2 Description of a Stripline Kicker System

A stripline kicker consists of two parallel electrodes hedign a conducting pipe:
each of the electrodes is driven by an equal but oppositeipofailse, produced by a
pulsed power supply. The striplines will be powered, viaxi@aeedthroughs, from
the beam exit end: the upstream feedthroughs will be coaddotresistive loads, as
shown in Fig.[2.B. Each of the stripline electrodes with dgaaent ground planes
(beam pipe walls) forms a transmission line for TEM wavessi&es the two trans-
mission lines, a stripline kicker system is composed by &aMgjtage (HV) DC power
supply and two terminating loads, as schematically showsign3.1, for only one of
the two transmission lines. The HV DC power supply chargeslaePForming Line
(PFL) and the fast switch is then closed to launch a pulserttsvhe striplines. The
pulse propagates through the striplines and is depositéaiterminating loads.

PFL Fast  Transmission Stripline  Transmission Terminating
switch line plates line resistor

[ nvoe {7500 ) —{ 72500 )t {] Z-500 {500},

<— ® Beam

Ciutl e & 7_znc
ng From second— —» =300 © Z=5002 HSl]Ql;W

pulse generator

Figure 3.1: Simplified schematic of a stripline kicker systd-or simplicity, only one
of the two HV DC supplies, PFL and fast switches is shown [19].

A transmission line is schematically represented as a twe-ine, as shown in
Fig. [3.2 (a), since transmission lines for TEM wave prop@agealways have at least
two conductors. Furthermore, a transmission line can beeifextias a distributed-
parameter network when the length of the line is larger th@wtavelength. In this
case, voltages and currents can vary in magnitude and pkiasélength, as shown
in Fig.[3.2 (b), wherdR, L, G andC are defined per unit length. The series inductance
L represents the total self-inductance of the two conductod its proximity gives
rise to a shunt capacitan€e The series resistandeand the shunt conductanGe
represent the resistance due to the finite conductivity, thaddielectric loss in the
material between the conductors, respectively. In addit{g, t) andv(z t) represents
the current and voltage applied to the transmission line.

The voltages and currents of a transmission line can beitegdny two coupled
linear diferential equations, known as the telegrapher’s equatatsrepresents the
time-domain form of the transmission lirie [45]:

ozt . 0i(z t)
— = —Ri(z 1) - L—(9t (3.1)
di(zt) ov(z 1)
— = ~GV(z,t)-C o (3.2)
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Figure 3.2: (a) Two-wire representation of a transmissioe,| (b) distributed-
parameter network model for a transmission ling [45].

whereR, L, G, C, i(zt) andv(z t) have been defined before. In the frequency
domain, these transmission line equations simplify to

Mz29) _ R+ jul)i(zw) (3.3)
dz
d'(j’z“’) = (G + jwC\V(z ) (3.4)

whereV(z w) andl(z w) represents the voltage and current applied to the trans-
mission line in frequency domain,s the imaginary unif? = —1 andw is the angular
frequency.

The stripline kicker operates as two coupled transmissimes] each of which
should ideally have a characteristic impedance matchedtQ.5 The characteris-
tic impedances of the PFL, transmission lines, striplines t@rminating resistors are
matched as far as possible to minimize reflections, whichdcoause ripple on the
flat-top of the deflection waveform. The PFL and fast swit¢tgven in Fig.[3.1, can
be replaced with an inductive adder, as in the case of theekiskstems for CLIC
DRs [46]. An inductive adder is a solid-state modulator,ahhtan provide relatively
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short and precise pulses, compensating for ripple as walt@suation and dispersion
in transmission lines. The inductive adder concept is atsmdor machine protection
and reliability. The first inductive adder prototype for teetraction kicker system
from CLIC DRs is shown in Fid._313.

Figure 3.3: Five-layer inductive adder prototye develope@€ERN, for CLIC DRs
beam extraction system [46].

The main pulse definitions are shown in Hig.]3.4. The rise tarike time needed
to reach the required field, including the settling time, ebhis the time needed to
damp oscillations to within specification. The fall time mettime required for the
field to return to zero. The droop and ripple is defined as time tivindow during
which the combined droop and ripple must be also within $ation. And the pulse
reproducibility refers to the maximum féérence allowed between two consecutive
pulses.

i =—End of rise ime I

. v 1 '
Reproducibility Combined
Ripple and

:\"l M|

Droop

Figure 3.4: Definitions for the pulse required for beam eottom from CLIC DRs|[[47].
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The pulse parameters are based on beam characteristicschad requirements.
For example, for bunch-by-bunch injection or extractianfa the ILC DRs, fast rise
and fall times are required, whereas for injecting or exingca number of trains of
bunches, it is more important to have a long pulse flat-tof wéry good stability,
which is the case of injection and extraction for CLIC DRs. lifeit the beam emit-
tance blow-up due to oscillations, the inductive adder fier CLIC DR kickers must
provide extremely flat HV pulses: specifications call for & b6 duration flat-top for a
pulse of 12.5 kV, with a combined ripple and droop of not miat0.02%, as shown
in Table[ 2.8, referred to as extraction stability.

All the power transmitted by the pulse has to be dissipatagsing two dissipation
loads, connected to the upstream ports of the striplinesy@sn in Fig[2.B. The loads
should be matched in impedance with the kicker and the powsslg to avoid pulse
reflected power. The load must also be designed to handledhaency content of
the pulse, keeping a good impedance match at all the pulgadney range. When
dealing with pulsed signals, the highest frequency (in Geta)tent can be roughly
determined by the rise tim& (in ns) of the pulse, as/I; [31]. In the case of the
CLIC DRs, although a rise time of 560 ns (1 GHz baseline) and @ GHz baseline)
is allowed, as shown in Table 2.3, a rise time of approxinyal€l0 ns (including
settling time) is desired, in order to reduce the stress erkitker system [47]. Arise
time of 100 ns corresponds to a frequency content up to 10 MHz.

3.3 Stripline Kicker Basics

The striplines performance is completely defined by a nurobparameters that
will impose some restrictions on the striplines design,chhare the following: the
characteristic impedance, field homogeneity, RF breakd@vparameters and lon-
gitudinal and transverse beam coupling impedance. Allelgameters will be de-
scribed in this section.

3.3.1 Characteristic Impedance

The characteristic impedance of a transmission Hpés defined as the ratio of
voltage to current for a traveling wave on a transmissioe. [fBolving simultaneously
Eq. (3.3) and Eq.[(314), the voltage and current along thestréssion line can be
calculated, and the characteristic impedance is found:to be

vV [R+juL
ZO_I_ G+ joC (3.5)

Since voltage and current are uniquely defined for TEM wathescharacteristic
impedance of a TEM wave is unique. For a lossless RandG are both zero, so the
equation for the characteristic impedance reduces to:
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Zo = \/g (3.6)

In addition, in a lossless transmission line, the TEM wawppgates at the speed
of the lightc, which can be related with the line parameters:

1
C=— 3.7
T (3.7)
and therefore:
1
Zy = = (3.8)

The characteristic impedance of a lossless transmissiendipurely real, with no
reactive component. When using air or vacuum as dieleottiwéen the two conduc-
tors, the characteristic impedance is a geometrical paeanunly depending on the
cross section of the transmission line by means of the ctgpenxa per unit lengtie.
Eqg. (3.8) can be analytically solved for simple geometiilesa coaxial line or parallel
plates. However, in non analytical cases, it is necessaoptain the full solution of
the electromagnetic field using numerical methods.

When two transmission lines are close together, as in theafes stripline kicker,
power can be coupled between the lines due to the interaatithre electromagnetic
fields of each line. Therefore, stripline kickers operatévas coupled transmission
lines, with two TEM operating modes, since three conducoesinvolved in the sig-
nal transmission, i.e. both electrodes and the vacuum bégaen hese modes are
known as odd and even mode [45]. When the electrodes areedxgith equal mag-
nitude but opposite polarity voltages, the current flow ispposite directions in each
stripline electrode and an electromagnetic field is creberdieen the electrodes, giv-
ing a transverse kick to the beam: this is the odd mode. Wheitked circulating
beam passes through the aperture of the striplines, it eglimage currents in the
electrodes with the same direction —this is the even mode. ifiduced current gen-
erates an electromagnetic field, which gives a longitudiield to the beam and can
produce beam instabilities.

In the case of the stripline kicker, both operation modestinesaken into account
when optimizing the characteristic impedance of the sirgd. For the odd mode,
the electric field lines have an odd symmetry about the cdinigeand a null voltage
exists between the two electrodes. Hence, there is a vigioalind plane midway
between the electrodes and the capacitance between awwééeand the virtual ground
is 2C1,. In this case, thefiective capacitance between an electrode and ground is
Codd = C11 + 2Cy5 (Fig.[3.8, up). In the even mode, since the two electrodeatatee
same €ective potential, there is no charge stored in the capamtbatween them, and
the resulting capacitance of either electrode to grounthieven mode i€¢yen= Ci1
(Fig.[3.5, down).
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Figure 3.5: Scheme of the two operation modes of a pair of leduglectrodes: odd
mode (up) and even mode (down). For the even mgdandV, corresponds to the
image current and voltage created by the beam when passmggththe aperture of
the striplines.

The uncoupled impedan&g is defined as the impedance one would measure if the
electrodes were widely separated, so they could not irttefae odd mode impedance
of a coupled transmission line is always less than the udedumpedance, whereas
the even mode impedance is always greater. The smaller ¢itende between the
two electrodes, the more coupling will be induced, and tleaggr is the discrepancy
between the odd mode, uncoupled mode and even mode impedaliae even-odd
mode decomposition can be carried out only in the case ofigtines both of which
have the same load and generator impedances, which is thettse striplines for
CLIC DRs.

The odd and even mode characteristic impedances for tipdirsts can be analyt-
ically calculated using the following equations:

1

Zodd = C(C11 + 2C1)

(3.9)



Chapter 3. Design and Optimization of the Striplines 50

1

= 3.10
Zeven CC]_]_ ( )

wherec is the speed of lightC,, is the capacitance between an electrode and the
beam pipe surrounding, amt}, is the capacitance between both electrodes, as shown
in Fig. [3.5. For a first-order analytical approximatid@,; can be calculated as the
capacitance between a strip conductor and an infinite grplaree, as shown in Fig.

[3.8 (up), by using Eq[{3.11) [48]:

Ve +141 598d \\™
Cu=—0—"Moshrw (3.11)

wheree, = 1 is the relative permittivity of the vacuurd,is the distance between
the plate and the ground plane, i.e. the distance betweegi¢brode and the beam
pipe wall behindh is the electrode height amdis the electrode thickness.

" DIELECTRIC

p—1

INFINITE

GROUND

Figure 3.6: Schematic of a strip conductor separated fronoangl plane by a dielec-
tric (up) and schematic of a parallel plate capacitor (down)

To a first approximation the electrodes can be consideredradlgd plate capaci-
tors where edgefkects and fringe fields are neglected, as shown in [Eig. 3.6r{flow
Therefore,C,, can be calculated as the capacitance of a parallel platenptdength,
given by the equation:

Cpp= = — 3.12
p= == (3.12)

wheree, = 8.854x 10712F/mis the permittivity of free-space is the surface area
of one platel is the plate lengthh is the plate height, and is the distance between
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plates, i.e. the aperture. Taking into account these appedions, the equations
considered for calculating,qq andZe,enare the following:

) 5.98(d/R) Ve + 141 2ceh 598d/R) ||
ZOdd"”(o.S(h/R)+(w/R))( 87 ' a Irl(0.8(h/R)+(w/R))) 519

g 8T In( 5.98(d/R) )

Ve + 1.41 \0.8(h/R) + (W/R)

whereR s the striplines beam pipe radius.

(3.14)

3.3.2 Field Homogeneity

The concept of field homogeneity refers to the uniformityhad tlipolar fields in
the striplines aperture. It mainly depends on the geomdttigenelectrodes. For ex-
ample, two parallel plates of a capacitor generate a peufadirectional electric field
between them except from the enfteets. Those endiects distort the pure unidirec-
tional field in the space between the plates, with more implase to the ends. The
same happens for the magnetic field in TEM propagation modeefally, the kicker
specifications gives a value for the maximum field inhomodgralowed, which is
calculated as a variation percentage of the unidirectifigldlcomponent in an area de-
termined by beam optics requirements. In the case of lowtanai¢ rings, an excellent
field uniformity is required in order to inject and extracetheam without emittance
dilution. For the CLIC DRs extraction kicker the field inhogemeity required is un-
precedented: it should not exceed the value 6f01% in an area that corresponds to
a circumference of 1 mm radius at the center of the striplines

Each operation mode of the striplines, odd and even, hasvitsetectromagnetic
field pattern, as shown in Fig.-3.7. However, since the fididimogeneity requirement
refers to the field that can be seen by the beam when it is beiftgcted, only the odd
mode field homogeneity will be studied. The study will be dowenerically, since
the important &ect of the electrode edges over the field homogeneity canatzikden
into account analytically.

3.3.3 RF Breakdown

When a current flows between two conductors dfledént electric potential, an
electrical discharge may be produced. These electricehdrges appear in struc-
tures even though they are under ultra high vacuum conditisimere no media is
hardly available for electricity conduction, if high enduglectric potential dierence
is sustained between two points of the structure. In thatquaar case, the electrical
discharge receives the name of vacuum arc. The accele@atanunity refers to the
phenomenon as electric or RF breakdown. Sharp edges, anagstcan become a
source of RF breakdowns.
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ODD MODE EVEN MODE

Figure 3.7: Electric field pattern for the odd (left) and eYeght) modes. The colour
pattern goes from orange (maximum electric field) to darlellminimum electric
field).

The first attempt to describe quantitatively the limitatiorhigh voltage operation
came from W. D. Kilpatrick, who provided a threshold to thexmaum field (Ey)
beyond which the safe operation was not guaranteed [49]ciitegion was applicable
to both DC and RF structures. The Kilpatrick criterion carekpressed as [50]:

f = 1.64Ee 8°/5 (3.15)

where f is the RF frequency in MHz, anBy is the Kilpatrick limit for the elec-
tric field, given inMV/m. The Kilpatrick criterion is based on experimental results
that were obtained before clean vacuum systems were commMany other studies
had already gone beyond the threshold set by Kilpatrickeaslts of improved sur-
face treatments and clean vacuum systems [51]. Therefaeitpatrick criterion is
considered conservative by today’s standards. Nevesg$ethis criteria can still be
used for choosing the design field level for the CLIC striplkicker. For a maximum
frequency content of 10 MHz, the Kilpatrick limit is setR ~ 5.5 MV/m.

When the RF breakdown takes place on or just above the sartddesulators,
instead of occurring within the insulating material, thedldown &ect is known as
surface flashover. Several studies have been carried oae atHC, due to the fact
that during 2012 operation, a total of six kicker magnet fasis occurred, which
were thought to have been on the surface of the ceramic tdsbtasupport the beam
screen conductors [52]. In the stripline kicker for CLIC DRsome ceramic material
is used inside the tube of the striplines or in the feedthinsug flashover process may
be expected due to the high voltage operation of the kicker.
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3.3.4 S-Parameters: Power Transmission through the Striphes

The scattering parameters (S-parameters) in RF define ahentiission and re-
flection of voltage waves through a multi-port electricatwark. For an RF signal
incident on one port, some fraction of the signal bouncek batof that port, some of
it scatters and exits other ports, and some of it disappaansat or even electromag-
netic radiation. S-parameters are complex because botmalgaitude and phase of
the input signal are changed by the network. S-parameterdedined for a given fre-
guency and system impedance, and vary as a function of fnegder any non-ideal
network.

The striplines can be considered as a simple 2-port netwihkam impedancé,
as it is shown in Fig[_318, wheNg, is the wave voltage from the generatyi, 1,, V>
andl, are the wave voltages and currents flowing in port 1 and poespectively, and
Zs andZ, are the generator and load impedances.
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i |
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Figure 3.8: Example for a 2-port network consisting of aesimpedanc in a
transmission line [53].

If Z=0andZ, = Zg, itcorresponds to a match load, hence the maximum available
power goes into the load and = V, = V,/2. The waves going towards the 2-port
area = (as, &), and the waves travelling away from the 2-port bre- (by, b,). In
order to make the definitions consistent with the consesuaif energy, the voltage is
normalized to/Z,, whereZ, is the characteristic impedance of the transmission line.
The definitions of the waves, andb; are the following:

~ VO _Vilnc
2NZ N7

v (3.17)
N .

a (3.16)

by =
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where Vin® and V{ef are the incident and reflected voltage waves, respectively.
Therefore,|a;|? is defined as the power incident on the input of the netwoekthe
power available when the source impedanc&.is And |b,|? is the power reflected
back to the input port of the network. The general definitibthe waves, travelling
into andb; travelling out of a 2-port network is:

_ Vi + |1Zo

a = —2\/2 (318)
Vi 1iZ

b= (3.19)

and the relation betweeny(a,) and p,b,) can be written as a system of two linear
equations:

bl = S11a1 + Spay (320)

b2 = So1a1 + Sy (321)

whereSy; is the input reflection cdcient with the output of the network termi-
nated by a matched load,(= 0). S,; andS;, are the forward transmission from port
1 to port 2 and the reverse transmission from port 2 to poespectively, an&,, the
output reflection coéicient, as shown in Fig. 3.9.

al E— S — bZ
— 21 s =
Sll? CE— @522
O— —

b1<j:| SlZ &= a2

Port 1 DUT Port 2

Figure 3.9: Scheme of the S-parameters for a 2-port network.

Using Eq. [(3.1B), Eq.[(3.19), EqL_(3]20) and EQ._(B.21), $heparameter of a

single impedanc&,_ connected to a generator of source impedatyde found:
by Vi-hZo _Z-Z
a V1 + 117 2L+ 27y

where the impedancg is a function of frequency and given by the transmission
line impedance equation [45]:

Sll =

(3.22)

R, + jZitan(wl/c)

Z, = :
LT Z ¢ jRitan(wl/c)

(3.23)
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wherel is the electrical length of the transmission line. From [BE&3) it is seen
that there is a perfect matck4; = 0), when {l/c) = n/2, i.e. when the electrical
length of the transmission line &4 or an odd multiple oft /4, whereas an impedance
mismatch will occur at the rest of frequencies. As it is shawifrig. [3.10, there is
a maximum-minimum pattern which depends on the distancgdasat feedthroughs.
The identical mismatching in both transitions of the stnplallows the existence of
standing waves in the transmission line. There are reflectares at kicker lengths
equal to multiple quarter wavelengtht/4, 31/4, 51/4, etc.) which represent a per-
fectly matched transmission for the correspondent fregiesn At those approximate
frequencies, the reflected waves between both transitieparated by the transmis-
sion line present a null interference at odd multiplea@f due to the composit8;;
parameter of both transitions. In addition, the reflecticaynmcrease with frequency
depending on the coaxial to stripline transition quality.

0.5
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Figure 3.10: Typical plot for the reflection parameter ofrgptine kicker.

Therefore, the reflection parameter of a stripline kickerth@ same frequency res-
ponse as a quarter-wave transformer. The quarter-wavaforamer is a simple circuit
that matches a real load impedance to a transmission lirengthi/4, as it is shown
in Fig. [3.11. The load resistan&® and the feedline characteristic impedaZgeare
both real. These two components are connected with a Isgsiese of transmission
line of characteristic impedan@g. This approximation could be a good starting point
if a stripline kicker must be designed with a reflection paggan magnitude below a
certain value.

3.3.5 Wakefields and Impedances for Stripline Kickers
Longitudinal and Transverse Wakefields

A charged particle beam traveling inside a vacuum chambegnwwassing by cross
section variations of the vacuum chamber wall, inducegmew@gnetic fields, known
as wakefields, which act back on the beam itself. These wédketiontain three spatial
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Figure 3.11: Schematic of a quarter-wave matching transfo{45].

components: longitudinal (directed along the averagagbarnotion), and transverse
(horizontal and vertical, or radial and azimuthal). Thedibdinal component of the
electric field may change thdtective amplitude and phase of the applied accelerat-
ing field, and thereby the rate of acceleration, as well agtieegy distribution in the
bunch and its #ective length. This in turn may influence the optics of thectma-

tor, in particular by changing the focusing, and the closdit around which particles
perform transverse betatron oscillations. Similarlypnseerse field components may
increase the cross section of a bunch, change its closed itstfrequency of oscilla-
tion around it, and shorten the life time of the beam in stenaggs due to increased
loss of particles. Thesdfects become more severe at higher beam currents.

Depending on the design of the vacuum chamber and othereaat®i elements,
longitudinal and transverse instabilities of a beam wittarc Then the beam may start
to oscillate, develop tails and halos, and be partially @mevompletely lost. If the
wakepotential induced by a bunch vanishes before the hofitae next bunch (short-
range wakefield or broadband impedance), it orffgcs the single-bunch dynamics.
When the decay time of the wakefield is larger than the timeisgabetween the
bunches (long-range wakefield or narrow-band impedanee)dbpling between sub-
sequent bunches cannot be negledted [54]. Other impomasideration that should
be taken into account is that the high intensity electroreigriields can excessively
heat sensitive elements close to the beam, which may damaye destroy them in
some cases or produce undesirable increase in vacuum i@ ¢SSt This dfect will
be studied in Sectidn 3.5.2.

Two different concepts arise when dealing with wakefields: wakéfms and
wakepotentials. Wakefunction is the normalized integnarahe electromagnetic
force due to fields excited by a point charge or delta functiistribution. In the ul-
trarelativistic limit, the wakefunction depends only o gurrounding structure. The
longitudinal wakefunction is obtained by integrating otleg electric field component
E, normalized by the chargg[55]:
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vv”:—lf E.dz (3.24)
qJ-w

The minus sign makes the wakefunction positive for a deagtey electric field
component. The dimensions of the wakefunction ai€.V

The transverse wakefunction is the transverse momentukekioerienced by the
beam because of the deflecting fields [55]:

W, = —%f (E+vxB).dz (3.25)

The transverse (horizontal and vertical) wakefunctions lsa separated in two
terms: the driving (or dipolar) and the detuning (or quadtap components [54]:

W, = WE™N g + WEetx (3.26)

Wy = WI™yo + WEey (3.27)

where o, Yo) and , y) define the transversdteet of source and test particle with
respect to the geometric center of the structure, resdgtiv

The integrated féect over a finite distribution of charged particles is desaxali by
the wakepotential, which can be determined by the convautif the wakefunction
with the charge distribution in the bunch. Consequentlg, wakepotential depends
not only on the structure, but also on the charge distrilputrbich excites it.

Longitudinal and Transverse Beam Coupling Impedances

When studying the beam dynamics in the time domain, as ysdalte for li-
near accelerators, it is convenient to make use of the wak#etns or wakepotentials.
However, the frequency domain analysis is usually adoptedifcular accelerators
due to the intrinsic periodicity. In frequency domain, tl@ncept of beam coupling
impedance is used, defined as the Fourier transform of thefuwagtions. Beam cou-
pling impedance only depends on the surrounding structaresdoes not depend on
beam parameters except on its velocity.

In particle accelerators, the current consists of a beanhafged particles mo-
ving in high vacuum, and thus experiences no direct resistafiowever, the elec-
tromagnetic fields excited by the moving charges inducesoisrand voltages in the
surrounding vacuum chamber walls. The concept of a couphmpgdance is intro-
duced to relate the beam current to the total induced volibaye) the beam trajectory.
This voltage is defined as the normalized integral over alttebmagnetic force com-
ponents acting on the beam. For a beam moving with a constdotity v, only the
electric force is relevant in the direction of beam motionce magnetic forces are
perpendicular to it. The longitudinal impedance is theregibay [55]:
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Z, = f W e dr (3.28)

wheretr = z/v. The transverse coupling impedance is calculated as thgrait
over the Lorentz force in the transverse direction [55]:

Z, = f W, et (3.29)

This equation is normalized by the transverse momentum efcttarge, which
changes the dimension f@/m, i.e. impedance per transverse displacement. Anal-
ogously to its equivalent in the time domain the transveessnbimpedance can be
divided in two terms[[54]:

Z, = Z9Vxy + 7% (3.30)

Z,=Z0™yo + ZJ°y (3.31)

In addition, a constant term also appears in[EqQ.]3.30 whebdhm passedioaxis
in a symmetric geometry, generally defined as the transuergedance when both
source and test particle are on the nominal beam axis.

The impedance is in general a complex function. The realggistive) part of the
longitudinal impedance, describes the energy loss, whaeraginary (or reactive)
part shifts the frequency of the beam oscillation. Althotigd impedance and wake-
function are integral transforms of each other, in pradt@y contain complementary
information since the impedance is usually known up to soragimum frequency,
while the wake function is calculated up to some finite timelistance. Hence the
impedance description is more appropriate for long rangmpmena, while the wake
formalism is better over short distances.

Analytical Approximation for the Beam Coupling Impedance of a Stripline Kicker

The beam coupling impedance can be calculated analytioaliyfor very few and
idealized structures such as uniform, cylindrical beanepipr closed pill-box cavities
with rotational symmetry. For stripline beam position nmtors (BPMs) and kickers,
general expressions for longitudinal and transverse beamling impedance at low
frequencies have been found [56] and will be used in theviotg.

The starting point for the analysis of the longitudinal arahsverse beam coupling
impedance of a stripline kicker is the study of the imageents I¢w) induced by the
beam. A complete explanation about how the image curree@ten by the beam
travel through the striplines is presented(in/[57-59]. As gshown in Fig.[3.12, the
image currents created in the beam pipe walls splits intodgual parts when arri-
ving at the electrodes, one half going to the upstream pattiam other half traveling
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Figure 3.12: Stripline kicker operation model used for ghdting the longitudinal
beam coupling impedance.

through the plate: this is due to the upstream port and tiy@isgs having the same
characteristic impedance.

The same happens when the beam arrives to the downstreariiperéfore, when
the beam passes the striplines, a current doublet is cre@attbe@ upstream port, as
shown in Eq.[(3.32), whereas the current in the downstreatrigpocancelled:

l(w) = Ip (1 - e 2/9) (3.32)

wherely is the beam current, is the electrode length ardis the speed of light.
This is only true when the beam is ultrarelativistic. Thetage seen by the beam
is Vp, = gV, whereg is the single-electrode geometrical factor ands the voltage
created by the image currents in the upstream gap, givengogxpression:

— Zeven
2

The longitudinal beam coupling impedance is calculated, as V,/l,, and there-
fore [56]:

Vy gl(w) (3.33)

Zy(w) = %‘gﬁ [sinz(%l') + jsin(%)cos(%l')] (3.34)
In Eq. (3.34)g, is the longitudinal geometric factor when considering the ¢lec-
trodes,Zeen IS the even mode characteristic impedance lamglthe striplines length.
The longitudinal geometric factor can be numerically cilted with a 2D electrostatic
solver. The method consists of modelling a cross-sectighestriplines in the even
mode configuration, i.e. both electrodes have the samegetad the same polarity,
and calculate the voltage at the center of the stripline® rahio between the voltage
at the centre and the voltage of the electrode is the longidigeometric factor. The
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longitudinal factor tends t@o/7 when the striplines aperture is equal to the beam pipe
diameter, wherey is the coverage angle of the striplines.

The dipolar component of the transverse beam coupling ispezican be calcu-
lated in a similar way, when considering that the image cusrereated by anft
centered beam are unequally divided, and defined as [58]:

I = (1(w)/2)(1+ X/b) (3.35)

I_ = (1(w)/2)(1 - %/b) (3.36)

wherel(w) is given by Eql(3.32)x, is the dfset of the beam with respect to the
centre of the aperture, aitds the distance between the centre of the aperture and the
electrode, i.e. half of the aperture. Therefore, equal ppbsite voltages are assumed
to be induced in the electrodes, which is related with the mdde of the striplines.
Using the same approximation as for the longitudinal cdse,vbltage at the right
electrode (supposing horizontal striplines) is given by:

Ve = 229, %1 ) (3:37)

whereZyyq is the odd mode characteristic impedance gnés the transverse geo-
metric factor. Assuming a linear distribution of the longiinal voltage withx, it can
be expressed as:

X
V(x) = Vrg. ¢ (3.38)
The transverse impedance is defined as [58]:

.Ap,C
ZJ_(('U) =] Ilf);(_b

whereAp, is the transverse momentum change of a particle, defined as:

(3.39)

10V(¥) 1 51 (w)%
o ox e o L (3.40)

The dipolar component of the transverse beam coupling iepeslis, therefore
[56]:

J_:

2
2~ zaf§) Sl (F) il L)eo{F)] s
As in the longitudinal caseg, can be calculated with a 2D electrostatic solver;
however, in this case, the cross-section of the striplisgsadelled in the odd mode,
i.e. both electrodes have the same voltage but oppositeitgol&he voltage is cal-
culated at a distance from the center, and, is calculated ag, = V(x, 0)b/x for
an electrode voltage af 1 V. The transverse factor tends tgrdwhen the striplines
aperture is the same as the beam pipe diameter.
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In axisymmetric structures, there is no quadrupolar corapbof the transverse
beam coupling impedance. However, this is not the case dfttidine kicker, and
therefore, this component must be taken into account. Nly@cal expressions for
the quadrupolar component of the transverse beam couplipgdance has been found
in the literature, and further studies will be developediiden to find an equivalent
expression of EqL(3.41) for the quadrupolar component.

Other expressions for longitudinal and transverse beamlicmuimpedance have
been found in[57,59,60]. However, these equations asduabée striplines have the
same aperture as the beam pipe diameter, and thereforepie used in this thesis.

Low-frequency approximation for the longitudinal beam coupling impedance.
In general, an impedance is a function of frequency ratham jbst a value. For lon-
gitudinal beam coupling impedance, when saying that theedapce of a vacuum
chamber is a certain number Ofrefers only to the low-frequency limit &f;/n, i.e.
the impedance divided by the harmonic number w/wq, Wherewy is the revolution
frequency. At low frequencies, the imaginary part of manpesiances becomes more
proportional to frequency, and hence to the harmonic numtdgte the real part van-
ishes more rapidly. The imaginary part of the radj¢n thus tend to a single value. For
the transverse beam coupling impedance, it refers to theevadlthe imaginary com-
ponent whenw/2pi << ¢/4L. However, these values do not contain any information
about the non less important high-frequency behavior obdsen coupling impedance
function.

For a stripline kicker, the longitudinal impedance per hamnm and the transverse
impedance at low frequencies [2r << c/4L) are, respectively:

Z|| . L

o~ 19 Zever (3.42)

Z, ~ig%Z, L (3.43)
1 ¥ 91 Lodd 5 .

whereTy is the revolution period of the accelerator.

3.4 Optimization of the Striplines Geometry

The optimization of the striplines kicker for the CLIC DRsshazeen started from
one of the specifications of Talle 2.3, thi@eetive lengthL of the stripline kicker,
which is 1.7 m. For this kicker length, and an apertaire 20 mm, the voltag® that
must be applied to each electrode can be found by the relation

av,
Vi = T (3.44)
whereV, is the transverse voltage that a particle experiences wéassing through
the kicker due to the travelling electromagnetic fields,roefias:
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V, = f(E +VvxB),dz (3.45)

There is a close relation between the deflection anglad the transverse voltage,
by means of the beam energy [31]:

VL) Vi (3.46)

=tanl[=—|~ —
¢ ( Ep Ep

This approximation can be done for small deflection angles extracting the
beam from the CLIC DRs, with an energy of 2.86 GeV and a defleadngle of 1.5
mrad, as shown in Table 2.3, a transverse voltage of 4.3 M¥dsired. From the
transverse voltage, the voltage applied to each elect@das been calculated. For
a striplines aperture of 20 mm and a deflection angle of 1.5paatriplines length
of 1.7 m allows for an electrode voltage 6f12.5 kV. To calculate the current passing
through the striplines when the kicker is operating, thatreh I, = V\/Z, should be
used.

3.4.1 2D Calculations for the Striplines Cross-Section Opminiza-
tion

For two coupled transmission lines, two TEM modes exist, add even mode,
and therefore two characteristic impedances have to ba iake account. The cha-
racteristic impedance of both odd and even modes shoultlideeoptimized to 5@,
since this value represents an optimum compromise betwaargransmission and
energy losses [45]. In addition, this characteristic ingrext is a standard value and
thus commercial components are available. However for leduelectrodes this is
not possible to achieve. Ensuring that the odd mode chaistateampedance of each
electrode is close to 5Q will avoid large mismatches to the characteristic impe@anc
of feedthroughs, coaxial cables and the inductive addeis Whl help to minimize
reflections when pulses are applied to energize the elextras it will be shown in
Sectiori3.42. On the other hand, the longitudinal beamlguypnpedance is directly
proportional to the even mode characteristic impedancejsdesirable that the even
mode impedance will be not larger than@0this will be also shown in Sectidn 3.4.2.

Due to the tight requirement for beam coupling impedanceeadisas the fact that
the inductive adder could hold a certain degree of impedamsmatch, it was decided
that the starting point for the striplines design would badhieve 502 characteristic
impedance in the even mode, to minimize impedance mismasd®En by the beam,
while keeping the odd mode characteristic impedance as e®possible to 5Q.

Striplines Cross-Section: Flat and Curved Electrodes

As a first approximation, an analytical method has been dgeel in this thesis, in
order to calculate the characteristic impedance for alstegkicker in both operation
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modes. In this approach, the dependence of the odd and evde characteristic
impedances upon the cross section geometry of the strifiae been studied.

As shown in Eq. [(3.13) and Eq[ (311444 and Ze,en depends on the striplines
geometry by the ratiod/R, h/Randw/R, whered = R— a—w. Since the thickness of
the electrodes must be kept between 3 and 4 mm for mechanical consideradimhs
the apertureis 20 mm, only the ratiti/R is considered. Therefore, the odd and even
characteristic impedances of the striplines approximatiave been only studied as a
function of the ratio between the electrode height and thipliste beam pipe radius
h/R: these parameters are shown in [Eig. B.13.

Figure 3.13: Schematic of a stripline kicker, where the peri@rs used in the analyti-
cal appproximation are shown.

The analytical results for the odd and even characteristgedances, given by
Eq. (313) and Eq.[(3.14) are plotted in Fig. 3.14. This figwgresentZ,qq and
Zeven When changing the ratio between the electrode height amdttipline beam
pipe radiush/R, for three diferent radius: 20 mm, 25 mm and 30 mm. These three
radius are commercial radius and were considered duringlébmgn study. Results
confirm that a small stripline beam pipe radius results isetowvalues of even and odd
mode characteristic impedances, and that the even modacttiastic impedance of
striplines is always higher than the odd mode.

This analytical approach has turned out to be a simple, byteféective, method to
understand how the odd and even characteristic impedahaege with the electrode
shapes. To evaluate the potential of the method, numedsalts have been compared
with the analytical results. Firstly, the studied striglincross-sections consist of flat
and curved electrodes inside a cylindrical beam pipe, awsho Fig. [3.15, since
they are the most common cross-sections used for striplifibe extraction kickers
for the ILC DRs and the CTF3 CR [31,134], have flat electroddat &ectrodes are
usually designed with curved edges, as shown in 3.1bnpoove mechanical
stiffness and diminish the endfects upon the uniformity of the field. In BBNE,
the injection kicker has elliptical cross-section, botbotlodes and beam pipe [36];
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Figure 3.14: Analytical estimate for the odd and even motesacteristic impedance
versus IR.

however this geometry has not been considered for the CLIE, BiRce the transition
from circular beam pipe to the elliptical striplines bearpgivill increase the beam
coupling impedace.

(a) FLAT ELECTRODES (b) CURVED ELECTRODES
WITH EDGES

P
£ \

| [ :
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Figure 3.15: Electrode shapes studied: (a) flat electrodiéseasiges, and (b) curved
electrodes.

Flat electrodes have a very good field uniformity at the qewitthe aperture. How-
ever, a larger stripline beam pipe is required in order taicedthe maximum electric
field between the electrodes and the beam pipe walls: it &aseréhe mismatching
between the characteristic impedances of the two operatmtes, as shown in Fig.
[3.14. On the other hand, with curved electrodes it fBdlilt to achieve good field ho-
mogeneity, whereas a smaller radius and therefore, a letpedance mismatching,
is more easily achieved than in the case of flat electrodes.

The characteristic impedance and the field homogeneitysskttwo models have
been calculated, and results will be shown in the followi@gmputer simulations have
been carried out by changing the ratio between the electreidét f in Fig.[3.16) and
the stripline beam pipe radilg for the three dierent stripline beam pipe radii used
in the analytical approximation: 20, 25 and 30 mm.
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Figure 3.16: Geometric parameters used to optimize theesbighe electrodes for a
curved and a flat electrode

Characteristic Impedance. The characteristic impedance of the striplines has been
numerically calculated with the 3D solver High Frequenay&ure Simulator (HFSS)
[61], for the electrode shapes shown in Hig. 8.15. HFSS isnanvercial Finite Ele-
ment Method (FEM) solver from Ansys, in frequency domairr, étectromagnetic
structures. Although 2D codes exist which numerically sdilve electromagnetic
fields of a structure, with HFSS it is easy to go from the 2D nhéoléhe 3D model.

To calculate the characteristic impedance with HFSS, adlige of a quarter of the
striplines has been modeled. For simulating a quarter o$tiyglines, and take into
account the two operating modes (odd and even), proper symesishould be used,

as shown in Fig._3.17 for flat electrodes.

PERFECT
ELECTRIC
(PE)
or
PERFECT
MAGNETIC
(PM)

INTEGRATION
LINE

Figure 3.17: Boundary conditions and integration line of thFSS model for flat
electrodes.
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The odd mode has been modelled by using an electric wall piegfect electric
(PE) boundary condition, between the striplines: this tgpesymmetry forces the
electric field to be perpendicular to the surface. For theevede, a magnetic wall, or
perfect magnetic (PM) boundary condition, has been usednipthe electric field to
be tangential to the surface. The same boundary conditiaves lreen used for all the
studied electrode shapes. The Driven Modal simulator has beed with waveguide
ports. The waveports are calibrated using integratiors|inefined as the path over
which HFSS integrates the electric field to obtain the vataga waveport: the path
line defined in our models is shown in Fig._3.17. HFSS usesviiitage to compute
the characteristic impedance. Due to the magnetic symnrethe horizontal plane,
the characteristic impedance calculated with HFSS has tdivieed by two. The
frequency used for the simulations has been 10 MHz, althémigtihese simulations
this parameter is not relevant. The calculated charattenspedance with HFSS is
shown in Fig[[3.1B for both electrode shapes.

The agreement between the analytical approximation siuditore, and the HFSS
simulation is very good, especially for flat electrode. Ti@sult is as expected, the
flat electrodes behave as a planar parallel capacitor, ekmefhe round edges. For
curved electrodes, the odd and even characteristic impedarmain separated in all
the range studied, and for 25 and 30 mm radius an even modesotiastic impedance
of 50 QQ has been impossible to achieve, over the rand® Bfstudied. In both cases,
the smaller the radius, the closer values between bothdeaistic impedances, which
agrees with the results obtained with the analytical apgroa

Field Inhomogeneity. The field inhomogeneity of the striplines has been calcdlate
by finding the maximum and mininum values of the deflectinglfemponent in a
semi-circle of 1 mm radius, and results are shown in Eig. |3A®& flat electrodes,
the field inhomogeneity goes below the maximum value allowed+0.01%, for 25
and 30 mm radius. For curved electrodes, the field inhomatyeregjuired is never
achieved in the range studied. This result is as expectasedelectrodes provide a
poor field uniformity compared with the field homogeneity i@gled when using flat
electrodes.

Discussion of the Flat and Curved Electrodes Results. In order to have a 5@
even mode characteristic impedance, and the field homageaquired, the optimum
geometric parameters for each electrode shape have beaedjadnd they are col-
lected in Tablé3]1.

For flat electrodes it is possible to achieve the required fidhomogeneity with
beam pipe radii of 25 mm and 30 mm. For a beam pipe of 25 mm raitiedield in-
homogeneity requirement is achieved wig¢R > 0.7, as shown in Fig. 3.19. Looking
now to Fig.[3.18, it is seen that,.,is 50 for a ratioh/R of 1.0, and at this point,
the odd mode characteristic impedagy = 36.8Q. The same can be done for a
beam pipe of 30 mm radius. In this case the field inhomogermedgnsistently below
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Figure 3.18: Odd and even mode characteristic impedansyéiR, for flat and
curved electrodes.
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Figure 3.19: Odd mode field inhomogeneity over 1 mm radiusu®hR, for flat and
curved electrodes.
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Configuration | R (mm) | h/R | Zyqq(2) Field
inhomogeneity
Flat 25 1.0| 36.8 < +£0.01%
Flat 30 12| 331 < +0.01%
Curved 20 11| 37.0 +0.65%

Table 3.1: Optimum values for the geometric parametersesthplines studied, for

0.01 % forh/R > 1, andZe.en= 50 Q is achieved for &@/R = 1.2. For this value, a
Zoqq = 33.1Q has been calculated. For curved electrodes, the high figftbbeneity
required has not been possible to achieve, due to the cunwvéts of each electrode
facing the other electrode, which distorts the field linesaddition, only with a 20 mm
radius a 5@2 even mode characteristic impedance has been achieved ¥gth= 37
Q and a field inhomogeneity of 0.65 %, which is 65 times highantthe maximum
field inhomogeneity required.

A New Electrode Shape: Half-moon Electrode

The study of the flat and curved electrodes presented befeudts in an optimum
geometry for the CLIC DRs striplines that consists of flatceledes inside a beam
pipe of 25 mm radius, in order to achieve an even mode chaistatempedance of
50Q and a field inhomogeneity below0.01 % over a circumference of 1 mm radius
at the center of the striplines. However, for this geometrg, odd mode character-
istic impedance is 36.8, a value that may introduce a significant distortion on the
pulse produced by the inductive adder by increasing thérgettime, as well as the
transmission of the pulse through the striplines, due tontfpedance mismatching. A
closer value of the odd mode characteristic impedance o W0uld be desirable. For
that reason, other approaches were studied.

In the ILC injection and extraction kickers [34,/36], as wadl in the CTF3 CR
kicker [31], only the deflecting (odd) mode has been optithizehave 5Q2 charac-
teristic impedance. This is also the case of the electiostgection kicker that has
been developed and installed in the KEK digital accelerf#8}, shown in Fig.[2]7.
In addition, an electrostatic kicker is not the most sugednlution for the CLIC DRs
extraction kicker, as it makes use of only the electric fillereas a stripline kicker
makes use of both electric and magnetic fields to deflect taenbenaking stripline
kickers more #icient than electrostatic kickers. Furthermore, due tor tlogver ef-
ficiency, an electrostatic kicker needs to be larger thamiglise kicker for the same
deflection angle, which makes the filling time of an elec@tstkicker longer than in
a stripline kicker.

A design for good matching of both the odd and even mode ctaarstic impedan-
ces, is being developed for the Advanced Photon Source dedrPS-U) injection
kicker [62]. In this kicker, good matching is achieved byraaucing ground fen-
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ders in the cross section of the striplines. These groundeisnare not useful in our
case: with these it is not possible to achieve the excelleltt Fomogeneity required
for the extraction kicker of the CLIC DRs. Furthermore, dadtie small aperture,
fenders would be very close to the electrode edges, so tbiieléeld in those regions
would be too high. In addition, due to the long striplinesyugrd fenders should be
manufactured as an independent part, and it would fiiewli to assemble them with
high accuracy.

The studies of the odd and even characteristic impedancéeldchomogeneity
of the flat and curved electrodes developed in this thesistasn that flat electrodes
have a good field homogeneity, whereas curved electrodes &ir smaller radius,
which helps to match both characteristic impedances. Thweren order to combine
both features, a new electrode shape was proposed, thatfiolliwing will be known
as half-moon electrode. This new electrode shape allowsdibr features: the flat part
of the electrode gives a good field homogeneity whereas theedpart of the elec-
trode allows for a suitable impedance matching. Three malbn electrodes, shown
in Fig.[3.20, were considered: the first shape (Eig.13.2Q0 wa} the most simple from
the geometric point of view, although it was rejected duéntohigh electric field that
can be expected near the sharp edges of the electrode. hntokrrease the electric
field, rounded edges were considered, and a new geometnifahban electrodes
was considered (Fig_3.R0, (b)). Finally, in order to desecthe beam pipe radius
and have a better matching of the two characteristic impegaranother half-moon
electrode shape was designed, with round edges perpesdiouhe electrodes, as it
is shown in Fig[3.20, (c).

(a) HALF-MOON ELECTRODES  (b) HALF-MOON ELECTRODES (c) HALF-MOON ELECTRODES
WITHOUT EDGES WITH BIG EDGES WITH SMALL EDGES

p- /// \\\ \\\
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Figure 3.20: New electrode shapes studied: (a) half-moectreldes without edges,
(b) half-moon electrodes with big edges, and (c) half-molatteodes with small
edges.

Characteristic Impedance. The calculated characteristic impedance with HFSS is
shown in Fig[[3.21 for the two electrode shapes considerkd.h&lf-moon electrode
with big edges (Fig[3.20 (b)) has a similar behaviour as fidteodes, whereas the
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half-moon electrodes with small edges (Fig._3.20) (c)) reyeal odd mode character-
istic impedances for the fierent beam pipe radii considered. The reason for that could
be the fact that, for this geometry, thextive distance between electrodes is smaller,
due to the completely perpendicular edges. This makes th&citance between the
electrode<€;, increase and become the dominant factor in the odd modeatbastic
impedanceC,qq = Cq1 + 2C1, =~ 2C4,. SinceCy, only depends on the electrode height
and the distance between the electrodes (the aperturedsiadion with the beam pipe
radius is expected. Again, the smaller the radius, the betsgching between both
operation modes.

Field Inhomogeneity. The field inhomogeneity of the striplines with half-moon ge-
ometry has been calculated as in the case of flat and curvetdogles, and results are
shown in Fig[(3.2P.
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Figure 3.21: Odd and even mode characteristic impedansas#R, for half-moon
electrodes.

For half-moon electrodes with big edges, a stripline begme padius of 25 mm or
30 mm is required in order to have a field inhomogeneity bet®®1%, whereas for
the half-moon electrodes with small edges, the required fiemogeneity is achieved
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Figure 3.22: Odd mode field inhomogeneity over 1 mm radiusu@eiiR, for half-
moon electrodes.
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for the three radii, but only for high values bfR, due to the perpendicular edges
which distort the field lines, with more impact when the aledes are small.

Discussion of the Half-moon Electrodes Results. Tabl€ 3.2 shows the characteristic
impedance and field inhomogeneity results for the two typdwt-moon electrodes
considered. As in the case of flat and curved electrodes, H stmpline beam pipe
radius allows for a better impedance matching of the two afjp@T modes: this was
also expected from the analytical approximation. For tHéraon electrode shape
with big edges, a minimum radius of 25 mm is required in ordeachieve the field
homogeneity, whereas for half-moon electrodes with snagjés it is achieved with 20
mm striplines beam pipe radius: it makes that the odd modecteaistic impedance
is closer to 5@2 for the latter case.

Configuration R (mm) | h/R | Z4q(L2) Field
inhomogeneity
Half-moon with big edges 25 0.8 38.6 < +0.01%
Half-moon with big edges 30 1.0 34.2 < +0.01%
Half-moon with small edge 20 1.05| 40.9 < +0.01%
Half-moon with small edge 30 1.2 33.6 < +0.01%

Ur—uU)

Table 3.2: Optimum values for the geometric parametersekthplines studied, for
aZeyen= 50Q.

Final Discussion for the Striplines Cross-Section

As shown in Tablé 311 and Table B.2, with flat electrodes afferhaon electrodes
itis possible to achieve the required field inhomogeneity.fiat electrodes with 5Q
even mode characteristic impedance, an odd mode chasdictéripedance of 36.8
was achieved with a stripline beam pipe radius of 25 mm. Fdfrhaon electrodes
with big edges, the highest odd mode characteristic impszlaohieved is 38.8 for
a 25 mm radius, whereas an odd mode of 40.Bas been achieved with half-moon
electrodes with small edges and a stripline beam pipe radi2@ mm. The higher odd
mode impedance for the half-moon electrodes with small edgdue to the smaller
radius, which makes the distance between the electrodehanstripline beam pipe
smaller than for either the flat electrodes or the half-mdentsodes with big edges.

Taking into account these results, more time consumingesdutave been done
only for flat and half-moon electrodes with small edges (froaw on, half-moon
electrodes), in order to compare the features of both e@etshapes, which will allow
the final geometry design of the striplines to be chosen.
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RF Breakdown Calculations

The maximum electric field that the stripline kicker can helidhout RF break-
down issues has been calculated with HFSS and compared hveitKitpatrick cri-
terion, for the two electrode shapes considered. In all tbdets, the waveport has
been excited with a power of 3.125 MW, which corresponds éqoibwer created by a
voltage of 12.5 kV. Results are shown in Fig._3.23 and Talge 3.

Figure 3.23: Maximum electric field expected for a pulse pooie3 MW, for the two
geometries considered.

Configuration R (mm) | h/R | Ex (MV/m)
Flat (@) 25 1.0 7.3
Half-moon with small edges (g) 20 1.05 8.6

Table 3.3: Summary of the results for the maximum electrid fig expected in the
striplines beam pipe wall.

As it is shown in Tablé_3]3, the expected maximum electriadfisl 7.3 MV/m
for flat electrodes and 8.6 M¥h for half-moon electrodes, for a minimum distance
between the electrode and the beam pipe wall of 6.8 mm and B8raspectively.
Furthermore, the two geometries hav@eatient edge rounding radius, which also af-
fects the maximum electric field: 2 mm for flat electrodes andrh for half-moon
electrodes. In the case of the half-moon electrode, thiseved higher than for flat
electrodes due to the smaller beam pipe radius, which mhkedistance between the
electrode and the beam pipe wall smaller, and the smallex emighding radius. Both
values exceed the maximum value given by the Kilpatricktlinvhich is 5.5 MVm
for a pulse frequency of 10 MHz. In order to decrease the mawiralectric field ex-
pected, the distance between the electrodes and the beanvaliould be increased,
however it will change the characteristic impedances adfilooid and even modes and
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the field homogeneity. The rounding radius could be alsai@eed in order to dimin-

ish the maximum electric field, but it would make mordfidult the manufacturing

process. Therefore, and taking into account that the Kilgalimit gives a conserva-

tive value for the maximum electric field, these values repn¢ a good compromise
between kicker specifications, fabrication criterion aafkty.

3.4.2 3D Calculations for the Striplines Optimization
Reflection Parameter S, for the Stripline Kicker

A total of four coaxial feedthroughs are required to trangfewer from the in-
ductive adders to the two electrodes and from the electrtmédse two 50Q loads.
The feedthroughs are coaxial outside of the beam pipe butdheection from a
feedthrough to an electrode cannot be coaxial: hence theakeastic impedance
of the connection to the electrode is not &0 To characterize the impedance mis-
matching due to the feedthrough-electrode connectiontim thet and half-moon elec-
trodes, a 3D model of the two geometries must be studied.aihint, a commercial
stripline tube of 40.5 mm with thin wall was found, and theref from this model on
all the simulations were done for a stripline beam pipe mdit20.25 mm. To model
the coaxial feedthroughs the well-known formula for therelgeristic impedance of
a coaxial line, with vacuum as dielectric, has been used [45]

In(b/a)
Zy = Prces (3.47)

wheree; = 8.854x 1012F/manda andb are the inner and outer radius, respec-
tively. A commercial feedthrough was being considered at goint, with an inner
conductor of 1.8 mm radius. For that reason, in order to h&€ Tharacteristic
impedance, a coaxial line with 1.8 mm inner radius and 4.1 mataraadius has been
used. In addition, a 100 mm length feedthrough was considere¢he same reason.

For beam coupling impedance simulations, a wire betweeeldstrodes should
be modelled in HFSS, whereas with the Computer Simulati@hielogy (CST)/[63]
itis possible to use a particle beam instead of a wire, whiakes the simulation more
realistic but not so comparable with measurements. Fordaeon, it was decided to
export the HFSS model to the CST solver, in order to be ablptionize the striplines
from both the reflection parameter and the beam coupling dgapee point of view
by using the same model in CST Microwave Studio (MWS) and C&TidPe Studio
(PS), respectively. CST is a commercial solver for elecagnetic simulation of high
frequency components, in time domain, whereas HFSS is @&ismlfrequency do-
main. Therefore, a benchmarking between the results fro®3#nd CST MWS was
done. A good agreement was found for the garameter, as shown in Fig._3/24.

The coaxial feedthroughs for the model shown in Fig. 3.25pdmeed at 4 mm
of distance from the electrode ends. This distance was eghimgorder to study the
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Figure 3.24: Comparison of th®,; parameter for half-moon electrodes in the odd
mode, calculated with HFSS and CST MWS.

Figure 3.25: CST model, exported from HFSS, used to compar®;t parameter for
flat electrodes (left) and half-moon electrodes (right).

dependence of the reflection parameter magnitude with #dtfeoughs position, but
no significant diferences were found in the magnitude of the reflection paemet

The two operation modes, odd and even, have been simulaitegl waveguide
ports at the input of the coaxial feedthroughs. For the oddenan electric wall
has been used as a symmetry between the electrodes, wharsasilating the even
mode, a magnetic wall has been used. No material informatsrbeen added to the
model: the electrodes are assumed to be Perfect Electridu@amPEC) and the beam
pipe is vacuum, with a background of PEC. The total lengtinefstriplines modelled
has been 1.6 m, in order to leave space for the transitiomgelketthe striplines beam
pipe and the CLIC DR beam pipe. By using the adaptive mesheratnt feature of
the Transient Solver of CST MWS, the optimum number of cefisyavelength has
been found to be 25, with a number of hexahedral mesh cellbaits8<10° for the
half-model. The results are shown in Fig. 3.26 and Fig. 13f@7the odd and even
modes, respectively.

In the odd mode, the flat electrode has a maximum reflectiominale between
0.3 and 0.5 in the frequency range analyzed (up to 1 GHz), edsethe half-moon
electrode shape has a reflection parameter consistentw®eB. Furthermore, the
peaks of the reflection parameter increase with frequendyfan flat electrodes, the
increase is higher than in the case of the half-moon eleetrdde to the fact that, for
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Figure 3.26: Odd mod8,; parameter numerically calculated for flat electrodes (blue
and half-moon electrodes (red) .
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Figure 3.27: Even mod®,; parameter numerically calculated for flat electrodes (blue
and half-moon electrodes (red).

half-moon electrodes, the stripline beam pipe radius idlenthan for flat electrodes
and, therefore, the electrodes are closer to the beam plpehwnakes the transition
between the feedthrough and the electrode shorter and weptbe reflection param-
eter. In the even mode, the same magnitude ohearameter would be expected,
since both geometries have a characteristic impedance®@i®the even mode. How-
ever, the &ect of the unknown characteristic impedance of the trawslietween the
feedthrough and the electrode plays an important role: &frrhoon electrodes the
magnitude of the reflection parameter keeps constant at amaoaxvalue of~ 0.07
in the whole frequency range analyzed, whereas for flatrelees theS;; parameter
grows up fromr~ 0.03 to~ 0.2. The good stability of th&,;, parameter in both oper-
ation modes for half-moon electrodes, makes this electsbdpe more suitable from
the beam impedance point of view: the beam excites high &egjas in the striplines,
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and the growth of th&,; parameter at high frequencies for flat electrodes woulderea
higher resonances than in the case of the half-moon elesrod

The frequency range where the transmission is expected gobe depends on
the pulse frequency content, therefore, only frequencedswb 10 MHz have to be
considered to guarantee a good transmission of the pulseghithe kicker, as shown
in Fig.[3.28. In this respect, a reflection parameter beldw®usually a good design
consideration from the power supply point of vie#.[

0.12

—flat electrodes
0.1l —half-moon electrodes

0.081- b

0.06 b

0.041- B

Magnitude S11

0.021- b

| | | | | | | | |
% 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
Frequency (GHz)

Figure 3.28: Odd mod8&,, parameter, up to 10 MHz, for flat electrodes (blue) and
half-moon electrodes (red).

Settling Time

The inductive adder is considered to generate trapezoidsép of rise timd,, as
shown in Fig[3.4. Impedance mismatches create reflectimhshas ripple. The time
for the ripple to reduce within specificatios 0.02%) is called the settling time, and
is measured from the end of the rise time. Settling time ®es the required pulse
width, thus increasing power dissipation and cross-seatiarea of magnetic material.
Hence the aim is to limit settling time {I'such that is no more than 100 ns.

Fig. [3.29 shows the predicted settling time versus odd mbdeacteristic impe-
dance of the electrodes, by using the simulation programsdaf Simulation Program
with Integrated Circuit Emphasis (PSpice) [64], foffdient 0% to 100% rise times
of the output pulse of the inductive adder. For these sirariatthe output pulse is
modeled as being trapezoidal. Furthermore, the inductideiaand coaxial cable to
striplines have a total single way delay of 13 ns, whereastiglines, modelled as
an ideal transmission line with a defined characteristicedgmce, have a single way
delay of 7 ns. The faster the rise time of the output pulsenftioe inductive adder, in
general the longer is the settling time. For flat electrodespdd mode characteristic
impedance of 36.8 results in a settling time of 113 ns for a rise time of the otitpu
pulse, from the inductive adder, of 100 ns. For the same inse, ta settling time of
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Figure 3.29: Settling time of the stripline voltage pulseaagunction of stripline
impedance for dierent 0% to 100% rise times of the output pulse of the indactiv
adder. The inductive adder, transmission line and ternmgaeésistor impedances are
50Q [65].

78 ns will result when the odd mode characteristic imped#nd8.9Q, which is the
case for the half-moon electrodes. Therefore, half-moecteddes allow for a reduced
settling time, which is beneficial for the design of the intkecadder.

Beam Coupling Impedance for Stripline Kickers

The stripline kickers for beam injection and extraction expected to be one of
the highest individual contributor to the impedance budig€&LIC DRs. Knowledge
of the electromagnetic interactions, between the chargdtfe beam and the vacuum
chamber, is necessary in order to avoid the instability pheana that may otherwise
occur in the the DRs.

The CST Particle Studio (PS) solver has been used to nurigrazdculate the
beam coupling impedance of the striplines. CST PS is a 3Desdbr the analysis,
in time domain, of the charged particle dynamics in 3D etentgnetic fields. The
simulation results for the longitudinal and transversei@omtal) beam impedance, for
both flat and half-moon electrodes shapes, have been codwdhethe analytical re-
sults from Eq. [(3.34) and (3.41). For the proposed striglioeapproximately 1.6 m
length, the even mode characteristic impedangg{4ds 50Q2, whereas the odd mode
characteristic impedance ) is 36.8Q and 40.9, for the flat and half-moon elec-
trodes, respectively. The longitudinal and transversegoc factorsg, andg, have
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been calculated with the 2D electrostatic solver QuickfjéR], driving the two elec-
trodes with a positive-positive and positive-negativet ypaitential, respectively. For
flat electrodesg, = 0.93 andg, = 1.00, whereas for half-moon electrodeg,= 0.85
andg, = 1.00.

The beam coupling impedance has been studied by using the reatels as for
the S;; parameter calculation, shown in Fig. _3.25. An ultrarelatic beam with
gaussian bunches of 50 mm length has been added to the modeheasame mesh
definition as in CST MWS has been used, i.e. 25 lines per wagtie A model
without electrodes, only the beam pipe, has been first sieulilen order to see the
effect of the beam pipe geometry change over both the longaidird the transverse
beam coupling impedance. Results for the longitudinal beanpling impedance
variation when taking into account th&ect of the beam pipe are shown in Hig, 3.30,
for flat and half-moon electrodes. The transverse beam cwuphpedance is not
significantly dfected by the beam pipe geometry, since the geometry variatiours
in the longitudinal plane.
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Figure 3.30: Hect of the beam pipe geometry change over the imaginary p#reo
longitudinal beam coupling impedance for flat electrodep)(iand half-moon elec-
trodes (bottom).

The imaginary part of the longitudinal beam coupling impedais @ected by the
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beam pipe geometry variation at frequencies above 200 MHe. h&lf-moon elec-
trodes the ffect is smaller, as it was expected from Hig. 8.27, where a gtadullity

at high frequencies for th8,;, parameter in the even operation mode is shown. The
results shown in Fid._3.30 must be substracted from the sithoul results of the imag-
inary longitudinal beam coupling impedance. The comparisetween the CST PS
simulation results and the analytical equations for bothdited half-moon electrodes
are shown in Fig._3.31 for the longitudinal beam coupling@aance, and in Fig. 3.32
for the transverse (horizontal) beam coupling impedance.
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Figure 3.31: Real (top) and imaginary (bottom) part of thegitudinal beam coupling
impedance calculated by Eq@. (3.34) (dashed lines) compeatbdhe results from the
simulations (solid lines), for flat electrodes (blue) antf-n@on electrodes (red).

From the longitudinal beam coupling impedance point of yieath the real and
imaginary part agrees quite well with the analytical resfibm Eq. [(3.34): the dif-
ferences are due to the transitions, which are not takeraictount in the analytical
equation. Half-moon electrodes show a better behaviouarftatelectrodes, due to the
smaller longitudinal geometric factor for half-moon eleckes. To decreas§ at high
frequencies, tapered electrodes are generally used, belkefctrodes with a length of
the order of cm. However, for striplines with a length of 1.6thre manufacturing of
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the tapers is very complicated. In this sense, another éayarf the half-moon elec-
trodes is that the growth of the longitudinal beam couplmgédance with frequency
is very slow, compared with the growth for flat electrodeskimgthis electrode shape
more suitable at high frequencies.

The horizontal transverse impedance can be calculatediby &s|. [3.41). This
equation corresponds to the dipolar component of the hatd&deam coupling im-
pedancel[67]. The dipolar component of the horizontal inaped can be also nu-
merically calculated with CST, by displacing the beam inlhloeizontal plane, while
keeping the wake integration path at the center of the apger#y comparison of the
analytical results with the CST simulations of the dipolarihontal impedance are
shown in Fig[3.32.
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Figure 3.32: Real part (top) and imaginary part (bottomhefdipolar horizontal beam
coupling impedance calculated by EQ. (3.41) for flat eletgso(blue) and half-moon
electrodes (red), compared with CST simulations.

The dipolar horizontal impedance is higher in the case dfmalon electrodes, for
both analytical and numerical results, due to the fact thetidd mode characteristic
impedance and the transverse geometric factor are hightyeicase of half-moon
electrodes. As in the longitudinal case, th&atence between the simulations and the
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analytical expressions are thought to be due to the transitbetween the electrodes
and the feedthroughs, which are not taken into account iarnlagytical expressions.

The dipolar component of the horizontal impedance is theroantribution to the
total horizontal impedance for ultrarelativistic beamsevBrtheless, the quadrupolar
horizontal impedance has been numerically calculated @8, in order to have a
better estimation of the total horizontal impedance, whicthe sum of the dipolar
and the quadrupolar components. To simulate the quadmupataponent of the hor-
izontal impedance, the beam has been kept at the center sfripknes, whereas the
wake integration path has been displaced in the horizotdakp The total horizontal
impedance has been calculated with CST as well, by disgjdmith the beam and the
wake integration path in the horizontal plane, to see ifatlyecorresponds to the sum
of the dipolar and the quadrupolar components for the CLHpIstes. Results are
shown in Fig[3.38
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Figure 3.33: Real part (top) and imaginary part (bottom)naf quadrupolar (dashed
lines) and total (solid lines) horizontal beam coupling edpnce numerically calcu-
lated with CST for flat electrodes (blue) and half-moon etstes (red).

Results show that the dipolar component of the horizontgdeidance is much
larger than the quadrupolar horizontal impedance, as wasotxd. The quadrupolar



Chapter 3. Design and Optimization of the Striplines 84

horizontal impedance is also higher in the case of half-nelectrodes. Furthermore,
itis confirmed that the total horizontal impedance corresisdo the sum of the dipolar
and the quadrupolar components.

For CLIC DRs the most critical impedance will be the verticaé, because the av-
erage beta function in the horizontal plane is about ond tifithe average beta func-
tion in the vertical plane. Furthermore, the contributiéh@ wigglers to the vertical
impedance is very high and takes an important part of thewemse impedance budget
in the vertical plane [19]. The vertical impedance for hontal striplines is expected
to be zerol[57, 58]. However, as it was seen in the case of thedmbal impedance,
an dfect of the transitions is expected: for that reason, thecarimpedance has
been simulated by displacing the beam and the wake integrpath in the vertical
plane. Results are shown in Fig._3.34 and Fig. 13.35, for thepart and the imagi-
nary part of the vertical impedance, respectively. For lgatbmetries, the dipolar and
guadrupolar components of the vertical beam coupling iraped are the same, and
equal to the quadrupolar component of the horizontal impeelaTaking into account
that there are no electrodes in the vertical plane, thidtregy be due to the transition
between the beam pipe of 20 mm diameter and the striplines pgze of 40.5 diam-
eter, and the transition between the striplines beam pigdhanstriplines aperture of
20 mm diameter, that wouldf@ct both the horizontal and the vertical beam coupling
impedancel[68]. Further studies of the contributions tovrtical impedance of the
striplines must be done.

At very low frequencies, the longitudinal and the total segrse beam coupling
impedance are inductive, i.e purely imaginary. Resultsabected in Tablé_314.

[Unit] | Flat electrodes| Half-moon electrodes

Zy/n [Q] 0.51 0.45
Z, xdip | [kKQ/m] 383.4 473.9
ZJ_,x,quad [kQ/m] 70.0 128.2
ZJ_,x,tot [kQ/m] 448.5 589.8
Z,ygip | [k€/m] 55.0 130.7
ZJ_,y,quad [kQ/m] 73.6 136

Ziytot | [KQ/mM] 139.9 276.9

Table 3.4: Summary of the results for longitudinal and tvanse beam coupling
impedances for low frequencies.

Half-moon electrodes have a lower longitudinal beam cogpinpedance, due to
the smaller longitudinal geometric factor. The transvengeedance, both horizontal
and vertical, are smaller in the case of the flat electrodegdlits smaller odd mode
characteristic impedance. To have a longitudinal and wense impedance below the
impedance budget, a very small longitudinal and geomedatof would be required:
this would turn out in a very low shunt impedance. Thereftine, possibility of in-
creasing the impedance budget should be considered.
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Figure 3.34: Real part of the vertical beam coupling impeedar flat electrodes (top)
and half-moon electrodes (bottom.)
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Figure 3.35: Imaginary part of the vertical beam coupling@dance for flat electrodes
(top) and half-moon electrodes (bottom).

The relatively low frequency regime of the impedance stidhehis section could
be enough to address coupled bunch instabilities, whiatesponds to a frequency up
to 1 or 2 GHz. Knowledge of the beam coupling impedance (byvaad impedance) at
frequencies corresponding to the bunch length, of the arfleundreds of GHz, will
be required in order to take into account single bunch inigiab —but this is outside
the scope of this thesis.

3.4.3 Discussion and Choices of the Striplines Geometry

Studies of the cross-section of the striplines for the etiwa kicker of the CLIC
DRs have shown that for a 20 even mode characteristic impedance of the striplines
and the field homogeneity required, the half-moon electsidipe results in an odd
mode characteristic impedance closer tabthan the flat electrodes: this results in a
lower S;; parameter for the half-moon electrodes, as shown inFig &n2 Fig[3.28,
and a reduced settling time (Fig._3129), which is very imaottfrom the inductive
adder point of view. In the even mode, t8¢, parameter is lower for flat electrodes at
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low frequencies; however, at high frequencies the halfmelectrodes shows a better
behaviour (Fig.L.3.27), due to the stability of the peaks atngé. This will help to
minimize resonances produced by the beam at high frequencie

On the other hand, simulations of beam coupling impedanee slaown that the
longitudinal beam coupling impedance is lower for the matien electrode at low fre-
guencies, as expected for the lower longitudinal geomfgtctor in this case, and keeps
its value almost constant over the frequency range coresid@rnereas the longitudi-
nal beam coupling impedance increases significantly wattpfency for flat electrodes,
as shown in Fig._3.31. The flat electrode shape is better frenransverse beam cou-
pling impedance point of view, as expected from the lower oditle characteristic
impedance. Only the vertical impedance achieved with flattebdes is below the
impedance budget, however this transverse impedance thagbeen calculated tak-
ing into account the contribution to the beam coupling ingrexd of all the systems
composing the DR: the transverse impedance budget for tinecé®n kicker is as-
sumed to be 2% of the impedance allowance. Therefore, aatédaxn this impedance
budget could be required.

Half-moon electrodes have another advantage from the raetwing point of
view: the moment of inertia is larger for half-moon elecesddue to the increase
of the thickness for this electrode shape. The uniformitthefelectromagnetic field
at the centre of the striplines aperture depends on thegbgréeallelism between the
two electrodes, and the resistance to possible twistsasesewith the moment of iner-
tia. Furthermore, the smaller radius of the rounded edg#®icase of the half-moon
electrodes helps to increase this resistance.

A summary of all the parameters considered for the choicdefstriplines for
beam extraction from the CLIC DRs is shown in Tabl€ 3.5.

Parameter Flat electrodes | Half-moon electrodes
Field homogeneity + +
S11 parameter - +
Longitudinal beam coupling impedance - +
Transverse beam coupling impedance + -
Manufacturing considerations - +

Table 3.5: Summary of all the paramters considered to coenfbeatr and half-moon
electrodes.

Overall, although with the two electrode shapes the excefield homogeneity
required is achieved, the half-moon electrodes have (1gd@dd modé,; parameter,
which helps to reduce the pulse settling time, (2) lower avenleS,;, parameter at
high frequencies, minimizing the resonances due to the p#zah mainly occur at
high frequencies, (3) lower longitudinal beam coupling @dance, being significantly
lower than flat electrodes at high frequencies, and (4) migimment of inertia and,
hence, higher resistance to possible twists during maturfag. Only the transverse
beam coupling impedance is larger in the case of flat eleesco@iherefore, after this
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study, half-moon electrodes were considered as the besiectoo the cross-section of
the striplines for the extraction kicker of the CLIC DRs.

Most of these results for the design study presented in tiapter, as well as the
study of the electrode supports and feedthroughs, thabeiéxplained in Chaptér 4,
has been published in the Physical Review Special Topicselgcators and Beams
(PRSTAB) [69].

3.5 High-Frequency Calculations for the Optimum Strip-
lines

3.5.1 Analysis of Trapped Higher Order Modes

The stripline kicker has an impedance function consistirglarge number of re-
sonant peaks, as it has been shown in Se€tion|3.4.2. Thes®arky due to trapped
modes, i.e. resonances with frequencies below the lowdsiftérequency of the
beam pipe. Coupled-bunch instabilities depend mainly aromaresonances at fre-
guencies below or near the cuf-of the beam pipe. Above this frequency, the elec-
tromagnetic fields can propagate out of a structure and thiliset build up reso-
nantly, unless they are reflected back by adjacent cros®sea@riations. However,
resonances at higher frequencies may also appear. Singthnstabilities depend
on the short range wakefields, corresponding to wide-bamedances which occur
mostly at higher frequencies [55].

In CLIC DRs, for single bunch instabilities the frequencgga of interest corres-
ponds to hundreds of GHz (related with the bunch length: Trtfar 1 GHz baseline),
but nowadays these high frequencies are flordable by running a simulation code
such as CST PS in a single computer. For coupled bunch itiseshithe frequencies
of interest are related with the striplines cuf-fsrequency. If considering the funda-
mental TEM mode of propagation in a coaxial line, which hasabdf frequency,
the electric and magnetic field lines in the transverse ptpeperpendicular to the
direction of energy propagation. Besides the TEM mode, aiablne can support
various non-TEM modes, called Higher Order Modes (HOMs)chSoodes are re-
ferred to as Tk, and TM,,, modes. For a coaxial line, TEand TM,; are the two first
HOMs above the fundamental TEM mode, and the dtifrequencies of these modes
are given byl[[45]:

c

n(a+b)
c

2@-b)

wherea is outer radius and the inner radius of a coaxial line. In the case of the
stripline kicker, the operation modes are two quasi-TEM as@dd and even). When

fc(T Ell) =

(3.48)

fc(T MOl) =

(3.49)



89 3.5. High-Frequency Calculations for the Optimum Stripkn

approximating the striplines with a coaxial line of inneditzs the striplines aperture,
and outer radius the beam pipe radius, the first two HOMs; @&d TM,,, could be
expected at 3.2 GHz and 15 GHz, respectively.

To calculate the HOMs of a resonant cavity, the Eigenmodee®8af CST MWS
is widely used, which is dedicated to the simulation of ctbsesonant structures. The
simulation results show up the resonant modes trapped isttheture, as well as the
R/Q and theQ parameters of each resonant moR¢Q is a geometrical factor which
relates the voltage applied to a cavity with the stored gneigjde the cavity, whereas
the Q-factor depends on the material and informs about the madmibf the interac-
tion of the resonant mode with the beam. Several simulatiorst be done in dierent
ranges of frequencies up to 3.2 GHz in order to find the first H&ivtesponding to
the TE; mode. However, due to the dimensions of the stripline ki¢kef m), a very
large number of cells is required, becoming a challengiradyais from the computer
power requirements point of view. For that reason, the stidresented in this thesis
are done up to 1 GHz. Nevertheless, it could be an importanéit take into account
in future studies.

3.5.2 Electrodes Heating Study

Beam coupling impedance is a critical issue in many highnisitg particle ac-
celerators, not only because the longitudinal and trassvanpedance may drive
beam instabilities and cause undesired tune shifts, buetigart of the longitudinal
impedance also gives rise to power dissipation in the compionFor high intensi-
ties this may cause significant heating. The power lost cazalmeilated by means of
numerical simulations.

The total powelP, lost by the beam due to the wakefieldsMyf equally spaced
bunches can be obtained by using the relation [70]:

P, =17 ) ReZlsP (3.50)
-

whereS is the single bunch spectrurReZ is the real part of the longitudinal
component of the beam coupling impedance (both the gearaktrnd the resistive
wall components)l = N,Q/ Ty is the average beam current wighthe bunch charge,
andTy = 2nwy is the revolution period.

A simplified expression of Eq[(3.50) can be obtained wNgrtimes the revolu-
tion frequencyf, is much smaller than the inverse of the bunch duratifrv2ro-,),
wherec is the speed of light. Under these conditions the multibutspdctrum can be
approximated by the single bunch spectrum and, in absenmesohant modes, Eq.

(3.50) becomes:

P, = — 2k (3.51)



Chapter 3. Design and Optimization of the Striplines 90

wherek; is the loss factor. The longitudinal loss factor gives thergy lost by a
beam and defines the power deposited in the beam pipe, anckislgy:

k = % fo ) S(w)’ReZ(w)dw (3.52)

A Gdfidl [71] model of the striplines, without the electrodepports, has been
studied in the ALBA synchrotrom [72] in order to calculate tbst power by a beam of
3 GeV and a bunch length of 5 mm when passing through the apeartthe striplines
[73]. Gdfidl is an electromagnetic field simulator, which qmutes electromagnetic
fields in 3D-Structures using parallel or scalar computstesys, which makes easier
to compute short bunch lengths, i.e. high frequencies. Agpdast of 28.2 W was
calculated for an average beam current of 0.2 A, and 80.6 Warfoaverage beam
current of 0.4 A. However, less than 1 W is expected to stapen@LIC stripline,
since the excited modes can escape easily through the feadtis [73].

The striplines operates in Ultra High Vacuum (UHV); for thahason, the heating
dissipation is assumed to be done only by radiation, naglpthe heating dissipated
by convection or conduction. From the equation of StefaitzBwann, the net power
loss by radiation is given by:

P= eo-é(T“ -T2 (3.53)

wheree is the emissivity of the materiad; is the Stefan-Boltzmann constadtjs
the area of the electrodéjs the view factor] is the temperature of the electrodes, and
T, is the temperature of the beam pipe walls. The view factoeimdd as the fraction
of radiation emitted by a surface that strikes directly aeosurface. If two concentric
spheres are taken into account, all the radiation emittetthépmaller sphere arrives
to the larger one. However, in the striplines case, the reldes occupy an angle of
3.6 rad, instead of thenr2rad from a cylinder, therefore, the view factor has been
calculated ag = 3.6/2r = 0.57. The most common material used in stripline kickers
are aluminium, so taking the emissivity of the aluminiumu@bly polished) to be
around 0.18, an electrode area of 0,035 entemperature of the beam pipe of 293 K
and 1 W of power loss, the temperature of the electrode caraloalated, which is
34°C. Therefore, no dangerous heating of the electrodes isctegheuring the beam
passing through the aperture of the striplines for ALBA bgmrameters.

For the CLIC DRs, the bunch length is 1.8 mm or 1.6 mm, dependimthe RF
baseline. Taking into account the last results for a bunogtfeof 5 mm, and using
Eq. (3.51), the power dissipated in the striplines for théd@DRs beam parameters
can be estimated. The power dissipated for a 0.2 A beam ¢ymreduced by 10 trains
of 32 bunches each, and a revolution period gt C/c = 0.9us, where C= 260 m
is the ALBA storage ring circumference, is 28.2 W. For CLIC £)fhe average beam
current is expected to be up to 0.17[A[19] with 1 train of 31Adhes, in the 1 GHz
baseline, or 2 trains of 156 bunches, in the 2 GHz baselinesdtialues are very close
to the calculated values for ALBA, the onlyftBrence is the revolution period, being
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a factor 1.5 larger in the case of CLIC DRg, = 1, 4us, since the ring circumference
is C=427.5 m. Therefore, a total power dissipation of approxatyad4 W has been
calculated for the CLIC striplines. However, considerihgttthe same fraction of
power as in the ALBA case is dissipated via the feedthroughdess than 1 W on the
electrodes for a total dissipation of 28.2 W, the power dbating to the electrodes
heating will be 1.5 W, which corresponds an electrode teatpes of 42C, and does
not represent a problem from the vacuum point of view. Theatemg 42.5 W would
be dissipated in the terminators 21 W per terminator).
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Chapter 4

Components Study and
Manufacturing Process of the
Striplines Prototype

4.1 Introduction

The geometry chosen for the first stripline kicker prototygas been already ob-
tained from analytical and numerical calculations, andsesia of the optimized half-
moon electrodes inside a cylindrical beam pipe of 20.25 mmenmadius, as it has
been explained in Chapter 3. In order to characterize th@istr kicker performance,
a 3D model of the striplines has been simulated by using C&T tze reflection pa-
rameterS;; as well as the longitudinal and transverse beam couplingdtapce have
been calculated, in all cases up to a frequency of 1 GHz. Nesless, the kicker oper-
ation can be stronglyffected by some other components which has not been taken into
account in this first study. In this chapter, a complete stofdghe striplines compo-
nents that can alsdtact the reflection parameter and the longitudinal and tienssv
beam coupling impedance, i.e the electrode supports anteduthroughs, will be
presented. In addition, a summary of the manufacturingge®of the first stripline
kicker prototype, carried out by the Spanish company Triviasuum Projects [43],
will be reported.

4.2 Striplines Components Study

For a complete characterization of the striplines openaodetailed study of the
electrode supports and the feedthroughs must be done. Batpanents may cre-
ate an impedance mismatch, which will increase the reflgobeeer in the structure,
as well as the beam coupling impedance. Electrode suppahnish are commonly
made up of a ceramic material, are required to keep the etkedrat the same po-
sition and parallel along their length. The electromagniéhavior of the electrode
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supports, which keeps the electrodes electrically inedl&itom the striplines beam
pipe, has been studied by simulating the reflectiorfonent over the full structure.
The ceramic used for the electrode must feature good mexdiaamd dielectric pro-
perties at high frequencies, while keeping high vacuum aiibiity. Furthermore,
although commercial feedthroughs with a nominal charatteimpedance of 5@
will be used, an impedance mismatch will appear in the polmene the feedthrough
is connected to the electrode, and tikeet of this impedance mismatch upon both
the reflection parameter and the beam coupling impedance lmeualso taken into
account.

4.2.1 Study and Optimization of Electrode Supports

The maximum total length specified for the stripline kicker €LIC DRs is 1.7 m
(Table2.B). This length corresponds to the length of thplstes and the flanges: tak-
ing into account the flanges and the space required for tiihfierigs, the electrodes
were finally considered to be 1.639 m long. Ideally, theseteddes must be perfectly
aligned along their entire length. Cylindrical supportgdbeen used in other stripline
kickers with larger stripline beam pipe radius, such as tRi&Zextraction kicker
where the inner radius of the stripline beam pipe was 40 mrh [3dwever, in the
CLIC DR design these supports will not be used, because atipossible to achieve
the required precision for the electrode alignment. In ptdeensure the alignment
a new solution has been proposed, which consists of fixingléerodes outside the
aperture by using equally-spaced ceramic rings made up cbM&4]: this ceramic
features suitable thermal and electrical properties, amcbe manufactured in almost
any shape with accurate dimensions. Ensuring the alignofehé striplines with the
Macor rings before inserting the assembly into the beam, pige been the only way
to ensure the excellent required field uniformity.

The number of Macor rings and their length has been selectestualying the
mechanical requirements and the impedance mismatch udeodby the rings. This
impedance mismatch introduced by the Macor rings resulpower being reflected:
the reflection parameter, in both odd and even modes, hassibeefated using CST
MS, as shown in Fig.[[4l1, with ideal coaxial feedthroughs @f¢b characteristic
impedance. As it was explained in Chapter 3, th&bbharacteristic impedance has
been achieved by modeling a coaxial feedthrough of 1.8 mmriradius and 4.1 mm
outer radius. For these simulations, the Transient Solviétr an hexahedral mesh of
25 lines per wavelength (approximately 200.000 mesh cefishfe half-model) has
been used. As it was explained in Chapter 3, only half of theehbas been taken
into account, by using a symmetry in the center plane betwetwo electrodes: an
electric symmetry for the odd mode, and a magnetic symmetrthe even mode. In
addition, the electrodes and the inner conductor of thetfieedghs are considered
PEC, whereas the Macor rings have been defined with a reiiglectric permittivity
of 5.67 [74].

A number of equally spaced Macor rings were considered ierotal dfix the
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Figure 4.1: CST model used to simulate the striplines with gxjually spaced Macor
ring supports, and ideal 50 feedthroughs.

electrodes to the striplines beam pipe, andShgparameter was studied for both odd
and even modes, for three, four and five Macor rings. Theteatg shown in Fid. 4.2
for the odd mode (top) and the even mode (bottom).

For the odd mode (Fig._4.2 (top)) the presence of the Macgsrincreases the
magnitude of the reflection parametey; of every second peak (for three rings), of
every third peak (for four rings), and every fourth peak (iee rings), producing the
frequency shift observed. The magnitude of the peaks isrlovtren decreasing the
number of Macor rings. In the even mode, the maximum-minirpattern found is the
same as for the odd mode. Again, the lower the number of Mawgs rthe lower the
reflection magnitude. Therefore, from the electromagrmgiat of view, the number
of Macor rings should be as small as possible.

The length of the Macor ring considered up to now has been 8iHawever, other
lengths have been studied, in a range from 8 mm to 12 mm, irr ¢odse=e the fect
over the reflection parameter in both operation modes, forftacor rings. As shown
in Fig. [4.3, the magnitude of th®;; parameter increases when using longer Macor
rings, for both operation modes.

With the results shown in Fi§. 4.2 and Fig.14.3, and afterimgikvith the manufac-
turer company to take into account the mechanical requinésrfer keeping aligned
the~ 2 m long electrodes with a thicknesssf4 mm, the final choice for the elec-
trode supports was four Macor rings, of 10 mm length each.tiiergeometry, the
odd mode and even mode reflection parameteres are shown.ifftHg In the odd
mode, the separation between the peaks corresponds tosthaat, there and back,
between the equally-spaced Macor ring®10 mm). The frequency content of the
driving pulse from the inductive adder will only extend upagproximately 10 MHz,
when the considered pulse rise timdjs= 100 ns. Thus, since the Macor rings mainly
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affect the $, above~300 MHz, they are not expected to significantly influence e r
ple of the driving pulse. However, the high resonances thpéar in the even mode,
also abover 300 MHz, may increase the beam coupling impedance.
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Figure 4.4: Magnitude of 3 predicted by CST MS, for striplines with four, equally
spaced, 10 mm long Macor ring supports, in the odd mode (llue even mode (red).

To study the #ect upon the beam coupling impedance, the Wakefield Solver of

the CST PS has been used, with the same mesh settings as(@&ftirees per wave-
length) and a wakelength of 5 m. A relativistic particle beaf50 mm bunch length,
and with a transversefiset of 1 mm, has been defined. Results for longitudinal, hori-
zontal and vertical beam coupling impedance are shown in&fand Fig[[4)6. For
horizontal impedance, the dipolar and the quadrupolar comapts are shown, and the
total impedance is the sum of both components, as it was shio@haptef 3.

The real part of the longitudinal beam coupling impedanafected by the pres-
ence of the Macor rings, with a reduction of the impedanceraliee Macor rings
are placed, whereas the transverse beam coupling impedBigcéd.6) is not sig-
nificantly afected because the Macor rings do not change the crossrsedtibe
striplines (striplines beam pipe radius and aperture). Jdrae &ect has been ob-
served in the vertical beam coupling impedance.

Finally, the presence of the Macor rings will alsfiegt the uniformity of the
electric field. HFSS simulations showed that the field inhgerity increases from
+0.008% t0+0.07% in the regions where the Macor is placed. Since thegs rame
10 mm long, the total length occupied by this ceramic is 40 mvimch corresponds
to ~2.5% of the total striplines length. Hence the field inhonmmeagy over the 1 mm
radius, integrated along the length of the striplines0009%, which is within spec-
ification.
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Figure 4.7: Schematic of one of the Kyocera feedthroughg(Jé&) and CST MWS
model (right) used to connect the electrodes with the indeetdder and the loads.

4.2.2 Study and Optimization of Feedthroughs

A total of four feedthroughs will connect the stripline dlecles with the inductive
adder and the two terminating resistors, as shown in Eig. Zi&se feedthroughs
should feature a constant characteristic impedance ©6£.50

For extracting the beam, the striplines will be driven withodtage of+ 12.5 kV,
therefore, when looking for commercial feedthroughs, tteximum allowed voltage
as well as the vacuum specifications were taken into accotmet15kV-F-UHV (Ultra
High Vacuum) feedthrough from Kyocera (Fig4.7), can opeeedt DC with a maxi-
mum voltage of 15 kV, or at AC with a maximum frequency of 100 Xtccording
to the manufacturer datasheet.

One of the most complex manufacturing issues is the desigimecélectrical con-
tact between the feedthrough and the electrode. The cutognhg through the elec-
trodes heats them depending on the peak current of the phéspulse duration, the
repetition rate and the electrode resistivity. Therefarsmall linear expansion of the
electrodes is always expected. This makes necessary the tlegible contacts be-
tween the feedthrough and the electrode to avoid breakimdptlized ceramic inside
the feedthrough due to excessive radial stress. In this t@séedthrough pin should
be connected via a flexible cable near to the end of the etéedravhich ensures the
electrical contact, especially when baking out the stmgsi The cable must be highly
flexible to avoid possible breaking due to fatigue stressnust also be as short as
possible to maintain the characteristic impedance of thesttion. To take into ac-
count the feedthrough and the connection, a new model witipanoximation of the
real feedthroughs has been simulated, as shown in[Eig. 48y &l,O; (alumina)
as a dielectric material with a relative dielectric perimity of 9.4. The results were
compared with the previous results for the ideal coaxialtie®ughs.

Figure[4.9 shows th&;; parameter for the odd mode (top) and the even (mode)
with the simplified feedthroughs (blue line) and the reatifaeoughs (red line). For
this simulation, the mesh length has been increased up tnd® per wavelength
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Figure 4.8: CST model used to study thé&eet of the commercial Kyocera
feedthroughs over th®;, parameter and the beam coupling impedance.

(=800.000 mesh cells for the half-model) due to the level chilet the feedthrough.
From ~ 600 MHz, the Kyocera feedthroughs reflects all the power. él@x these
feedthroughs were the only commercial feedthroughs alileltba voltage of 12.5 kV
with 50Q characteristic impedance, although the impedance is adyagteed for low
frequencies. ThefBect of the Macor rings, increasing the magnitude of evemdthi
peak is not as clear as with the ideal coaxial feedthrouglmth operation modes,
and from~ 800 MHz, theS,; parameter is the same in the two operation modes for
the commercial feedthroughs. In the odd mode 3heparameter is lower for the com-
mercial feedthroughs up to 300 MHz, probably due to a betienection between the
electrode and the commercial feedthroughs, with more imngialow frequencies. In
the even mode, however, tBg; parameter is always higher in the case of the commer-
cial feedthroughs. In addition, a frequency shift is obedrdue to the change in the
dielectric from only vacuum for both the ideal coaxial fdedugh and the transition

to the electrode, to AD; for the commercial coaxial feedthrough and back to vacuum
for the transition: the dierent dielectric constant results in a change in the veladit
the pulse signal, and therefore a frequency shift.

Finally, the beam coupling impedance with the new model reenlxralculated
using CST Particle Studio, and the results are shown in Eid) dand Fig[ 4.11, for the
longitudinal beam coupling impedance and the horizontahbeoupling impedance,
respectively.

The longitudinal beam coupling impedance is the same fotvibedifferent feed-

throughs considered up to 300 MHz, where the real part starts to be lower for the
commercial feedthrough. However, the horizontal beam logipmpedance is not
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Figure 4.9: % for striplines with the ideal coaxial feedthroughs (blugeh and the
commercial feedthroughs (red line), in the odd mode (top)tha even mode (bottom).

affected by the change of feedthroughs, and the same occursheitrertical beam
coupling impedance.

4.3 Manufacturing of the Striplines

The final design of the striplines first prototype for beamastion from the CLIC
DRs, shown in Figl_4.12 is now completely defined. The elermshapes, beam pipe
diameter, electrode supports and feedthroughs charstatsriave been obtained from
analytical and numerical calculations and the drawingshef gtriplines were done
under the guidelines of the design studies.

4.3.1 Material Choices

The electromagnetic calculations made during the desi¢imeddtriplines and their
components did not require to define the resistivity of makern the simulations.
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Macor ring
supports

Electrodes

Figure 4.12: 3D view of the stripline kicker model showing tinain components.

Stripline kickers operate as transmission lines; theegftire resistive materials in the
electromagnetic behaviour of the TEM transmission modeaasecond orderfiect
that can be neglected most of the times. However, the mbsaiection is very im-
portant for the manufacturing of the stripline kicker besawall the manufacturing
procedures depend on it.

The beam pipe housing the stripline electrodes is a AlSL3a&ctropolished
stainless steel tube of 1.7 m length. AISI-316L is a low carbteel with an excel-
lent corrosion resistance and high temperature strengtb.electropolished stainless
steel has a low roughness, which allows for (1) better operédr UHV applications,
(2) lower current dissipation of the beam induced currenlsgh frequency, i.e., heat-
ing reduction, and (3) lower probability of RF breakdown.eTinternal diameter of
the thin wall tube is 40.% 0.2 mm.

Aluminium has been chosen for the electrodes: aluminiumahiasatively large
codficient of thermal expansion (210°° 1/K), however this material has been cho-
sen because its machining is easy, and the priority was teacthe tight tolerances
required for field uniformity. The electrode supports wil manufactured using Ma-
cor, which is a machinable glass ceraniic|[74]. The feedtjineuare made up of a
Fe-Ni-Co alloy, and use AD; as a dielectric material [75]. All the chosen materials
are compatible with ultra-high vacuum, of the order of®0nbar.

4.3.2 Fabrication Tolerances

The dfect of fabrication tolerances, upon field homogeneity ovémam radius,
has been studied using the 2D code Quickfield [66]. The censitigeometric errors
are the horizontal and vertical positions and the tilt argjlan electrode. All these
parameters are mechanically defined by the tolerances eféb&ode supports and the
electrodes. The horizontal aperture of the Macor rings iS@/,m with a tolerance
of +0/-0.10 mm, and the electrode thickness is 2.75 mm and hasranokeof+0.05-
0.05 mm. In addition, the thickness of the ring, which is D4vm, has a tolerance of
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+0/+0.05 mm. Hence, a maximum error in the horizontal positiotnefelectrodes of
+0.20 mm is expected. The vertical position is defined by tlaeneiter of the Macor
ring in the vertical dimension, 40.30 mm with a tolerance+6f-0.10 mm, as well
as the thickness of the ring. This leads to a maximum erroe&bepl in the vertical
position of the electrodes of 0.15 mm. Finally, a non-patain of the electrodes will
occur if the two flat parts of the Macor ring are not parallelhneach other. Each flat
part of the ring could be tilted by 0.05 mm, which can resulainon-parallelism of
one electrode with respect to the other one. In additionfltttigpart of the electrode
could also have a non-parallelism of 0.05 mm. Then, a maximamparallelism of
0.1 mm in the horizontal plane is expected. Since the eldetheight is H= 20.6 mm,
we have that the maximum tilt angle expected in one electio@dmd = 0.1/H which
corresponds to 0.061f the assembly of electrodes is rotated inside the beaplist
radius, it will not afect the field inhomogeneity, but it wethange the orientation of the
electromagnetic field, producing an error in the deflectimaation. These tolerances
were accepted after talking with the manufacturer, takimg account the machining
of the striplines components and the materials, which madsiple to manufacture
the striplines for a reasonable price.

Table[4.1 summarizes the field inhomogeneity results faehtiterent types of
manufacturing tolerances studied.

Maximum error | Field inhomogeneity
None 0 + 0.008 %
Horizontal (H) +0.2 mm +0.012%
Vertical (V) -0.15 mm +0.007 %
Tilt (T) 0.0 +0.008 %
Combination (HV+T) +0.015%

Table 4.1: Field inhomogeneity, over a 1 mm radius, for th&imam geometrical
errors expected during manufacturing.

The maximum field inhomogeneity specified, for the CLIC estiian DR kicker,
over a 1 mm radius, is 0.01%. As shown in Table_4.1, a manufacturing error in
the horizontal position of an electrode may increase thd frddlomogeneity beyond
specification, whereas an error in the vertical positionroélectrode or a tilt angle of
0.06 will not. The tolerance of the striplines beam pipe radius hat been taken into
account since itsféect over the field homogeneity is not very important: tifea of
the beam pipe radius tolerance is one order of magnituder lthaa the é&ect of the
electrode tolerances. A combination of these three ernorgever, would increase the
field inhomogeneity ta: 0.015%, although it represents the worst case. In addition
to these mechanical tolerances, another manufacturiegatote that should be taken
into account is the roughness of the beam pipe, which mustlosvil.6um.

Nevertheless, the field inhomogeneity requirement wasetuaind relaxed: the
kicker good field region could be reduced from 1 mm radius forAm radius[[75].
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Assuming a linear variation of the field at the centre of therape, it would represent
a field inhomogeneity 0£0.007 in the worst case, which is below the maximum value
allowed.

4.3.3 Assembly of the Striplines and Components

The striplines and components assembly has been done indgess The elec-
trode supports were configured to be able to assemble thiecgles outside the beam
pipe, as shown in Fig_4.13, which makes easier the processmponent changes
or replacement. The electrodes for the extraction stepkitker from CLIC DRs
have been made up of aluminium AL6083, machined in a numeradrol machine
(CNQC).

Figure 4.13: Picture of the electrodes assembled with theoMeangs, outside the
beam pipe.

Figure 4.14: Picture of the electrodes, electrode conmestnd beam pipe flanges
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Once the electrodes position, separation and paralleliasmerified, the assembly
was introduced into the beam pipe, using special tools ieroral ensure the orien-
tation and position of the electrodes inside the beam piple meispect the fiducials:
its angular position is guaranteed by a pin embedded in th@ises beam pipe wall
from one of the ends of the electrodes. The other end of tlotreties is not fixed by
a pin, which allows for a maximum elongation of 2 mm of the &ledes with respect
the striplines beam pipe. This is important because, duhedgicker operation, and
assuming that the striplines beam pipe are at room temperahe maximum tem-
perature that the electrodes can hold due to this maximwwaed elongation is 7Z
-the electrodes heating is produced by the induced curfemts both the beam and
the inductive adder pulses. This is compatible with thewdations made in Section
[3.5.2. Furthermore, when baking out the striplines, thiplgsies beam pipe increase its
temperature before the electrodes: in this case, tfierdnce in the lengths achieved
for the two materials would be given by the sum of thfatential expansion céie
cients and the dlierential temperature between them. Forféedence of 1 mm in the
lengths of the striplines beam pipe and the electrodes dtleetdiferential tempera-
ture, and another 1 mm due to théfdrential expansion cdiécient, the temperature
gradient should be kept below Z&. Therefore, a smooth baking out of 225with a
slow heating rate is proposed, which will help to evaporhgewater in the striplines
beam pipe walls and will speed up the pumping time, in ordectoeve a low enough
pressure for the DR performance.

The commercial beam pipe used for this prototype has bedreafistainless steel
AISI316L, with an inner diameter of 40.5 mm radius. Flangesraquired to connect
the stripline beam pipe to the main beam pipe of an accelerama to connect the
feedthroughs with the striplines beam pipe, in order to be shbchange them easily
if feedthroughs with a better impedance matching at highueacies are found. The
flanges used in this case, shown in [ig. #.14 , are ConFlatf(@tes, which prevents
leaks when working with ultra high vacuum devices. CF flangest be welded to
the striplines beam pipe, so they are made also of stainesks $he welding method
used has been the Tungsten Inert Gas (TIG) welding, whichwvalfor stronger and
high quality welds, since the weld area is protected fromoafpheric contamination
by aninert shielding gas. The feeedthroughs were connéxtbé electrodes by using
screws, in order to facilitate the disassembly, as it is shioviFig.[4.14. Then, the final
assembly was tested in order to ensure the conformance pattifeations. These
tests, carried out by the manufacturer company, includedlimensional control and
vacuum tests.
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Chapter 5

Laboratory Characterization Tests of
the Striplines First Prototype

5.1 Introduction

Measurements in the laboratory, without beam, have beee toacharacterize the
electromagnetic response of the striplines, comparingaselts of the measurements
with the electromagnetic simulations developed in Chdptend Chaptdrl4. The mea-
surements carried out have been the following: (1) poweectfin and transmission
through the striplines, (2) longitudinal and transversameoupling impedance, and
(3) RF breakdown tests. Laboratory measurements of thefogttbgeneity at the cen-
ter of the striplines aperture has not been carried out,useca suitable technique to
measure the specified field inhomogeneity in a radius of 1 msmbabeen found. For
this reason, the new electrode supports made up of cerangs are specially good:
with them the field uniformity is ensured before inserting #dtectrodes assembly into
the striplines beam pipe.

The reflection and transmission parameters depend on theotbastic impedance
matching of the striplines with the power supply and the teating loads, and must
be characterized for two reasons: in the odd mode, the magdf the reflection pa-
rameter must be known at low frequencies (up to a few MHz) depoto be sure that
the kick pulse will not be distorted when passing throughdtniplines. In the even
mode, the magnitude of the reflection (or transmission)matar must be taken into
account since the beam coupling impedance depends dimtity The longitudinal
and transverse beam coupling impedance are limited by begairements in the
DRs of CLIC [19], and their characterization is very impottaThe beam coupling
impedance has been measured up to 1 GHz at the laboratoryo@e small bunch
length of~ 2 mm (Table_1b) in the CLIC DRs, the high-frequency conttitou of
the beam coupling impedance goes up to hundreds of GHzstHiicult to measure
in laboratory, and only can be measured with beam in a tesityacThe reflection
and transmission parameters, as well as the beam couplpepimmce measurements,

111
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were done in the semi-clean room of the TE-ABT (Technologycederator Beam
Transfer) laboratory at CERN. Finally, breakdown testsehbgen carried out in a
High \Voltage (HV) test cage in the TE-ABT laboratory at CERNoprder to have an
estimation of the Breakdown Rate (BDR) per hour expectedeahigh operating vol-
tage of 12.5 kV. In this chapter, a description of these latmwy tests, including the
methodology used, the test bench, and the results is reporte

5.2 Reflection Parameter Measurement

5.2.1 Methodology

The reflection parametefS(,) is directly related with the impedance mismatch
along the striplines and their components. The followingrees of impedance mis-
match, for the striplines, have been previously identified:

e during kicker operation (odd mode), the characteristicadgnce of the elec-
trodes is lower than 50Q;

e simulations have shown that the presence of electrode sispipareases the
reflections;

¢ the feedthroughs are coaxial outside of the beam pipe butdheection from
each feedthrough to the electrode is not coaxial: hencedracteristic impedance
of the connection between the electrode and feedthrought isomstant.

The impedance mismatch produced by the characteristicdame of the striplines
and by the Macor rings, has been well identified by CST sinriat However, due to
the complexity of modelling the feedthroughs, the reflecip@rameter measurement
will help to better understand the impedance mismatch dltced by the connection
between the electrode and the feedthrough. In additiortefarinating the electrodes,
Diconex resistord [77] should be used for the®®@ermination, which were the ones
used in the initial HV tests on the prototype inductive adi@&], for powering the
striplines. However, the Diconex terminating resistoesraot ideal, their value is fre-
guency dependent. In the CST simulations, by contrast|éttredes were terminated
with a constant characteristic impedance othdor that reason, in order to compare
directly the results from the measurements with the sinarlaf the first test was done
by terminating the electrodes with “high quality” (HQ) resirs from the calibration
kit of the Network Analyzer (NA), with a “constant” 5Q characteristic impedance
for all the frequencies. Th8;; parameter was measured directly with the NA.

5.2.2 Test Setup

The test setup for measuring tiB, parameter is schematically shown in Fig.
B.1. The reflection parameter measurement has been cautidy aising an Agilent
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E5071C 2-port NA, which inputs an RF signal through the inportt and reads the
signal arriving at the output port. In order to charactetieetwo operation modes of
the striplines, an hybrid splitter has been used, whichissgiie signal for operating in
the even mode, and splits and de-phases i8)RF signal for the odd mode.

NETWORK
ANALYZER
HYBRID J
LOAD
F*\/
i}
- . -—
T STRIPLINES
. LOAD

Red cables: HTC-50-7-2 High Voltage coaxial cables
Black cables: coaxial cables from the Network Analyzer

Figure 5.1: Block diagram of the test bench &y parameter measurements in both
operation modes.

The calibration of the NA has been carried out with HQbfesistors on the output
of the hybrid. However, for carrying out the measuremeihts, dutputs of the hybrid
are connected to the stripline inputs withl.4 m of HTC-50-7-2 coaxial cable, as
shown in Fig[5.R. Similarly the output of each stripline @moected to a terminating
resistor via~ 1.4 m of HTC-50-7-2 coaxial cable. The presence of the HT&Z-50
coaxial cables, which are not present in the NA calibratay influence the measure-
ment results. Since each Diconex resistor has a Teledynsé&sik female connector,
an HTC-50-7-2 HV coaxial cable, fitted with two Teledyne RGZAR1 plugs, is used
to interconnect a stripline electrode and a terminatioistess Each electrode is con-
nected to one port of the hybrid, by using a cable with a N-ty@enector on one end
and RG213-521 plug on the other end, the third port of theitybrconnected to the
NA and the fourth port is matched to 80 The NA was calibrated at the output of the
hybrid.



Chapter 5. Laboratory Characterization Tests of the Stnigd First Prototype 114
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Network
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STRIPLINES
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HYBRID
SPLITTER

Figure 5.2: Test bench f@;, parameter measurements in both operation modes.
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5.2.3 Results

When simulating thé&,, parameter with CST, the terminating ports have a cons-
tant characteristic impedance of Therefore, in order to compare directly mea-
surements with CST simulations of the reflection paranfeigrthe first measurement
was done by terminating the electrodes with the HQ resisiorthe end of HTC-50-
7-2 cable. Results comparing both simulations and measmesywhich started at a
frequency of 2 MHz, are shown in Fig. 5.3 and Hig.15.4 for thd add even mode,
respectively.
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Figure 5.3: S;; parameter measured when driving the electrodes in the odte mo
configuration, and the output is terminated with the HQ teating resistors (red line),
compared with CST simulations (blue line), for a frequeramyge up to 1 GHz (top)
and up to 0.01 GHz (bottom). Measurements with the NA hawtestat a frequency
of 2 MHz.

The reflections during odd mode operation of the striplingskér ON), shown
in Fig. [5.3 (top), may increase the driving pulse ripple. tger, significant content
of the driving pulse from the inductive adder will extend upat 0.01 GHz, for a
pulse rise time of 50 ns. The reflections in the odd mode foreguencies up to
0.01 GHz is below 0.1 (Fig[_ 5.3, bottom) and, therefore, they not expected to
significantly influence the ripple of the pulsed field. It ismbomentioning that the
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Figure 5.4: S;; parameter measured when driving the electrodes in the ewele m
configuration and the output is terminated with the HQ teating resistors (red line),
compared with CST simulations (blue line).

laboratory results for the frequency of the maxima and managrees quite well with
the simulation results at high frequencies, whereas at teguencies there is some
disagreement, especially in the even mode.

For the even mode (kicker OFF), the simulated reflections/shio Fig.[5.4 above
~ 0.3 GHz, are generally stronger than those measured. Refle¢h the even mode
configuration are lower than in the odd mode configuratiorth \greater dierence
at low frequencies: this is due to the fact that the strigiaeen mode characteristic
impedance is better matched to Q&han in the case for the odd mode characteristic
impedance: in the odd mode the characteristic impedandeedttiplines isx 41 Q,
as shown in Chaptét 3.

To evaluate the potential of the Diconex resistors for teating the electrodes
with 50 Q when the striplines will be installed in an accelerator fesility, their
characteristic impedance has been measured with the NAIthBiconex resistors
used, with references REF 17-0682 and REF 17-0683 have begpaced to be sure
that both resistors have the same frequency response.eBdhshows the measured
impedance, real part (top) and imaginary part (bottom)waf Diconex terminating
resistors as a function of frequency. Upd®.1 GHz the impedance variation4$%
of its nominal value (5@). Again, the frequency content of the driving pulse extends
to only ~ 0.01 GHz, and it corresponds to a resistor impedance \amiati +0.2%.
Therefore, the impedance of the Diconex resistor is expdctée acceptable for the
inductive adder. However, the high resonance peaks thatapm Fig[ 5.5 from about
0.2 GHz, will &tfect the reflection parameter in the even mode, and therefmdeam
coupling impedance. Fid. 5.6 shows a measurement o6th@arameter when the
remote end of each electrode is connected to a Diconex tatiminresistor using the
two cables with RG213-521 plugs on both ends, and the elies$rare driven in the
even mode. For comparison the measurement oSthgarameter when the remote
end of the electrodes is connected to the HQ resistors[(Hgréd line) is also shown.
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Figure 5.5: Real impedance (top) and imaginary impedanuttqfim) calculated from
the S;; parameters measured with the NA, for the twiietient Diconex terminating
resistors.
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The results show that there are more resonances, when iphlenets are terminated
with the Diconex resistors, at frequencies abev8.2 GHz, and they are therefore
expected to influence the beam coupling impedance.

1
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Figure 5.6: S;; parameter measured when driving the electrodes in the ewele m
configuration, and terminating both electrodes (i) withEheonex resistors (blue line)
and (ii) HQ resistors (red line).

5.3 Beam coupling impedance measurements

Beam coupling impedance is a critical issue in many highnisitg particle acce-
lerators. The problems are twofold: longitudinal and txemse impedance may drive
instabilities and cause undesired tune shifts, while tla¢ part of the longitudinal
impedance also gives rise to power dissipation in the gtgpl For high intensities
this may cause significant heating.

Beam coupling impedance can be measured in the laboratonsimg one (or
two) wire(s) that represents the beam. The same Agilent N*lean used in order to
measure the transmission parame®k), and from this measurement, the longitudinal
and transverse beam coupling impedance can be calculateel mMWWasurements rely
on the fact that the electromagnetic field distribution obiltrarelativistic beam is very
similar to that of a Transverse Electromagnetic (TEM) limbis TEM line is formed
by the wire (or wires) with the ground plane of the electrodé&h a characteristic
impedanceZ;,e which is a function of the wire diameter and its distance afvagn
the ground plane. The wire diameter should be as small ashp®$s get a high line
impedance, which best reflects the fact that the beam acts ideal current source.
For our measurements, a wire of 0.5 mm diameter has beenTisedvire is made up
of Cu/Ag,o, Nnot enamelled, with & 2.1 um thick coating of silver. This soft copper is
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used with elements which are longer than approximately 1 herevthe &ect of sag
may play a significant role [79].

5.3.1 Longitudinal beam coupling impedance

For longitudinal beam coupling impedance measuremenisgieswire is inserted
into the stripline kicker and the signal transmisstéy is measured, from which the
longitudinal impedance can be calculated. The most comemiques available for
measuring the longitudinal beam coupling impedance ajehélsingle wire transmis-
sion, where a resisor is used to match the impedance of theedevder test (DUT) to
the system impedance, or (2) the resonant coaxial wire rdetioich may be a better
approach for small losses, since very high sensitivity aaoliiained. The single wire
transmission method has been used in this case to measuoagitedinal beam cou-
pling impedance of the striplines. The resonant method babeen used due to the
limited frequency resolution that can be expected from #iatively short length of
the striplines and beam pipe. The single wire transmissiethad will be explained
in the following.

Methodology

The single wire method consists of inserting a wire betwéenstriplines. A RF
pulse from the NA goes through the wire, creating image atsren the electrodes.
The transmission of these image currents through the ebiedris measured with
the NA. The transmission parameter of this current will depen the characteris-
tic impedance of the TEM line formed by the striplines andwlwe. To calculate this
line impedance, an analytical equation for a TEM line forrbgda wire between two
parallel plates can be found in [79]:

Zine(Q) = 60In (1.27%) — 23570 (5.1)

whereD is the distance between the electrodes, i.e. the apertarehws 20 mm,
andd is the wire diameter, equal to 0.5 mm in this case.

In order to match the characteristic impedance of the TEM tothe NA circuit,
a single series resistor can be added at both ends of the imireur case two low-
inductance carbon resistorsRf = Zj,. — Zp * 185Q, has been connected at each end
of the wires. Once the characteristic impedance of the THEM i matched, th8,;
parameter is measured with the NA, and from this result theviing formula is used
to calculate the longitudinal characteristic impedan®3:[7

Z|| = —ZZ"neInSzl (52)
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Figure 5.7: Single wire transmission test bench for lordjital beam coupling
impedance.
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Test Setup

The setup for a single wire measurement is shown in[Eig. Sheé.two ends of the
wire are soldered to the matching resistors and then coathéctthe NA. The input
ports (upstream feedthroughs) are connected either toGheebistors or the Diconex
terminating resistors by using the two HTC-50-7-2 coaxatles with RG213-521
plugs on both ends, whereas the output ports (downstreatthfeeighs) are matched
to 50Q connecting them to the hybrid with the same coaxial cables.

The diagram of the test setup (Fig.15.8) shows tifiedent characteristic impedances
of the system composed by the NA, the striplines, the wirentlatching resistors and
the loads.

NETWORK
ANALYZER
Q 500 @
LOAD
paossssssssssssssssasssasasasnss =500
HVERID ; TEM LINE | >0
50 Q —-‘ii e
oy i 235.70 i
—t - e | LOAD
500

m Matching resistors: R=185Q

— Coaxial wire

Red cables: HTC-50-7-2 High Voltage coaxial cables
Black cables: coaxial cables from the Network Analyzer

Figure 5.8: Block diagram of the test bench for longitudimesm coupling impedance
measurement with the single wire transmission method.

Results

From the measure8,; parameter, the longitudinal beam coupling impedazce
is calculated, when the remote end of the striplines is neat¢b 50Q by using the
hybrid. Results for both measurements and CST simulatiomstagown in Fig.[5)9.
There is a good agreement between the calculated and seadutatgitudinal beam
coupling impedance up te 0.25 GHz: at higher frequencies the simulations and
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measurements are not in good agreement, probably becatisernain-ideal properties
of the matching resistors, cables and feedthroughs.

40 ‘ E—
—CST simulation
—Diconex resistors

301 resistors from the NA calibration kit]

Re () (Q)

A/\/\/\ﬁw@&/\mm/ |
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Figure 5.9: Calculated real componentffrom theS,; parameter measured when
terminating the electrodes with the Diconex resistors ljrex) or with the HQ resistors
from the calibration kit of the NA (green line), comparedW&ST simulation (blue
line).

The single wire measurement technique gives good frequessniution, how-
ever any residual mismatch in the characteristic impedbrteeen the measurement
network and the device under test (DUT) results in reflestiarthe system. These re-
flections can be removed by an appropriate time domain gagagunement but there
can be a large DCftset, caused by the loss of transmitted energy by the gatitigeof
signal. The resistively matched measurements generalsgjood results below a
few hundred MHz but the residual mismatch in the system caseckarge oscillations
which mask the true impedance [80].

5.3.2 Transverse Beam Coupling Impedance Measurement

For transverse beam coupling impedance measurementsd¢ivoiques are com-
monly used: (1) the two wires method, or (2) the moving singie method. The
two wire method consists of inserting two wires in the striplaperture, and driving
the wires with opposite phase RF waves. With this methoddipelar component of
the transverse impedance is calculated. By contrast, imthang single wire method
only one wire is used, and the transverse beam coupling iampeds calculated from
the longitudinal beam coupling impedance dfatient dfsets of the wire from the
centre of the striplines. With this method, the total traerse impedance (dipolar and
guadrupolar components) is measured. The results of thevivganeasurements will
be compared with the simulation results for the dipolar beanpling impedance.
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Methodology.

The dipolar component of the transverse impedance of tipdisés has been mea-
sured by producing a dipolar field with two wires, of 0.5 mmrdeter each, driven
with opposite phases by using two hybrids. To have a mealsuefilect, the wire
spacing should be significantly smaller than the aperture td the fact that the dipo-
lar field created only interacts with the fringe fields an@r#fore, the ffects are small:
a wire spacing of about a third of the aperture appears to lb®d gompromise [79].
In our case, for an aperture of 20 mm a wire spacing of 7 mm hes bkosen. In
order to match the two wire line impedance to the impedandbeNA, the hybrids
and the loads, a matching resistor at the ends of each wiredsasused. To calculate
the resistance value of each matching resistor, the fatigwguation has been used:

Rs = Zine/2 - 2o (5-3)

whereZ;,e is the diferential-mode line impedance argl= 50Q. The diferential-
mode line impedance for two wires with opposite polarityiiseg by:

Zine = l—\/ze_(r)acoshﬁ— (5.4)
wheree is the relative permittivity of the medium between the wigs= 1 for
air and vacuum)d is the wire diameter and is the wire spacing. In our case, using
Eq. (5.3), the calculated value 4 is 399.7Q: low-inductance (carbon film) single
series resistors of 180 have been used for matching network. The transmission para-
meterS,; has been measured with the NA, and from this measuremermrtggudinal
impedance&, can be estimated by using the formulal[79]:

Zy = —2Zjine IN(S21) (5.5)

Then the dipolar component of the transverse impedancedasfbund from the
following equation:

¢4

Z, gip = 7T AZ (5.6)
wherec is the speed of light, and is the frequency at which th8,; parameter is
measured.

Test Setup.

The setup for measuring the dipolar transverse beam cauiptipedance is shown
in Fig. [5.10. The two edges of each wire are soldered to thehirag resistors and
then connected to the NA via two hybrids. The input ports {igasn feedthroughs)
are connected either to the ideal resistors or the Dicomaxneating resistors, whereas
the output ports (downstream feedthroughs) are matche@db 5
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TWO WIRE
MEASUREMENT

Figure 5.10: Two wire test bench for dipolar transverse beaupling impedance.
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Figure 5.11: Block diagram of the test bench for the dipaiansverse beam coupling
impedance measurement with the two wire method.
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The diagram of the test setup (Fig._.53.11) shows tlfedint characteristic impedances
of the system composed by the NA, the striplines, the twosyitee matching resistors
and the loads.

Results.

Results for the dipolar transverse impedance are showrgiiF1L2, for the hor-
izontal and the vertical plane, when terminating the ebtetds with the ideal 5@
resistors from the NA calibration kit, and with the Diconexrhinating loads, with a
frequency-dependent value [81].
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Figure 5.12: Dipolar horizontal (top) and vertical (botdfompedance, when terminat-
ing the electrodes with the Diconex resistors (green limayith the “ideal” resistors
(red line), compared with the CST simulation (blue line).

For the real part of the horizontal dipolar impedance, a hcagreement has been
found between the measurements and the CST simulationiffeeathce is thought to
be due to the presence of the wire detuning the resonanceseagthe simulations are
done without a wire. For the simulations also a perfect matgcat the feedthroughs is
assumed, and in reality the cables used to connect the feedts to the terminating
resistors may féect the measurement. In the case of the vertical dipolar diaupee,
the peak values are much higher for the measurements thanef@mulations: the
reasons for the discrepancies are under investigationrédudts for the dipolar beam
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coupling impedance measurements in the two planes are sjaiiar, and do not
show significant diferences when terminating the electrodes either with theafid
resistors or the Diconex terminations: the terminatiomatand of the cable seems not
to matter. Further studies of the transverse beam couptipgdance will be done, in
both planes, to better understand the results obtainedddii@n, tests with a single
wire will be done in order to measure the total transversebaaupling impedance.

5.4 High Voltage Tests: DC Breakdown

5.4.1 Methodology

For beam extraction from the CLIC DRs, each stripline wilkdoizen by a pulse of
12.5 kV voltage; for that reason, HV tests on the first prqtetgre necessary to verify
if there are discharges, e.g. on vacuum feedthroughs oreleetthe electrodes and
the vacuum chamber, especially where the four Macor ringgkaced([69]. First HV
tests have been performed using two DC HV power suppliessiwéiie low current
with a relatively small output capacitance. The striplinese first pumped down to a
final pressure of 4108 mbar. For a beam pipe of 20.25 mm radius and a length of 1.7
m, generally it is dificult to achieve this value of vacuum; however, in this calse, t
electropolished stainless-steel of the tube, with low roess, helped to arrive to this
value in a relatively short period of time. The electrodesengowered in dferential
mode, and the voltage was increased in small steps and thkdawen events were
counted using an oscilloscope for every voltage applieddiwations between 1 and
110 hours, and the breakdown rate (BDR) per hour was caéxllat

5.4.2 Test Setup

The setup for HV DC breakdown measurements is shown in[Ef3. 5The HV
power supplies, with equal but opposite polarity DC voltagere connected to the
input feedthroughs by using the low-loss HTC-50-7-2 colagé&bles with RG213-
521 plugs, whereas the output feedthroughs were connexfe@0l5 HV probes, as
shown schematically in Fid._5.14. The HV probes used aral rate20 kV DC, and
were connected to the oscilloscope in order to see direedyoltage drop due to a
sparking event.

5.4.3 Test Results

The oscilloscope was set up to trigger when the voltage drgnificantly on
either electrode (Fid._5.15), and the number of triggersoguisitions, were consid-
ered to be the number of breakdowns. The breakdown eventscséd+ 7.0 kV. From
this value, the voltage was increased in steps of up to 0.25Tk¥ increase in the
voltage in small steps is to allow conditioning: a high BDRynag@pear immediately
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Figure 5.13: HV setup for breakdown measurements.
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Figure 5.14: Block diagram of the test bench for HV DC breatdoate measurement.

following an increase in the voltage, but it often reducesrageveral hours powering
the electrodes at the same voltage.

Figure[5.16 shows the BDR per hour measured by the oscil@sas a function
of DC voltage of the electrodes. Occasionally, the voltags veduced or a test was
repeated at the same voltage, to determine whether comdigi@ccurred: the order
of tests is shown in Fig. 5.16 by the numbers next to the rgttan The striplines did
not exhibit a BDR above 1.5 until 9.25 kV, where a maximum BD&® pour of 2.5
was found. It could be dangerous in the regions where the Mawpis placed if the
surface of the Macor is contaminated by metal from a sparke maximum voltage
achieved in the tests was10.8 kV, because one of the power supplies failed. Never-
theless, a higher level of vacuum and pulsed HV tests areedeathce a significant
difference in the BDR could be expected. Further DC tests anslwat$t the induc-
tive adder are planned in the future. The tests, at eacheapptiltage, will be for a
minimum duration of 8 hours in order to obtain a reasonalaigssics.
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Chapter 6

Future Studies for a Next Generation
Prototype of the Striplines

6.1 Introduction

A first prototype of the extraction kicker for the CLIC DRsiptines has been de-
signed, constructed and measured in laboratory, althdwegimethodology used by the
author for the design of this kicker can be extended to theldpment of stripline
kickers for any other low emittance rings. One importantl gahieved with this first
prototype has been the benchmarking of the analytical appaiions and the sim-
ulations with measurements. However, some issues need ftother studied for a
better performance of the striplines: 1) the characteristpedance in the odd mode
is not 50Q, which introduces an impedance mismatch that increasectiefis and,
therefore, the beam coupling impedance; 2) the high peassaamg in the reflec-
tion parameter due to the Macor rings (Fig.14.4) seems toorespo a constructive
interference that could be avoided by changing the disthrt@een Macor rings; 3)
recently, the possibility of reducing the striplines apegtarea where the field inho-
mogeneity must be 0.01%, from 1 mm radius to 0.5 mm, has been studied [76],
which could help to reduce the coverage angle of the staplend, therefore, reduce
the beam coupling impedance, 4) electrode tapering, aginghe injection kicker
for DAPHNE [3€], could be studied, although in our case themot much space left
between the electrode and the beam pipe wall, and 5) develaoggrm analytical and
numerical methods are required to study the beam couplipgdance. These options
will be described in detail in the following sections.

Furthermore, new studies for the injection kicker for CLIRE) as well as the
injection and extraction kickers at the PDRs could be stlighiehe future. Kickers for
the PDRs and DRs injection do not need the high field homogerexuired for the
extraction kicker from CLIC DRs (Table_ 2.3), and also thergpe could be larger,
due to a larger beam emittance. These two specificationhialpl to design stripline
kickers with lower beam coupling impedance.

131
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6.2 New ldeas for Matching Characteristic Impedances

For the optimized half-moon electrode shape (Hig._13.2Mt)ighe odd mode
characteristic impedance is 4QX® Since the inductive adder will be connected to
the striplines with transmission lines of %D impedance, and each stripline will be
terminated with £ = 50 Q, there is an impedance mismatch for the odd mode at both
the input and output of the striplines. Impedance mismataherease the reflection
parameter and the settling time (Fig._3.29). Therefore vaidea has been proposed
to match the characteristic impedance for both the odd aad modes of excitation
of the striplines.

The proposal for avoiding this impedance mismatch is to eoha matching resis-
tor Z,, between the electrodes, on the load side of the striplireeshawn in Fig[6l1.
The matching resistor allows for a tuning of the odd mode attaristic impedance
while the even mode characteristic impedance remains ngela

EVEN MODE 5
L
zrl"l
ZL
ODD MODE Z,
z /2
Z /20 V¥V f
Z

L

Figure 6.1: Schematic of the striplines with a resigigibetween the two electrodes,
for matching the characteristic impedance of both even) @od odd (bottom) modes.

When the kicker is not pulsed the voltages induced on theareles are only due
to the beam (even mode, Fig. 6.1, top) and, therefore, thehimaf resistor does not
affect the even mode signals. This is important because theregde characteristic
impedance is already matched to G0

When the kicker is pulsed, the striplines are driven withaxie polarity voltages
(odd mode, Figl_6l1, bottom) and thus current flows into th&chiag resistor, which
is seen by each pulse as a resistancg@2. The odd mode termination impedance is
equal to:
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(ZL)evean
(Z1)odd 2ot Zn
This formula shows that for a terminating odd mode impedd#@¢ckqq = 40.9Q
and a terminating even mode impedancg){4,= Z. = 50 Q a matching resistor of
Zn = 450Q is required. With this matching resistor, the terminationthe odd mode
would have the same characteristic impedance as the s&#land therefore, lower

reflections should be expected.

The pulse settling time is alsdfacted by the odd mode characteristic impedance
(Fig. [3.29). Tabld 6]1 shows the calculated settling timthWiSpice [[64], to the
+0.02% level, as a function of pulse rise time and the valué®términating resistor
in the odd mode (d.qq- FOr the settling time simulations a single-way delay of 7 ns
has been modelled for the striplines, and a total delay oE8rthe complete system,
including the inductive adder and the coaxial cables has bk® defined. For a pulse
rise time of 100 ns, when the electrodes are terminated,ipdZ= 50 Q the settling
time is 78 ns; this is reduced to 66 ns by including a matchésgstor to decrease the
odd mode termination impedance tq Jgiq = 40.9Q.

without matching resistor: with matching resistor
(Z1)odd = 50Q (Z1)odda = 40.9Q
Pulse rise time Settling time
50 ns 109 ns 73 ns
100 ns 78 ns 66 ns
150 ns 77ns 58 ns

Table 6.1: Settling time as a function of the pulse rise time #ne terminating char-
acteristic impedance in the odd mod# ),qq, for a stripline odd mode impedance of
40.9Q, when the electrodes are terminated af5Qvithout the matching resistor) and
terminated with 40.9) (with the matching resistor).

In the case of the striplines for CLIC DRs, by using the matghresistor method
the settling time would be reduced from 78 ns to 66 ns. Howebher presence of
the matching resistor will increase the pulse current, Wwimust be supplied by the
inductive adder by approximately 20 % of the nominal curréntrthermore, the fre-
guency range of interest, from the inductive adder pointiefvwgoes up to 10 MHz.
At this frequency, th&;; parameter is good enough and a matching resistor could not
be really required. Nevertheless, the matching resistoldcbe an idea to take into
account for faster striplines with a pulse rise time of theéeorof a few ns, where an
impedance mismatching in the odd mode may significantly emfbe the pulse trans-
mission through the striplines.
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6.3 Electrode supports position optimization

One of the impedance mismatching sources of the striplgteeiperiodic discon-
tinuities introduced by the ceramic electrode supportsddiaings). Macor rings are
uniformly spaced along the beam pipe (Fig.14.1) and theresigj@ificant periodic
pattern caused by this uniform spacing, as shown in Eig. #hk high resonances
introduced by this periodic pattern could be reduced whempthsition of the Macor
rings is changed. Therefore, a study of tifteet of the spacings of the Macor rings on
the S;; parameter could be done.

6.4 New Field Inhomogeneity Specification

The stability requirements of the DR extraction kicker apgta are determined
by the maximum allowable trajectory jitter in the Ring to Mdiinac (RTML) and
specially the jitter at the betatron collimation regionadking simulations concluded
that the maximum tolerable jitter after the DR extractiostsyn iScjiter = 0.107,
where oy is the horizontal beam size at extraction, although this lmamelaxed to
ojer = 0.40 by installing feed forward (FF) systems in the RTML [76]. Aarp
of the study, into the RTML-FF systems, the stability reqments for the extraction
kicker and septa were investigated, and results shownttlgpossible to reduce the
good field region, where the field inhomogeneity must be beldW01%, from 1 mm
radius to 0.5 mm radius.

Reducing the good field region makes possible the lightenintpe electrodes
height, and hence, the coverage angle. This in turn will kelpignificantly reduce
both the longitudinal and transverse beam coupling impealédaq. [(3.34) and (3.41),
respectively). Therefore, a new geometry with lower beaopting impedance could
be studied for a new prototype, taking into account this mmele&xed requirement for
field homogeneity.

6.5 Beam Coupling Impedance Studies

Further beam coupling impedance studies, at low and higjuéecies, are re-
quired. At low frequencies, the longitudinal beam couplimgpedance has been fully
characterized, with a good agreement between the andlgtipaession, CST simu-
lations and measurements in laboratory. This is not the foaidbe transverse beam
coupling impedance: the equation for the transverse dipmlpedance present some
differences with the CST simulation results, and the measutsraea significantly
different, specially in the vertical plane. Furthermore, nodital expression for
the quadrupolar component has been found in the literatirecalculate the total
transverse impedance of the striplines, the quadrupolapooent has to be deter-
mined. Therefore, further investigation of the transvdssam coupling impedance
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is required, which will consist of: (1) analytical studig¢8) simulations with a new
code, e.g. Gdfidl, in order to compare the results with the @3llts, and (3) new
laboratory measurements of both the dipolar and the taaktrerse (horizontal and
vertical) beam coupling impedance.

On the other hand, the design of a new generation of accetsrauch as high-
energy colliders, synchrotron light sources, storagesrimgc., is often based on the
use of very short bunches. In this case, beam stability aedggrioss are largely
determined by the behavior of the impedance at high-frecjgen For that reason,
analytical approximations as well as numerical methodaloutate the beam coupling
impedance at high frequencies should be developed in thesfi29].

At high frequencies, and from the analytical point of viewwndevelopments are
necessary in order to calculate the beam coupling impedainsteiplines BPMs and
kickers. Two aspects must be considered [57] when passingtfie low-frequeny ap-
proximation for the beam coupling impedance to higher fezgies. The first aspect
takes into account that, at low frequencies, an image of at pbiarge in the wall of
the beam pipe is assumed to be also a point charge (chargeafuration). However,
this is only true if the particle is travelling at exactly tepeed of light and the elec-
tromagnetic fields created by this particle are TEM wavesedlity, due to the finite
velocity of the particles, the electromagnetic fields arepuvely TEM and have a lon-
gitudinal spread, which reduces the wall current with marpact at high frequencies.
The second aspect refers to the period of the image curraichwat high frequencies
can be a significant fraction of the transit time of the p&tadong the gap between the
beam pipe and the electrode edge. When it occurs, the wadrduamplitude is also
reduced. In EqL(3.34) and (3141) the beam current and tHewaénts are considered
to be constant; this approximation can not be used at higjuémecies, where the wall
currents change with the frequency.

The main interest of simulating the striplines in time domigs on the fact that
the output of the simulation in terms of wake function may bealy used in parti-
cle tracking simulations to study the impact of these el@sen the beam stability.
In particular, wake functions in form of tables can be predds an input into the
HEADTAIL code [82], which is typically used for studying dettive fects in beam
dynamics|[[83]. Since the wake functions are needed, theceadwnch used in CST
simulations should be short enough to be consistent witketigth of the bunch slices
simulated in HEADTAIL. In the CLIC DRs case, the bunch length- 2 mm. This
obviously limits the analysis to a maximum frequency of theéeo hundreds of GHz.
Nowadays, the simulations of beam coupling impedance w&f @&t high frequen-
cies are not valid, and this is true not only for the stripliknekers but whatever other
accelerator device whose impedance needs to be charadteumerically([39].



Chapter 6. Future Studies for a Next Generation PrototyphefStriplines 136

6.6 Electrode Tapering Studies

Tapered electrodes have demonstrated in the past to bblsuita improving the
power transmission and reduce the beam coupling impedaimighafrequencies and
therefore, the beam induced electrode heating [36]. Fagilodinal and transverse
calculations, Eq.[(3.34) and (3]41) can still be used foeteg electrodes at low fre-
quencies, multiplying by an additional term (last term in §&.1)) which takes into
account a linear taper in the coverage angle [84]:

oy Zevn o[ p(ely ol ol S“”z(%l)
”(w)_Tg”[3|n2(7)+jSln(?)cos(T)] (gl)z (6.1)
C
(@
2=l [ (22) o) T 02
c

whereZeen is the even mode characteristic impedarges the longitudinal ge-
ometric factor,Z,qq is the odd mode characteristic impedange,is the transverse
geometric factorg is the speed of lightl. is the electrodes length ands the taper
length. Results for longitudinal beam coupling impedarrebbth untapered and ta-
pered striplines are shown in Fig. 6.2. For these calculafitapers are considered to
have a length of 10% and 20% of the electrodes length.

When tapering the electrodes, the longitudinal beam cogpihpedance starts to
reduce fromr 150 MHz, and becomes zero from800 MHz when the tapers length
is 10% of the electrode length. When the tapers length is 2Z0%ecelectrodes length,
the longitudinal beam coupling impedance is zero fro#00 MHz. This is the same
for the real component and for the imaginary component ofldhgitudinal beam
coupling impedance.

In the transverse plane, only the dipolar horizontal beanpliog impedance can
be analytically calculated, as it was explained in ChdgtdRé&sults are shown in Fig.
[6.3, for the real part and the imaginary part, respectively.

When considering the horizontal impedance, no significefegm@nce occurs at low
frequencies between tapered and untapered electrodegvidngws in the longitudinal
case, from~ 800 MHz, the horizontal dipolar impedance goes to zero whenapers
have a length of 10% of the electrode length, whereas thigiéecy range reduces a
factor 2 (from=~ 400 MHz), when the taper length is multiplied by a factor 2%26f
the electrode length).

For CLIC DRs, the electrodes of the extraction striplinekkiccould be tapered
if measurements with beam indicate that electrode heasiffggher than expected
(Section 3.5.2) and it is not possible to lower the beam dongpmpedance at high
frequencies. In such a case, numerical simulations wouledeired to confirm the
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Figure 6.2: Analytic calculation of the real (top) and imaayly (bottom) component
of the longitudinal beam coupling impedance for untapetedtedes (blue) and elec-
trodes with a taper length of 10% (red) and 20% (green) ofdted kength.
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Figure 6.3: Real (top) and imaginary (bottom) part of theizmtal beam coupling
impedance for untapered (blue) and electrodes with a tapegth of 10% (red) and
20% (green) of the total length.

behaviour from the analytical equations. However, tapgtire electrodes could not
be suitable in our case, due to the fact that the distanceceettihe electrodes and the
beam pipe wall is only 6 mm, and there is no much space lefafeers. Furthermore,

it is very difficult to manufacture tapered electrodes which are 1.6 m long.



Chapter 7

Conclusions

Damping Rings (DRs) for Future Linear Colliders (FLCs) havsignificant role
for achieving high luminosity at the Interaction Point (IHp inject and extract the
beam from the CLIC DRs without impact on the beam emittanesy, stable injection
and extraction systems are required: the kicker speciicatior field uniformity and
beam coupling impedance are unprecedented. This Thesstoaf the development
of the extraction kicker for CLIC DRs, but the proposed melttiiogy can be extended
to stripline kickers for any other low emittance ring. Therlwdone for the realization
of this Thesis has contributed to the field of injection anttaotion systems for cir-
cular accelerators, not only for DRs for FLCs, but also fowmeneration accelerator
rings.

The Thesis project started from the specifications of theaetion kicker for CLIC
DRs. From these requirements, the design study and the dwtyy proposed was
done by the author. Furthermore, the author participatethénmanufacturing of
the striplines, and carried out the laboratory tests toatttarize the striplines per-
formance.

The design study of the stripline kicker for CLIC DRs has akd to identify
the two operation modes of a stripline kicker: odd and evedespand to analyze the
characteristic impedance of each mode by using the capaegdetween the two elec-
trodes and between one electrode and the beam pipe walls Hllomaved to evaluate
the dependence of the striplines geometry with the charattteimpedance of these
two modes of operation. Furthermore, the field homogeneisytteen related with the
geometry of the striplines. When starting the striplinesigie, the two most common
electrodes shapes used in stripline kickers, flat and cuglesmtrodes, were studied and
compared. The results showed that only with flat electrodesitypossible to achieve
the field homogeneity required, although the impedance atisimng was not good
enough. Therefore, a new electrode shape has been proppsieel &uthor, the half-
moon electrode, which has better field homogeneity thanecbelectrodes and better
impedance matching than flat electrodes. 2D calculatioctjding the calculation of
the RF breakdown limit, were followed by 3D studies to cadtelthe power reflection
through the striplines and the longitudinal and transvéessm coupling impedance

139
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at low frequencies. This work allowed to understand the tweration modes of a
stripline kicker and how they are related with the kickerfpenance: the power trans-
mission and the transverse beam coupling impedance ofripérsts must be linked
with the impedance mismatch seen by the pulse in the odd mdukreas the longi-
tudinal beam coupling impedance is related with the impedanismatch seen by the
beam when entering the striplines in the even mode. For theloeupling impedance
study, the most common analytical equations are definedriplises with an aperture
equal to the beam pipe diameter: in this Thesis, more geegpaiessions have been
used, in order to define the longitudinal and transverse lEamling impedance for
any striplines geometry.

Besides the striplines geometry, the striplines companemrte studied and opti-
mized. The electrode supports that are commonly used wedrasadul in the case
of the striplines for CLIC, due to the small separation bemvthe electrodes and the
beam striplines. Therefore, a new idea was proposed by timeifacturer: a set of
ceramic rings, made up of Macor, could keep the electrodgeed and fixed inside
the striplines beam pipe. The use of ceramic rings as ebkeigapports is a new idea
that allows the field uniformity to be mechanically guaraake The optimization of
the electrode supports and the commercial feedthrouginsjdering the fect over
the power reflection and the beam coupling impedance, wancaily done. The
fabrication of the first striplines prototype was carried by the Spanish company
Trinos Vacuum Projects.

The results from the simulations during the design phase wempared with
the results of the laboratory tests. The following measer@s have been done:
power reflection through the striplines, longitudinal anansverse beam coupling
impedance and RF breakdown tests. The good agreement bedatefrom measure-
ments and simulations for the reflection parameter and tigatiadinal beam coupling
impedance, has served to give confidence in the models usie simulations up
to a frequency of 1 GHz: these models can be used in furthdrestwf next gen-
eration prototypes. However, for higher frequencies, nealydical expressions and
simulations should be developed.

The main characteristics achieved by the first striplinkédsicqorototype for the
CLIC DRs described in this Thesis have been the followinggdgd characteristic
impedance matching in the two operation modes, 2) excdiieldt homogeneity, 3)
good power transmission through the striplines, 4) low o§lRF breakdowns, and
5) low risk of electrode heating. At low frequencies, thediiadinal beam coupling
impedance achieved is very low, but still slightly aboveltimts. The transverse beam
coupling impedance is very low in the vertical plane, bus tisi not the case in the
horizontal plane. In this sense, the relaxation of the mequent for field homogeneity
will help to make a new design with even lower beam couplingedance.

Overall, a key contribution of this Thesis to the field of ctjen and extraction
systems is the execution of a systematic study of the staplperformance, which
has allowed to quickly relate the main specifications of glatie kicker system for
an accelerator with the striplines design. This could helihne design of striplines for



future accelerators with very tight tolerances, especfall low emittance rings.

This prototype is a first step in the future injection and &stiion devices in DRs
for FLCs. In this sense, measurements with beam in ALBA wa&lrbade, in the
framework of CLIC collaboration, to fully characterize tbgiplines performance, by
studying the longitudinal and transverse beam couplingetkapce with beam.
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