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Abstract

The Compact Linear Collider (CLIC) is a potential next-generation particle collider, in which
electrons and positrons collide at a center-of-mass energy of up to 3 TeV. In order to reach a
high accelerating gradient and reduce the length of the machine, CLIC uses a novel two-beam
scheme. Here, the acceleration energy for the main beam is provided by energy extraction
from a secondary electron drive beam, by the use of Power Extraction and Transfer Structures
(PETS).

This Ph.D. thesis describes deceleration measurements from the CLIC Test Facility 3 at
CERN, from a beam that had up to 37 % of its kinetic energy converted into 12 GHz rf
power. The results are part of the feasibility demonstration of the CLIC scheme. The mea-
sured difference in beam energy of the decelerated beam is correlated with particle tracking
simulations and with predictions based on analytical formulae, and a very good agreement is
demonstrated. The evolution of the transverse emittance was also studied, since it is critical
to contain the large drive beam within the limited available aperture. The emittance was not
found to increase from other effects than adiabatic undamping.

In order to reach consistency between measurements, theory and simulations, it is impor-
tant to take the bunch phase into account, which affects the rf field produced in the PETS.
New formulae have been derived to take this effect into account.

Also longitudinal space charge in the CLIC decelerator has been studied. It has been
a concern that, despite the high energy of the CLIC drive beam, longitudinal space charge
may lead to a violation of the strict bunch length tolerance. However, it is shown that the
space charge effect is still negligible. For this a new Particle-in-Cell written in OCTAVE was
developed, and is described in the thesis.
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Chapter 1

Introduction

This Ph.D. thesis concerns accelerator physics related to the global effort towards a future lin-
ear electron-positron collider. Specifically, we look at energy extraction from a high-intensity
drive beam in the Compact Linear Collider (CLIC) scheme, and study the beam dynamics
and associated rf power production. Experimental data from the CLIC Test Facility at CERN
are compared to theory and simulations. In addition, the influence of space charge on the
longitudinal bunch distribution has been studied with simulations.

This chapter presents some background, and an outline of the thesis is given in Section 1.3.

1.1 CERN and high-energy physics

CERN is the European Center for Particle Physics (originally Conseil Européen pour la
Recherche Nucléaire) and is the largest laboratory for particle physics in the world. The
organization was founded after the second world war, partly to revive and reunite European
science after the second world war. Throughout the years a number of achievements have
been made at the laboratory, including the discovery of the W and Z bosons, the creation,
isolation and trapping of antihydrogen atoms, and most recently the discovery of a spinless
boson consistent with the long-sought Higgs boson.

CERN has a large complex of particle accelerators, and some are pushing the frontiers
in high-energy physics. One accelerator is the Proton Synchrotron, which is more than 50
years old and still in operation, acting as a pre-accelerator for the larger rings. The largest
machine at the laboratory is the storage ring Large Hadron Collider (LHC), which is designed
to accelerate protons to an energy of 7 TeV per beam. LHC has so far successfully collided
beams of up to 4 TeV, which led to the discovery of the elusive Higgs boson, around 40 years
after its theoretical prediction.

The Higgs particle was the last piece of the puzzle that is the standard model, which
mediates the known theory about sub-atomic particles. This comprises the matter particles
(fermions), three of the four fundamental forces in nature (bosons) and the Higgs boson that
gives particles mass. However, the theory has some shortcomings. Firstly, it does not include
gravity, which is one of the four fundamental forces. One may predict that there exists a
boson for this force, but since gravity is much weaker than the other three forces at small
ranges', it is currently not possible to investigate this.

1With example sources and sub-atomic distances, gravity is 10*° times weaker than electromagnetism [1].
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In addition, the standard model only accounts for 4.9 % of the mass/energy in space [2].
In addition to the normal matter, 26.8 % comprises dark matter that affects the motion of
large-scale objects like galaxies, and 68.3 % comprises a hypothetical dark energy that tends
to accelerate the expansion of the universe. Physics beyond the standard model is clearly
needed to understand these phenomena. The group of theories known as supersymmetry is
a potential candidate to explain some of this, and postulates that all existing particles have
a “superpartner”. The superpartner shares most of the properties of the normal particle
except for a difference in spin, which changes the fermions’ superpartners to bosons and vice
versa. The LHC has probed some of these models, but so far there has been no evidence for
supersymmetry, only constraints on the possible masses of the particles [3]. However, many
models are still not validated, but when the LHC is running at full energy our knowledge will
hopefully be expanded further.

1.2 Future particle colliders

The LHC is the latest and most powerful machine from a century with increasingly energetic
particle accelerators. Still, even though the LHC is expected to run for approximately another
20 years, feasibility studies of the next generation colliders have been going on for decades.
The reason is that the each generation of particle accelerator is more technically advanced,
and increasingly more research and development is needed.

The main motivation for building a new collider is to get access to new physics. For
example, collisions between other particles will bring other particle interactions. A promising
candidate for the next generation collider is a lepton machine, which will feature electroweak
interactions. The LHC collides protons and lead ions, where each hadron consists of three
valence quarks, in addition to sea quarks and gluons. The hadron collisions are in reality
collisions between these smaller constituents, each of which carries a fraction of the total
particle energy. Therefore, a whole distribution of collision energies exists inside the particle
detectors, which is beneficial for making new discoveries. The drawback is that it is difficult
to perform precision measurements.

Leptons, on the other hand, are fundamental particles. Lepton collisions therefore happen
at approximately the same energy, with well defined initial conditions. This makes precision
measurements easy, but ideally one wants to set up the machine for a specific collision energy
that is already known. Traditionally, high-energy physics has alternated between using hadron
colliders and lepton colliders, because of the complementarity between the two. This is
therefore a strong motivation to build a lepton collider next. The most mature option today
is a collider for electrons and their antiparticle positrons (an eTe™ collider). This option
has two promising, global schemes; namely the International Linear Collider (ILC) and the
Compact Linear Collider (CLIC). The former is a design for a 0.25-1 TeV machine with
superconducting accelerating cavities, while the latter is a 0.3-3.0 TeV, normal-conducting
machine that uses a novel drive beam concept for acceleration. Instead of eTe™ colliders, it
is also thinkable to build a muon collider [4]. However, this scheme is not fully mature and
requires further research. An example of a feasibility issue is that the muons are unstable and
quickly decay into other particles. Therefore, the acceleration must be very fast and bring
the muons to a relativistic speed (where time is dilated) before they decay.

One challenge for building an ete™ collider is that the particles are extremely light.
They lose a significant fraction of their kinetic energy when they change direction at high
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energies [5], and this counteracts the acceleration energy given to the particles. This effect is
usually referred to as synchrotron radiation. To describe this effect in a circular accelerator
like the LHC, we look at the energy loss per turn of a particle. When the bending radius pg
is the same for all bending magnets, the energy loss per turn due to synchrotron radiation
can be expressed [5]

q2 1 62'4

Abp =L 1 _
SR 3eo (mopc?)* pg’

(1.1)
where ¢ is the particle charge, g is the electric permittivity in vacuum, myg is the particle
mass, ¢ is the speed of light, and & is the current particle energy. First of all, from this
equation we can see that synchrotron radiation is much more pronounced for electrons and
positrons than for heavier particles. Being 1836 times lighter than protons, these particles lose
10'3 times more energy in one turn. From the fraction &4 /pp we also see that as the particle
energy is increased, one must compensate heavily with the accelerator radius to avoid more
energy losses. The Large Electron-Positron (LEP) collider at CERN was close to the limit of
tolerable synchrotron radiation losses, and was earlier placed in the same 27 km tunnel where
the LHC is today. A higher energy circular machine for e™e™ collisions would therefore be
very large.

To avoid synchrotron radiation at high energies, it is therefore attractive to build a linear
ete™ collider, where the two particle beams are sent to each side of a straight line, before being
accelerated to a high energy and colliding in the middle of the line. This idea is employed in
both the ILC and CLIC. The drawback of a linear collider is that the particles only have one
chance to collide, whereas in a circular collider they can circulate millions of times through
the same collision point. It is therefore important to achieve a high collision rate (luminosity)
in the linear collider.

Also, in a linear accelerator the acceleration gradient (the acceleration per unit length)
is very important, since this directly affects the length of the machine. To achieve a high
gradient, CLIC uses a novel two-beam scheme where acceleration energy is extracted from
a drive beam running in parallel to the main beam. This scheme is used because the high
gradient requires a power source with a high frequency and a high peak power, something
that is difficult to achieve with traditional methods.

The layout of the whole CLIC machine is shown in Figure 1.1. The electron and positron
main beams are generated in the bottom part of the figure, and after manipulation of beam
parameters they are sent to the main linacs. Then the two beams are accelerated up to
the final energy, and collide in a detector in the middle of the figure. The drive beams are
generated in the upper part of the figure, and accelerated to an energy of 2.4 GeV. They
are then sent through a delay loop and two combiner rings, and the function of these will
be briefly described in Section 3.2. Finally, the drive beams are sent through each of the
decelerator sectors in turn, where most of the beam energy is extracted and transferred to
the main beams. This thesis concerns energy extraction from the drive beam in CLIC.

1.3 Outline

Chapter 2 of the thesis describes relevant theory for this work. It starts describing a type of
collective effect in particle beams known as longitudinal space charge, that can deteriorate the
beam quality. Next follows a description of beam physics in radiofrequency (rf) structures,
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Figure 1.1: CLIC layout for a center-of-mass energy of 3 TeV. The drive beam complexes are
shown in the upper part of the picture while the main beam complexes are shown in the lower
part.
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including the effects on the beam and on the electromagnetic field inside. Finally, transverse
beam parameters are explained briefly, before a method for measuring them is explained.

Some theory is also presented in Chapter 3, specific for the CLIC technology, and this
includes some new derivations. Firstly, in Section 3.1 we describe the Power Extraction and
Transfer Structure (PETS), that extracts rf power from the drive beam. This section includes
a model for ohmic losses, how the power is generated and the beam is decelerated, and finally
how the bunch length and bunch phase affect the efficiency. The chapter also explains how
the longitudinal structure of the drive beam is created, before it describes the 1 km long
decelerators that run in parallel to the main CLIC beams. The prototype decelerator at
CERN — where the experiments have been performed — is presented in Chapter 4.

Even though some of the main results of this thesis are presented in the publications in
Appendix A, additions to the published results are summarized in Chapters 5 and 6. The
former describes measurements on a heavily decelerated drive beam in the CLIC Test Facility
3 at CERN, while the latter describes simulation results on the longitudinal space charge
effect in the CLIC drive beam decelerators.

1.4 Acknowledgements

After a three year long project in a big collaboration there is a lot of people I want to thank.
First and foremost my supervisors with all of their experience, who could always give useful
tips and guide me on the right path. Steffen Débert has been a major asset with his broad
knowledge, good scientific intuition and hands-on experience, and his ability to always find
time even with a busy schedule. Erik Adli, even though beeing located almost 10,000 km



1.4. ACKNOWLEDGEMENTS 5

away, has still provided good guidance, motivation and explanations. Steinar Stapnes is an
excellent catalyst and organizer, and together my three supervisors have completed each other
very well.

There are several other people that have contributed to the final results of this work.
Either by being involved in the experiments, providing good discussions, or providing tips
for continued research, they have been very good resources. For this I want to thank Maja
Olvegard, Kyrre Sjobeaek, Yngve Levinsen, Guido Sterbini, Andrea Latina, Roberto Corsini,
Daniel Schulte, Frank Tecker, Igor Syratchev, Hamed Shaker, Steven Lund, Esa Paju, Alan
Bell and Anne Dabrowski.

I also want to acknowledge the operators of the CLIC Test Faciliy 3, who have worked
hard to provide the best conditions for the Test Beam Line experiment. In addition to some
already mentioned, this includes Piotr Skowronski, Tobias Persson, Ben Constance, Javier
Barranco, Lukas Malina and Luis Quirante.

There are also many other people at CERN that, even though they did not contribute
directly to my work, helped making my days in Geneva a memorable experience. In addition
to people already mentioned, in a semi-random order thank you Ole, Theo, Erwan, Bart,
Viktor, Marlene, Yisel, Rati, Nikos, Annelie, Miriam, Aleksey, David, Michael, Xiaowei,
Foteini, Lars, Adam, Diamanto, Alexander, Giulia, Lene, Marion, Hannes, Jochem, Frank,
Eduardo, Anna, Andrea, Christos, Matina, Andriy, Helga, Daniel, Glenn, Christoph, Juha,
Pieter, Line, Marta, Christina, Brian, Anders, Cian, Marko, Johannes, Qystein, Elisabeth,
Jirgen, Patricia, Vetle, Adrian, Jens, Nils and of course my uncle Egil and aunt Danielle (I
hope that was everyone).

Last but not least, my ever-supporting family in Norway! Even though I have not seen
you often in the real life, Skype has been great for keeping contact. You have helped me with
numerous practical issues. Kjell, Turid, and Lars — thank you for being there!



CHAPTER 1. INTRODUCTION



Chapter 2

Accelerator physics

This chapter introduces some theory that is used generally in accelerator physics and is
used in this work. Firstly, Section 2.1 describes the longitudinal space charge force, that
elongates particle bunches of the same charge. This effect has been of concern for CLIC
because of the strict tolerance on the drive beam bunch length. Section 2.2 explains the
physics of radiofrequency structures and the beam behavior inside. This is needed in order to
understand Power Extraction and Transfer Structures that are at the core of this work, and
the theory will be expanded in Chapter 3. Finally, Section 2.3 describes the quadrupole scan
method for measuring transverse beam parameters, which is used in the results in Chapter 5.
Throughout the thesis, quantities per unit length will be denoted with a prime ().

2.1 Longitudinal space charge

A particle beam will in most cases consist of charged particles. It can therefore be acceler-
ated using electric fields, and guided around the accelerator by magnets. To get the same
electromagnetic force on all particles they also have the same charge, for example electrons
for the CLIC drive beam. Because the particles have the same charge, they are forced apart
because of the electrostatic Coulomb force. When many particles are packed together in a
stationary bunch, the force is very strong, and if placed inside a container like a vacuum pipe
the particles would eventually get lost in the pipe wall.

If the bunch is set in motion however, it will also have a magnetic field because of Faraday’s
law of induction. At high velocities approaching the speed of light, the magnetic field will tend
to cancel most of the force from the electric field, so that the particles can still be packed
together. In proton accelerators, it is common to use radiofrequency quadrupoles that can
accelerate the particle bunches to a high velocity while providing focusing at the same time.
The electromagnetic self field produced by a bunch is called space charge, and this effect is
often separated into transverse and longitudinal forces.

For a continuous beam, the field is purely transverse. For a bunched beam however, as
used in today’s high-energy accelerators, there are both transverse and longitudinal forces.
In this thesis the focus will be on longitudinal effects only. As will be seen later, space charge
is normally not a concern for high-energy machines such as CLIC. However, because of the
strict bunch length tolerance of the drive beam, it has been a concern that longitudinal space
charge may still play a role.

For looking at longitudinal space charge analytically, let us follow the derivation in [6] and
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Figure 2.1: Ring bunch used for the analytical model of longitudinal space charge. Faraday’s
law is applied to the closed circuits '1” and 2.

consider a ‘ring bunch’ as shown in Figure 2.1. The ring has a radius of » = a and is placed
in the middle of a beam pipe of radius b. When the charge distribution is e\(z), where z is
the longitudinal coordinate relative to the bunch motion, the radial electric field inside and
outside of the bunch is approximately given by

B = 0 if r<a, (2.1)
CNz) if a<r<b,

2meQr

where g is the electric permittivity in vacuum and r is the radius. The field outside the bunch
is approximated by the field from a wire charge, and for a bunch of length [ the condition
1 > b/y must therefore be fulfilled. Here ~ is the relativistic Lorentz factor. The magnetic
field is simply Bg = %ET. To calculate the longitudinal electric field, we apply Faraday’s law

L 98 -
fE~dl_f oA (2.2)

to the closed circuit named ’1’ in Figure 2.1,

hdr B 0Nz ,, /b il' (2.3)

e

EAz+— )\ Az) — A =—

282 2meg e+ 42) (2)] a T 2mwege Ot

Dividing by Az and multiplying the right hand side by 0z/0z, we have an expression for the
longitudinal electric field inside the bunch,

e [Az+Az2)=\z)  BOAz) 82’} b dr

E,=- = — —. 2.4

* 27eg { Az + c Ot 0z]Jqg T (2:4)
The first term inside the brackets is simply the definition of the spatial derivative of A(z). In

the second term we have 0z/90t = —fc. We can therefore simplify the expression as
e OXz), b
E, =— In—. 2.5
8 2megy? Oz n e (2:5)

The longitudinal electric field outside the bunch can easily be found by doing the same
derivation on circuit 2’ in Figure 2.1. The only difference is the limit of integration r, which
gives the result

e OMNz), b

— In —. 2.
2regy? 0z n (26)

E. =
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This field component vanishes at the conducting beam pipe r = b, as it should. Physically,
the space charge force comes from an imbalance between charge in front of and behind the
longitudinal position considered. If there is more charge in front, \(z)/dz is positive, which
leads to a retarding force. Similarly, the force is accelerating if there is more charge be-
hind. Therefore, longitudinal space charge tends to elongate the bunch, as expected from the
Coulomb force.

Note that Equations (2.5) and (2.6) both contain the factor 1/42, which means that there
is a strong suppression of the space charge effect for highly relativistic beams. One can also
extend the analysis to radial bunch distributions more general than the ring bunch. The
result [6] is still that the longitudinal electric field scales as 1/~2.

2.2 Radiofrequency structures with beam physics

This section explains concepts in radiofrequency technology and beam behavior that are
important for the understanding of PETS. We will first define fundamental quantities in use,
before moving on to a description of beam loading and wake fields. Finally, we will derive the
energy loss of a particle bunch in a structure, which will be of importance in later chapters.

2.2.1 Fundamental quantities in radiofrequency technology

In high energy particle accelerators, radiofrequency (rf) technology is utilized to efficiently
accelerate bunches of particles. In this section we will introduce some key parameters of rf
technology that will be of importance later. All of these quantities are properties of the rf
structure geometry. Based on the design of the structure, it will have a certain number of
resonating modes of different strength, and each individual mode will be denoted by the index
n.

The shunt impedance of a structure measures the effectiveness of producing a field on the
axis, per unit power loss in the structure walls [7]. This quantity increases linearly with the
structure length Lg, and it is therefore convenient to use the shunt impedance per unit length
R!,. If E, is the longitudinal electric field of the mode travelling wave, and P,, is the power
dissipated in the walls due to electrical resistivity, the shunt impedance per unit length is
defined as )

/ ETL
" P/Ls

Another important property of a mode in a cavity is its resonator quality factor Q,. A
high quality factor corresponds to a mode that will ring inside the structure for a long time
with only small losses of field energy. The quality factor depends on the mode frequency wy,,
and if &, is the stored field energy of the mode it can be expressed

wnén
Q@n P
For a structure with a high @, fundamental mode, the mode impedance is proportional to
the quantity R/,/Qy,, which is a fundamental design parameter when designing RF structures.
Combining equations (2.7) and (2.8), we get
E2Ls  E?
wn&n N Wn57/17

R

(2.7)

(2.8)

R,/Q = (2.9)

where & = &, /Lg is the stored field energy per unit length.
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2.2.2 Beam loading

When passing through an RF structure, a particle bunch absorbs some of the energy of the
field due to its electric charge. However, as described in Section 2.1 the bunch also has a
self-field, which will act on the structure. The beam-induced field adds vectorially to the
cavity field and modifies the amplitude and phase. This effect is known as beam loading.
Consider a bunch that passes through an unexcited cavity. It will excite the cavity with a
retarding cavity voltage —V4, 5, in the mode n. However, only half of this voltage is seen by the
bunch itself, because the voltage is being established while the bunch is passing through [7].
This is called the fundamental theorem of beam loading, and the energy loss of the bunch of
charge gy, is therefore —g V4, ,,/2. The stored energy in the cavity will be proportional to the
voltage squared through a proportionality constant «, and is therefore &, = onb%n. Because
of conservation of energy, the bunch energy loss must be equal to the stored energy in the

cavity, and we have
v
En=aVil, = a ;" (2.10)
For travelling wave structures it is more convenient to use the electric field F,. Since the

bunch voltage is Vi, , = E,, Ls we can instead write Equation. (2.10) as

E,L
€= 0B L§ = qy—5 S, (2.11)

Solving for E,,, we get E,, = q»/2aLg, and by substituting this relation into Equation (2.11)
we have

a 2

=2 = knqi, 2.12

dor nqh ( )
where we have defined the loss parameter k,, = 1/4«. Physically, the loss factor for a given
mode is the proportionality between the energy transferred to the structure and the squared
bunch charge. In terms of the loss parameter we can rewrite Equation (2.12)

&= aFEL% =

E2L3
=aBEL§=—"" 2.1
gn by, 4kn ) ( 3)
which, when solved for the loss parameter divided by the structure length, gives
kn, E2Lg
— = 2.14
Lg 48, (2.14)

The left hand side of Equation (2.14) is the loss parameter per unit length &/,, while the stored
energy per unit length &, = &, /Lg has been introduced before. We therefore write
.
moo4g

(2.15)

This relation is very similar to Equation (2.9), so in terms of familiar structure parameters
we can write

k= i(RZ/Qn) Wn. (2.16)
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Figure 2.2: Wake field effects from a particle. Left: The free space electrostatic field of
a stationary particle. Middle: The electric field of a relativistic particle passing through
a perfectly conducting beam pipe. Right: The monopole wake field of an ultrarelativistic
particle passing through a resistive beam pipe (picture inspired by [6]). The monopole wake
is normally dominant for longitudinal effects.

2.2.3 Wakefields

From the previous discussion, one may think that the field set up by a passing bunch in a
cavity is a static one, however in reality the field will dynamically change. This is because of
the phenomenon known as a wakefield, that is related to beam loading. A relativistic bunch
leaves an electromagnetic wake behind it, just like a boat passing through water. We will
here explain wakefields mainly from the case of a bunch passing through a resistive vacuum
pipe.

Consider first a point particle in free space. Its electric field distribution is well known
from electrostatics, and is shown to the left in Figure 2.2. Once the particle starts to move,
the field will no longer be equal in all directions, but will instead be length contracted. The
angular spread of the field is proportional to 1/, where v is the relativistic Lorentz factor,
and when the particle speed approaches the speed of light the field will approach an infinitely
thin pancake distribution [6].

If the particle passes through a perfectly conducting vacuum pipe, the length contracted
field lines will simply be truncated at the pipe walls if the particle travels on the axis [6]. The
situation with a relativistic particle inside a vacuum pipe is shown in the middle in Figure 2.2.
In this case, image currents will travel on the vacuum pipe along with the particle. However,
if the beam pipe is not perfectly conducting, the image currents will experience an impedance,
and so will the particle itself due to its electromagnetic interaction with the pipe. This leads
to the characteristic wake field that trails the particle, and is shown to the right in Figure 2.2.
Calculation of wake fields is complicated and is normally performed by simulation codes.

A particle or a particle bunch can have different multipole moments dependent on its
position and charge distribution. For the simple case of a point particle or a ring bunch on
axis, it will only have a monopole moment. This leades to a corresponding monopole wake.
The wakefield from this moment in constant in the radial direction and is only dependent on
the relative longitudinal distance from the particle or bunch. The monopole wake is often the
strongest and is then dominant for longitudinal effects [6]. The field distribution to the right
in Figure 2.2 is that of the monopole wake. As seen from the field lines in the figure, the
field immediately behind the bunch leads to a retarding force. This is proportional to half
the voltage of the bunch, in the same way as in Equation (2.10).
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More general bunch distributions and off-axis bunches or particles will also comprise
higher-order moments. Normally, the dominant moment is the dipole moment, and the corre-
sponding dipole wake is usually dominant for transverse effects [6]. This can be detrimental
to the beam quality, since particles e.g. can be kicked out from the axis. In this work we will
however focus on the monopole wake, which is important for the function of PETS.

Another cause of wakefields is when a bunch passes through a changing vacuum pipe
cross-section, for instance in an accelerating cavity. The field generated inside a cavity can
be described in terms of a superposition of cavity modes, each with its own mode frequency
wp, and R}, /Q,, and the energy deposited into a given mode is given by Equation (2.12).

Wake field effects are often described in terms of wake functions in the time domain, or
equivalently in terms of impedances in the frequency domain. The two are Fourier transform
pairs, so that one of them gives the full information about the other. The longitudinal
monopole impedance Z(‘,‘ of a cavity mode n can often be modeled as a parallel LRC circuit [6],

- ’[:(«)Cn, (217)

7l R, wL,
n

where R, is the (resistive) shunt impedance, L, is an inductance and C,, is a capacitance.
For a mode with a high quality factor Q,, = R,+/Cy /Ly, Equation (2.17) can be simplified
by letting Q,, — oo and R,, — oo while keeping R,,/Q,, fixed. Including all modes, we have

Re Z(‘)l - 27TZ kn, Wn + 5(10 + Wn)] (2.18&)

Im Z)(w —2Zk: < ! ) (2.18b)

n w+w’fb

The Fourier transform of Equation (2.18) is the longitudinal monopole wake function
Wél (z), which describes the shock response of the environment to a d-function bunch,

23, kpcos (“22), for z < 0,
WA‘(Z) =1 2nkn, for z =0, (2.19)
0, for z > 0.

As can be seen from Equation (2.19), because of causality the wake function only has a non-
zero value at the location of the particle or behind it, where z < 0. Because of the high
quality factor of the structure, the wake function for a single mode is simply modeled as a
cosine. For a structure with a low @,,, there would also be attenuation of the wake function
behind the particle.

Physically, for a witness particle a distance z behind the driving bunch, the wake function
in Equation (2.19) describes the average force the witness particle experiences per unit length
when travelling through the cavity, normalized by the charge of both particles. The electric
field experienced by a witness bunch of charge ¢, trailing a point-like bunch is then quAl(z).

2.2.4 Energy loss of a bunch in a cavity

We will now look at the energy loss of a bunch in a cavity, which will be used later to describe
Power Extraction and Transfer Structures (PETS).
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As described in the previous section, the wake function in Equation (2.19) describes the
impulse response of a cavity when excited by a é-function bunch. Real particle bunches will
have a finite longitudinal length, however, and the phases of particles at different longitudinal
positions will cause destructive interference. Therefore the energy lost by such a bunch will
get smaller if the bunch is longer. Similarly to a linear time-invariant system, the produced
wake field can be described by a convolution of the wake function by the charge distribution
of the bunch. The effective energy loss is also affected by the location that the bunch sees the
wake field, so the result of the convolution needs to be multiplied by the charge distribution
and integrated over the longitudinal coordinate.

Let us consider a normalized charge distribution gyA(z) so that [0 A(z)dz = 1. The
energy loss is then given by [6]

o0
A& = —/ qrA(2) [qb)\(z) * W(y(z)] dz
R (2.20)
S / AG) / AW - 2)dzdz.
J—o0 JZz

We can equivalently express this in the frequency domain by using the impedance. Only the
real part of the impedance will contribute to the energy loss, so we get

A& = — ’/ A z)e_wz/cdz Re Z (w) dw. (2.21)

We will in the following focus on a single mode, that has a resonance frequency wy, = w;.
By using the real impedance from Equation (2.18), Equation (2.21) then becomes

oo o) . 2
A& = —gik, / ’/ A(z)e ™2/ed

[0(w —wy) + 0(w + wy)] dw, (2.22)
which because of the sifting property of the delta functions is equivalent to

00 ) 2 00 ) 2
Afz—qﬁkn/ )\(z)e%“rz/cdz —qﬁkn/ )\(z)e“‘"‘z/“dz . (2.23)

The two integrals will be complex conjugates of each other, and their absolute values will thus
be equal. To prove this, we can use Euler’s formula together with the expansion |a + b|? =
la|> + 2 Re ab + |b|? of two complex numbers a and b, where b denotes the complex conjugate
of b. For the first integral we get

A () o (2
’/ A(2) cos (—z) dz ‘/ A(2)sin (—z) ds
+2Re {z Vm A(2) cos <72> dz} Moo A(2) sin (%z) dz} }

(2.24)

2

o0 .
’/ )\(z)eﬂ“’rz/cdz

2

The last term (inside the real value) is completely imaginary, because both integrals are real.
Since it does not have a real part this term is therefore equal to zero. One can do a similar
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expansion of the second integral in Equation (2.23) and get the same result. The energy loss
of the bunch can therefore be written

oo . 2
AE = =242k, / Mz)e “r2/edz

(2.25)
— 72qgknF2 {A2)},

where we have introduced a functional called the charge distribution form factor, that will be
elaborated on in later chapters,

F)} = ‘ /_O; A(z)eir/eq;

. (2.26)

This is the magnitude of the Fourier transform of the charge distribution evaluated at the
mode frequency w,. Because of normalization we have 0 < F' {\(z)} < 1. For symmetric
charge distributions the form factor can be simplified as the cosine transform

F:)} = /j; A(2) cos (%) dz, (2.27)

where the modulus has been omitted because of the integration of two real functions.

2.3 Measuring transverse emittance

A particle bunch will have a certain size, and for Gaussian bunches the size in each of the three
dimensions can be expressed by the standard deviations o, oy and o.. For an accelerator
with linear optics!, and without dispersion and chromaticity, the transverse beam sizes can
be expressed o, = v/4Pu, where u can be either x or y. Here, the beta functions 3, are
a property of the accelerator optics, and depend on the focusing strength of the quadrupole
magnets.

The quantities &, are the transverse emittances, that are properties of the beam itself. It
is common to use the phase spaces (z,2’) and (y,y’) for particles in the bunch. Then, the
emittance for one of the transverse dimensions will be proportional to the area of an ellipse
in the phase space. This phase space area stays constant throughout the accelerator as long
as the beam energy does not change or if there are nonlinear effects. The shape of the ellipse
will however change depending on the focusing.

When the beam energy increases, the transverse phase spaces decrease due to adiabatic
damping. This is due to Liouville’s theorem, which states that a phase space element pAuAu’
will remain constant, where p is the momentum. As the beam momentum increases, the other
quantities must be reduced accordingly. It is convenient to define normalized emittances
eN, = [B7ey that stay constant even with changing beam energy. Note that 5 and v are
here relativistic quantities that are not related to the beta functions. The non-normalized
emittance is often referred to as the geometric emittance.

!This includes dipole and quadrupole magnets. However, it is not possible to create perfect magnets, so
they will in reality also have small components that are sextupolar, octupolar and higher.
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2.3.1 Beam transport

Together with the lattice beta functions mentioned above, two related quantities are also
used, which are a,, = —f3,,/2 and 7, = (1 +0a2)/B,. These quantities with the subscript u are
not related to the relativistic parameters, and the confusing choice of letters is of historical
origin.

The three parameres o, (5, and 7, are together referred to as the Twiss parameters.
Together with the emittance they make up the beam matrix

Y0 = €u ( Pu  —auo > (2.28)

for a given longitudinal point ’0’ in the lattice, and for one of the transverse planes. Note that
from the way this matrix is defined, together with the definitions of the Twiss parameters,
the determinant of the matrix is equal to £2.

Another useful quantity is the transfer matrix M of a given lattice. This describes how
the particle position and transverse velocity change when passing through. As an example,
the transfer matrix of a single focusing quadrupole magnet is given by

1 .
My — ( cos Vkr lp 5= sin VEr ly ) (2.29)

—/ kF sin vV kF lF COS v/ kF lF

where kp is the focusing strength of the magnet and [ is its length. The transfer matrix in
Equation (2.29) can often be simplified if the focal length f of the magnet is long compared
to the length of the magnet itself, f = 1/kplp > lp. Then, we can let lp — 0, perform
Maclaurin expansions while only keeping linear terms, and get

1o
My ~ ( kel 1 > . (2.30)

For an initial vector @y = (uo, uy), the position and transverse velocity after the quadrupole
are given by multiplication with the transfer matrix, #; = Mpty. One can also construct a
transfer matrix for a larger lattice, by multiplying several individual transfer matrices.

The Twiss parameters can also be transported in a similar way. For an arbitrary transfer
matrix M and an initial beam matrix ¥, the new beam matrix ¥; is found by the following
relation,

2 = MZeMT. (2.31)

2.3.2 Quadrupole scans

We will now present a method for measuring the emittance, together with the Twiss parame-
ters, which is known as quadrupole scans [8]. The idea is to vary the strength of a quadrupole
magnet and then measure the effect on the beam size on a downstream measurement screen.

Consider a single quadrupole magnet and a measurement screen, with an arbitrary lattice
in between, as in Figure 2.3. Sometimes two quadrupoles are used in this method, but for
simplicity we will focus on one. Let the transfer matrix of the arbitrary lattice be Mg, with
elements mq1, mi2, Moy and Mmoo for one transverse plane. Then, if we assume the thin-lens
approximation in Equation (2.30) the total transfer matrix can be expressed
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Beam waist ___. -
"""""""" Oz.y
Quadrupole Arbitrary Diagnostics
magnet lattice screen

Figure 2.3: Setup for a quadrupole scan, where the variation of a quadrupole magnet is
compared to beam size measurements downstream.

M = Moo Mp = ( mir Mmig ) ( 1 0 ) _ ( mi1 — kplpmia  mio ) (2.32)

mo1 192 —k‘FlF 1 m,gl—kFlFmQQ mo2

This can be used together with Equation (2.31) to transport Twiss parameters to the location
of the screen. There will be many terms involved on the right hand side, but for our purposes
we only need the (1,1) elements of this matrix equation,

2 72,2 2
eu1Pul = €u0Buomisliki + 2euoly (Migoo — mi1mi2fuo)kr (2.33)
2 9 .
+ m71u08u0 — 2M11M12E400u0 + MI9Eu0Yu0

The term on the left hand side is the square of the beam size at the measurement screen since
01y = Ve1uP1u- Therefore, as seen from this equation the square of the beam size will be a
quadratic polynomial in the quadrupole focusing strength kp.

Several points are measured in a quadrupole scan for different focusing strengths. For each
point, a Gaussian curve can be fitted to the transverse beam profile, where each fitted standard
deviation gives an estimation of the beam size o1,,. Then, the collection of focusing strengths
kr and squared beam sizes can be fitted with a parabola, according to Equation (2.33). One
parametrization for the fit is

Bl = Alky = B+ € (2.34)
= AkE — 2ABkp + C 4+ AB? '

Equating coefficients from Equations (2.33) and (2.34), and using elements from the beam
matrix in Equation (2.28), we have

A =mblESawn (2.35a)
72AB = 72777,%2[}?2”0712 — anmlglpzuo’n (2,35b)
C + AB2 = m%lEuom =+ 2m11m122u0712 + m%22u0722 (235C)
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Solving for the beam matrix elements, we get

A

Buo11 = m2, 2 (2.36a)
Yuo12 = % - %Euo 1
AB Amy, (2.36Db)
a m%le mi’ﬂ%
Y022 = m2, (C + AB? —m} Suoa1 — 2m11m122u0,12>
C AB?>  Am? 2ABm 24 m?
T ST N YT T A iR (2:36)
_ ¢ AB Amiby 2ABmy
Comiy  miy g Ip mi,

As mentioned earlier, the determinant of the beam matrix is equal to the squared emittance,
so that ¢, = v/det 2,0. The determinant is

det X0 = By, HEuO 22 — uO 12

A + A mA] 214?3% M\BZ 2A2B/m( L (2.37)
m121 Zm /F/ miy 7r\L4x /ég/ m3, m

thus the emittance can be found from the parameters of the fit as

VAC

5 -
ZFTTL12

Ey = (2.38)
The Twiss parameters can then be found from the elements of the beam matrix in Equa-
tion (2.28). Using Equations (2.36) and (2.38), we have

_ Ywoun 1A :
ﬁuO - u - lF \/;7 (239d)
o = EuO 21 _ A (l@ _ B) (239b)
V C \lp mig
o = 0,22 I JrB2ZF + im 23@ . (2.39¢)
lF m12

A beam with a finite energy spread will experience chromaticity, which causes different
beam focusing depending on the energies of the individual particles. The focal length of the
quadrupole will therefore be smeared out, and the measured beam size will be larger than
for the monoenergetic beam. In many cases, the energy spread will be small enough that
chromaticity has a negligible impact on quadrupole scans. However, the CLIC drive beam
has a large energy spread, especially at the end of the decelerator. The same applies for the
CTF3. Therefore, chromaticity needs to be taken into account, and a model including this
effect is described in detail in [9].



18

CHAPTER 2. ACCELERATOR PHYSICS



Chapter 3

Two-beam acceleration in CLIC

As mentioned in Chapter 1, in order to reach high energies with electrons and positrons one
should build a linear collider, because the energy loss is too large when the path of these
particles is bent. For a linear collider of a given collision energy, a high accelerating gradient
is wanted in order to reduce the required length of the machine. Radiofrequency accelerators
can normally achieve higher gradients for higher acceleration frequencies, and for CLIC the
frequency is chosen to be 12 GHz [10]. At such a high frequency one needs a high peak power
over a short pulse, and this cannot be reached efficiently with klystrons'. Therefore, in order
to reach a high 12 GHz gradient efficiently, CLIC uses a novel two-beam scheme. This chapter
presents some basic principles of two-beam technology.

Wakefields, briefly described in Section 2.2.3, is a collective effect that can be detrimental
to the beam quality. This is because the strong electromagnetic fields can negatively affect
the tail of the leading bunch itself or the following bunches. However, in some cases it is
possible to exploit wake fields as a power source that can be used to accelerate another beam.
This concept is utilized in CLIC and is called two-beam acceleration.

This chapter starts by describing Power Extraction and Transfer Structures (PETS), in-
cluding a model for ohmic losses, how the high power is generated, how the beam is decelerated
and how the bunch phase affects the efficiency of the structures. In Section 3.2 the concept
and implications of bunch combination of a drive beam is discussed, which is necessary in
order to reach high power in the PETS. Finally, Section 3.3 gives a brief presentation of the
CLIC decelerators.

3.1 Power Extraction and Transfer Structures

At the heart of the two-beam scheme is the PETS [10, 11, 12], which is used to extract
electromagnetic energy from the drive beam. Differently than in earlier work, most of the
physics is explained in terms of the energy loss of single bunches, first derived in Section 2.2.4.
This is necessary later for the derivation in Section 3.1.5, which looks at how the bunch phase
affects the power production.

'If a pulse compressor is used together with the klystron, a higher peak power can be reached, but a large
part of the power is lost.

19
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3.1.1 Ohmic losses

Before deriving the main PETS formulae, we present a model for ohmic losses in the structures,
the effect of which was neglected in the previous chapter. We first look at the longitudinal
electric wake field produced by a bunch of finite size, without any ohmic losses. This will be
the convolution of the charge distribution g,A(z) with the longitudinal wake function Wél(z),
which is equal to the inner part of Equation (2.20),

Ep(2)ligeas = —abA(2) * W (2). (3.1)

A PETS is a constant impedance travelling wave structure, where the geometry parameters
are constant along the structure (except for special coupling cells near the entrance and
exit). For this type of structure the electric field will be attenuated along the way [13], and
Equation (3.1) is therefore extended as

Eb(z) - Eb(z)|ideal exXp (—OéQZ) ) (32)

where the attenuation parameter agq is given by [13]
Wr

:m,

Since the attenuation in PETS is usually in the range of a few percent [10], instead of
looking at a dynamic change along the structure we instead use the average ohmic attenuation.
The longitudinal electric field is then approximated as

g (3.3)

[eS) L
Fy(z) ~ 7/% A(E)Wo‘l(z—z)dé%s/o " exp (—an?) 3

1 —exp(—aqlLs) (3.4)

= Eb(z)'ideal OéQLS

= Eb(z)|ideal Uiy}
where we have defined the Ohmic loss parameter

— 1-exp(~anls)

no = (3.5)

aolLs

Consider now the energy loss per bunch. Because of energy conservation this energy is not
lost, but instead stored as a field in the structure. We can therefore write the stored energy
&b from one bunch as the negative of the energy loss in Equation (2.20), remembering to
include ohmic losses which give a reduction where energy is released as heat. Because of the
double integration in Equation (2.20), the ohmic losses enter twice. We still use the average
attenuation over the structure, and write

2

1 [Ls

—A& {/ exp (—aqgz) dz}
Ls Jo

&

. o e . [1 s 2 (3.6)
= q% /_oc )\(Z)./g )\(Z)Wo (2 — z)dzdz |:LS/0 exp (—anz) dZ:|

= 25k, 2 {\(2)} 1.
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Figure 3.1: Build-up of a field inside a PETS, where the output field is the constructive total
field from Ng = 6 bunches. f§; = 0.5 was assumed for the illustration.

3.1.2 Field build-up

A PETS is a travelling wave structure, so the wake field produced from a passing bunch
will travel after the bunch and out of the structure. The group velocity vy of the field is
slower than the bunch, however, and in the current design it is approximately half the speed
of light [10]. This means that the following bunch will eventually catch up with the field
from the bunch in front of it. We will in the following derive a simplified model for the field
build-up in PETS, that does not take into account structure bandwidth limitations.

Consider first a bunch that has passed through a PETS of length Lg and that has come
to the exit of the structure, as shown by particle number 6 in Figure 3.1. At the same time
the trailing field will have traveled a distance fzLs, where 3, = vg/c. Thus, the field is
contained in a fraction Lg(1 — fg) inside the structure. For our model we assume that the
field is constant in this part of structure and zero elsewhere.

Another, trailing bunch with index n will catch up with the field from the first bunch after
the catch-up time t.,. We can also define a catch-up distance for this bunch as dc, = ctcp-
Let the two bunches be separated by a distance nc/fi,, where n is an integer and n = 1 is
the minimum distance. During the catch-up time, the field from the first bunch will have
traveled a distance dc, — fgnc/ fr, so we can write ten = (den — Bgnc/ f)/vb. Substituting
for the catch-up distance, we have

oy = P
o fbl_ﬂg

When bunches catch up with the fields from bunches in front of them, the total field will
build up constructively as long as the bunches have the same phase. This is achieved by
letting the bunch frequency be an integer multiple & of the mode resonant frequency, so that
27 fuh = wy. For the current CLIC design, the first harmonic is used so that 27 fi, = w,. This
will be assumed throughout the remaining derivation, but the principles will be the same
for lower bunch frequencies (the main difference being a reduction of the produced field and

(3.7)

power).

The field inside the structure from the first bunch has the largest extent once the bunch
reaches the exit. The maximum build-up of the field will therefore result when the field from
the first bunch reaches the output end, and is caught by a trailing bunch there. The field then
travels a length Lg(1 — 3,). This defines the ramp time 7g, which is the maximum possible
catch-up time for constructive build-up,

TR = %(1 — Bg). (3.8)
3
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The output field produced by the PETS will build up in a step-wise manner, starting with
the first output field from the first bunch at time ¢ = 0, before a steady-state is reached at
t = tr. We can also calculate the number of bunches required for the ramp time Ng, by
multiplying by the bunch frequency,

Lsfb

Ng = /o] = (1 — Be) (3.9)
The fractional part of Ng cannot be used for power production7 since it represents extra time
where the next bunch does not catch up with the field. Hence the floor function is used.
However, for large Ng it will still be a good approximation to drop the floor function since
the fractional part will be a negligible part of the whole number.

Figure 3.1 illustrates the field inside a PETS, which gets stronger towards the end of the
structure. Only the fields that contribute to the total output field are shown. Since particle
6 catches up with the field from bunch 1, which is now only a thin disk at the output end,
we have Ny = 6.

3.1.3 Power generation

We now seek to derive an expression for the produced power in a PETS, and start from
the stored energy that was expressed in Equation (2.25). However, we want to express the
effective stored energy that is available for constructive build-up of power, and include two
additional factors. Firstly, the field only fills a fraction (1 — 34) of the structure length as
shown in Figure 3.1, and we therefore include a field compression factor [14] that expresses
the energy in the relevant part, 1/(1 — fy).

Also, the time in which a bunch is allowed to travel through the already existing field
matters for how much it can contribute to the field itself. For short catch-up distances the
bunch will give a significant contribution to the field, but when t., < 7r the bunch catches
up with the field at the exit of the structure and only gives a minor contribution. Therefore
we also introduce a factor (1 — tc, /™). For a single bunch n we write

A& ten 22kl Ls o 9 ( tw>
n\len) — — 1-— . =22 F 1-— - . 1
onten) =~ Pt (1) = ERRS P (02} (1 (310)

Equation (3.10) should be summed over all Ny bunches. For large Ny it is a valid approxi-
mation to instead use an integral,

ﬁ/&n ~2%k?ﬁﬁQuﬂ%/<179dt f<rm (3.10)
g

This stored energy travels out of the PETS with every bunch passing through. We therefore
find the produced power P by multiplying with the bunch frequency f,

2 Zk/L 2 t2

P(#) = Ex()fy = 2doFnLsti po oy gype (- ) 0<t<mR. (3.12)
1—- 3, 2TR

The power builds up during the ramp time, before a steady state is reached at t = 7R.

Substituting this time in Equation (3.12) and using Equation (3.8), we have

aik;, Ls fomr

P=
1—- 3

Qk;LZ 2
P (N o = BT 2 (3 )y, e (313)
g
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Finally, we can use an expression for the average beam current I = f,qp. Also using Equa-
tion (2.16), in terms of familiar structure parameters we can write

P= i(R’/Q)?L%IZFQ A=)} g, t> TR, (3.14)
g

3.1.4 Beam deceleration

For the beam deceleration, it is convenient to use the voltage inside the PETS. This is because
the maximum deceleration of certain particles in the bunch is equal to the peak voltage
experienced inside the structure. First of all, we can express the longitudinal electric field per
unit length from a single bunch as the stored energy from the bunch divided by the charge,
and divided by the structure length. Since only a single integral is needed for the field as
discussed in Section 3.1.1, we also divide by the form factor and the ohmic loss factor,

gb,n QQbk;

c _len
TwF D) nols © 1—p, MEme (1 o ) : (3.15)

Voltage is defined as a line integral over the electric field, and in our case the voltage from a

E{?,'n, (tC,n) =

single bunch is
Ls o
AVhlten) = = [ Bhalten) - dI = ~Bp o(ten) Ls. (3.16)
0

In the same way as in the previous Section, we assume that many bunches are needed for the
ramp time, and again approximate the contribution from all bunches as an integral,

V(t)~ fo /Ot AVp (D) df = MF{A(@}UQ /Ot (1 B {) "

1-5 TR
” k/Lgf B (3.17)
bR Lsfb
= —"""F{A t— — 0<t .
17ﬂg { (Z)}ﬁﬂ ( 2TR> ’ ST<TR
Steady-state is reached at ¢ = 7R, and by substitution we get
N kL
V= %F ()} o, t> 78 (3.18)
~ s

Again using Equation (2.16) and the relation for the average beam current I = fi,qp, the peak
voltage and deceleration during the steady-state can be expressed

V= RIQERIF N, 2w (3.19)
g

Another useful relation is expressing the maximum deceleration from the produced power in
the PETS, which can be measured. Comparing Equations (3.14) and (3.19), we get

) P(t)

V(t) t>0, (3.20)

CIF{M2)} e’ -
which is correct from a dimensionality argument involving power, voltage and current. Note
that this equation is also valid during the ramp time. Alternatively, we can write an expression
without the beam current,

Ls [(R'/Q)wr

X p, t>0. (3.21)

V(t) 2 Vg
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In the CLIC scheme, a constant beam current, bunch length and bunch phase are assumed,
and Equations (3.19) then gives a constant value. However, as discussed in the next chapters,
in the CTF3 these parameters are subject to change.

The maximum deceleration in Equations (3.19) and (3.21) is valid for infinitely thin
bunches with a perfect bunch phase, and for particles inside a normal bunch that arrive with
the correct phase. For longer bunches there will be a smeared out deceleration distribution,
and for a changing phase there will also be a reduced deceleration. We can therefore express
the average deceleration (V') as the maximum deceleration in Equation (3.19) multiplied with
the form factor [11],

V) = VF(AE)} = §(R/Q)Z LI (A=)} no, £ (3.22)
g

or expressed from the power in Equations (3.20-3.21),

(V (1)) Plt) _ Ls A(2)} L?“‘P, t>0. (3.23)

- Ing 2 v

3.1.5 Energy loss including bunch train phase errors

For the CTF3, the normal operation of the injector leads to a change of the bunch phase over
the pulse. It is therefore of interest to study how this affects the PETS power production
and the deceleration of the beam. The phase contribution can be incorporated in the form
factor, which was first defined in Equation (2.26), by letting the charge distribution A(z)
involve several bunches. For every new bunch in steady-state we therefore consider the last
Ng bunches, however the method still works during the ramp time by using fewer bunches.
The charge distribution is still normalized so that [0 A(z)dz = 1.

Let us first write the total relevant charge distribution as a sum over the charge distribution
of each individual bunch n, as A(z) = >, A\n(2) For having a phase reference, we define a

bunch center for each bunch as
Joo 2 (z) dz

== 3.24
G d 20
and the bunch phase ¢,, can then be defined
b = 25 (3.25)
c
where the resonant frequency is w, = 27 f}, in our case.
We can now rewrite the form factor in Equation (2.26) for the steady state
~ Nr _
F{\z)} = / An(2) exp {zwfn} exp [iiwr(zc zn)} dz
—o0 i
" (3.26)
= / Z An(2) eiPneifn(z=2n) q, ,
~®p=1
where in the last step we have defined an intra-bunch phase 6,,(z — z,,),
O (2 — 2) = E=20). (3.27)

c
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Next we introduce a change of variables 2’ = z — z,,, and rewrite Equation (3.26) as

o Nr . . ,
F{AZ} = ‘/ > A2+ zn) eifnein(=) 47! (3.28)
X n=1

Note that the variable 2’ is different for each bunch n, and the origin is located in the middle
of the bunch.

Consider equal charge distributions for each bunch, A\,(z’) = A\, (2’ + 2,,). The bunch
charge distribution, which was originally centered around z = z,, is effectively moved to
z = 0 with the new function and variable. The intra-bunch phase 6,,(2') is also independent
of the bunch number n, and is renamed 6},(z’). This allows us to write

o Nr . X ,
F{\)} = ‘/ () emet® ) dy | (3.29)
ST =1

In this version, the charge distribution and the intra-bunch phase are independent of the
bunch number, while the inter-bunch phase ¢,, is independent of the longitudinal coordinate
2. Tt is therefore possible to separate the sum and the integral,

Nr o
Z e'n / Ab(2) e (&) 4y
n=1 o0

Next, consider equal bunch charge distributions that strictly decrease when |2/| moves
away from zero,

FN)) = . (3.30)

d /

@)\(z') <0, z' >0, (3.31a)
d ! /
@)\(z ) >0, 2 < 0. (3.31b)

Also, if the bunch length is short compared to the bunch separation, the following relation

holds,
c/4fv 3¢/4fp
/ Ap(2)d2 > / Ap(2') d2/, (3.32)
0 c/4fy

Under these conditions, the integral will be real and positive, and can be moved out of the
modulus in Equation (3.30),

FIN)) = y L 0:0 A(2) 60 4 (3.33)

Nr
I
n=1

The sum and the integral can be normalized separately, by multiplying Equation (3.33) with
Ng /N,

Ng
1 A o0 o
F{X)} = Ne E en| x NR/ Ap(2) € G) a2 (3.34)
n=1 -0 .

= o({pn}) B {\(2)}.
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Here we have defined a functional that is a single-bunch form factor,
o) . ,
Fy {\(2)} = Ng / Ap(2) ) a2, (3.35)
J 00

as well as a function that we call the multi-bunch form factor,

Nr )
> eton) (3.36)
n=1

B({0.1) = -

Because of normalization both of these form factors have the same normalization as the
original in Equation (2.26),

0 S Fb {)\b(z')} S 1, (3.37&)
0<d({pn}) < 1. (3.37b)

For Gaussian bunches we can further simplify the single-bunch form factor. Consider a
normalized longitudinal Gaussian bunch distribution

Ap(2) = (3.38)

1 Zl2
—exp | —— |,
NgrV2mo, P 202
where o, is the bunch length standard deviation. By properties of the Fourier transform of a
Gaussian, the single-bunch form factor in Equation (3.35) evaluates to

By {w(2)} = Fh(02) = exp (_wga§> , (3.39)

2¢2

only dependent on the bunch length o,. This single-bunch form factor will in fact also follow
a bell curve as a function of the bunch length. It will evaluate to one for infinitely short
bunches, and longer bunches will give smaller single-bunch form factors and eventually less
produced power in the PETS. It is therefore important to use short bunches in the drive
beam.

Another important point is that the multi-bunch form factor in Equation (3.36) only
depends on the relative phase change over a time equal to the ramp time. It will evaluate to
one when the bunches have had the same phase over this time, regardless of their absolute
phase values. Any change of phase will lead to a smaller multi-bunch form factor and less
produced power.

3.2 Bunch combination

For achieving a high accelerating gradient for the main beam in CLIC, it is vital to reach
a high power in the PETS, since each PETS will feed two accelerating structures [10]. By
looking at Equation (3.14), we see that the power is affected by both beam and structure
parameters. As already discussed in the previous Section, the bunch length should be short
and the bunch phase should be constant in order to give a form factor close to one. For a
given structure design, the only remaining parameter is then the beam current, which must
be high since P o I?.
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Figure 3.2: Bunch combination in a combiner ring, where bunches are interleaved by a factor
of four (through four time steps). The dimensions are not to scale, and a small number of
bunches is shown for illustrational purposes. Also, only half of the CLIC combiner ring will
be filled, as opposed to this illustration.

The average beam current during the bunch train in CLIC is 101 A [10], which allows a
very high power of 135 MW to be produced per PETS. However, the initial beam current
from the injector is only 4.2 A, with a 0.5 GHz bunch structure. In order to produce the
higher beam current, bunch combination is performed with the help of three rings after the
injector. This can be seen in the upper part of Figure 1.1.

Firstly, the beam enters one delay loop that delays a 244 ns sub-train and interleaves it
with the next sub-train that has a shorter path. Because of the chosen length of the delay
loop, the total bunch train now has 244 ns sub-trains with twice the bunch frequency, and
244 ns holes in between. Next, the sub-trains are interleaved by a factor of three in the
first combiner ring, which creates 244 ns sub-trains with 6 times the initial bunch frequency.
Finally, there is a second combiner ring made for a factor of four bunch combination. In total,
the bunch frequency and the average beam current are multiplied by a factor of 24 after all
three rings. A simplified illustration of the combination process in the second combiner ring
is shown in Figure 3.2.

Ideally, all bunches should arrive with the same phase to maximize PETS power pro-
duction, as discussed in the previous Section. However, there may be a undesired change
of phase over the pulse, as is the case in the CTF3 injector. In this case, the combination
process will modify the incoming phase signal by shuffling (interleaving) the bunches, and
this is illustrated in Figure 3.3 for a factor of four combination. The bunch-to-bunch phase
change is much larger after combination, which can result in a smaller multi-bunch form fac-
tor. However, a measurement of the phase signal after combination may give a smeared-out
signal, so the signal appears to have less variation than the uncombined version. This is
because the sampling frequency of the measurement electronics is typically much lower than
the bunch frequency, and therefore only an average over many bunches is obtained. In order
to measure the phase of each bunch, the sampling frequency would need to be larger than
twice the bunch frequency, in order to satisfy the Nyquist-Shannon sampling theorem.

If the transverse bunch trajectory through a ring is not properly closed, so that the
trajectory is different for each revolution, there will be a transverse mismatch of the individual
beamlets. This is illustrated in Figure 3.4 for a factor of four combination. The beamlets
will then move differently through the rest of the lattice, instead of being united into a single
beam. This can be detected on a measurement screen inserted into the beamline. However,
this effect can sometimes still not be seen on a screen if the beamlets happen to be close
together at that point. A transverse mismatch is normally not detectable by a BPM, which
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Figure 3.3: The effect of combination on the bunch phase. Left: An unwanted linear change
of the phase over the pulse, for an uncombined beam. Right: Interleaving of bunch phases
after a factor of four combination. Note that the time scale to the right is a factor of four

shorter.

Y

Figure 3.4: Transverse mismatch during a factor of four combination process, where the four
beamlets are located at different positions in the (z,y) phase space.

only measures the average beam position. The error leads to a larger emittance of the whole
beam, and a higher probability of beam loss downstream. Since the beam occupies a large
part of the vacuum pipe at the end of the CLIC and CTF3 decelerators [10, 11], it is important
to ensure a good transverse bunch combination.

3.3 Decelerators

The energy used for acceleration in CLIC will be extracted in decelerators running in parallel
to the main beam, as shown in Figure 1.1. The decelerators are divided into 24 sectors, each
of which receives a portion of the drive beam and extracts 90 % of its beam energy. The
decelerator sectors are efficient power sources for the main beam due to the large energy
extraction, and also because of the fully loaded drive beam accelerators upstream (the drive
beam receives almost all the energy provided by its own accelerator). A selection of parameters
relevant for the CLIC decelerators is shown in Table 3.1.

The decelerator sectors are around 1 km long, with the longest sector being 1053 m. They
mainly consist of FODO lattices, which provide a good energy acceptance and tight focus-
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Table 3.1: Beam, lattice and PETS structure parameters for the CLIC decelerators. The first
four PETS parameters refer to the preferred synchronous mode used for power production.

Symbol | Beam and lattice parameters CLIC design
- Total length of lattice [m] <1053
&0 Initial energy [MeV] 2,370
Enin Minimum final energy [MeV] 240
Nextr Energy extraction, (&) — &min)/&0 [%] 90
o Bunch length, RMS [mm)] 1.0
F{\p(2')} | Single-bunch form factor 0.969
O({pn}) | Multi-bunch form factor 1.0
an Bunch charge [nC] 8.4
o Bunch frequency [GHz] 11.994
- Bunch train length [ns] 244
I Average beam current [A] 101
ENLy Initial normalized transverse emittances, RMS [um] 150
- Number of PETS [] 1492
- Vacuum chamber inner radius [mm)] 11.5
- Repetition rate [Hz] 50
Symbol | PETS parameters CLIC design
wy/2m Synch. mode frequency [GHz] 11.994
R'/Q Synch. mode impedance per meter [linac-2/m] 2,290
Vg Synch. mode group velocity, Sgc [c] 0.45
e Synch. mode ohmic loss factor [-] 0.996
Lg Structure length [m] 0.235
P Power production per structure [MW] 134
1% Max. deceleration per structure [MeV] 1.45
TR Ramp time [ns] 0.9
Ng Bunches required for field build-up [ 10
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ing. Between the quadrupoles there is space for PETS, each of which feeds two accelerating
structures in the main beam via waveguides.

The PETS have a preferred synchronous mode at 12 GHz, which is the same as the bunch
frequency and is the mode used for power production. Because of the high beam current of
101 A together with the short drive beam bunches, each structure can produce 135 MW of
rf power. This allows an accelerating gradient for the main beam of 100 MV /m. Because of
the rather short structure length of 23.5 cm, the ramp time is fairly short at 0.9 ns out of the
244 ns bunch train. In order to avoid higher-order modes (HOMSs) that can be detrimental to
the beam quality (e.g., dipole modes that can kick the beam), the structures will be equipped
with HOM dampers.

A prototype decelerator has been constructed at CERN in order to test the novel tech-
nology. This is called the Test Beam Line, and will be described in detail in Chapter 4.



Chapter 4

The decelerator Test Beam Line

At full energy, CLIC will be a 48 km long machine that uses novel technologies. Before building
such a machine it is essential that all technological aspects are understood and feasible. An
important asset for the CLIC project has been the CLIC Test Facility 3 (CTF3), which was
built at CERN as part of a large international collaboration. The CTF3 is essentially a drive
beam complex, that also includes a small main beam used for two-beam acceleration.

The Test Beam Line (TBL) is one of the core experiments of the facility, where an electron
beam is decelerated through a series of PETS. This beamline is the first prototype of a CLIC
decelerator, and at nominal parameters it will be able to decelerate the beam by 55 %.

This chapter first presents some information about the experimental setup in the CTF3
in Section 4.1. Then some information on the TBL is provided in Section 4.2, including how
the PETS measurements are performed.

4.1 The CLIC Test Facility 3

The CTF3 is the third generation of the CLIC Test Facility at CERN, that was built by the
efforts of a large international collaboration [10, 15]. The machine reuses many components
from older machines, including the Large Electron Positron (LEP) Pre-Injector, but some are
also specifically built for the CTF3. The machine was first commissioned in 2001 [16], with
an electron injector and two rings for bunch combination. Later, the facility was extended to
include the CLIC Experimental area (CLEX) that houses the two experiments for two-beam
acceleration technology, including the TBL [17, 18].

The main focus of the CTF3 is to study aspects related to the CLIC drive beam, and
therefore a low-energy beam of relatively high intensity is used. The beam is produced by
a thermionic gun. After that it is sent through a bunching system consisting of three sub-
harmonic bunchers, one S-band pre-buncher, one travelling-wave buncher and two travelling-
wave accelerating sections, which together create the necessary longitudinal profile of the
bunch train [15]. The bunching system can be set up for either 1.5 GHz or 3 GHz beams.
The former is used when the full bunch combination potential of the CTF3 is utilized, while
the latter is used when a lower beam current is sufficient. In either case, the combined
beam reaches a bunch frequency of 12 GHz (which is the same frequency as the preferred
synchronous PETS mode used for power production). A drawing of the whole facility is shown
in Figure 4.1.

The bunched beam is sent through a fully loaded linear accelerator with travelling-wave

31
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Figure 4.1: A sketch of the CTF3. The electron beam is produced by a thermionic gun,
accelerated in a linac, combined in one delay loop and one combiner ring and finally sent to
CLEX, which houses the TBL experiment.

10 m

structures (the beam receives all the energy of the accelerating field), and after that through
a bunch-compressing chicane. At nominal operation this should bring the beam up to an
energy of &y = 150 MeV, with a bunch length of o, = 1 mm and an average beam current of
around / = 3.5 A during the 1.2 um long bunch train.

Next, the beam enters a room containing one delay loop and one combiner ring. The delay
loop can combine bunches with a factor of two, and the combiner ring can combine bunches
with a factor of four. When both rings are used, the beam therefore reaches a beam current
of 28 A during a 244 ns long bunch train.

For the fully combined beam, there are usually some beam losses along the transfer line
leading from the rings to the experimental area (CLEX). This is believed to originate from
a non-perfect bunch combination, which was discussed in Section 3.2. The beam that enters
the experimental area is therefore in the range of 20-24 A. Because of this, and because of
the somewhat less stable beam of the full recombination scheme, for some experiments it is
desirable to use a lower combination factor. The CTF3 can then be set up for a factor of
four combination, using the combiner ring only and bypassing the delay loop, which provides
a beam current of 14 A to CLEX. Alternatively, the combiner ring can also be bypassed so
that an uncombined beam with a bunch frequency of either 1.5 or 3 GHz is sent to CLEX.

The experimental area consists of two main experiments, namely the Test Beam Line that
will be elaborated on in the next section, and the Two-Beam Test Stand. For the latter, an
additional probe beam is created and runs along the drive beam. The drive beam enters a
single PETS, which extracts a portion of its energy. This is transferred via waveguides to
two accelerating structures in the probe beam. The energy of the probe beam is measured
before and after the two-beam setup, and an accelerating gradient of up to 150 MV /m has
been measured [19], which is 50 % higher than the requirements for CLIC.

4.1.1 Particularities of the injector

The CTF3 has 10 klystrons installed that are used for the bunching system and the linac,
which is two less than in the design [15]. The klystron output power is around 30 MW over
a 6 ps pulse [20]. In order to reach a higher output power over a shorter time period, CTF3
uses pulse compressors. The pulse compressors store the rf power from the klystrons and
release it shortly before the end of the pulse time, by flipping the phase 180 degrees. This
produces about twice the amount of power towards the end of the pulse, however not at a
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Figure 4.2: Measured output power from a klystron with pulse compressor, where the flat-top
of around 1.5 us is achieved by using a phase modulator.

constant amplitude by default.

In order to produce a flat-top during the end of the pulse, a phase modulator is also needed
as input to each klystron. This produces a smooth phase transition from 0 to 180 degrees,
and by that allows it allows a flat-top during the last part of the pulse. A measured output
pulse from one klystron is shown in Figure 4.2. The pulse of the uncombined beam is 1.2 us
long, as is synchronized to fit inside the flat-top of the klystron pulse.

A drawback to using this scheme to increase the available power amplitude, is that the
phase changes along the flat-top. An example phase measurement is shown in Figure 4.3.
Here we see a phase sag with a change of around 10°. This phase sag can also be seen in the
bunch phase of the uncombined beam, in phase measurements downstream. This effectively
reduces the multi-bunch form factor given by Equation (3.36), and consequently the power
production in the PETS.

Pulse compression is used in the CTF3, and introduces a phase variation over the bunch
train. In the CLIC drive beam, klystrons will also be used for acceleration of the drive beam.
The same scheme will not be used, however, mainly because of the loss in efficiency when using
pulse compressors. Also, the tolerance for the klystron phase stability’ is 0.05° [10] (any phase
jitter leads to the wrong acceleration energy for the bunches and consequently to a luminosity
loss). The significant phase change along the bunch train is therefore a particularity of the
CTF3 machine.

4.2 TBL Experimental setup

The TBL is the first, and so far the only, prototype of a CLIC decelerator. The main goal of
the experiment is to study the evolution of a drive beam undergoing strong deceleration in
PETS, and the production of 12 GHz rf power. At nominal conditions, the most decelerated

!The change over the pulse can in principle be corrected using a phase program, and the main issue will
then be the pulse-to-pulse stability.
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Figure 4.3: Phase measurement of a klystron output pulse, which is the result of using a
phase modulator to achieve a flat pulse like that shown in Figure 4.2.

particles will lose around half of their initial energy of 150 MeV, which is converted into
12 GHz rf power. A photo of the current installation is shown in Figure 4.4.

Looking at Table 3.1 for the CLIC decelerators, we see that both the initial and the final
energy of CLIC (2.4 GeV and 240 MeV, respectively) are higher than the starting energy of
the TBL, for the same aperture. In some ways the TBL can therefore be considered more
challenging than the CLIC declerators, since the beams will occupy a larger portion of the
vacuum pipe due to adiabatic undamping. At nominal conditions, the beam at the end of
the TBL will occupy 2/3 of the available aperture, counting three standard deviations of a
transverse Gaussian distribution [11].

Just like the CLIC decelerators, the TBL also mainly consists of a FODO lattice, with
PETS placed between the quadrupole magnets. An illustration of the current lattice is shown
in Figure 4.5. At the very start of the beam line, a dipole magnet can send the beam into
a spectrometer for measuring the beam energy, or send it to the other main experiment in
CLEX, namely the Two-Beam Test Stand. In normal operation the beam travels through
the FODO lattice with a 90° betatron phase advance per cell. However, since the beam is
decelerated and develops a large energy spread, this phase advance is applied to the most
decelerated particles, as proposed in [21]. The higher-energy particles are then contained in
the envelope of the low-energy particles. In practice this involves a linear tapering of the
quadrupole strengths to the beam energy along the line.

Each quadrupole is mounted on moving tables developed by CIEMAT Madrid [22], that
can move the quadrupoles horizontally and vertically with a precision of 5 wm. This allows for
a manual correction of the beam trajectory along the line, or the use of more advanced beam-
based alignment schemes [23]. The TBL also includes three conventional corrector magnets
for steering.

The main part of the beamline contains beam position monitors (BPMs) developed by
IFIC Valencia and UPC Madrid [24, 25, 26]. They are inductive pick-up wall current monitors,
that are a scaled and revised version of the BPMs in the CTF3 linac. The BPMs are also used
for intensity diagnostics, and the main error contribution to the beam current measurements
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Figure 4.4: A photo of the Test Beam Line, from the FODO lattice with PETS structures.
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Figure 4.5: The current TBL lattice with 13 PETS installed (not to scale). The electron
drive beam enters from the left. Quadrupole magnets are shown as lenses, dipole magnets as
rectangles, corrector devices as triangles, BPMs as circles, screens as pentagons, and PETS
as corrugated structures.
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is the resolution of the ADCs, that is relatively worse at lower beam currents.

Throughout the CTF3 are also some button BPMs with resonant pick-up, and these
are called BPRs. In addition to measuring beam position and beam current, these are also
equipped with a WR-28 waveguide connected to the beam pipe, which picks up high-frequency
content from the bunch train and can be used to measure the bunch length [27]. As a fourth
measurement, the signals from the BPR electrodes are mixed with a 3 GHz reference signal
with a phase shifter [28]. The mixed signal provides a measurement that is related to the bunch
phase. Because of the multi-bunch form factor described in Section 3.1.5, phase measurements
are important in order to understand the PETS power production.

The spectrometer at the end of the TBL is a specially designed segmented dump that
contains 32 equally spaced tungsten segments [29, 30, 31]. This allows for time-resolved,
single-shot spectrometry with a resolution of 1 %. The final energy measurement is compared
to the incoming energy measured with the spectrometer at the start of the beam line. This is of
a more simple type and is equipped with a single slit, which allows time-resolved spectrometry
with a scan.

The transverse beam distribution is monitored with the aid of optical transition radiation
(OTR) screens [31, 32]. These are imaged by charge-coupled device (CCD) cameras, and
are inserted into the beamline when needed. One screen is located before the dipole magnet
at the entry to the beamline, while another is located before the dipole magnet at the end
of the beamline. These two screens are used for emittance measurements as described in
Section 2.3.2, by changing the strength of the quadrupole doublet located before the screen
that is used. In addition, one screen is placed between each dipole and spectrometer, primarily
for beam steering into the spectrometer. Finally, the bunch length can be monitored by a
streak camera imaging the OTR screen at the start of the beamline.

A collection of beam, lattice and PETS parameters are given in Table 4.1. Some of
the nominal parameters have not yet been reached in the CTF3, therefore we specify both
nominal and currently achieved numbers. The beam current is lower than nominal because of
losses in the upstream transfer line, which can possibly be attributed to errors in the bunch
combination process. This affects the PETS power production and deceleration as explained
in Section 3.1. When the full factor of 8 combination is used in the CTF3, the horizontal
emittance in the TBL is higher than nominal, possibly due to spurious dispersion and a
horizontal mismatch during the bunch combination. As mentioned earlier, the incoming
energy is lower than nominal. Table 4.1 should be compared to Table 3.1, which shows
parameters for the future CLIC decelerators.

The TBL uses a dedicated graphical user interface for operation and PETS measure-
ments [33]. During the work of this thesis, the program was extended with an operation
mode for deceleration measurements, which can be seen in Figure 4.6. This program shows
the measured and the estimated power production and deceleration in each PETS. Also, the
total power and deceleration according to formulae from Section 3.1 is displayed. The totals
can be compared for different estimated average form factors F {\(z)}, until an agreement is
found. This tool has proved useful during beam optimization in CTF3, where machine con-
trols are varied to maximize the form factor, and consequently the achievable PETS power
and deceleration in the TBL. The program also features an automatic matching of the beam-
line through an interface to the MAD-X code [34, 33], which calculates optimal optics based
on the results of quadrupole scans.
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Table 4.1: Beam, lattice and PETS structure parameters. Nominal parameters are given for
both the TBL and one CLIC decelerator, in addition to currently achieved numbers for the

TBL.
Symbol | Beam and lattice parameters Current TBL | Nominal TBL
- Total length of lattice [m] 40 40
&0 Initial energy [MeV] 120-125 150
Smin Minimum final energy [MeV] 75-118 67
Nextr Energy extraction, (&) — &min)/&0 [%] 6-37 55
o Bunch length, rms [mm] 1.0-2.5 1.0
F{X\(z")} | Single-bunch form factor 0.75-0.98 0.969
D({¢n}) | Multi-bunch form factor 0.85-0.98 1.0
b Bunch charge [nC] 2.3 2.3
o Bunch frequency [GHz] 1.499-11.994 11.994
- Bunch train length [ns] 140-1120 140
1 Beam current [A] 3.5-22 28
EN,., Norm. trans. emittances, rms [pm] 150-500 150
- Number of PETS [] 13 16
- Vacuum chamber inner radius [mm)] 11.5 11.5
- Repetition rate [Hz| 0.83-1.67 0.83-5.0
Symbol | PETS parameters Current TBL | Nominal TBL
we/2m | Synch. mode frequency* [GHz] 11.994 11.994
R'/Q Impedance/meter* [linac-§2/m] 2,222 2,222
Vg Group velocity*, Bgc [c] 0.46 0.46
nQ Ohmic loss factor* [-] 0.985 0.985
Lg Structure length [m] 0.8 0.8
P Power production per structure [MW] 2-70 135
1% Max. deceleration per structure [MeV] 0.6-3.3 5.2
R Ramp time [ns] 3.1 3.1
Ng, Bunches required for field build-up [-] 37 37
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Figure 4.6: The TBL graphical user interface, with the operation mode for power and de-
celeration in PETS. The measured and estimated power and deceleration in each PETS is
shown, together with a total for the whole beamline. The estimation on the left depends on
the input form factor, which provides a method for an online estimation of the form factor.
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Figure 4.7: A PETS vacuum tank installed in the Test Beam Line. In front one can see a
PETS arm, where the produced power is measured in dissipated in an rf load.

4.2.1 PETS and power measurements

The TBL was designed as a prototype decelerator with 16 PETS, and currently 13 are built
and installed. Four of the structures were constructed by CIEMAT, Madrid [35, 36], and
the remaining 9 were constructed at CERN. The design of the structures is fairly similar to
the CLIC PETS, as can be seen by comparing Tables 3.1 and 4.1. This includes the power
production mode frequency, R'/Q and group velocity.

One major difference, however, is the length of the PETS. Because the drive beam current
in the CTF3 is about a factor of 4 lower than that in CLIC, the PETS length is about a factor
4 longer for compensation. The TBL PETS can therefore produce roughly the same amount
of rf power, and needs a longer ramp time to reach steady-state.

The PETS are made of copper, and all except one are equipped with higher-order mode
(HOM) dampers made of silicon carbide. These are installed to damp transverse modes,
which can be detrimental to the beam quality. The full structures are placed inside vacuum
tanks and are water-cooled to avoid thermal deformations. A photo of one of the tanks is
shown in Figure 4.7.

The power produced in the PETS is coupled out in two output couplers on the sides,
called PETS arms. Since the raw power is much too high to be measured with normal
electronics, most of it is dissipated in water-cooled loads. Some of the forward power travels
via a directional coupler to measurement electronics. One of the PETS arms including the
directional coupler can be seen in the front in Figure 4.7.

An illustration of the measurement setup for one PETS is shown in Figure 4.8. The
majority of the output power on both sides of the PETS is dissipated in rf loads. An rf choke
at the PETS exit prevents the power from travelling into the vacuum pipe. Some of the
produced power is coupled out in a directional coupler with an attenuation of approximately
—50 dB. It then travels through a long cable from CLEX to the klystron gallery in the floor
above for measurements, since this area has significantly less radiation. The attenuation in
these cables is on the order of —20 dB, and there is also a fixed attenuator of —20 dB placed
before the measurement electronics. The power produced in the PETS is therefore attenuated
by around —90 dB in total, and is in an acceptable range of tens of mW when entering the
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Figure 4.8: The PETS signal chain. The power produced in a PETS is coupled out in a
directional coupler, attenuated by around 90 dB and measured.

electronics.

In some cases, some of the produced PETS power may be reflected by the load, and will
also be coupled out through the directional coupler. The reflected power can be measured in
the same way as the forward power. However, due to a limited amount of ADC channels, only
the forward power is measured for the time being. For the same reason, only the power from
one arm is measured for each PETS. The reflected power has previously been measured, and
has been negligible under normal circumstances. The difference in power on each side of the
PETS has previously also been measured, and a small asymmetry was found that depended
on the horizontal beam position inside the structure [33].

An issue with the measurement setup in Figure 4.8 is that the calibration must be done
piecewise — that is, for the attenuation the long cable is measured separately from the direc-
tional coupler, and so on. When the equipment is reconnected, there can be an attenuation
difference of the order of 0.2 dB in each location, which leads to an uncertainty in the total
absolute attenuation. We estimate a total attenuation error of up to 0.8 dB, which corre-
sponds to 20 % in the measured power amplitude. In the data analysis this must be taken into
consideration. However, the attenuation is the same for the whole signal, so one can correct
for the error by fitting the shape of the power signals to other, more accurate, measurements.

The forward power amplitude from each PETS is currently measured with Schottky diodes,
and digitized for use with the CTF3 control system. The diodes do not provide information
about the rf phase, however, and therefore the first PETS is also measured with IQ (in-
phase/quadrature) demodulators, which mixes the PETS signal with a 12 GHz reference
signal. The produced rf phase signal is related to the bunch phase, and is important in order
to understand the power production as described in Section 3.1.5.

4.2.2 A brief experimental history of the TBL

The TBL was constructed around 2008, with a single PETS installed from the start [17].
The beamline was commissioned with one PETS until the end of 2010 [37, 38]. Some PETS
measurements were performed, including the study of the rf power output in the two PETS
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arms as a function of the beam position inside the structure [33].

The following year, a total of 4 PETS was installed. This allowed the first measurements
of a significant beam deceleration, and up to 55 MW of rf power was produced per structure.
In 2012 the number of PETS was increased to nine, and up to 26 % beam deceleration was
reported [39]. During this run, a beam-based steering campagin was also carried out, that
provided a significant improvement of the beam trajectory in both planes.

In 2013, the total number of PETS was increased to 12. During this run, there were some
problems with the bunch combination with a factor of 8 in the CTF3, mainly due to repairs
of the power sources for the CTF3 injector. Therefore a factor of 4 bunch combination was
used most of the time [40, 41, 42]. Still, this allowed a maximum beam deceleration of 27 %,
together with a factor of 8 record during unstable conditions with 36 % deceleration.

Currently, 13 PETS are installed in the TBL. The factor of 8 bunch combination is again
more reliable, which has allowed for a stable deceleration measurement of 37 %, described in
Chapter 5. Around 70 MW of rf power is produced in each structure, which amounts to more
than 900 MW in total for the whole beamline.

In addition to beamtime provided for the experiments, a major effort has been done the
last years in the CTF3 to improve the beam quality, machine alignment, klystron stability,
water cooling temperature stabilization and more [19, 41, 43]. Still, the beam reaching the
TBL is not yet of nominal parameters. In particular, if a higher beam current could be
transported to and through the TBL, a deceleration of around 45 % would be achievable with
the current number of PETS.
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Chapter 5

Experimental deceleration studies
and simulations

This chapter presents experimental results from the Test Beam Line, on a beam undergoing
significant deceleration. Many results have already been published, and can be found in
Appendix A. In particular we point to the article in Appendix A.1 [42], and some key results
of this article will also be summarized at the end of this chapter. Most of the previous work
has used data with a factor of 4 bunch combination in the CTF3, because of more stable
conditions than for the fully combined beam. In this chapter, however, we present some
newer deceleration measurements with a beam combined with a factor of 8. The analyzed
data set contains 88 consecutive pulses (bunch trains), where the beam entering the TBL had
an initial energy of 119 MeV.

5.1 Form factor estimations

The charge distribution form factor plays an important role in the PETS power production
and in the beam deceleration, as shown by Equations (3.12-3.14) and (3.17-3.22). In order
to reach consistency between the measurements in BPMs, PETS and in the spectrometers,
it is therefore important to estimate the form factor along the bunch train. The form factor
cannot be measured directly, but can be estimated from bunch length and bunch phase
measurements.

A measurement of the bunch lengths using the streak camera in the TBL is performed
by instrumentation experts, and needs to be planned in advance. Unfortunately these mea-
surements do not always coincide with the good runs of the TBL experiment. Therefore the
analyzed dataset does not have a streak camera measurement, as is the case for the dataset
presented in the article in Appendix A.1. However, as will be seen later, the phase variation
along the bunch train can explain most of the contribution to the form factor.

A measurement of the bunch phase of an uncombined beam is shown in Figure 5.1, and
has a similar shape as that shown in Figure 4.3. The measurement was taken during the same
run as the analyzed dataset, at a location in the CTF3 machine before bunch combination
took place. The measurement was performed using a BPR, and Figure 5.1 shows the signal
that was used in the analysis, where large phase jumps close to the pulse edges were omitted.

Initially the BPR signal had some noise, so a finite impulse response smoothening filter

43
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Figure 5.1: Bunch phase of the uncombined beam, measured before the delay loop in CTF3.
The signal was interpolated to the corresponding number of bunches in the same time interval.
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Figure 5.2: Calculated bunch phase of a factor of 8 combined beam, based on the measurement
in Figure 5.1. The left plot shows the whole signal with exactly 1400 bunches, while the right
plot shows the first 81 bunches.

with 5 coefficients was applied. The signal was then interpolated to the number of bunches
corresponding to the time duration. Note that the the analysis in Appendix A.1 uses the rf
phase measured in a PETS instead of a BPR signal. In that case the machine was changed
to send an uncombined beam to the TBL.

As explained in Section 3.2, the phase of the uncombined beam should be used in the
analysis, instead of the measured phase of the combined beam. This is because the high
frequency content of the phase signal of the combined beam will be lost due to the Nyquist-
Shannon sampling theorem. The phase of the uncombined beam can instead be interleaved
to simulate the bunch combination process. This combined phase is shown in Figure 5.2,
and features large phase jumps due to the combination process. Even though the number of
bunches are the same as in Figure 5.1, the bunches are here concentrated in 1/8 of the time.

A multi-bunch form factor ®({¢,}) can be constructed by using Equation (3.36). Since
each sample of the phase signal corresponds to one bunch due to the signal interpolation,
NgR = 37 phase samples are used for each sample of the constructed multi-bunch form factor.
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Figure 5.3: Calculated multi-bunch form factor ®({¢,}) along the pulse, based on the phase
signal in Figure 5.2 with Equation (3.36).

The result is shown in Figure 5.3, which like Figure 5.2 features some smaller sample-to-
sample jumps. For an ideal machine ®({¢,}) equals 1 everywhere, but in our measurements
the PETS field is reduced by up to 3.3 % due to the phase variation.

5.2 Correlation between beam current and PETS power

The power produced in the PETS can be predicted based on the beam current measured in
the BPMs, by using the formulae in Section 3.1.3. Since the transient of the pulse is very
short and difficult to measure in practice, we concentrate on the steady-state part of the bunch
train and use Equation (3.14). We continue to use the dataset with 88 pulses combined with
a factor of 8.

The measured beam current in all 13 BPMs placed immediately before the 13 PETS
is shown to the left in Figure 5.4. The first BPM in the line is plotted in black, and the
curves are gradually more red and orange for each BPM down the beamline. The curves
show averages over all 88 pulses. The average beam current in the first of these BPMs was
22.9 A, and the average at the location of the 13" BPM was 19.2 A, implying an 84 %
transmission. The beam loss can most likely be attributed to a transverse mismatch during
the bunch combination, as explained in Section 3.2. The signals feature a small, non-zero
amplitude starting around —50 ns. This is due to satellite bunches that are outside the main
bunch train.

The right part of Figure 5.4 shows the corresponding rf pulses measured in the PETS,
again as averages over the data set. Here, we also see a gradual decrease of power along
the beamline, which can mostly be attributed to beam loss. The variation in power is more
significant than the variation in current, since P oc I2. For the power there is also a larger
uncertainty in the calibration, as explained in Section 4.2.1. This leads to a less accurate
measurement of the absolute power amplitude in each PETS.

There is a variation in the shape of both the current and power signals, in addition to
beam loss. The prediction of the produced rf power was therefore performed with averages
over all the BPM pulses and all the PETS pulses, and the results are shown in Figure 5.5. The
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Figure 5.4: Left: Beam current measured in BPMs close to the 13 PETS. The first BPM is
shown in black and the last is shown in bright orange. As can be seen, there were some losses
along the beamline. Right: Corresponding power measurements for the 13 PETS. All curves
display averages over the 88 pulses in the data set.

average PETS pulses are shown with blue dots, and the predicted power based on the BPM
measurements together with Equation (3.14) is shown as a red stapled line. In the prediction
of the power, the single-bunch form factor was used as an empirically derived scaling factor,
with F,(A(z")) = 0.82. Note that because of the uncertainty of the PETS calibration, this
number should be seen as a guideline rather than an accurate estimation. As can be seen
from Figure 5.5, the two curves discussed this far are somewhat different, and more careful
analysis is therefore needed.

The electronics used for the BPM signals have less bandwidth than the PETS signals, and
therefore the rising times and falling times are different for the two. The power measurement
in blue was treated with a low-pass finite impulse response filter, to match the bandwidth
of the BPM electronics. The resulting signal is shown in green in Figure 5.5, and the pulse
edges match the BPM pulse more closely.

There is still a discrepancy during the steady-state of the pulse, and we therefore apply
the multi-bunch form factor ®({¢,}) from Figure 5.3 to the power prediction. The result is
shown as a black line with dots in Figure 5.5. The treated beam current signal is closer to
the filtered power in green, as expected. The remaining deviation can be due to a variation
of the bunch length, and measurement noise (strongest in the rf signals).

5.3 Deceleration results

The beam in the analyzed data set had an initial energy of 119 MeV. This energy is an
estimation based on upstream spectrometer measurements performed earlier, as well as the
field strength of upstream dipole magnets. The energy spread at the start of the TBL was
unfortunately not recorded for this run, and is instead estimated in the proceeding analysis.

The full energy spectrum of the decelerated beam (at the end of the beamline) is shown
in Figure 5.6. This plot is again an average over the dataset. The contour lines indicate
10 % increments of the signal, compared to its maximum value. As seen from the figure, the
spectrum features a very large energy spread, estimated to 21 % FWHM. This is partly due
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Figure 5.5: Predicted power in PETS based on the measured beam current in BPMs. The
measured power is shown in blue, and the power treated with a low-pass filter is shown in
green. The predicted power without application of the multi-bunch form factor is shown in
red, and the prediction including ®({¢,}) is in black. All curves are averages between the 13
corresponding signals, averaged over the dataset.

to the deceleration process, but likely also because of a large incoming energy spread into the
beamline.

The average measured energy is indicated by crosses in Figure 5.6, and is calculated to
around 85 MeV during most of the pulse. For the maximum deceleration we define a threshold
of 10 % of the maximum signal. At 125 ns we find the lowest energy, which is 74.9 MeV. This
corresponds to a maximum deceleration of 37 %.

5.3.1 Comparison between measurements and simulations

The measured final energy spectrum including the energy spread can be compared to sim-
ulations. We use the PLACET [44] tracking code, which simulates both single-bunch and
multi-bunch wakefields and therefore provides a good model of the beam energy spread.

Figure 5.7 again shows the energy profile from Figure 5.6, as black dots. The dots show
averages over the time period of the pulse that is fairly constant, and the error bars show
the statistical uncertainty during this time period. A simulation performed with PLACET is
shown as a histogram in Figure 5.7. Since the incoming energy spread was unknown for the
dataset, it had to be estimated. The measured energy profile from 86 to 100 MeV was higher
than all simulations performed with reasonable numbers for the energy spread. A reasonable
agreement was found for an incoming energy spread of %% = 6 %, which is shown in the
figure. However, this is higher than common measurements at the entrance to the beamline,
which normally lie in the range from 1 % to 3 %.

Another unknown parameter for the dataset was the bunch length, which affects the decel-
eration through the single-bunch form factor in accordance with Equations (3.35) and (3.39).
In the simulations, a value of F}, {\(2")} = 0.82 gave the closest result, corresponding to bunch
lengths of o, = 2.5 mm.

One possible reason for the discrepancy in Figure 5.7 is non-Gaussianity in the incoming
energy profile. This was seen in the measurements reported in the article in Appendix A.1,
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Figure 5.6: Spectrometer measurement from the segmented dump spectrometer at the end of
the TBL, averaged over the data set. The maximum deceleration is indicated by a star, and
the average deceleration over the pulse is shown with crosses.
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Figure 5.7: A comparison of the measured energy profile from Figure 5.6 (black dots) with
a simulation performed with the PLACET tracking code (histogram). A bunch length of
0, = 2.5 mm and an incoming energy spread of 6 % was assumed in the simulation, while the
remaining simulation parameters correspond to those measured in the TBL.
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Figure 5.8: Average measured energy (blue circles), together with predicted deceleration based
on the beam current (red crosses) and the PETS rf power (green squares). The calculated
multi-bunch form factor shown in Figure 5.3 was applied along the pulse, while the single-
bunch form factor and the rf calibration uncertainty were chosen as empirically derived scaling
factors. A prediction based on the beam current, but without the inclusion of the multi-bunch
form factor, is shown with a black stapled line.

where the non-perfect energy profile propagated down to the final spectrometer measurement.

5.3.2 Experimental predictions

We now correlate the measured energy with predictions based on measurements in BPMs and
PETS. For this we use average energy measurement, indicated by crosses in Figure 5.6, as a
reference. This is shown with blue squares in Figure 5.8. The energy outside the pulse edges
was measured to around 95 MeV, as seen in the figure. This is an artifact of the measurement,
and will not be considered in the analysis.

Firstly, we correlate the measurement of the beam current to the energy measurement.
This is because the main contribution to the deviation between the two should be the form
factor, in addition to measurement noise and small calibration errors. The rf power measure-
ments from the PETS has a large calibration error in the power amplitude, as explained in
Section 4.2.1. It therefore has a larger uncertainty, and we need an additional parameter in
the analysis.

The predicted deceleration from the beam current during steady-state can be found with
Equation (3.22) and the BPM signals. The predicted deceleration in each PETS was cal-
culated from the BPM immediately in front of it, and the signals were added together to
find the total deceleration. In this analysis, the calculated multi-bunch form factor shown in
Figure 5.3 was decimated to the BPM sampling frequency, squared and multiplied with each
BPM signal. Since bunch length measurements were not available together with this dataset,
the single-bunch form factor was estimated as an empirically derived scaling factor. A value
of Fy,{\(2)} = 0.85 gave a result close to the spectrometer measurement, corresponding
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to Gaussian bunch lengths of 0, = 2.3 mm. This prediction is shown with red crosses in
Figure 5.8.

For reference we have also plotted the prediction based on the beam current without
inclusion of the multi-bunch form factor. This is shown as a black stapled line, and we see
the importance of calculating the multi-bunch form factor for the CTF3 machine.

Next, we predict the beam deceleration from the power measured in all PETS, by using
Equation (3.23). For consistency, we use the same values for Fy, {\(z')} and ®({¢,}) as
calculated for the BPM signals. Because of the uncertainty of the power amplitudes because of
the calibration, a global scaling parameter of the power amplitudes was applied. A reduction
of the raw rf signals by 5 % gave the best result, which is shown with green squares in
Figure 5.8.

Both predictions of the beam deceleration are quite consistent with the energy measure-
ment, and the deviations can possibly be explained by a change in the bunch lengths over
the pulse, and by measurement noise. The estimated single-bunch form factor is slightly
different here than for the previous Section. One reason for this can be a slightly wrong
calibration of the BPM amplitudes. Also, the PLACET simulation in Section 5.3.1 does not
include beam losses, and consequently a reduced deceleration is compensated by a lower form
factor. Finally, the procedure is somewhat different, since in this Section we focus on the
average deceleration, while in Section 5.3.1 we look at the entire energy spectrum.

5.4 Other measurements

The article in Appendix A.1 mostly presents experimental data from a beam combined with
a factor of four, and some of the analysis is similar to that presented so far in this chapter.
However, the article also includes some other measurements that will be summarized here.

In CTF3 it is possible to use a lower combination scheme than a factor of four in the
combiner ring. This can be done by removing a part of the bunch train, so that only 2 or 3
out of 4 bunches get combined. Also, the combiner ring can be bypassed, so that a long bunch
train of either 1.5 or 3 GHz is sent directly to the TBL. This in effect corresponds to a "factor
of 17 combination. For the factors 1, 2 and 3, not all buckets of the preferred synchronous
mode in the PETS will be filled, which leads to a reduction of the produced power.

By using different combination schemes, one can study how the amount of beam current
affects the deceleration. In accordance with Equation 3.22, we expect a linear relation between
beam current and deceleration. The TBL was set up for combination factors of 1, 2, 3 and
4 using the combiner ring, and for each setting the final energy was measured. 60 pulses
were used at each point, and the resulting distributions are shown in Figure 5.9. The linear
correlation coefficient amounts to —0.986, indicating a strong negative correlation.

A linear fit to the data points is also shown in Figure 5.9. This can be extrapolated to zero
beam current, to obtain an estimation of the beam energy without deceleration. However,
because of the extrapolation the intercept has a large error bar. For our measurements, the
initial energy was measured to Ey = 123.5 MeV, which is well within the 95 % confidence
interval of the fit.

Drive beams experience heavy deceleration and develop a large energy spread. For CLIC
it is important to know that such a beam can be transported through the 1 km decelerators.
One key aspect is the evolution of the transverse emittance during deceleration. Ideally,
the only increase in transverse emittance is due to adiabatic undamping. The TBL is a
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Figure 5.9: Measured final energy in the TBL as a function of the beam current. There is a
strong negative correlation between the two, as expected.

decelerator prototype, and an experiment was carried out to study the emittance evolution
from the beginning of the beamline to the end.

As described in Section 2.3.2, in TBL the transverse emittance and the Twiss parameters
are measured using quadrupole scans. These are performed both at the beginning and at the
end of the beamline, and are used to estimate the mentioned parameters. An example of a
quadrupole scan at the end of the TBL is shown in Figure 5.10, together with a fit to the
data. The data points are averages between four consecutive scans, and the measurement
was taken for the horizontal emittance.

For comparing the data points in Figure 5.10 to measurements at the beginning of the
TBL, three quadrupole scans were first carried out there. The measurements were averaged
to find estimates for the Twiss parameters and the emittance. Then, these parameters were
used as input to the PLACET tracking code, and particles were tracked through the beamline.
A quadrupole scan was simulated in PLACET, by varying the strength of a quadrupole and
recording the rms of the horizontal beam distribution at the location of the downstream screen.
The simulated quad scan at the end of the line is shown with green squares in Figure 5.10.

Since the three measurements at the beginning of the TBL were slightly different, and
because of the error bars of the measurements themselves, the incoming parameters had some
uncertainty. Therefore, a scan of simulations were performed with PLACET, that took this
spread into account. At the location of the quadrupole scan at the end of the line, this also
resulted in a spread of simulated beam sizes. The spread is shown in Figure 5.10 by a light
green band. When comparing measurements and simulations of the emittance evolution,
there is an excellent agreement, meaning that the change in geometrical emittance can be
attributed to adiabatic undamping alone.

For drive beams such as that in the TBL, quadrupole scans can be strongly affected
by chromaticity [9], where particles of different energies experience different focusing. With
nominal conditions in the TBL this contributes a 20 % error to the measured emittance [31].
However, for this measurement with less deceleration and a smaller energy spread, the error
was estimated to 1.7 %.
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Figure 5.10: Quadrupole scan performed at the end of the TBL (black dots) for the horizontal
emittance, with an experimental fit to the data (black stapled line). The quadrupole scan
was also simulated with PLACET, using incoming parameters measured at the beginning of
the beamline. The simulation is shown with green squares, and its uncertainty is shown with
a light green band.



Chapter 6

CLIC Drive beam space charge

This chapter discusses longitudinal space charge in the CLIC decelerators. In particular,
we describe a simulation program that was developed from scratch during the thesis work.
This code was written in OCTAVE [45] within the Particle-in-Cell framework, and obtained
simulation results of space charge effects in the drive beam are discussed. Some results are
also given for the Test Beam Line for comparison.

Firstly, we discuss the motivation for studying longitudinal space charge in the drive beam
in Section 6.1. Next, the Particle-in-Cell framework is presented in Section 6.2, within the
context that was used for the developed program. Benchmarking of the code against some
analytical models is discussed in Section 6.3 and simulation results of the CLIC decelerators
are given in Section 6.4. Finally, in Section 6.4.2 we look at a hypothetical decelerator regime
with even stronger deceleration, and the space charge effects there.

6.1 Motivation

As discussed in Section 2.1, the space charge effect is proportional to 1/42, where v is the
relativistic Lorentz factor. Space charge is therefore normally a concern at low energies,
where the particle velocities are non-relativistic. The CLIC drive beam, however, enters the
decelerators with an initial energy of &y = 2.4 GeV, and has a final energy of 240 MeV after
the energy extraction. This gives Lorentz factors of v € [470,4700], well into the relativistic
domain, and space charge effects would normally not be considered.

However, in the CLIC main beams there is a strict tolerance on the acceptable luminosity
loss, since a high collision frequency is needed in order to produce the necessary statistics for
the detectors. An energy spread of A{f < 7% 107* in the main beam is required to get an
acceptable luminosity loss of less than 1 % [46]. One factor that affects the beam energy of
the main beam is the drive beam bunch length, which contributes to the single-bunch form
factor in accordance with Equation (3.39) for Gaussian bunches. This leads to a tolerance for
a coherent change of the drive beam bunch length of 1.1 % [46]. For an incoherent variation
over the bunch train the tolerance is more relaxed at 3.3 %, since the error is more randomly
distributed. There has been some concern that, during the significant deceleration over the
1 km decelerators, longitudinal space charge may violate the coherent bunch length tolerance.
A small increase in the transverse bunch size would not affect the power production in PETS,

and is not of concern.
Before studying simulations, we can look at where the space charge effects are the strongest.

53
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Figure 6.1: Analytical space charge field along a decelerator sector, normalized to the field at
the beginning of the beamline.

Equations (2.5-2.6) describe analytical formulae, and show that the electric field is propor-
tional to 1/42. Using this, we can plot the space charge field in a bunch along a decelerator
sector, as shown in Figure 6.1. The curve is normalized to the field at the start of the de-
celerator. In the beam frame, the force on the particles in a bunch is proportional to the
electrostatic field because the Lorentz force is simply F = qE without a magnetic field. In
the laboratory frame, the situation is a little more complicated because of the magnetic field
induced by the moving bunch. The electric and magnetic field are almost equal at high ener-
gies, which leads to the strong suppression at the start of the beamline in Figure 6.1. As can
be seen from the plot, the largest contribution to space charge occurs during the last 10-20 %
of the length of the beamline.

6.2 Applied Particle-in-Cell framework

To study longitudinal space charge in the CLIC decelerators, a new simulation code was
developed. This was partly due to the complexity and licence requirements of other existing
codes. However, the main reason from the start was that the developed code should be added
as a module to the already existing PLACET [44] code. PLACET is the main simulation tool
used for CLIC beam dynamics. The space charge module was developed in OCTAVE, but due
to time constraints it has not yet been integrated with PLACET, and is rather a stand-alone
code.

The OCTAVE code was written using a Particle-in-Cell (PIC) framework, because PIC
is a well-known scheme, that is intuitive and can be integrated with PLACET. In PIC, the
physical volume under consideration is divided into a number of cells, that together make
up a grid. The fields and forces are calculated on the grid points, and the particles are then
moved accordingly around the grid. The next sections detail how this is done in the developed
code. Some preliminary results were presented in [47], which is included in Appendix A.3.
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Figure 6.2: The model used in the simulation code, which uses a cylindrical (7, z) coordinate
system. The code uses a symmetric boundary condition on the axis, a metallic boundary con-
dition on the vacuum pipe, and periodic boundary conditions in the longitudinal dimension.

6.2.1 Model

In the PIC model, the number of physical dimensions is important, and influences the phys-
ical model and the computation time of the code. A 1-dimensional code is the simplest,
and to simulate longitudinal space charge one could choose a code using the longitudinal
z-coordinate. Such a code can be computationally fast, but it has some shortcomings. First
of all, the results for a particle bunch of finite transverse size can be inaccurate, since the
force on the particles only considers their longitudinal positions, and not their transverse sep-
arations. Also, 1-dimensional codes have unphysical long-range Coulomb forces [48], where
the field does not decrease with distance from the particles.

On the other side of the spectrum is 3-dimensional codes, which could use either carte-
sian coordinates or other coordinates such as cylindrical. These should provide the most
physically accurate solutions, but the computational requirements are high. The computer
memory requirements are proportional to the square of the number of grid points, and CPU
requirements can also be significantly higher because of the more complex computations.

Between the two extremes discussed are 2-dimensional codes. These can serve as a tradeoff
between accuracy and computational requirements. Because the OCTAVE code was originally
made to be integrated with PLACET, this compromise was seen as a reasonable choice. The
choice of coordinates was one longitudinal coordinate z, together with one radial coordinate
r, that together give a cylindrical coordinate system. Because of the single radial coordinate
one has to assume an axisymmetric bunch, but this was seen as a valid approximation for
the CLIC drive beam decelerator that consists of a FODO lattice. The (r, z) system also
provides an intuitive way to implement boundary conditions, given that bunches stay close
to the vacuum pipe axis.

An illustration of the 2-dimensional model is shown in Figure 6.2. The r coordinate spans
from the axis to the edge of the vacuum pipe, which in the CLIC case is at a radius of 11.5 mm.
The z coordinate spans a total length equal to the bunch spacing, which in CLIC is 25 mm.
The bunch itself is placed on axis, in the middle of the longitudinal space.

In all electromagnetic codes it is important to set reasonable boundary conditions (BCs).
In our code these come into play during the calculation of the potential. For the four bound-
aries in the model, the BCs were chosen as follows,
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e For r = 0 (on the vacuum pipe axis), a symmetric BC was chosen. This boundary acts
like a 'mirror’, where imaginary grid points outside the model would be equal to the
grid points inside, an equal distance from the boundary.

e The maximum 7 coordinate, r = rpax, is placed at the vacuum pipe radius. Here a
Dirichlet BC was chosen, where the potential is forced to zero. This means that the
metallic vacuum pipe is grounded. One reason for this choice is that the potential
must always be fixed somewhere on the grid, to ensure a single solution to the partial
differential equations.

e The two longitudinal boundaries, at z = 0 and z = zyax, have periodic BCs. This means
that any grid points outside the system would be taken from the other side of the grid.
In this case, a bunch placed outside the center of the system will not change the solution
significantly, since the 'mirror bunches’ outside the system would move with it.

The model is set up at the start of a simulation, including a grid of a specified size with
a number of macro particles inside. However, because of length contraction the longitudinal
dimension is scaled with the Lorentz factor along the beamline. After that the code iterates
over a number of timesteps necessary for numerical stability. The calculation during each
timestep is performed in the beam frame, in order to reduce the system to an electrostatic
problem, and avoid the magnetic fields associated with a relativistic bunch. The necessary
number of timesteps is given in the beam frame by the Courant-Levy stability criterion [49, 50].
For our 2-dimensional problem the longest possible timestep is

1/1 1\ /2

The number of timesteps depends on the traveling time of the bunch in the beam frame.
Since the Lorentz factor changes significantly along a decelerator, the number of timesteps
will change along the machine, as described later.

The following sections walk through some of the main calculations performed during each
timestep.

6.2.2 Charge assignment to the grid

The macro particles of the bunch are generally not placed exactly on the grid points of the
model, but rather somewhere in between. In order to solve the partial differential equations
during the calculations of potential and electric field, it is necessary to first interpolate the
charge of the particles onto the grid points. For our code a linear interpolation scheme was
chosen, which provides a good tradeoff between accuracy and numerical complexity.

An illustration of the linear weighting scheme is shown in Figure 6.3. Here a single particle
is shown, surrounded by the four closest grid points. The distances to the lines between the
grid points are calculated, and from that the four areas A, Ay, Az and A4 can be calculated.
Then, each of the four grid points gets assigned a fraction of the particle charge corresponding
to the area farthest away from it. For example, the lower left grid points is assigned a fraction
As /(A1 + Ay + Az + Ay) of the particle charge. It will therefore have the highest charge out
of the four grid points, which is reasonable since it is the closest to the particle.

The linear weighting shown in Figure 6.3 is performed for all macro particles in the bunch,
and therefore the total charge assigned to the grid is the same as the total bunch charge. The
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Figure 6.3: Linear weighting of electric charge onto grid points. Each of the four grid points
receives a fraction of the macro particle charge corresponding to the area farthest away.

charge on the grid at the beginning of a CLIC decelerator is shown in Figure 6.4, calculated
with the OCTAVE code. Even though the calculation is performed in the beam frame, the
figure shows the longitudinal coordinate in the laboratory frame.

6.2.3 Calculating charge density

An important part of the calculation during each timestep is to solve Poisson’s equation,
and for this we need to know the charge density everywhere on the grid. Charge density is
here defined as charge divided by volume, since each grid point in the 2-dimensional model
corresponds to a volume in 3D space.

We will in the following denote grid points along the r dimensions with the index 7, and
grid points along the z dimension with the index j. The separations between grid points in
each dimension will be denoted A, and A,. Following [51], a grid point at r = r;, z = z;
corresponds to the following volume,

B

ij = LNLZ]" (62)
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Figure 6.4: Charge on the grid points close to a bunch at the beginning of a CLIC decelerator,
in nC. Only the area close to the bunch is shown, and the longitudinal coordinate has been
changed from the beam frame to the laboratory frame.

where the radial length is

h

3

I
)
Py
/N
T
; 3

: 3

=

|

3

o

]

+
—
¥

r(rig1 —r) dr)

_ ;

g . 27 Ti+1
r2 Sl
LIPS
2" 3

Ti—1 T

I B G
A |3 2
2r (2 1. 1. 1
A, (grf + 67’?71 + ET?“ - 57“1'2(7%‘—1 + 7“2‘+1)> (6.3)
2r (2 . 1 . 1
“ A (*7“? + i = A (i A - fr — AT +A/>>
A, \3 6 6
2 1
:E 2\7\2+6(&—%+3T2‘A%—}Xf)+g(&+§%+3ﬁAz+M)—%}2\>
'iAr-,

Il
o
B
3



6.2. APPLIED PARTICLE-IN-CELL FRAMEWORK 59

and the longitudinal length is

1 zj Zj+1
sz = — </ (Z — ijl) dZ +/ (Zj+1 — Z) dZ)
z Zj—1 zj

1 22 “ 2]
= A—Z 5 — Zj-1% + Zj+1%2 — E
Zj—1 zj

1
2 2 2 2
21 — ZjZj-1 21+ 2 — 24 22j 1 (6.4)

(
T G G R z+%(2j+Az) —2j(z + Az)
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(

1 1
43— 2T SO N AT 0+ 2T+ 30N - 50

The volume element for the grid point is therefore
7/2’7]‘ = Lmsz = QWTiATAZ. (6.5)

This volume element can be seen as a torus of radius r;, where the cross-section is specified
by the rectangle A, A,.
The volume element in Equation (6.5) is valid inside the grid, but the edge points need
special treatment. For the r = 0 axis we get [51], for the radial length,
2m (™ 2m |:T2 7'3}“ _ o <7% rf) B 277TA;; A2
0

2 3

LTO:A— ; r(rp—r)dr=—|—=r—— A = . (6.6)

A, |2 3 A 6 3

This expression should again be multiplied with Equation (6.4). The resulting volume element
is a cylinder with radius A,/ V/3 and length A,.
For the pipe wall, where r = rpax, we get
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When multiplying Equation (6.7) with Equation (6.4), we get less than half the volume found
in Equation (6.5), as expected from a geometry standpoint.
At the left boundary in the longitudinal dimension we get

1 (= 1 217 1 22 22 A
Loy = —2)dr = — -2 = E@E - == 6.8
20 Az/o (21 —2)dz A, {212 2}0 AZ(Zl 2) 27, B (6.8)
and at the right boundary we get
1 [Zmax
Zmax K (Z - Zmax—l) dz
2 J Zmax—1
1 22 Zmax
= Kz ? — Zmax—1 %
Zmax—1
1 (22 22
— K < néax _ %1 — ZmaxZmax—1 Z?nax—l)
. (6.9)
1 (22 22
= K < néax + mazx L Zmaxzmax1>
zZ
1

When one of Equations (6.8) or (6.9) is multiplied with Equation (6.3), the resulting volume
element is half that of Equation (6.5), as would be expected.

The volume elements for the four corners of the grid are found by multiplying the two
nearby boundary expressions, given in Equations (6.6-6.9). Finally, the charge density is
found everywhere on the grid by dividing the charge assigned on the grid points by the
respective volume elements.

6.2.4 Solving Poisson’s equation

One of the major functions of the PIC code that was developed in OCTAVE is the fieldsolver,
which solves Poisson’s equation everywhere on the grid. If the potential is ¢, the charge
density p, and the electric permittivity in vacuum ¢y, Poisson’s equation is generally given by

V2¢ = —p/eo. In cylindrical coordinates we can write the Laplacian
10 (9 102 9 19 9% 198
2o, (1O [ O 192 ] 1o & 1%
Vi = |:7" or <r8r> 2 992 + 8z2:| ¢ [7’ or + o2 + 2967 + 92 @. (6.10)

This expression also includes the azimuthal coordinate . However, since we assume axisym-
metry, 0¢/00 = 0 and we write Poisson’s equation as

+ p=-L

ror ﬁ—‘r@ € (6.11)

S (EE A

In the finite difference approximation, the partial derivatives in Equation (6.11) can be ex-
pressed by numerical equivalents. As an example, the simplest form of the first derivative in
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the radial direction at the coordinate (7, j) on the grid can be written

0o - Git1,j — @'71,;“

— 12
or ij 2Ar (6 )

Here ¢; ; is the yet unknown potential at grid point (7, j). As will be shown later, the type
of numerical differentiation in Equation (6.12) did not give satisfactory accuracy for some
particle distributions. Therefore, a more advanced numerical differentiation was employed,
that depends on more grid points. Poisson’s equation is therefore approximated as

V2| L im2i = 8ing + 8biv = bira
i 12A,
n —pi—2; + 16¢;_1 ; —132023]- + 16041, — Piy2,j (6.13)
T
L “9ig—2+ 166151 = 3061 + 166111 — Pijr2
12A2 ’

everywhere inside the grid.

The four boundaries require special treatment, given by the BCs in Equations (6.6-6.9).
Firstly, for r = 0 we have a symmetric boundary condition where ¢_; ; = ¢; ;, Vi. This reduces
Equation (6.13) to

~ —30¢0,; + 32¢1,; — 2¢2; n —0,5—2 + 16001 — 3090 j + 1600 j+1 — ¢0,5+2
0 1242 1272 :

v%\
(6.14)

At the vacuum pipe where r = rpax, the potential is forced to zero, ¢r...; = Prowxiij =
.-+ =0. Equation (6.13) is then reduced to

V2¢ ~ l(brmax—zj — 8Prax—1,4 + ~Praas—2. T 16Prpan 15 — 3001y
Tmax,J i 12A, IQA% (6 15)
~Promang—2 T 160r0 i1 = 30010 + 160100 jt1 — Prmasjt2 .
* 12A2 ‘

For z = 0 we have periodicity, which causes ¢; —; = @ 2., Vj. Poisson’s equation is then

V2| ~ 1 ¢i—2,0 — 8¢i—1,0 + 8it1,0 — div20
0 Ty 12A,
—¢i—20+ 16¢; 10 — 30¢;0 + 160110 — dit2,0
+ T2A? (6.16)
n — @i zmax—2 T 1605 21 — 30050 + 1601 — ¢i2
12A2 ’
and similarly for the z = z,x boundary,
V24 1 dic2za — 8Pi—1zimax + 80it1 zmax — Pit2,zmax
%,Zmax i 12A,
—Pi—2 zmax T 1601 z00ax — 3004 200 + 160i1 200 — Pid2,200ax
+ 9A3 (6.17)
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Figure 6.5: The potential ¢ in V close to a bunch at the beginning of a CLIC decelerator
sector, calculated with the Poisson field solver from the OCTAVE code.

The four corners will use a combination of terms from Equations (6.14-6.17). Also all grid
points right next to the boundaries will use similar terms, because of the advanced numerical
differentiation scheme.

For each point on the grid, one numerical Poisson equation needs to be solved, that
depends on the potential on the nearby grid points. If the total number of grid points is N,
we therefore have Ng equatlons and Ng unknowns This allows us to write the whole system
as a matrix equation A ¢ = —p/ep, where (;5 and p are vectors containing the potential and
the charge density on all grid points, respectively. The matrix A contains all coefficients from
Equations (6.13-6.17), and is a square matrix with Ng X Ng elements.

The coefficient matrix is stored in memory, and we see that a large grid leads to a very
large memory requirement. As an example, when the number of grid points in each dimension
is doubled, Ng will be quadrupled, which finally leads to a 16-fold increase of A. However,
since each row of the matrix contains at most 9 coefficients, the matrix is sparse. This will
therefore reduce the memory requirements in programming languages like OCTAVE, when
exploited with specific commands.

The unknown in the matrix equation is $, which means that A must be inverted in order
to solve the equation. A large grid therefore also affects the computation time significantly.
Fortunately, the sparsity of A again helps since fast numerical algorithms can be applied. In
the OCTAVE code, a number of possible algorithms were identified and analyzed for speed.
For large grids, one method significantly outperformed the others, and was therefore chosen!.
This was the incomplete LU decomposition of the coefficient matrix.

The calculated potential from the field solver is shown in Figure 6.5. The potential was
calculated from the charge in Figure 6.4, on a grid with 61 x 51 grid points (representing the
dimensions r and z, respectively). The Gaussian CLIC bunch center is placed at r = z = 0,
and the potential is zero at the grounded vacuum pipe, as it should be.

'If small grids would be needed, other algorithms can be faster. However, since the computation time in
that case is much shorter, the choice of algorithm will not matter to the same degree.
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6.2.5 Solving for the electric field

The space charge effect depends on the electric self-field of a bunch, as discussed in Sec-

tion 2.1. The electric field can be expressed from the potential as E = —Ve¢. Since we
assume axisymmetry, g—ﬁ = 0 and we generally express the electric field as
~ 0p 0¢p
E=—-Véd=_—"2p_"72 6.18
ve a9z (6.18)

where 7 and Z denote unit vectors in the two dimensions.
Again using the finite difference approximation, the two field components inside the grid,
for a point (4, j), are then

L~ Pi—2j +8pi1j — 8Pit15 + Piv2

E; ;= 194, (6.19a)
—@ij—2 +80ij-1 — 8di i1+ dijyo
B, ~ —2u A Fach (6.19b)

Since these are only first derivatives, the radial field at the axis is zero. For the vacuum pipe,
which has a Dirichlet BC, we have

" Prmax—2 t 8Priax—1

E s . 6.20
r ‘Tmax »J 12A, ( )
For the two longitudinal boundaries, we get
— b o+ 8¢ 1 — 8¢ )
EZli,O — Ezl ~ ¢Z,Zmax 2+ ¢z,zmax 1 sz,l + ¢z,2 ) (621)

i, Zmax 12A,

For each of the two field components, we again get one equation and one unknown per
grid point. This means that we can write everything as matrix equations,

1

3

: (6.22a)
: (6.22b)

1

1 S

D,
D.

I3

where D, and D, are coefficient matrices of size Ng x Ng, and ET and EZ are vectors
containing the field components on all the grid points. Note that in Equation (6.22), the field
components are the unknowns. Therefore, no matrix inversions are needed for solving the
equations, and the computation is significantly faster than for solving Poisson’s equation.

The longitudinal and the radial electric field components for a bunch in a CLIC decelerator
are shown in Figures 6.6 and 6.7, respectively. The longitudinal field is strongest on axis,
around one standard deviation from the bunch center (o0, = 1 mm). Also, it has opposite
signs on each side of the bunch, as it should. The radial field is zero on axis, and is strongest
about one standard deviation of the bunch distribution from the axis.

Once the electric field is known everywhere on the grid, a linear interpolation is done to
find the electric field on the position of each particle. Since the distances from the particles
to the grid points were calculated earlier, together with the areas shown in Figure 6.3, we
simply need to apply the same numbers in order to find the electric field on the particles.
This is needed for calculating the force, as described below.
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Figure 6.6: Longitudinal electric field in V/m close to a bunch at the beginning of a CLIC
decelerator. The abscissa has been scaled to the laboratory frame.
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Figure 6.7: Radial electric field in V/m (in the laboratory frame) close to a bunch at the
beginning of a CLIC decelerator. The abscissa has been scaled to the laboratory frame.
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6.2.6 Calculating particle kicks

In order to calculate the influence of space charge on the particles, we first need to know the
force on each particle. Since the code operates in the beam frame, the Lorentz force is simply
proportional to the electric field there,

0
F = (B + fex B) = 4B, (6.23)

where ¢, is the charge of a macro particle.

Since we already know the electric field at all the particle positions, the two components
F, and F, of the force on each particle are found simply by multiplying with the macro
particle charge. Using Newton’s second law, the acceleration a, and a, in the two dimensions
is then given by

E

ap=-r="op (6.24a)
mp  Mp
F

a,=2="p, (6.24b)
mp  Mp

where my, is the macro particle mass.

The OCTAVE code uses the Leapfrog algorithm, which is a symplectic integrator. The main
feature of this integrator is that it updates particle velocities and positions alternatively, with
positions updated at integer timesteps and velocities updated at half timesteps in between.

The acceleration in Equation (6.24) can be written as the derivative of the velocity. Using
the finite difference method, in the longitudinal plane we can write

Ur(tn+5t/2) _Ur(tn_‘st/Q) _ quE (6 25&)
515 mp " '

Uy (b + 6¢/2) — vs(tn, — 8¢/2) _® g (6.25D)
5t myp F2) .

where v, and v, are the velocities in the two dimensions in the beam frame, ¢, is the time
at the arbitrary timestep number n and d; is the timestep length. Note that the velocities
in Equation (6.25) are expressed at timesteps t,, + d:/2 and ¢, — d;/2, and therefore not at
integer timesteps, in accordance with the leapfrog scheme.

Rearranging Equation (6.25), we have

VUt + 01/2) = %’@E,. +on(t— 6,/2), (6.26a)
P

st + 6:/2) = %’&EZ +u.(t—0,/2). (6.26b)
P

The velocities at time t,, + d;/2 can therefore be expressed as the velocities at the previous
timestep, ¢, — d;/2, plus an additional kick based on the electric field.

The particle positions can be expressed as derivatives of the velocities. Again using the
finite difference approximation, we have

Ty (tn + 01) — 2y (tn)
0

Xy (ty + 0) — x5 (ty)
0t ’

Up(tn +01/2) &~ (6.27a)

Vst + 8:/2) ~ (6.27b)
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where x, and z, are the particle positions in the two dimensions. Note that the positions use
the integer timesteps ¢, and t,, + &;. Rearranging, the positions at timestep ¢, + d; can also
be expressed as an iterative relation, in the same way as for the velocity in Equation (6.26),

Xy (ty, + 0) = vp(ty, + 04/2) O + (L), (6.28a)
Iz(tn + 6,5) = ’Uz(tn + 61‘/2) 6t + Qiz(tn). (628}))

At certain timesteps, the code also gives the particles kicks from quadrupole focusing.
Longitudinal space charge is stronger when particles are closer together transversally, since
the magnitude of the Coulomb force is stronger and its direction is aimed more towards
the longitudinal direction. This is an important reason for implementing focusing in the
code. Calculations are performed at the start of the code, for which timesteps the particles
encounter quadrupole magnets. During these timesteps, a thin lens approximation based
on Equation (2.30) is used to either focus or defocus the bunch. Since the code assumes
axisymmetry, the focusing scheme is the same in both planes, unlike a real decelerator FODO
lattice in which the focusing alternates between the two transverse planes. The beta functions
are therefore equal in the x and y planes in the PIC code.

Throughout the last sections we have described the operations performed during each
timestep of the code, and they can be summarized as follows:

1. Interpolate charge from the macro particles to the grid.

2. Solve Poisson’s equation everywhere on the grid, taking into account the four boundary
conditions, to find the potential ¢.

3. Calculate electric field components from the potential.
4. Interpolate the electric field components back to the particle positions.

5. Update the particle velocities at time ¢, + d;/2, based on the calculated fields with
Equation (6.26).

6. For certain timesteps, add the kicks from quadrupole magnets to the space charge kicks
as a superposition.

7. Update the particle positions at time ¢, + d;, based on the calculated velocities and
Equation (6.28).

When particles are moved to the other side of the vacuum pipe axis, their transverse positions
and velocities change sign, which corresponds to particles moving away from the bunch center
on the other side of the bunch.

This cycle is iterated over a number of timesteps necessary to satisfy the Courant-Levy cri-
terion in Equation (6.1). Each timestep takes around 3 seconds on the development computer,
after the code was optimized for speed.

6.3 Code benchmarking

The OCTAVE code has so far been benchmarked against some analytical models, and the
results will be described below.
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Figure 6.8: Longitudinal electric field of a point charge. The analytical model based on
Coulomb’s law is shown in black, and the result from the current version of the code is shown

with green circles. The simple differentiation scheme discussed earlier is shown in red, and is
less accurate.

Firstly, the case of a point charge was studied. The electric field from a point charge
follows Coulomb’s law, and is inversely proportional to the square of the distance to the
particle. The analytical field from a stationary point particle is shown as a black line in
Figure 6.8. The calculated field from the current version of the simulation code (for the same
conditions) is shown in green. In this plot we also show the field calculated with the simpler
differentiation scheme based on e.g. Equation (6.12). As seen from the figure, the more simple
differentiation is not sufficient for abrupt changes in the potential and field. For this reason
the more advanced differentiation scheme was chosen, as discussed in Section 6.2.4. This
scheme is more accurate, and the largest deviation is close to the particle. Since the normal
bunches should be more smooth than the point particle in this example, the deviation close
to the asymptote should not be an issue.

Next, a continuos beam was studied, placed on axis. In this case, the chosen analytical
model was the electric field from a wire, which is inversely proportional to the distance to the
particle. The analytical model is shown in black in Figure 6.9. For comparison, the radial
electric field calculated with the PIC code is shown with blue stars. We see that the deviation
is largest closest to the beam, in the same way as in Figure 6.8.

The last analytical model was that of a Gaussian bunch distribution in the longitudinal
dimension. In order to find a proper analytical model for this case, we started with a Gaussian
curve, sliced it and performed a numerical integration based on the Coulomb field from each
slice. This model is shown in black in Figure 6.10. In the PIC simulations, 10 000 macro
particles were sampled from a Gaussian distribution. The accuracy of the result was found to
depend on the radial resolution of the grid. As an example, the electric field calculated with a
41x51 grid in the code (corresponding to radial grid lengths of 0.29 mm) was inaccurate inside
the bunch, although it converged outside. This can be seen with red squares in Figure 6.10.
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Figure 6.9: Radial electric field of a continuos beam. The analytical model (black) is based
on the electric field from a wire and is shown in black, while the PIC code result is shown
with blue stars.

A 61 x 51 grid gave a more accurate result?, which is shown with green circles in Figure 6.10.
The 61 x 51 grid was used in all simulations of the CLIC decelerator, discussed below.

6.4 Simulation results for the CLIC decelerators

We now turn our eyes to simulation results obtained for the CLIC decelerator. During these
simulations, the model parameters were similar to those used previously in this chapter. A
Gaussian bunch was simulated based on parameters in [10], and placed on a 61 x 51 grid in
the PIC code. 10 000 macro particles were used for the bunch. As a worst-case scenario, we
simulated the longest decelerator sector of 1053 m.

Firstly, the code calculated the number of timesteps needed for each energy step of the
decelerator. In the beam frame, at the start of the decelerator, the minimum timestep length
is found from Equation (6.1) and amounts to 0.64 ps. In principle this number is reduced
along the decelerator, but because of length contraction in the z dimension the change is very
small. Therefore, this number was kept constant throughout the simulation.

The time of flight of the bunch through each energy step can easily be calculated from the
beam energy, and the code therefore calculates the number of timesteps needed per energy
step. Each timestep is then never longer than 0.64 ps. The number of timesteps needed per
energy steps is shown to the left in Figure 6.11, and we see that this number increases due to
time dilation. The corresponding timestep lengths in the beam frame are shown to the right
in the same figure, and feature a zig-zag pattern. This is because of the step-wise increase of
the number of timesteps, and because the maximum timestep length is 0.64 ps.

With this simulation, the longitudinal bunch profile at the end of the decelerator sector

20One may think that an even higher radial resolution can lead to an overestimation of the field, based on
the trend in Figure 6.10. However, within the possible grid size in OCTAVE, which used all allocatable memory,
this was not found to be the case.
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Figure 6.11: Left: The number of timesteps required for each energy step along a CLIC
decelerator. Right: The corresponding lengths of each timestep in the beam frame.
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Figure 6.12: The increase in bunch length o, along a decelerator sector, normalized to the
bunch length at the beginning of the beamline.

is very similar to that at the beginning of the beamline. The rms bunch length had only
increased by 3.4 ppm at the end of the decelerator sector. This is likely due to the very high
beam energy, and the number is well within the coherent bunch length tolerance of 1 %. The
evolution of the bunch length along a decelerator sector is shown in Figure 6.12, and we see
that the main contribution to the change is at the end, similarly to Figure 6.1.

Even though the main concern for CLIC is longitudinal space charge, we also show the
transverse beam size o, along the decelerator sector, in Figure 6.13. Even though the trans-
verse space charge is mostly kept in check by the thin lens quadrupole focusing, there is an
increase in the transverse size because of adiabatic undamping. From the figure we can also
see the periodic change of the transverse size that comes from the FODO lattice. Note that
because we only have one transverse coordinate, the size changes equally in both cartesian
transverse planes.

6.4.1 Comparison with the Test Beam Line

Even though it is not a feasibility issue, we can also study the effects of longitudinal space
charge in the TBL. In this simulation we used the same PIC model, but beam and lattice
parameters from Table 4.1. The result was an rms bunch length increase of 36 ppm, which is
an order of magnitude higher than for the CLIC decelerator sector. This means that even for
the significantly shorter beamline in the TBL, the lower energy is enough to make the bunch
lengthening more compelling.

6.4.2 CLIC decelerator space charge limits

Since the simulation results in Section 6.4 show a very small effect from space charge, we can
also study if a decelerator sector with more deceleration would violate the tolerances. In this
simulation, we increased the deceleration of each PETS by 10 %, but kept the same length
of the beamline. The energy was therefore reduced from 2.4 GeV to 24 MeV over 1053 m,
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Figure 6.13: Transverse beam size o, along a decelerator sector. The increase in size at the
end mainly comes from adiabatic undamping.

which led to a final Lorentz factor ten times lower than nominal. The resulting increase in
bunch length was 0.37 %o. Even though this is 2 orders of magnitude stronger than for the
real decelerator, it is still more than an order of magnitude away from the tolerance.

The transverse beam distribution, however, changes much more than for the nominal
decelerator. The radial bunch size o, is shown in Figure 6.14, and this can be compared to
Figure 6.13. In the case with stronger deceleration, the adiabatic undamping is too severe for
the available aperture, and the 3 0, envelope starts to scrape the vacuum pipe 60 m before
the end of the beamline. Therefore, we conclude that the maximum power extraction and
therefore the efficiency of the drive beam scheme is not limited by longitudinal space charge,
but rather by the transverse beam dynamics of the decelerator.
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Figure 6.14: Transverse beam size o, along a decelerator sector, when the beam energy ends
at 24 MeV. The beam size at the end is unacceptable and leads to a large loss of particles.
Therefore, the limitation of the CLIC decelerator is transverse beam dynamics rather than
longitudinal space charge.



Chapter 7

Conclusions and outlook

This thesis has presented research related to the heart of the CLIC scheme — the energy extrac-
tion from an electron drive beam, and the behavior of a beam undergoing strong deceleration.
The results are part of the feasibility demonstration of the CLIC scheme.

Experiments performed at the Test Beam Line were presented, where an electron drive
beam was decelerated through a series of PETS. Here, the most decelerated particles expe-
rienced up to 37 % deceleration from initial beam energies of 119 and 123.5 MeV. Two main
data sets were discussed, where one was taken with the full bunch combination setup in the
CTF3 and the other was taken at a lower combination setting.

The energy measurements were compared to predictions based on theoretical formulae
together with measurements of the beam current and the power produced in the PETS.
There was an excellent agreement between measurements and predictions of the energy. The
same was the case for the power produced in the PETS, which was predicted based on beam
current measurements.

In order to reach the good consistency between the different measurements, we have
seen the importance of taking the bunch phase into account. The bunch phase affects the
produced field in the PETS through the multi-bunch form factor, a quantity which was derived
in the thesis. The CTF3 features a significant phase change over the bunch train because
of its injector setup. Therefore, a reduction in PETS power and in deceleration must be
expected, that also changes along the bunch train. When measurements are performed on
a combined beam, the multi-bunch form factor must still be constructed from uncombined
phase measurements, because information is otherwise lost.

The energy profile of the decelerated beam has also been found to agree with particle
tracking simulations performed with PLACET, except from some deviation in the high-energy
part of the spectrum. In one measurement the difference was explained from an artifact in
the incoming energy spread, however this was unfortunately not measured for the other data
set.

The change in horizontal emittance after deceleration was studied in the Test Beam Line.
Quadrupole scans performed both before and after deceleration were compared with particle
tracking simulations based on the initial parameters. An emittance estimation error of 1.7 %,
originating from chromaticity because of the large beam energy spread, was found from sim-
ulations. No deviations between measurements and simulations were found apart from this,
and we conclude that the change in geometrical emittance can be attributed to adiabatic
undamping.

3
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We have also studied longitudinal space charge in the CLIC drive beam decelerator. A
new PIC code was developed in OCTAVE, that is based on cylindrical coordinates in two
dimensions and assumes an axisymmetric beam. When a bunch was tracked through a de-
celerator sector, the bunch length was only found to increase by 3.4 ppm, which is negligible
even when compared to the strict bunch length tolerance of 1.1 %. When the PETS deceler-
ation was scaled up 10 %, so that 99 % of the beam energy was extracted in the decelerator
sector, the bunch lengthening was still more than an order of magnitude lower than the tol-
erance. However, a large part of the beam was lost in the vacuum pipe because of adiabatic
undamping.

In the Test Beam Line one can still reach a higher deceleration than what has been
measured until now, since the experiment has not yet reached its full potential. In particular,
if the nominal beam current can be transported through the line, and if the three last PETS
structures are installed in the beamline, a deceleration of more than 50 % can be achieved.
The beamline is currently being equipped with an additional PETS with recirculation, which
can feed a portion of the produced field back into the structure, thereby reaching an even
higher output power. This will also allow the exploration of an even stronger deceleration
regime.

CLIC is now a mature option for the next generation particle collider. The major feasibility
issues have been resolved, and we hope this thesis has contributed to the understanding
of the decelerator and its current prototype. Based on the experimental results and the
simulations presented in this thesis, we consider the theoretical models used to design the
CLIC decelerators as validated.
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e Abstract: We discuss beam deceleration through a series of 12 Power Extraction and
Transfer Structures, at the CLIC Test Facility 3 at CERN, as a proof-of-principle of the
CLIC deceleration scheme. Up to 36 % of the kinetic energy of an electron drive beam
is extracted and converted to 12 GHz RF power. We look at the average and maximum
energy loss of the particles, and compare with simulations performed with the PLACET
tracking code. The measured final energy is also compared to predictions based on the
measured beam current and RF power in the structures. In the analysis we make use of
the charge distribution form factor, taking into account the bunch length and the bunch
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We discuss beam deceleration through a series of 12 power extraction and transfer structures, at the
CLIC test facility 3 at CERN, as a proof-of-principle of the CLIC deceleration scheme. Up to 36% of the
kinetic energy of an electron drive beam is extracted and converted to 12 GHz 1f power. We look at
the average and maximum energy loss of the particles, and compare them with simulations performed with
the PLACET tracking code. The measured final energy is also compared to predictions based on the
measured beam current and rf power in the structures. In the analysis we make use of the charge distribution
form factor, taking into account the bunch length and the bunch phase. Finally, we look at the evolution of
the transverse emittance with deceleration and compare the measured emittance with simulations.
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I. INTRODUCTION

The proposed future e"e~ collider CLIC [1] will use a
two-beam scheme, in which an electron drive beam running
in decelerators parallel to the main beam acts as a power
source for accelerating the main beam to the final energy of
3 TeV. This allows a very high accelerating gradient for the
main beam of 100 MV/m using normal conducting tech-
nology with a high efficiency.

Energy is extracted from the drive beam using power
extraction and transfer structures (PETS), which are pas-
sive, periodically loaded microwave structures with a
preferred synchronous mode at wy/27z =12 GHz [1].
The resonating wakefield in the PETS builds up construc-
tively from the passing bunch train, which has a 12 GHz
bunch frequency. The rf power travels down the structures
with a group velocity of 0.46¢, where c is the speed of light
and is extracted via output couplers. Finally, waveguides
guide the power to the accelerating structures of the main
beam for acceleration. The drive beam loses kinetic energy
from the extraction in the PETS, and at the end of the
decelerators the most decelerated particles will have lost
90% of their initial energy of 2.4 GeV. Due to the field
buildup of the PETS, the produced rf power has a short
transient at the start of the bunch train [2]. The beam also
develops a large energy spread. The beam dynamics of a
decelerated beam has previously been studied in detail for
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relativistic klystron two-beam accelerators in [3] for a lower
beam energy than the CLIC drive beam will have.

An important challenge for CLIC is to transport the
heavily decelerated drive beam, with its large energy
spread, through the 1 km long decelerators. The transverse
beam size will increase because of adiabatic undamping
from the deceleration, and at the end of the decelerators the
beam will fill a large part of the aperture. It is therefore
important to ensure that the transverse phase space does not
increase significantly due to other effects like higher-order
modes in the PETS. The structures will be equipped with
higher-order mode absorbers to counteract this. There is
also a strict tolerance on quadrupole magnet misalignment,
and advanced beam-based alignment schemes and precise
alignment techniques will be needed.

At CERN, the CLIC test facility 3 was set up to verify
and demonstrate key concepts of the CLIC scheme [4].
Most of the facility consists of a drive beam complex,
where an electron beam is created, bunched, accelerated,
and interleaved in a delay loop and a combiner ring, similar
to the future CLIC machine. One of the main experiments is
the decelerator test beam line (TBL), which is a prototype
decelerator where the electron beam is decelerated through
a series of PETS. The energy extracted in the TBL is
measured and dissipated in rf loads. The main focus of the
experiment is to demonstrate low-loss transport of a heavily
decelerated beam, to benchmark PETS power production
with theory, and to operate a small-scale decelerator.

For reference, a simulation of the particle energies at
the end of the TBL is shown in Fig. 1, performed with the
PLACET tracking code [5]. The simulation assumes nominal
conditions with all PETS installed, where the most decel-
erated particles will have lost 55% of the initial energy of
150 MeV. The figure shows the high-energy transient at the

Published by the American Physical Society
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FIG. 1. Energies of simulated particles in the TBL from the
PLACET tracking code. Nominal beam parameters were used in
the simulation, and the plot shows the first 20 ns out of the 140 ns
bunch train. At the start one can easily see the high-energy
transient time that occurs due to the field buildup in the PETS.

beginning of the pulse, and a significant energy spread of
14% (FWHM) in the steady state. Particles of all energies,
undergoing different levels of deceleration, must be trans-
ported to the end of the line.

In this paper we present a detailed analysis of the relation
between drive beam parameters, power production, and
energy loss. Some preliminary results were reported in [6].
We demonstrate that all aspects of the CLIC drive beam
deceleration and rf power production are well understood.
Key formulas are presented in Sec. II, and one parameter is
elaborated on in Sec. III, with derivations of new equations.
In Sec. IV we describe the experimental setup of the TBL.
Finally we present the experimental results, focusing on
deceleration results in Sec. V and the evolution of the
transverse emittance in Sec. VI.

II. BEAM DECELERATION

The power P produced in a PETS at steady state is given
by [2,7]

P= RIQULPPORM, O
9

where R’/Q is proportional to the structure impedance per
meter, @, the synchronous frequency, v, the group
velocity, L the structure length, / the beam current, 7q
an ohmic loss factor, and F{4(z)} the charge distribution
form factor. The parameters R'/Q, wy, v,4, and 7 all refer
to the preferred synchronous PETS mode used for power
production. The charge distribution form factor will be
discussed in detail in the next section.

The maximum energy loss of a steady-state particle in
one PETS is equivalent to the peak voltage V seen by the
particle in the structure,

/)M b 2)

Combining this with Eq. (1), the maximum energy loss can
also be written

L L?
V=2 (R/Q) 2 IF{AE) e 3
Vg

We can further express the mean energy loss in one
structure as

Wy

V) = PPAEY = 2 (R0 PP G0, @

Yy

Using Eqgs. (2)—(4), it is possible to predict the deceleration
from either the form factor and the measured power, or
from the form factor and the measured beam current.

It is vital to use a high average beam current in order to
produce high power in accordance with Eq. (1). In CLIC,
drive beam bunches are interleaved in one delay loop and
two combiner rings, which together increase the bunch
frequency and the average beam current by a factor of 24
while shortening the bunch train. After combination, the
average beam current will be 101 A. The CTF3 has one
delay loop and one combiner ring, which together can
produce a maximum beam current of 28 A.

III. THE FORM FACTOR

We now turn our eyes to the charge distribution form
factor F{A(z)} that appears in Eqgs. (1)—(4), and derive an
equation where the contributions from the bunch phase and
the bunch lengths are separated. This is relevant for the
CLIC scheme because of the complex bunch interleaving
process which can result in systematic bunch phase errors.
F{A(z)} will simply be referred to as “the form factor.”

The power in a PETS depends on the wakefields from
the last Ny, bunches, where N, is the number of bunches
required for the field buildup in the structure that causes a
transient as shown in Fig. 1. This number is given by

1 1
Nb:Lfb<D___>s )

g c

where f} is the bunch frequency.

At a given time we consider the longitudinal charge
distribution A(z) of the last Ny, bunches, and normalize it so
that [ A(z)dz = 1. Then, the form factor is defined as the
absolute value of its Fourier transform evaluated at the
bunch frequency f,

FU&HE’/WMOW”WMZ, ©
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and we have the constraint 0 < F{A(z)} < 1. The upper
bound would apply for pointlike bunches that arrive with
no deviation from the correct bunch frequency.

We write the total effective charge distribution as a sum
over the charge distribution 4,,(z) of each individual bunch,
Az) = Znil 2,(z). The center of each of these bunches is
defined as

_ [, 2ha(2)dz z/l (z)dz

TS (2)dz @

and we define a phase ¢, for each bunch as

b <i2ﬂ f.'bz,,) ‘ ®
C

The form factor can then be written

ru@) - | [ ::lzbl/ln(z)exp (2t
Pmkﬂw

] dz\
‘ / z¢,, i0,(z d zl,

where 0,,(z — z,) = 2xf,(z — z,,)/c is an interbunch phase
relative to the bunch center.

By introducing a change of variables 7/ = z — z,,, we
rewrite Eq. (9) as

F{A(Z)} = '/ Z’lﬂ 7+ z,)eitr 0z
= '/ Zﬂo t¢,, i0(2 dZ

where in the last step we utilize a new function
Ao(2') = 4,(z + z,). Since 1,(z) is symmetric around z,,,
the new function Ay(z’) is symmetric around 0. If we
consider equal bunch charge distributions, 1y(z’) is not
dependent on the bunch number #. In addition, the function
0,(z') now has no dependence on n, and is renamed 6, (z’).
Both 4y(z') and 6(z) can therefore be moved out of the
summation. The bunch phase ¢, has no z’ dependence, and
can be taken out of the integral. Thus, we can separate
Eq. (10) into

FM&Q}:’<§i8%>/:ld)’% dz|.

n=1

¢, = ex

X exp

C))

10)

an

We also assume that the charge distribution 1(z’) is an
even function around 0 (a symmetric bunch) that is strictly
decreasing when |z’| moves away from zero,

d—zl/lo(z’) <0, 7 >0, (12)
d ! !
@) >0 Z <0 (13)

If we also only consider relatively short bunches, i.e., that
the charge distribution follows the criterion

c/afy 3e/afy
/ Jo(2)d7 2 / Ao(2)d7, (14)
0 c/4fy

the integral in Eq. (11) will be real and positive, and we
can write

F{A(Z i

/ Jo(2)e®dz. (15)

The sum and the integral can be normalized separately by
multiplying Eq. (15) with Ny/Ny,

FUEY = 37| eV [~ ()0

= o({¢s P Fu{h()}- (16)

Here we have introduced the functional

Rfio@) =N [Taa@enar an

-0

which defines the single-bunch form factor, and the
function

1

o({¢n}) =+~

Ny,
‘ (18)

ihn
Wl

n=1

which defines the multibunch form factor. Because of
normalization we have the following bounds,

0 < Fy{2o(2)} < 1. (19)

0<2({¢,}) < L. (20)

According to Eq. (18), the absolute bunch phase at a
given time has no relevance for the absolute PETS power
production, which only depends on the dynamic phase
change over a time equal to the field buildup time. When
the last N, bunches have had the same bunch phase, the
multibunch form factor will evaluate to 1. Any phase
change will cause a form factor reduction, and conse-
quently a lower power production and energy extraction.

For Gaussian bunch distributions we can further simplify
the single-bunch form factor. Based on streak camera
measurements in the TBL, an assumption of Gaussianity
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FIG. 2. The current TBL lattice. Quadrupole magnets are shown as blue lenses, dipole magnets as orange rectangles, corrector devices
as orange triangles, BPMs as green circles, OTR screens as purple pentagons, and PETS as brown corrugated structures.

in the longitudinal distribution is reasonable. Consider a
normalized Gaussian distribution around zero,

1 Z/Z)
(@) =—F=exp|—=5]. 21
&=y (-52) e

From numerical calculations we find that for the CLIC
bunch frequency the condition in Eq. (14) is satisfied
for 6, < 9.9 mm. The single-bunch form factor in Eq. (17),
by properties of the Fourier transform of a Gaussian,
evaluates to

_27fi §> (22)

Fulio@)} = Fa(e) = oxp (25

From Eq. (22) we see the importance of having short
bunches in the drive beam, to maximize the power
production and energy extraction from Egs. (1)—(4). In
CLIC and in nominal CTF3 operation, the bunches are
o, = 1 mm long.

TABLE L.
addition to currently achieved numbers for the TBL.

IV. EXPERIMENTAL SETUP

In the following, we will describe the experimental
equipment that make up the TBL. Similar to the CLIC
decelerators, the TBL optics mainly consists of a FODO
(focusing magnet, drift space, defocusing magnet, drift
space) lattice. This was chosen to provide tight focusing in
conditions of strong transverse wakes and because of the
need for a large energy acceptance. The quadrupole
focusing is tapered to provide constant focusing for the
most decelerated particles, as proposed in [8]. The high-
energy particles in the transient are then contained in the
envelope of the low-energy particles. Normal operation
uses a 90° phase advance per cell. The TBL lattice at the
time of writing is shown in Fig. 2, and a selection of beam,
lattice, and structure parameters is given in Table 1.

Each quadrupole magnet in the FODO lattice is mounted
on a mechanical mover, which can move the magnet
horizontally and vertically with a precision of 5 pm. The
movers were developed by CIEMAT, Madrid [9], and allow
efficient beam steering and the use of beam-based alignment
routines. The lattice also includes three conventional dipole
corrector magnets.

Beam, lattice, and PETS structure parameters. Nominal parameters are given for both the TBL and one CLIC decelerator, in

Symbol Parameters Current TBL Nominal TBL CLIC design
- Total length of lattice [m] 40 40 <1053
E, Initial energy [MeV] 120-125 150 2,370
Eoin Minimum final energy [MeV] 77-118 67 240
Nextr Energy extraction, (Ey — Epyin)/Eo [%] 6-36 55 90
o, Bunch length, rms [mm] 1.0-2.5 1.0 1.0
- Bunch charge [nC] 2.3 2.3 8.4
fo Bunch frequency [GHz] 1.499-11.994 11.994 11.994
Bunch train length [ns] 140-1120 140 244
1 Beam current [A] 3.5-22 28 101
N, Initial norm. transverse emittances, rms [pm] 150-500 150 150
- Number of PETS [-] 12 16 1492
- Vacuum chamber inner radius [mm] 11.5 11.5 11.5
- Repetition rate [Hz] 0.83-1.67 0.83-5.0 50
/21 Synch. mode frequency [GHz] 11.994 11.994 11.994
R'/O Synch. mode impedance per meter [linac-Q/m] 2,222 2,222 2,290
Vg Synch. mode group velocity [c] 0.46 0.46 0.45
No Synch. mode ohmic loss factor [-] 0.985 0.985 0.996
L PETS length [m] 0.8 0.8 0.235
P Power production per PETS [MW] 2-70 135 134
\4 Max. deceleration per PETS [MeV] 0.6-3.3 5.2 1.45
Ny Bunches required for field build-up [-] 37 37 10
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The TBL has space between the quadrupoles for 16
PETS, of which 12 are currently installed. Three structures
were constructed by CIEMAT [10,11] and the other nine
were constructed at CERN. Since the nominal CTF3 drive
beam current is around 1/4 of the CLIC drive beam current,
the PETS are four times longer for compensation, and can
produce roughly the same amount of rf power in accor-
dance with Eq. (1). Each PETS is placed in a vacuum tank
with water cooling, to avoid frequency shifts due to thermal
deformation. One of the installed PETS tanks is shown in
Fig. 3. All of the structures are equipped with higher-order
mode absorbers made of silicon carbide, to damp any
deflecting higher-order modes which can induce beam loss.

At the downstream side of each PETS, an output coupler
guides the field into two waveguide arms. One arm from
each structure is connected to readout electronics through a
directional coupler and an attenuation chain for measuring
the produced power. Most of the power is not used for
measurements via the directional coupler but is dissipated
in water-cooled loads. In case some power would be
reflected by the load, this can also be measured. Since
the power amplitude is too high to be measured directly,
the power is attenuated by approximately 90 dB before
entering the electronics. This includes the directional
coupler, attenuators, and cables. The attenuation chain
must be calibrated piecewise, and this can lead to a large
systematic error for the power amplitude. We estimate a
power calibration error of up to 20%, which corresponds to
an attenuation error of 0.8 dB over the whole measurement
chain. Note that this describes a constant attenuation error
of the whole signal, such that the signal shape should be
unaffected. The power amplitude from each PETS is
measured with Schottky diodes. In addition, one PETS
is measured with IQ (in-phase/quadrature-phase) demod-
ulators that also give information about the rf phase.

The beam position monitors (BPMs) in the TBL are a
scaled and revised version of those in the CTF3 drive beam
linac [12]. They were designed and manufactured by IFIC
Valencia and UPC Barcelona, and are inductive pickup
wall current monitors that are also used for intensity
diagnostics. The major error contribution in the intensity
measurements is the resolution of the 192 MHz digitizers
[13], which is constant and therefore relatively larger at
lower beam currents.

The beam current entering the TBL can range from 3.5 A
to 28 A. This is because the CTF3 contains one delay loop
that can interleave bunches by a factor of two, and one
combiner ring that can interleave bunches by a factor of
four. When both of these are used, the initial bunch
frequency of 1.5 GHz and the average intensity of 3.5 A
are multiplied by a factor of 8. During operation it is also
possible to bypass either or both of these, which gives
access to the large intensity span. This allows TBL
operation with different amounts of deceleration, since

the beam current affects the deceleration linearly according
to Eqgs. (2)—(4).

In order to measure the energy of the decelerated beam,
there is one spectrometer at the beginning and another at the
end of the TBL. The spectrometer at the end of the line is a
segmented dump that consists of 32 tungsten segments,
which allows for time-resolved, single-shot spectrometry
with a resolution of 1% [14-16]. The spectrometer at the
beginning of the line is of a simpler type and is equipped
with a single slit, which provides time-resolved spectrom-
etry with a scan.

Optical transition radiation (OTR) screens are used for
monitoring the transverse beam distribution, and are used
in emittance measurements. One of these screens is placed
just before the dipole magnet at the entry to the experiment,
while another is placed after the decelerator FODO lattice,
as shown in Fig. 2. These screens are inserted into the
vacuum pipe when measurements are needed and are
imaged by charge-coupled device (CCD) cameras.
Finally, a streak camera imaging the OTR screen at the
beginning of the line can provide information about the
bunch length and bunch spacing. The performance of
the OTR screens is documented in [14,17].

Compared to the future CLIC decelerators, the TBL
experiment starts with a lower incoming energy and usually
a higher emittance in both the longitudinal and the trans-
verse planes. In addition, the TBL suffers from beam jitter
originating from the CTF3, even though this is under
improvement [18]. Thus, the TBL experiment is considered
more challenging than the CLIC case.

Some of the nominal beam parameters in Table I have
not yet been reached, mainly because of upstream beam
losses originating from the combination process.

V. DECELERATION RESULTS

We focus primarily on measurements where the CTF3
was set up for a factor of 4 bunch combination, by utilizing
the CTF3 combiner ring and bypassing the delay loop.
This gave an average beam current of 13.5 A during 280 ns
long bunch trains. The measured incoming energy was
Ey = 123.5 MeV with an energy spread of 3.0% FWHM.
The mean energy was lower than the nominal value in
Table I because of two klystrons in the CTF3 linac that are
not in operation. A data set collected over 60 consecutive
pulses was used for the analysis.

The transmission along a decelerator line affects the
possible deceleration and energy extraction because of the
change in effective beam current. The transmission in
the TBL is normally above 90%. The incoming beam current
for the data set was 14.0 A and the outgoing was 13.2 A,
resulting in a 94% transmission. The systematic error on the
intensity measurement, dependent on the intensity level, was
estimated to be 2%. Within this error the beam losses were
spread fairly evenly over the beamline.
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FIG. 3. One of the installed PETS tanks, which keeps the
structure in a vacuum. In the front, one can see a waveguide
arm, where the rf power is coupled out, measured, and dissipated in
a load.

The normalized horizontal emittance was measured to
330 pm instead of the nominal 150 pm. This blowup of
the transverse phase space is believed to originate from a
horizontal mismatch of the bunch combination, since a few
distinct beam spots were visible on the OTR screens. By
using the relation o, = /¢, ,f, that relates the trans-
verse beam size to the emittance and the beta function, the
maximum 3¢, beam size was 8.3 mm (the average size was
5.8 mm). Comparing this with the aperture of 11.5 mm, and
taking into account the orbit which had an rms offset of
1.3 mm, we can expect that some scraping occurred which
could account for the 6% beam loss. In addition, in the case
of a nonperfect bunch combination the different beamlets
may have had slightly different trajectories that were not
shown by the BPM signal averages.

Figure 4 compares the signal from one PETS and the
closest BPM, taken from the middle of the beamline. The
beam current was almost constant along the pulse, with a
rise-time dominated by the bandwidth of the electronics.
The PETS rf power has a different and rounder shape. Since
the only free parameter for the power production other
than the beam current is the form factor,lwe infer that there
was a change of the bunch phase and/or the bunch length
over the pulse, originating upstream.

Bunch length measurements were unavailable on the day
of measurement, but we analyze the RF phase from the first
PETS and calculate a multibunch form factor. The phase
measurement from the combined beam cannot be used
directly because there can be large bunch-to-bunch phase
jumps from the combination, and the sampling frequency
of the IQ demodulators is lower than the bunch frequency,
which violates the Nyquist-Shannon sampling theorem.

"There is also a possibility of pulse shortening due to rf
breakdowns in the PETS, however the breakdown rate is
negligible at the measured power level, which is 1/4 of the
nominal value.

=—= Measured BPM signal
xX  Measured PETS signal
A A Reconstructed PETS power

Intensity x 2 [A] and rf power [MW]
[~
(=]

0 56 l(l)() 150 2(I)0 250 3(I)0 350
Time [ns]

FIG.4. Measured beam current and RF power for one BPM and
one PETS. The beam current has been multiplied by a factor of 2.
The shape of the produced power pulse is somewhat different
from the beam current pulse, which can be explained by a change
in the form factor over the pulse. A reconstruction from the BPM
signal and the multibunch form factor based on Egs. (1), (16),
(18), and the signal in Fig. 5 is shown with red triangles.

Instead we look at the phase from an uncombined beam
(which should be smoother from bunch to bunch), mea-
sured for the same run at a different time. The 12 GHz
phase as measured in the PETS is shown in Fig. 5. To
construct a multibunch form factor, the raw 12 GHz phase
measurement was first converted to f, = 3 GHz phase, and
interpolated to the same sample rate as the bunch fre-
quency. The samples were then reshuffled to simulate a
factor of 4 bunch combination in the combiner ring, and the
phase was converted back to 12 GHz. Finally, a multibunch
form factor was constructed where each sample was based
on N, samples from the calculated phase and Eq. (18).
The resulting combined multibunch form factor was then
resampled for use together with the BPM or the PETS
signal. In Fig. 4 we show a reconstructed power signal
based on the beam current squared and the multibunch form

/2 v v v T
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5 3n/8f 1
E
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g
< #/4t ]
N
S
%
g L +]
/8 +
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0 200 400 600 800
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FIG. 5. 12 GHz phase measured in a PETS for an uncombined

beam, which itself has a 3 GHz bunch structure and a longer
bunch train than the combined beam.
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FIG. 6. Measured energy spectrum along the pulse at the end of
the TBL for a beam current of 13.5 A. The contour lines show
10% increments of the maximum value of the signal, and the
energy changes slightly along the pulse. The star shows the point
with the most decelerated particles, while the crosses show the
mean energies.

factor squared with Eq. (1). We see that the multibunch
form factor to a large extent explains the different shape of
the power signal. It is important to keep in mind that the
significant phase change over the pulse is an artifact from
the CTF3 machine, which is not built to have the same
stability as CLIC.

The measured energy spectrum at the end of the TBL is
shown in Fig. 6. The ordinate shows the time along the
pulse, and we see that the energy changes slightly. The
shape is similar to the PETS power in Fig. 4, as expected
from the change in form factor. The contour lines indicate
10% increments of the signal compared to its maximum
value. For finding the energy of the most decelerated
particles, we define a threshold of 10% of the maximum
signal. Close to the start of the pulse, this occurs at an
energy of E.;, = 90.0 MeV. Expressing the total energy
extraction as #exy = (Eg — Emin)/ Eo. We arrive at a maxi-
mum deceleration of 7., = 27%.

Simulations of the TBL are regularly performed with the
tracking code PLACET for comparing measurements with
theory. PLACET simulates both single-bunch and multi-
bunch wakefields and therefore provides a precise model of
the beam energy spread. In Fig. 7, simulation results are
shown where we used the measured input parameters taken
together with the analyzed data set (i.e., an incoming
energy of 123.5 MeV, 13.5 A beam current, 3.0% energy
spread, and transverse parameters). In the same figure we
have also plotted the measured energy profile at the time
instant coinciding with the maximum deceleration, indi-
cated by the star in Fig. 6. The bunch length had to be
estimated in the simulation, because a streak camera
measurement was unavailable during the run. For a form
factor of F{A(z)} = 0.95 in the simulation, we achieve a
good agreement between simulation and measurement.
Since the calculated multibunch form factor at this time

0.20 T
e—e Measurement, steady-state

_ I Simulation, steady-state

[

]

=

o

Qo
=

(23
N
I}

E

5
Z

95 100 105
Energy [MeV]
FIG. 7. The measured energy spectrum at the time instant with

the most decelerated particles in Fig. 6. In addition, we show a
simulated steady-state energy profile from PLACET for a form
factor of F{A(z)} = 0.95.

instant was P({¢,}) =0.98, by assuming Gaussian
bunches we infer from Eq. (16) that the single-bunch form
factor must have been Fy(o,) = 0.97, corresponding to
bunch lengths of 6, = 1.0 mm. In Fig. 7 the measurement
has a slightly different shape than the simulation because of
an artifact in the incoming energy distribution that propa-
gated down the beamline and that could not be reproduced
in simulations. Note that the measured energy spread can be
slightly overestimated due to beam scattering in the target
and exit window close to the spectrometer [14], but
according to simulations this overestimation is less than
1% in our case.

We next correlate the measured deceleration with that
predicted from theory, and focus on the average deceler-
ation indicated by crosses in Fig. 6. This is done for both
the measured beam current and the PETS rf power, using
Eqgs. (2)—(4). The predicted deceleration from all individual
BPM or PETS signals are added together and subtracted
from the incoming energy. Our procedure for fitting the two
predictions with the spectrometer measurement follows.
(1) Fit the predicted deceleration from the beam current to
the spectrometer measurement using Eq. (4) because the
only free parameter that relates them is the form factor. The
calculated multibunch form factor used for Fig. 4 is used,
and a constant single-bunch form factor is chosen as an
empirically derived scaling factor. Both form factor con-
tributions are applied with Eq. (16). (ii) Fit the predicted
deceleration from the PETS power with Egs. (2) and (4) to
the other two curves because this has a large scaling
uncertainty from calibration errors, as described earlier.
The same form factors ®({¢,}) and F,{1o(z’)} are used,
and a global scaling of the power amplitudes is used to
estimate calibration errors. The scaling is applied before the
square root in Eq. (2) is applied.

With this procedure, we arrive at a single-bunch form
factor of F,{4y(z)} = 0.96. The rf power amplitudes need
to be increased by 5%, and this is well within the expected
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Comparison between measured mean deceleration and deceleration predicted from measured beam current and PETS rf power.

The curves with markers represent the average values over the data series, while the corresponding colored bands show the standard
deviations. The predictions are only shown where the multibunch form factor could be calculated. Outside of this, we show the
remaining signal based on the PETS rf power for reference, as a black stapled line.

uncertainty of the rf calibration. The results are shown
in Fig. 8, which shows the average signals over the data
series along with their standard deviations. Reliable phase
information was only available in the steady-state part of
the pulse, and this limits the area where the multibunch
form factor can be applied. For reference we have also
plotted the remaining prediction from the PETS power by
using the ®({¢,}) end-range values as guidelines for the
pulse edges. The prediction based on the beam current has
some small deviations from the other curves, and this can
possibly be attributed to a small change in the bunch length,
since our analysis uses a constant single-bunch form factor
and the BPM signals are the only measurements that are not
directly affected by the form factor. Note that the estimated
single-bunch form factor F,{1y(z')} = 0.96 is lower than
the value obtained from the analysis in Fig. 7. This is
because the latter describes a local form factor at close to

130 T T T T T T
125F~ Correlation coefficient: — 0.986
~ T. Fit intercept: 121.2 % 5.9 MeV
o 120 7
> Fit adjusted R*: 0.962
= 115 1
2
3 1107
o
= 105
B
© 100
'g sl E{E Measurements
[ —— Linear fit
90T - - Fit 95 % confidence interval ~
850 2 4 6 8 10 12 14

Beam current [A]

FIG. 9. Measured final energy at different beam currents and
levels of deceleration. The intercept derived from a linear fit
estimates what the final energy would be without deceleration.

the 100 ns mark in Figs. 6 and 8, where the bunch length
may have been slightly shorter than the average value. Note
also that the 6% beam loss mentioned earlier not only
affects the BPM signals, but also the possible deceleration
and the PETS rf power, such that it should not cause any
discrepancy between the three signals.

As described earlier the CTF3 machine can be set up for
different bunch combination schemes, and we can study
how this affects the deceleration. Using the combiner ring
only, the machine was set up for bunch combination with
factors of 2, 3, and 4, and in addition we used the
uncombined beam. This resulted in beam currents ranging
from 3.5 to 13.5 A delivered to the TBL. At each setting 60
pulses were recorded, including the already analyzed data
set. The bunch combination of a factor of 3 was set up twice

10 %

Time [ns]

e —— P

* Max. deceleration

;(( X Mean deceleration

A . f——
85 90 95
Energy [MeV]

FIG. 10. Measured energy spectrum along the pulse at the end
of the TBL, for 21.4 A beam current. The contour lines show 10%
increments of the maximum value of the signal, and there is a step
in the measured energy because of a change in the form factor.
The star shows the point with the most decelerated particles,
while the crosses show the mean energies.
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due to instabilities during the first try. The resulting mean
energies measured at the end of the TBL are shown in
Fig. 9. The correlation coefficient between beam current
and energy is —0.986. A linear fit was performed on the
data, where the intercept was 121.2 MeV. This can be
compared to the measured incoming energy of E, =
123.5 MeV because it estimates the final energy without
deceleration, something that is not possible to measure in
practice. However, the intercept has a large uncertainty
because the fit is extrapolated outside the measurement
range. This is illustrated by the 95% confidence interval of
the fit, which is shown with stapled lines in Fig. 9.

The maximum deceleration measured in the TBL was
obtained during another run with an average beam current
of 21.4 A and an incoming energy of 120 MeV, and
amounts to 36%. Both the delay loop and the combiner ring
were utilized, and the energy spectrum at the end of the line
is shown in Fig. 10.

VI. TRANSVERSE EMITTANCE

For CLIC, it is vital to know that the drive beam can be
transported through the 1 km decelerators, even with heavy
deceleration and a large energy spread. Deceleration will
cause the transverse beam size to increase significantly
from adiabatic undamping, since the energy is reduced
by 90%.

In the TBL case, for a perfect machine at nominal
conditions, the 3¢, , beam size will grow to 2/3 of the
aperture [2] and the TBL is therefore a good test bench for
the future machine. An important part of the experiment is
therefore to study the evolution of the transverse emittance
with deceleration.

In the TBL the transverse emittance is measured using
quadrupole scans, in which the strength of one quadrupole
magnet in a doublet is varied and the beam size is measured
on a downstream OTR screen. A parabola is fitted to the
resulting beam waist, and this gives information about the
transverse emittances and the Twiss parameters. Instead of
comparing single numbers for the emittance before and
after deceleration, we have chosen another method that
should be more meaningful. First, a number of quadrupole
scans are performed at the beginning of the line, and
numbers are averaged to find estimates of the emittances
and Twiss parameters. The estimations are then used as
input to a simulation code, in our case PLACET. A quadru-
pole scan is simulated at the end of the line, by varying
the quadrupole strength of one magnet in the doublet in the
simulation code. For the beam size we use the rms of the
transverse particle distribution. Finally, a number of quad-
rupole scans are performed at the end of the line, and
numbers are again averaged to find estimates that can be
compared with simulations. If the normalized transverse
emittances remain constant through the line, the beam waist
should be the same in measurements and simulations at

35
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FIG. 11. Measured and simulated horizontal quadrupole scan at

the end of the TBL. The measurement is an average of four
quadrupole scans, and a parabola was fitted to the data. The curve
for the simulations has a green band representing the uncertainty
in the Twiss parameters and emittance measured at the beginning
of the beamline.

the end, and any deviations can be explained from the
emittance or the Twiss parameters.

For technical reasons we have only been able to perform
the experiment for the horizontal emittance, and for this we
carried out three scans at the beginning of the line and four
at the end. The measurements were performed during the
same run as most of the results in Sec. V, with 13.5 A beam
current and 27% deceleration. The average beam size
measurements at the end of the line are shown with error
bars in Fig. 11, and a parabolic fit to the data is shown with
a black dashed curve.

Beam sizes obtained from simulations with PLACET are
shown with a green line with squares, and this line is very
close to the experimental fit. This is a strong indication that
the normalized emittance was constant at 330 pm through
the line. At the beginning of the line there was a certain
spread in the measured parameters from the quadrupole
scan, because of uncertainty in the individual beam size
measurements and small differences between the three scans.
We therefore also ran a scan of simulations with different
parameters based on the error bars at the beginning of the
line. The resulting spread in the simulated beam size at the
end is shown with a light green band in Fig. 11.

For a beam with a large energy spread such as a drive
beam, chromaticity affects the beam size measured during
quadrupole scans as described in [19]. In the TBL with
nominal conditions, chromaticity contributes a 20% error
to the measured emittance [14], although this error can
easily be corrected [19]. For the conditions here with less
deceleration and consequently a lower final energy spread,
the emittance error is significantly smaller and was esti-
mated to 1.7%. Both measurement errors given here were
found with a numerical method that did not use the thin-
lens simplification from [19]. However, an assumption was
made in the analysis that the beam arrives at the scanning
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quadrupoles with no correlation between momentum and
transverse beam position. In the PLACET simulations,
chromatic effects are fully taken into account.

When including errors we see an excellent agreement
between measurements and simulations, which means that
the change in geometrical emittance can be attributed to
adiabatic undamping alone.

VII. CONCLUSIONS

‘We have studied beam deceleration through a line of 12
PETS structures. At an average beam current of 13.5 A, the
most decelerated particles experienced 27% deceleration.
The measurements agreed well with simulations when a
form factor of F{A(z)} = 0.95 was used in the simulation
code. We also correlated the spectrometer measurements
with predicted deceleration based on the beam current and
the power production in PETS. A multibunch form factor
was calculated based on the PETS rf phase, and when this
was used together with an estimated value of the single-
bunch form factor we saw a good agreement, within the
expected errors of the measurements. The maximum
deceleration measured in the TBL at the time of writing
amounts to 36%.

We also investigated the evolution of the horizontal
emittance with deceleration. Quadrupole scans performed
before and after deceleration were compared with particle
tracking simulations, and there was an excellent agreement
between measurements and simulations.

The deceleration experiments with the test beam line in
the CTF3 are meant to validate the design of the CLIC
decelerators. The presented results show that all relevant
aspects of the beam deceleration and power production
have been measured and agree well with theoretical
predictions. The highest possible beam current and decel-
eration in the CTF3 have not been achieved, yet we
consider the theoretical models used to design the CLIC
decelerators as validated.
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Abstract

In the CLIC two-beam scheme, the main beam is accel-
erated by rf power provided by energy extraction from a
secondary drive beam. This energy is extracted in deceler-
ators, and the first prototype decelerator is the Test Beam
Line in the CLIC Test Facility 3. The line is currently
equipped with 12 Power Extraction and Transfer Structures
(PETS), which allows for extracting up to 40 % of the beam
energy. We correlate the measured deceleration with pre-
dictions from the beam current and the rf power produced
in the PETS. We also discuss recent bunch length measure-
ments and how it influences the deceleration. Finally we
look at the evolution of the transverse emittance.

INTRODUCTION

In the future proposed Compact Linear Collider (CLIC),
two low-energy electron drive beams are used as power
sources to accelerate the two main beams before collision.
The rf fields used for acceleration are extracted from the
drive beams using 24 decelerators, each of which comprise
a FODO lattice with a large number of Power Extraction
and Transfer Structures (PETS), and which extracts 90 % of
the drive beam energy. The PETS are constant impedance,
passive microwave devices with a fundamental mode at
12 GHz.

In the CLIC Test Facility 3 (CTF3) at CERN, the Test
Beam Line (TBL) is built as a prototype decelerator. Two
of the main purposes of TBL are to demonstrate stable
beam transport after significant deceleration and to study
the consistency with theoretical models, and these topics
will be addressed in this paper.

EXPERIMENTAL SETUP

The TBL has a similar lattice as the CLIC decelerators,
and consists of 8 FODO cells with space for up to 16 Power
Extraction and Transfer Structures (PETS). Figure 1 shows
the current lattice. Currently 12 PETS are installed in the
line. Since TBL has a 4 times lower beam current than
the CLIC drive beam, the PETS are 4 times longer to com-
pensate, and produce roughly the same amount of power.
The 12 GHz rf power produced by the PETS is coupled out
and measured with Schottky diodes. One PETS is mea-
sured with IQ demodulators, which also provides informa-
tion about the rf phase. Since the power is attenuated by
around 90 dB before entering the electronics, and the at-
tenuation is measured piecewise [2], the accuracy of the
measured amplitude is estimated to be around 10 %.

*reidar.lunde.lillestol @cern.ch
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The quadrupoles in the FODO lattice are placed on mov-
ing tables made by CIEMAT [3], which allow micrometer
positioning. The quadrupole focusing is tapered along the
line to provide a constant phase advance for the most de-
celerated particles, normally 90°.

The BPMs are high precision inductive wall current
monitors designed and constructed by IFIC Valencia and
UPC Barcelona [4], and have a resolution of 5 pm. The
beam current can vary between 3.5 and 28 A, because of
different bunch combination schemes using the delay loop
and combiner ring in CTF3. This affects the TBL decelera-
tion linearly and the PETS power production quadratically.

At the end of TBL a segmented dump spectrometer [5]
provides time-resolved energy measurements with an accu-
racy of a few percent. The start of the line is equipped with
a more simple spectrometer with a single slit. The other di-
agnostic devices are OTR screens, and a streak camera that
images an OTR screen and allows bunch length measure-
ments.

EMITTANCE EVOLUTION

In the CLIC decelerators, the 30 beam envelope can ac-
cording to simulations fill around half the aperture [1]. It
is therefore important that the transverse beam dynamics
through deceleration is well understood, and that there are
no unknown effects on the transverse beam size.

One important parameter which we can verify experi-
mentally is the transverse emittance. We can compare the
phase space (including the Twiss parameters) in one trans-
verse plane by

1. performing one or more quad scans at the beginning
of the TBL,

2. using the quad scan results as input to a simulation
code, in this case the tracking code Placet [6],

3. performing one or more quad scans at the end of the
TBL and comparing the results with the expected val-
ues from the simulation.

This comparison has been performed for different beam
currents in TBL. Figure 2a shows a comparison for a fac-
tor 4 bunch combination, corresponding to a beam current
of 13.5 A and 25 % deceleration. The plot is similar to a
standard quad scan plot, where the beam size is shown as a
function of the focusing of one quadrupole.

Based on the uncertainties in the Twiss parameters and
emittance at the beginning of TBL, a number of Placet sim-
ulations were run with different input parameters. The re-
sulting beam size at the end of TBL has an uncertainty,
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Figure 1: The current TBL lattice with 12 out of 16 PETS installed, with the CTF3 drive beam arriving from the left.
Quadrupoles are shown as blue lenses, dipoles as red rectangles, correctors as orange triangles, BPMs as green circles,
OTR screens as purple circles and PETS as brown corrugated structures.

given by the simulation results, that is represented by the
blue band in Figure 2a. The blue line represents the sim-
ulated condition using the mean measured values from the
beginning, which were also used for matching the TBL.
Measured quad scans at the end of TBL are shown with
black error bars and a corresponding quadratic fit. The
measurements agree very well with the simulations, and
we conclude that evolution of the transverse emittance is
well understood.

We also show a similar comparison between measure-
ments and simulations for an uncombined beam, corre-
sponding to a beam current of 3.5 A and 7 % decelera-
tion, in Figure 2b. Here the measurements disagree with
the simulations. However, the beam size at the waist is
roughly the same, but the waist is wider. We therefore be-
lieve that the emittance behaves as expected, but that the
error lies in the Twiss parameters, maybe due to a drift of
the machine. When the measurement was performed, the
TBL was still matched and optimized for transporting the
combined beam measured in Figure 2a, and this is a fur-
ther uncertainty factor, even though the simulations were
performed with the same optics. In the future we want to
repeat the measurement for the uncombined beam, and also
match the line for that beam.

DECELERATION

Energy measurements are regularly performed in the
TBL, and the energy of the decelerated beam is compared
to predictions from the measured beam current and from
the rf power measured in the PETS. In Figure 3 one such
measurement is shown, where the measured energy along
the bunch train is shown in blue. The predicted decelera-
tion based on the measured beam current is shown in red,
while the prediction based on the measured PETS rf power
is shown in green. A total of 60 pulses was used in the
analysis. The means of the three measurements over the 60
pulses are shown with solid lines, while the standard devi-
ations of the distributions are shown as colored bands.

When correlating the two predictions with the spectrom-
eter measurements, one uncertainty is the charge distri-
bution form factor F'(\). This parameter takes the value
of unity for infinitely short bunches with a perfect bunch
phase. Based on bunch length and phase measurements, a
reasonable estimate most of the time [7] is F/(A) < 0.90.
One example of this is the bunch length measurement in
Figure 4. Ignoring bunch phase effects and assuming Gaus-
sian bunches, we can use the single bunch form factor
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Figure 2: Emittance evolution in the TBL. The plots rep-
resent quad scans done at the end of TBL. The simulations
are based on the Twiss parameters and transverse emittance
from the beginning of TBL. The emittance agrees well for
both cases, while there is some uncertainty in the Twiss
parameters for the uncombined beam.

F(A) = Fy(0.) = exp {7%(0227]%/(:)2} W

where o is the bunch length, f; the bunch frequency and
c the speed of light in vacuum. Using eq. (1) and the
data in Figure 4 (including error bars), we obtain Fy,(\) €
[0.81,0.88].

In Figure 3 the form factor is used as a fudge factor, and
a value of 1.05 had to be assumed, which is non-physical.
A possible explanation can be an offset in the spectrometer,
either because of a calibration error or a non-centred beam.
Another issue is that the dipole magnet cannot currently be
demagnetized correctly. To investigate a possible system-
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Figure 4: Streak camera measurement, where the bunch
length (measured in sigmas) is shown at 8 points along the
bunch train.

atic error, an experiment was performed where the the final
beam energy was measured for different beam currents, and
this is shown in Figure 5. A linear fit was used to find the
intersect, which represents the beam energy without decel-
eration. This should correspond to the measured incoming
energy of 125 MeV, but the intersect is 3 % lower. How-
ever, it is still inside the 95 % confidence interval of the fit,
and therefore no conclusion can be made.

For the prediction from rf power there is also another
uncertainty, namely the rf calibration. In Figure 3 an 8 %
calibration error had to be assumed, something which is
within the expected 10 % calibration uncertainty.

As seen in Figure 3, the agreement is worse at the end of
the pulse. This mainly originates from a change in the form
factor (bunch length and phase) along the pulse, which
started upstream of the TBL. Figure 4 does not show the
whole bunch train, but there is a tendency towards longer
bunches at the end (except for the last point).

As shown by Figure 3 we can currently reach 25 % de-
celeration with a 12.5 A beam. Later this year it is expected

ISBN 978-3-95450-122-9
1816

Proceedings of IPAC2013, Shanghai, China

130 . . . . . :
S5~ Incoming energy: 125 MeV |
§ 120 Tl Intercept: 121.2 + 5.9 MeV |

100} [HH HH Measurements
— Linear fit

90| --- 95 % Conf. Int. ~
85 : ‘ w w ‘ ‘

0 2 4 6 8 10 12 14
Beam current [A]

Figure 5: Measured beam energy at the end of TBL versus
the beam current. A fit to the data determines the intersect,
which represents the beam energy with no deceleration.

to operate with a beam current above 20 A, and it is reason-
able to expect more than 40 % deceleration before the end
of the year.

CONCLUSION

The TBL currently operates with 12 PETS, and has
reached 25 % deceleration with a beam current of 12.5 A.
There is generally good agreement with theoretical expec-
tations. However, a small systematic uncertainty in the
spectrometer measurements is still a concern even though
it is not evident from the current data.

With 25 % and 7 % deceleration we have studied the
evolution of the transverse emittance through deceleration
in PETS. The emittance measurements agree very well with
theory, except for some difference in the Twiss parameters
for one measurement.

CTF3 is now starting high-current operation, and TBL
will likely reach 40 % deceleration before the end of 2013.
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LONGITUDINAL SPACE CHARGE EFFECTS IN THE
CLIC DRIVE BEAM
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Abstract

The CLIC main beam is accelerated by rf power gener-
ated from a high-intensity, low-energy electron drive beam.
The accelerating fields are produced in Power Extraction
and Transfer Structures, and are strongly dependent on the
drive beam bunch distribution, as well as other parameters.
We investigate how longitudinal space charge affects the
bunch distribution and the corresponding power produc-
tion, and discuss how the bunch length evolution can af-
fect the main beam. We also describe the development of a
Particle-in-Cell space charge solver which was used for the
study.

INTRODUCTION

In the Compact Linear Collider (CLIC) scheme [1], the
main beams are accelerated by rf fields extracted from
two high-intensity, low-energy drive beams, before be-
ing brought into collision. These fields are extracted in
Power Extraction and Transfer Structures (PETS), which
are passive microwave structures with a fundamental mode
at 12 GHz. In order to keep a high luminosity for the main
beams, strict tolerances are necessary for several parts of
the machine. One factor that affects the rf fields sent to
the main beam is the drive beam bunch length. Assum-
ing perfect bunch phase, the power produced in a single
PETS scales as P o< F2()), where Fy,()\) is the single-
bunch form factor. For a Gaussian bunch it can be written

Fy(\) = Fy(0.) = exp {7%(Uz27rfb/c)2} ., (D

where o, is the bunch length, f; is the bunch frequency and
c is the speed of light in vacuum.

The nominal drive beam bunch length is 1 mm. The
bunch length tolerance can be calculated from a specifica-
tion for the main beam of maximum 1 % luminosity loss,
which requires an energy spread of A—EE < 7 x 107, This
leads to a tolerance for a coherent bunch length change
of 1.1 %, and a tolerance for an incoherent bunch length
change of 3.3 %.

Even though the CLIC drive beams are relativistic (y €
[470,4700] in the decelerator), there has been some con-
cern that longitudinal space charge in the high-intensity
bunches may violate the bunch length tolerance. This has
previously not been studied for the CLIC scheme. In this
paper we describe the development of a simulation code
and its preliminary results.
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Figure 1: The system that is modeled. A bunch is placed
on axis in an axisymmetric r-z grid. The maximum z value
Zmax 18 equal to the bunch separation.

MODEL

A common method for simulating space charge and sim-
ilar effects in simulation codes is using the Particle-in-Cell
framework (PIC). Because it is a well-known scheme that is
intuitive and relatively straightforward to implement, PIC
was chosen as the framework. It is foreseen to imple-
ment the space charge code into the existing tracking code
Placet [2], and PIC should be compatible with the particle
tracking in that code.

A full 3D PIC simulation requires a large amount of
memory (e.g., fieldsolver matrices require n2n2n? ele-
ments, where n,, ,, . is the number of grid points in each di-
mension) and extensive computation time. A 1D longitudi-
nal code would have long-range Coulomb forces (the force
is constant and does not fall off with distance) and over-
estimates the longitudinal force for particles outside the
axis. A compromise was therefore chosen with a 2D code
with cylindrical coordinates (r,z). This model — shown in
Figure 1 — assumes axisymmetry, which is a simplification
but applicable to the fairly round beams in the decelerator
FODO lattice. Each code iteration follows a fairly standard
PIC algorithm:

1. Define a grid for one bunch in the beam frame, based
on its current energy in the lab frame. Because of
length contraction the longitudinal coordinates scale
with the Lorentz . A fixed number of grid points is
used every iteration.

2. Assign charge with a linear, cloud-in-cell weighting to
grid points near the particles.

3. Calculate charge densities on the grid points based on
the volumes they represent.
ISBN 978-3-95450-122-9
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Figure 2: Longitudinal electric field from a point charge,
where the PIC code is compared to an analytical model.
For this grid size we clearly see the difference between the
two types of numerical differentiation.

4. Solve Poisson’s equation to obtain the potential ¢ ev-
erywhere on the grid.

5. Calculate electric fields from E = —V¢. Magnetic
fields are ignored since we solve in the beam frame.

6. Assign electric fields to each particle, in a linear
cloud-in-cell manner.

7. Calculate particle kicks (i.e., update velocities and po-
sitions) from Lorentz’ equation F' = ¢E and by using
a leap-frog algorithm.

During the development it was found that normal 2-point
numerical derivatives did not give accurate solutions for
certain grid sizes and particle distributions. Therefore more
accurate derivatives are used, and we write Poisson’s equa-
tion for a free space grid point as

1 ¢ioy —8pi—1,j +8bit1,5 — Pita,

v? ~
(ﬂ"] T 12A,
i —¢i—2,4+16¢;_1; —309; j + 160,115 — dit2,j
12A2 ®
4 —i,j—2 + 166 j—1 — 306 j + 166 j+1 — dij+2
12A2
_ _Pig

)

€0

where ¢; ; is the potential and p; ; is the charge density at
coordinates (1 = r;, z = z;), € is the electric permittivity
in vacuum and A,. . is the grid length in each dimension.
Figure 2 shows a comparison between the two numerical
differentiation schemes. In this example a coarse grid in the
r dimension shows that the more accurate differentiation
clearly outperforms the simpler version.

A sketch of the system that is simulated is shown in Fig-
ure 1. The bunch is situated at » = 0, and this axis has a
Neumann boundary condition with %(ﬁ = 0 to represent
symmetry. Longitudinally, the grid spans from half the dis-
tance to the previous bunch, to half the distance to the next
bunch. To eliminate any effects of bunch phase we use pe-
riodic boundary conditions longitudinally. A bunch offset
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from the longitudinal center would therefore not have an
impact on the simulation. At the final boundary, which is
the beam pipe, the potential is fixed to ¢ = 0.

IMPLEMENTATION

The code has been written in Octave. The tracking code
Placet [2] has an interface to Octave, and at a later stage
this will make an implementation of the space charge code
into Placet easier. Octave also offers a good environment
for development.

Matrices used for the fieldsolver are stored in sparse for-
mat, which offers very good compression since the matri-
ces have at most 9 diagonals. In this way we can use larger
grids without running into memory problems. We solve for
the potential using incomplete LU factorization, which was
found to be the fastest method for large grids, and which
operates on sparse matrices.

Several steps have been made to optimize the code for
speed. However, since the energy changes along the decel-
erator, the grid (in the beam frame) and the field solver ma-
trices must be remade every timestep, including the incom-
plete LU factorization. To increase the speed of this bot-
tleneck, the chosen solution is to store normalized sparse
matrices, which are scaled each iteration. Still, each iter-
ation takes around 1.5 s for the conditions normally used
(51x61 grid size and 10’000 macro particles).

BENCHMARKING

The code results have been compared to a number of
analytical models. Mainly we have compared the elec-
tric fields, which agree reasonably well. One example is
shown in Figure 2, which shows the longitudinal electric
field close to a point particle. Another example is shown in
Figure 3, which shows the longitudinal electric field from
a bunch with a Gaussian longitudinal distribution with all
particles placed on the axis transversally. In this particu-
lar analytical model we integrated a Gaussian distribution
numerically to obtain the field everywhere on the axis.

For a small number of grid points in the r dimension and
certain distributions like the Gaussian, the code has been
found to underestimate the longitudinal field. To get a suf-
ficiently accurate solution, we therefore need at least 60
points for a converging solution. This effect can be seen
in Figure 3, where the field from the 41x51 grid (r x z,
in red) is underestimated (even though it converges in the
Gaussian tails).

FIRST RESULTS

Some preliminary results have been obtained. However,
since the code is not yet implemented in Placet, quadrupole
focusing and beam dynamics other than space charge is not
included. Therefore the simulations are quite simplified,
and should be seen as the first stage of a study.

One simulation treated the decelerator as a long drift
space, where the beam energy changed stepwise from 2.4
to 0.24 GeV from the 1492 PETS in the lattice. We used
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Figure 3: Longitudinal electric field from a bunch that
is Gaussian distributed longitudinally and placed on axis
transversally. 10’000 macroparticles were used in the PIC
code and the result is compared to an analytical model. It
is necessary to use at least 60 grid points radially to ensure
convergence.
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Figure 4: Radial bunch distribution before and after going
through the CLIC decelerator (without quadrupole focus-

ing).

nominal starting parameters, a 61x51 grid and 10’000
macro particles. The particles also started out stationary,
which means zero emittance and energy spread. With these
conditions the bunch length barely increased, with a factor
(1 + 6 x 1077). This is well within the coherent bunch
length tolerance of 1.1 %, and has a negligible effect on the
PETS power production. The space charge effect is more
noticable transversally, where the beam occupies half the
aperture as shown in Figure 4. However, when quadrupole
focusing is included later we expect it to correct the trans-
verse space charge defocusing, and also increase the longi-
tudinal effect.

A similar simulation was performed for the Test Beam
Line [3] in the CLIC Test Facility 3, which is a proto-
type CLIC decelerator. In this simulation the beam was
decelerated from 120 to 60 MeV with 16 PETS, and here
we also got a negligible bunch lengthening of a factor
(145 x107%).
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FUTURE PROSPECTS

It is foreseen to implement the space charge code into
the Placet code. One approach for how it could work in-
side Placet, is that each time the tracker encounters a lat-
tice element, it should estimate a number of timesteps that
is needed for numerical convergence. This is based on the
length of the current lattice element and the stability crite-
rion [4]

0 <

1 1
- ©)
C

)
1 1
Vazrtaz

where 0, is the timestep. The calculated positions and ve-
locities at the end of the lattice element can then be inter-
leaved with the other effects calculated in Placet.

After being merged with Placet, it will be possible to
benchmark the code with more advanced models using
other existing codes.

Adding the space charge effect to Placet will force it
to run considerably slower, particularly because the field
solver matrices are updated every iteration. Therefore it
will likely be an effect that can be used by demand.

CONCLUSION

A PIC code for space charge has successfully been de-
veloped in Octave, and benchmarked with some analytical
models. Simulations have been performed for the CLIC de-
celerator without quadrupole focusing, and showed a neg-
ligible bunch lengthening. In the future it is foreseen to
implement the space charge code in Placet, and this will
allow simulations closer to the real case. In particular the
goal is to verify that longitudinal space charge is not an is-
sue for PETS power production and for luminosity loss in
CLIC.

ACKNOLEDGEMENTS

The authors want to thank Steven M. Lund of the
Lawrence Berkeley and Lawrence Livermore National
Laboratories, for helpful discussions and tips during the
code development.

REFERENCES

[1] M. Aicheler et al., A Multi-TeV Linear Collider Based on
CLIC Technology: CLIC Conceptual Design Report, Geneva,
2012.

[2] https://savannah.cern.ch/projects/placet/.

[3] R. Lillestol et al., “Experimental Results from the Test Beam
Line in the CLIC Test Facility 3, these proceedings.

[4] A. Taflove and M.E. Brodwin, “Numerical Solution of
Steady-State Electromagnetic Scattering Problems Using the
Time-Dependent Maxwell’s Equations”, IEEE Trans. Mi-
crowave Theory & Techniques MTT-23, 623, 1975.

ISBN 978-3-95450-122-9
1813



A.4 Experimental verification of the CLIC two-beam technol-
ogy in CTF3

e Title: Experimental verifiction of the CLIC two-beam acceleration technology in CTF3

e Abstract: The Compact Linear Collider international collaboration is pursuing an
extensive R&D program towards a multi-TeV electron-positron collider. In particular,
the development of two-beam acceleration technology is the focus of the CLIC test
facility CTF3. In this paper we summarise the most recent results obtained at CTF3:
the results of the studies on the drive beam generation are presented, the achieved
two beam acceleration performance is reported and the measured breakdown rates and
related observations are summarised. The stability of the deceleration process performed
over 12 subsequent modules and a comparison of the obtained results with the theoretical
expectations are discussed. We also outline the future experimental program.

e Where: The 4" International Particle Accelerator Conference, IPAC’13, Shanghai,
China

e When: May 2013

e Contribution: Reidar contributed to the article with the plot in Figure 5, where he
performed the experiment and the data analysis. He also provided input for the text
about the TBL, and participated in the analysis of the Rs¢ effects.

e Authors: B. Constance, A. Andersson, J. Barranco, R. Corsini, S. Doebert, A. Dubrovskiy,
P. K. Skonwronski, F. Tecker, W. Farabolini, T. Persson, R. L. Lillestol, E. Ikarios, M.
Jacewicz, A. Palaia, R. Ruber

e Bibliography entry: [41]

XXI



TUPF1040

Proceedings of IPAC2013, Shanghai, China

EXPERIMENTAL VERIFICTION OF THE CLIC TWO-BEAM
ACCELERATION TECHNOLOGY IN CTF3

B. Constance*, A. Andersson, J. Barranco, R. Corsini, S. Doebert, A. Dubrovskiy, P. K. Skowroriski,
F. Tecker, CERN, Geneva, Switzerland
W. Farabolini, CERN, Geneva, Switzerland & CEA/DSM/IRFU, Saclay, France
T. Persson, CERN, Geneva, Switzerland & Chalmers University of Technology, Gothenburg, Sweden
R. L. Lillestol, CERN, Geneva, Switzerland & University of Oslo, Oslo, Norway
E. Ikarios, CERN, Geneva, Switzerland & National Technical University of Athens, Athens, Greece
M. Jacewicz, A. Palaia, R. Ruber, Uppsala University, Uppsala, Sweden

Abstract

The Compact Linear Collider international collaboration
is pursuing an extensive R&D program towards a multi-
TeV electron-positron collider. In particular, the develop-
ment of two-beam acceleration technology is the focus of
the CLIC test facility CTF3. In this paper we summarise
the most recent results obtained at CTF3: the results of
the studies on the drive beam generation are presented, the
achieved two beam acceleration performance is reported
and the measured breakdown rates and related observations
are summarised. The stability of the deceleration process
performed over 12 subsequent modules and a comparison
of the obtained results with the theoretical expectations are
discussed. We also outline the future experimental pro-
gram.

INTRODUCTION

A leading contender for the next generation of high
energy lepton colliders, the Compact Linear Collider [1]
(CLIC) is one of the two machine designs being pursued
by the many international partners of the Linear Collider
Collaboration. Integral to the verification of many aspects
of the CLIC design is the work carried out at the CLIC
Test Facility [2] (CTF3) located at CERN. In particular, a
drive beam complex consisting of a 120 MeV e~ linac fol-
lowed by a stretching chicane, a 42 m Delay Loop (DL)
and an 84 m Combiner Ring (CR) is used to generate a
high-current drive beam using a system of bunch frequency
multiplication and pulse compression. This drive beam is
then transported to the CLIC Experimental Area (CLEX)
where it is used as a source of 12 GHz RF power.

A 3 GHz, 4 Amp beam from the linac, initially 1.5 ps
long, can be injected directly into the CR using 3 GHz
transverse deflecting RF cavities. Here it is stacked to pro-
duce a 12 GHz pulse of 16 A and of 280 ns duration. This
mode of operation is referred to as factor 4 combination.

Alternatively, a sub-harmonic bunching system may be
used to reduce the linac bunch frequency to 1.5 GHz. By
coding the beam phase with a series of 180° phase shifts,
140 ns sections of the pulse may be alternately injected or
allowed to bypass the DL. On exiting the DL, the delayed
sections interleave with those sections bypassing. This re-
sults in a train of four 140 ns sub-pulses, separated by
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Figure 1: Layout of the CTF3 complex at CERN.

140 ns, with a current of some 8 A and a 3 GHz bunch fre-
quency. These four sub-pulses are then stacked in the CR
before extraction to CLEX, where the final 12 GHz pulse
is 140 ns long. The typically expected combined current
is around 28 A before transport, since some fraction of the
charge is lost to satellite bunches in the unused RF buckets.
This is similarly referred to as factor 8 combination.

In CLEX, 12 GHz RF power is extracted from the drive
beam using resonant Power Extraction and Transfer Struc-
tures (PETS). The drive beam may be directed to one of
two beamlines: the Test Beam Line (TBL) or the Two-
Beam Test Stand (TBTS). In TBL the stability of the drive
beam under deceleration is assessed experimentally, and
the produced RF power is compared to theoretical models.
Two-beam acceleration studies are carried out in the TBTS,
which is also served by a 200 MeV injector (CALIFES) to
be used as a probe beam. RF power from the PETS is fed
into two accelerating structures in the probe beam line.

STATUS OF DRIVE BEAM GENERATION

Recent drive beam studies have included the addition of
software feedbacks to help improve beam stability and the
commissioning of new stretching chicane optics to allow
control of bunch length and beam phase. By careful closure
of the CR orbit, it has also been possible to achieve emit-
tances in both planes close to the design value of 150 7 pm
for a factor 4 combined beam
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New Feedback Tests

Unlike at CLIC, CTF3 relies on klystron pulse compres-
sion to generate the RF power necessary to accelerate the
drive beam to 120 MeV. RF pulses of 5.5 us are com-
pressed down to around 1.5 ps using resonant cavities, in-
creasing peak power by a factor of 2 to over 30 MW. This
necessarily introduces a phase sag into the linac RF, which
by design is transferred to the beam phase in such a way as
to maintain constant acceleration along the beam pulse. In
addition, despite temperature stabilisation of the compres-
sion cavities and RF phase feedback loops, this procedure
has an adverse impact on the beam stability in both energy
and phase. Two new feedbacks have been implemented to
combat these effects [3].

In the first, feedback loops are closed between two beam
phase monitors and the phases of the two 3 GHz bunching
cavities. Each phase monitor is positioned just downstream
of a bunching cavity. As the phase of the beam is seen to
drift with respect to a more stable local oscillator, the beam
bunching is adjusted to compensate. This ensures a more
static working point against which to tune the rest of the
machine, with the resulting improvement in beam phase at
the end of the linac shown in figure 2 (a).

The second feedback loop is closed between the hori-
zontal position read from the first dispersive BPM in the
transfer line to the CR, and the power of the compressed
RF fed to the last two accelerating cavities in the linac. En-
ergy drifts leading to position drifts in the dispersive pick-
up are thus compensated, giving a factor 2 improvement in
stability as shown in figure 2 (b).

o

(a) 1 (b)

Beam phase [degrees]
- o
A Energy [MeV]

100 200 o 100 200
Pulse number Pulse number

Figure 2: Effect of injector phase (a) and beam energy (b)
feedbacks.

Control of the Stretching Chicane R

In previous runs, the stretching chicane at the end of
the linac has been operated in its ‘natural’ state, with
quadrupoles within the chicane off and with R5¢ = 0.45.
In this configuration, an increase in RMS phase variation
along the pulse of around a factor 5 was observed. En-
ergy variations are coupled to beam phase by the large
Rs6 value. Two new sets of optics were designed, with
Rs6 = 0.2 and R56 = 0, to help control this effect, and
the improvement is clearly visible in the data of figure 3
[4]. The new optics are also expected to affect the bunch
length, though streak camera measurements have not yet
been conclusive and require further study. The chicane is
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Figure 3: RMS phase variation measured in various phase

monitors for different chicane Rsg values. CL290 and
CL475 are before the chicane and CL532 is after.

now regularly operated with a low Rsg.

Factor 8 Combination

One outcome of the drive beam generation studies has
been an increase in maximum current obtained by factor §
combination to 26 A, with a good current stability along
the pulse. Figure 4 shows the current over the four succes-
sive turns in the CR during such operation as measured in a
BPM. The second half of each turn shows the current lost to
satellite bunches due to imperfect sub-harmonic bunching,
in this case around 4 A. CTF3 has 3 sub-harmonic bunch-
ers each driven by a separate 1.5 GHz travelling wave tube
(TWT), yet so far only 2 have been operated simultane-
ously. This has been due to limited TWT availability. With
3 TWTs available, it has previously been observed that the
satellite current is reduced and therefore the maximum cur-
rent achieved will likewise be increased.

10

o

Current (A)
=

0 500 1000
Time (ns)

1500

Figure 4: CR current over 4 turns during factor 8 combina-
tion.

STATUS OF THE TBL EXPERIMENT

Since the number of PETS in TBL was increased to 12
in the summer of 2012, a factor 4 combined beam has been
successfully decelerated by 25% from 125 MeV. The decel-
erated beam was stably transported along the entire beam
line to dump, and the final energy compared to theoretical
predictions. See [5] in these proceedings for further details.
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Figure 5: Beam energy along the factor 4 pulse at the end
of TBL along with theoretical predictions. Coloured bands
represent measured standard deviations

Figure 5 shows the energy along the pulse as measured in a
spectrometer at the end of TBL, along with the predictions
from beam current and produced RF power.

STATUS OF THE TBTS EXPERIMENT

Two accelerating structures are now installed in the
TBTS and powered from a single PETS. With the nominal
accelerating gradient (100 MV/m), the energy gain expe-
rienced by the probe beam will be 43.4 MeV for an input
power of 42.2 MW each. Accurate checks of the struc-
tures’ acceleration have been made for various powers and
phases, and the performance is very close to expectation.

Concerning the breakdown rate, the structures are still
in their very first period of conditioning. However, the
location of the particular cell where breakdowns occur is
quite evenly distributed for both structures. Conversely, the
previous structure tested in the TBTS presented a hot spot
around cell number 6.
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Figure 6: Measured probe beam energy gain vs. RF power.
Most pulses are in the 20 to 30 MW range, and the beam
to RF pase was scanned. Predicted curves are shown for in
phase and in antiphase acceleration.
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Figure 7: Frequency of recorded breakdowns in each cell
of the two TBTS accelerating structures.

FUTURE PROGRAM

In addition to the consolidation of the drive beam devel-
opment studies discussed here through software automa-
tion, and the demonstration of stable deceleration of a fac-
tor 8 beam through 12 PETS, there are several other studies
planned at CTF3 in the coming months.

In the TBTS, the two new structures will be conditioned
with drive beam RF and the breakdown rates measured.
Two-beam acceleration experiments with a factor 8 beam
will be performed, and new instrumentation to measure
the drive beam wakefield tested. Kicks imparted to the
beam during breakdown events will be measured and char-
acterised.

A dogleg halfway down the linac allows the drive beam
to be directed to a test accelerating structure. This struc-
ture is being driven by a 12 GHz X-Band klystron [6]. By
delivering a 1 A beam from the linac, the intention is to
compare breakdown rates in the cavity with and without
beam loading.

Finally, a novel phase feed-forward system has been de-
signed to correct the beam phase profile and jitter, demon-
strating the possibility of reaching CLIC requirements.
Further details may be found in [7] in these proceedings.
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A.5 Experimental verification of the CLIC decelerator with
the TBL

e Title: Experimental verification of the CLIC decelerator with the Test Beam Line in
the CLIC Test Facility 3

e Abstract: The Test Beam Line in the CLIC Test Facility 3 is the first prototype of the
CLIC drive beam decelerator. The main purpose of the experiment is to demonstrate
efficient 12 GHz rf power production and stable transport of an electron drive beam
during deceleration. The Test Beam Line consists of a FODO structure with high preci-
sion BPMs and quadrupoles mounted on mechanical movers for precise beam alignment.
Nine out of the planned 16 Power Extraction and Transfer Structures have currently
been installed and commissioned. We correlate rf power production measurements with
the drive beam deceleration measurements, and compare the two measurements to the
theoretical predictions. We also discuss the impact of the drive beam bunch length and
bunch combination on the measurements.

e Where: The 3'4 International Particle Accelerator Conference, IPAC’12, New Orleans,
USA

e When: May 2012

e Contribution: Reidar was the main author, and wrote the entire article. He per-
formed the experiments in participation with the co-authors, and carried out all the
data analysis alone. Reidar presented the work with a poster at the IPAC conference
in New Orleans.

e Authors: R. L. Lillestgl, S. Dobert, M. Olvegard, A. N. Rabiller, G. Sterbini and E.
Adli
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EXPERIMENTAL VERIFICATION OF THE CLIC DECELERATOR WITH
THE TEST BEAM LINE IN THE CLIC TEST FACILITY 3

R.L. Lillestgl*, S. Dobert, M. Olvegard, A.N. Rabiller, G. Sterbini, CERN, Geneva, Switzerland
E. Adli, University of Oslo, Oslo, Norway

Abstract

The Test Beam Line in the CLIC Test Facility 3 is the
first prototype of the CLIC drive beam decelerator. The
main purpose of the experiment is to demonstrate efficient
12 GHz rf power production and stable transport of an elec-
tron drive beam during deceleration. The Test Beam Line
consists of a FODO structure with high precision BPMs
and quadrupoles mounted on mechanical movers for pre-
cise beam alignment. Nine out of the planned 16 Power
Extraction and Transfer Structures have currently been in-
stalled and commissioned. We correlate rf power produc-
tion measurements with the drive beam deceleration mea-
surements, and compare the two measurements to the theo-
retical predictions. We also discuss the impact of the drive
beam bunch length and bunch combination on the measure-
ments.

INTRODUCTION

In the proposed future eTe™ collider CLIC, 90 % of the
energy of a high intensity drive beam will be converted into
12 GHz rf power for acceleration of the main beam [1]. The
CLIC Test Facility 3 (CTF3) was set up to verify key tech-
nology concepts of the CLIC scheme, and the decelerator
Test Beam Line (TBL) is the first prototype of the CLIC
drive beam decelerator, with up to 55 % energy extraction
in the final configuration [2].

A part of the kinetic energy of the beam is converted
to rf power in constant impedance Power Extraction and
Transfer Structures (PETS), which are passive microwave
devices with a fundamental mode of 12 GHz. The main
purposes of the TBL are to

e show stable power production in the PETS,

e demonstrate stable beam transport after significant de-
celeration, and

o test decelerator beam-based alignment schemes.

EXPERIMENTAL SETUP

The Test Beam Line consists of 16 units, each with
one Power Extraction and Transfer Structures (PETS), one
quadrupole on a mechanical mover and one BPM. A FODO
structure is used because of the large energy acceptance,
and the quadrupole gradients are scaled along the line to
provide a constant phase advance for the most decelerated
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particles (normally 90° per FODO cell). The TBL lattice is
shown in Figure 1, and at the time of writing, 9 out of 16
PETS are installed. Both the current and the nominal beam
parameters are given in Table 1 for comparison.

Because CLIC uses a 3.6 times more intense beam than
the nominal CTF3 beam, the TBL PETS are a factor 3.7
longer, and will produce slightly more power than the base-
line 135 MW required for CLIC. The longer PETS lead to
a longer fill-time of the structure, and therefore a longer
high-energy transient in the pulse. The 12 GHz power is
coupled out on both sides at the end of the structures. At
one side the power is measured with either IQ demodula-
tors or Schottky diodes. The accuracy of the power mea-
surements is estimated to be on the order of 10 %, because
of an attenuation chain of 90 dB which must be calibrated
piecewise [3].

A segmented dump spectrometer is installed at the end
of the line [4], and provides time-resolved (ns) energy mea-
surements with an accuracy of about 5 %. The start of the
line is equipped with a spectrometer with a single slit. In
addition, OTR screens are placed in both of these locations.
A streak camera — imaging an OTR screen located at the
beginning of the line — allows for bunch length and bunch
spacing measurements.

TBL uses high precision inductive BPMs designed and
constructed by IFIC Valencia and UPC Barcelona [5], with
a resolution of 5 ym. The quadrupoles are mounted on
moving tables made by CIEMAT [6], which allow posi-
tioning in the micrometer range. A beam-based alignment
campaign has been performed in the TBL [7], and has im-
proved the orbit and eased the transmission.

DECELERATION RESULTS

The TBL has been operated with different beam cur-
rents using various combination schemes of the CTF3 drive
beam. For the deceleration studies, the main interest lies in
using a high intensity beam since the deceleration is linear
in current. We therefore report results from a fully com-
bined beam (using both the CTF3 delay loop and combiner
ring). Some parameters upstream of the TBL were not fully
optimized at the time of taking data, particularly the overall
bunch combination and the phase coding. Because of this
there were electrons outside of the main pulse, which can
also be seen in the PETS power production and decelera-
tion.

The incoming beam energy was 117 MeV instead of
the nominal 150 MeV designed for CTF3, because of two
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Figure 1: The TBL lattice with 9 out of 16 PETS installed, where the CTF3 drive beam comes from the left.

Table 1: Current (I) and nominal (II) parameters for the
TBL for a fully combined beam. (*) corresponds to the
PETS fundamental mode.

Parameter Symbol 1) (ID
Number of PETS NpETS 9 16
Length of PETS [m] L 0.80 0.80
Initial average current [A] I 21 28
PETS power [MW] P 70 138
Initial energy [MeV] Ey 117 150
Mean energy extracted [%] n ~26 55
PETS synch. freq. [GHz]* fef 12.0 12.0
PETS imped. [linac-Q/m]* | (R'/Q) | 2222 | 2222
PETS group velocity [c]* Vg 0.46 0.46
PETS ohmic loss factor * no 0.985 | 0.985
Pulse length [ns] Lpulse 140 140
Transient length [ns] th1l 3.1 3.1
Repetition rate [Hz] Jrep 0.83 <5
Bunch rms length [mm)] o, 1-2 1.0
Init. norm. emittance [pm] EN,., ~500 150

missing klystrons in the CTF3 linac. The beam current was
around 19 A (down from the nominal 28 A), mostly be-
cause of losses in the upstream transfer line.

The mean beam energy loss (V') can be deduced by three
different methods based on three different measurements:

e Prediction from the measured PETS rf power P, using

(R/Q) wyeP
Vg

V)= $FO0) m

with structure parameters from Table 1. F(), ¢) is
the charge distribution form factor, dependent on the
bunch length and bunch spacing.

e Prediction from the measured beam current, using
eq. (1) with

j i(R’/Q)ﬂLQIQFZ()w Ang @
Ug

e Direct measurement in the spectrometers.

The results of all three methods were correlated and are
shown together in Figure 2, which shows the beam en-
ergy along the pulse. The circles, crosses and squares show
mean values for the three measurement types over 48 con-
secutive pulses, corresponding to 58 seconds of operation.
The colored bands around the means show one standard de-
viation for each measurement. This result corresponds to
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around 26 % deceleration and energy extraction, the high-
est achieved in the TBL so far.

The form factor F'(),¢), which depends on both the
bunch length and bunch phase (influenced by the bunch
combination), affects both the deceleration and the power
production. Here A is the single-bunch charge distribution
and ¢ is the bunch phase deviation from the synchronous
phase. Since there was no direct form factor measurement
available, it was used as a fudge factor in the analysis. The
curves fitted well for a form factor of F/(X, ¢) = 0.95, close
to the design value of 0.97 (corresponding to | mm Gaus-
sian bunches with perfect phases, i.e., ¢ = 0). In addition
to this, the prediction from the rf power was scaled up by
10 %, and this deviation can be justified by the system-
atic error due to the very large signal attenuation before
the electronics. The prediction from beam current deviates
from the measurement and the prediction from rf power in
the first part of the pulse, indicating a change in the form
factor along the pulse. This probably originates from the
CTF3 bunch combination.

In Figure 2, the rf derived signal is not shown outside
of the main pulse. This is because the power production is
quadratic in the current, and the measured satellites were
much smaller than the main pulse, so that the signal there
was not significantly above the noise floor.

A decelerated beam gets a larger envelope because of
adiabatic undamping, making beam transport challenging
when using many PETS. Most of the BPMs in the FODO
structure were not calibrated with high beam currents and
were saturated. They were therefore not usable for getting
an estimate of the transmission. By trusting the very last
BPM however, the transmission was close to 100 %, so op-
eration with 9 PETS does not seem to have an impact on
the transmission. Only the first BPM in the FODO lattice
was used for the analysis in Figure 2 because of the satu-
ration of the other BPMs. Since the curve still fitted the
spectrometer measurement with a high form factor, this is
also an indication of a good transmission.

FORM FACTOR ESTIMATES

The form factor is not known exactly in the power pro-
duction and deceleration measurements, but can be es-
timated from streak camera measurements of the bunch
lenghts and bunch spacings. One such measurement was
performed with a 12 A beam. This gave bunch lengths of
1.9-2.8 mm, excluding one bunch which showed signifi-
cant deviations from the others, one possible explanation
being a measurement error. This corresponds to single-
bunch form factors in the interval Fi () € [0.78, 0.89].
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Figure 2: Beam energy along the pulse as measured in the spectrometer, and predicted from the beam current and the rf
power. The symbols show the mean values over 48 pulses, while the bands show one standard deviation on each side.

In earlier work [2], the single-bunch form factor has been
treated as the total contribution to the form factor. How-
ever, the bunch phase will also influence the power pro-
duction and deceleration, and is especially important for
a combined beam. For the same streak camera measure-
ment, bunch spacings were used to calculate phase between
bunches. A contribution to the form factor was then calcu-
lated using

N
3 eitn

n=1

3

Fyé)=

where ¢,, is the phase deviation from zero for bunch n and
N is the number of bunches in the measurement. This gave
contributions to the form factor in the interval F(¢p) €
[0.83, 0.88] along the pulse. The total form factor can be
approximated F(\, ¢) ~ F)\(A\)F,(¢)", and therefore lies
between F'(\, ¢) € [0.65, 0.79]. The statistics of the streak
measurement was low however, and it would be preferred
to measure a larger number of bunches in the future.

The total form factor was estimated in the TBL from
beam current and rf measurements in the same week,
also using a 12 A beam, and gave values of F(\,¢) €
[0.85,0.90]. This is outside of the interval calculated from
the streak measurements, and the cause is likely that the
machine and the beam had changed between the different
days. For the next run, streak measurements should be
taken in close connection to TBL operation for compari-
son.

CONCLUSION

The TBL has been operated with a total of nine PETS
and a beam current of 21 A. Under these conditions a beam
deceleration of 26 % was measured in the spectrometers.
The measured energy loss was correlated with predictions
from beam current and PETS 1f power. A form factor of

! Assuming an equal and even charge distribution per bunch, the total
form factor can be separated with an equality.
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0.95 and an adjustment of 10 % of the rf power had to be
assumed.

The form factor contributions from bunch length and
bunch spacing measurements have been evaluated. They
differ from estimates from the beam current and rf power
performed on different days. For the future we aim to per-
form both types of measurement on the same day for com-
parison. It is also preferable to take more streak measure-
ments, also using a higher number of consecutive bunches.

For the next run, TBL will have 13 PETS installed, pro-
viding even higher deceleration, before eventually all 16
PETS are installed next winter. Effort will be made to im-
prove the incoming beam parameters for the TBL, in par-
ticular the beam current. This will allow going towards the
nominal 55 % deceleration.

We want to thank CIEMAT (Madrid), IFIC (Valencia),
UPC (Barcelona) and the University of Oslo for their con-
tributions to the TBL experiment.
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A.6 Beam-based alignment in the TBL

Title: Beam-based alignment in CTF3 Test Beam Line

Abstract: The CLIC linear collider is based on the two beams acceleration scheme.
During acceleration of the colliding beams, the drive beam suffers a large build up of its
energy spread. In order to sufficiently transport such a beam, beam-based alignment
techniques together with tight pre-alignment tolerances are crucial. To evaluate the
performance of these steering algorithms, a beam-based steering campaign has been
conducted at the Test Beam Line of the CLIC Test Facility. In the following we present
and discuss the obtained results.
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Abstract

The CLIC linear collider is based on the two beams ac-
celeration scheme. During acceleration of the colliding
beams, the drive beam suffers a large build up on its en-
ergy spread. In order to efficiently transport such a beam,
beam-based alignment techniques together with tight pre-
alignment tolerances are crucial. To evaluate the perfor-
mance of these steering algorithms, a beam-based steering
campaign has been conducted at the Test Beam Line of the
CLIC Test Facility. In the following we present and discuss
the obtained results.

INTRODUCTION

The Compact Linear Collider, CLIC, [1][2] is based on
the two beams acceleration scheme: the colliding beams
will be accelerated by decelerating a high intensity, low
energy drive beam, DB. During its deceleration, the DB
will increase its energy spread up to 90%. In this condi-
tion the beam transport is very challenging: beam-based
alignment techniques together with tight pre-alignment tol-
erances are crucial to obtain the nominal performance. To
reach the required level of pulse to pulse DB current jit-
ter (< 7.5 x 107% [2]) the quadrupoles magnetic centre
has to be pre-aligned with a RMS offset of 20 um with re-
spect to the laser straight reference. A beam-based steering
campaign has been conducted at the Test Beam Line (TBL,
[3]) of the CLIC Test Facility (CTF3) to evaluate and check
several algorithms.

The TBL line consists of 8 FODO cells typically running
with j1, = p,, = 90° phase advance per cell. Each of the 16
quadrupoles is mounted on horizontal and vertical movers
to allow beam based alignment (BBA) and has a BPM close
by. At the moment of our experiments only 4 out of 16
Power Extraction and Transfer Structure (PETS) were in-
stalled in TBL. Hence the total deceleration produced on
the beam was only 15%, having, as we will discuss later, a
direct impact of the algorithm choice. In this condition the
TBL beam transmission was, within the BPMs accuracy,
almost complete even before automatic BBA. Nevertheless
as we showed in simulations using the PLACET code [4]
(Fig. 1), increasing the number of PETS beyond 8 and with
full recombination current (I = 28 A) it is likely to re-
quire BBA even for routine operation. So the goal of this
work is two-fold:

e to demonstrate the effectiveness of the BBA algo-
rithms that will be used in CLIC,

o to ease the future operation of TBL and CTF3 lines.
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Figure 1: Effect of the quadrupoles misalignment on the
TBL beam envelope at the end of the line. For compari-
son, the mechanical aperture of the PETS is R = 11.5 mm
(dashed line). In the plot we show the results of a Mon-
tecarlo simulation: we vary the RMS misalignment of the
quadrupole magnetic centre (o) and we compute the 3o
envelope of the beam at the end of the line (99th percentile
over 1000 seeds). We consider three different scenarios (4,
8 and 16 PETS in TBL) using the fully recombined beam
(Ig =28 A).

BEAM BASED ALIGNEMENT METHODS

In order to achieve the CLIC required DB efficiency and
pulse-to-pulse reproducibility, the DB size has to be mini-
mized along the decelerator. Neglecting the injections er-
rors at the start of the decelerator, the DB envelope growth
is dominated by the offset of the quadrupole magnetic cen-
tre with respect to the laser straight line. Since (1) the rela-
tion between quadrupole offset and envelope is non-linear,
(2) the beam envelope is difficult to observe along the ma-
chine, instead of minimizing directly the envelope we can
address the associate linear problem where we consider as
observables to minimize (a) the horizontal and vertical be-
tatron orbits and/or (b) the dispersive orbits at the BPMs
all along the decelerator. These two different approaches
are referred in the following as all-to-all and Dispersion
Free Steering (DFS) correction [5]. The advantage of the
DFS with respect to the all-to-all algorithm is its robust-
ness against BPM accuracy being based on differential po-
sitions.

The response matrix, R, between observables and
quadrupole positions is in general ill-conditioned: due to
the finite BPM precision we cannot directly invert the prob-
lem but we can effectively correct the system using Singu-
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lar Value (SV) filtering: we neglect in the correction all
the quadrupole eigen-directions that are barely detectable
by the BPMs (corresponding to the lower singular values
of the R’s SV Decomposition). An equivalent approach
is to consider as additional observables the correction vec-
tor itself that is the required offset of the quadrupoles. In
this condition the algorithm tries to minimize the correction
with respect to the pre-aligned machine thus becoming sta-
ble without SV filtering.

As already mentioned, at the moment of the tests only
4 PETS were installed in TBL producing a modest decel-
eration. It was difficult to measure the differential orbit
induced by the quadrupole misalignment between decel-
erated and unperturbed beam. This difficulty was further
increased by a dispersive wave propagating to TBL from
the CTF3 ring. This led us to implement a BBA algorithm
based only on the minimization of the orbit. In this frame-
work we could operate even with a less intense beam (typ-
ically no recombination or factor 4 recombination, instead
of factor 8 recombination more suitable for the DFS).

As an alternative and complementary method, the
quadrupole shunting technique (QST) has been investi-
gated too. This technique tries to directly center the mag-
netic centre of a single quadrupole. It consists in mov-
ing the magnet to three different positions (-Aw, 0, +Aw),
where u stands for x and y, by means of a mover on which
the quadrupole is mounted. At each position the current of
the quadrupole is initially shunted by +A /. From the orbit
difference recorded by the downstream BPMs the magnetic
centre (xg, Yo) is inferred (position were the orbit differ-
ence is null). The values of Au and AT are adjusted at
each iteration in order to reduce beam losses during the
measurement. The process is iterated until the obtained
BBA resolution does not improve further. This method is
very powerful since uses differential BPM reading (robust
against BPM accuracy) and it can predict the exact zeros of
the quadrupole without using response matrix of the sys-
tem. Nevertheless the main assumption is based on is that
during the shunting the magnetic centre motion is negligi-
ble. In reality, as we will discuss, this assumption cannot
always be applied. Moreover this technique is expected to
require much more commissioning time for the CLIC de-
celerator than the all-to-all and DFS algorithms and cannot
fit the powering constraint of the DB quadrupoles (series
connection, limited AT).

EXPERIMENTAL RESULTS

The experiment of BBA in TBL line has been ap-
proached in three different ways: (1) a non-iterative cor-
rection using SVD filtering and high gain (G=1), (2) an
iterative correction using low gain (G=0.1), (3) and using
quadrupole shunting technique.

High gain correction

In this condition, we observe the beam orbit averaging it
in sets of 10-50 consecutive pulses. This is needed to in-
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Table 1: Comparison of the orbit before and after BBA.

Before BBA | After BBA |
Mean H, V orbit [mm] | -0.90,-0.69 | 0.22,-0.07 |
RMS H, V orbit [mm] | 1.65,1.30 | 0.31,0.61 |

crease the algorithm robustness mainly with respect to in-
jection error in TBL and energy jitter in the CTF3 linac [6].
Once the error orbit is observed we compute the required
offset of the quadrupole movers. Typically the pseudo-
inverse of the response matrix is computed using only the
first 9 SVs out of the 16 in total: with these parameters the
RMS value of the corrected orbit is significantly reduced
and, in the meantime, the correction strength lies within the
acceptable range of the hardware (maximum mover offset).
Typical values of the orbit before and after the correction
are reported in Table 1 for the vertical and horizontal orbit:
the RMS horizontal orbit was reduced from 1.65 to 0.31
mm and the vertical one from 1.30 to 0.61 mm. Typical
trajectories before and after BBA are reported in Fig. 2.

Horizontal orbit [mm]

—— Before correction
— + ~ After correction

0 5 10 15 20 25 30 35 40
s [m]

Figure 2: An example of the orbit correction performance
in the horizontal plane before and after BBA.

The first part of the corrected trajectory (dashed line in
Fig. 2) behaves like a damped oscillator. This is an ex-
pected behavior due to the error at the TBL injection and
to the reduced SVs pseudo-inverse. In fact the algorithm
will only partially use the quadrupole movers to correct the
orbit error at the entrance of the line and it will take about
one betatron oscillation to damp the oscillation. After this
transient the corrected orbit reaches its steady state RMS.
This approach has an important limit: due to the needed
statistics on several beam pulses and to the CTF3 energy
and orbit drift, when the corrections takes place the orbit
used for correction is in general different from the actual
orbit: this will originate a residual orbit even after correc-
tion. To avoid it, the use of a slow feedback correction is
justified.
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Slow feedback correction

In this approach we correct after each single beam pulse
(no average for a long observation period) applying only
partially the correction (typically G=0.1). In doing so we
are much more robust against errors in the synchronization
of the BPM reading, BPM precision, limited precision of
the response matrix of the system! and machine drifts.In
Fig. 3 the measurements of the vertical and the horizontal
positions of the first two BPMs of TBL is shown during the
feedback loop. As expected the damping of the orbit is an
exponential with the time constant of 1/G=10 pulses. After
50 pulses the only components still visible are the pulse-to-
pulse uncorrelated jitter that cannot be compensated by our
feedback. A complete test of the slow feedback loop on the
TBL full length has still to be done but the result obtained
on the first part of the line are very encouraging.

Feedback in H and V

o BPMO150 H
4+ 3 o BPS0210 H

\Bz + BPMO0150 V
3t Oo 4 BPS0210V

[mm]

pulses [-]

Figure 3: Measurement during orbit correction feedback.

Quadrupole shunting technique

An example of QST is shown in Fig. 4: we plot the or-
bit difference at 7 different BPMs when the AT is -20%
and +20% of nominal current (I=2.56 A) for the three ver-
tical positions of the quadrupole. The lines cross at the
position 475 £ 25 pm indicating the magnetic centre of the
quadrupole. We measured 9 quadrupoles out of 16 using
QST: the obtained average error bar has been 200, 100 pm
in the horizontal and vertical plane respectively. The lim-
ited precision of the measurements is probably due to the
combination of the beam orbit jitter during the data acqui-
sition, the precision of the BPMs if beam losses occur due
to the induced beam perturbation, and the motion of the
quadrupole magnetic centre due to the shunting. The latter
contribution has been verified via direct magnetic measure-
ments of a TBL quadrupole of similar characteristics [7]: in

'We know the linear response of the system, R, within finite precision:
the response matrix used for correction is R = R + AR that yields

Xn=(1- ﬁ:R)“ X Xo, where X, represents the residual orbit after
n iteration. If R is diagonalizable, we can still converge to lim,, X, = 0

and only if the eigenvalues of I — R R have module smaller than 1.
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the range of our shunting current the measured motion of
the magnetic centre is &~ 7 pum. This effect even if not rele-
vant at this stage in TBL, has to be taken into account in the
design and the pre-aligment phase of the DB quadrupoles.
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Figure 4: Example of quadrupole alignment using the QST.

CONCLUSIONS

In this work we reported the results of the beam based
alignment in the Test Beam Line of CTF3.

The performance of the high gain correction algorithm
appears to be limited by the beam orbit and energy drifts
and not by the BPMs or movers resolution. To solve this
problem a pulse-to-pulse orbit feedback has been set up and
tested on the first BPMs of the line: it allowed to follow
the CTF3 drifts and the results are in line with the expec-
tation. In fact the residual orbit after correction is domi-
nated by the uncorrelated pulse-to-pulse orbit jitter. After
the test of the quadrupole shunting technique and the mag-
netic test of the TBL quadrupole, we pointed out a potential
limit in the pre-alignment methods of the CLIC decelerator
quadrupoles if its magnetic centre varies with the gradient:
possible solutions are presently under investigation.

Helpful discussions with J. Barranco, R. Corsini, D.
Gamba, I. Gorgisyan, A. Latina, J. G. Perez, T. Persson,
P. Skowronski, F. Tecker and R. Tomas are gratefully ac-
knowledged.
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Abstract

The objective of the CLIC Test Facility CTF3 is to
demonstrate the feasibility issues of the CLIC two-beam
technology: the efficient generation of a very high current
drive beam, used as the power source to accelerate the
main beam to multi-TeV energies with gradients of over
100 MeV/m, and stable drive beam deceleration. Results
of successful beam acceleration with over 100 MeV/m
energy gain are shown. Measurements of drive beam
deceleration over a chain of Power Extraction Structures
(PETS) are presented. The achieved RF power levels, the
stability of the power production and of the deceleration
are discussed. Finally, we give an overview of the remain-
ing issues to be addressed by the end of 2011.

INTRODUCTION

The CLIC study aims to provide a design of a
multi-TeV  electron-positron  collider  [1].  The
demonstration of its feasibility is carried out with the help
of the CLIC Test Facility (CTF3) [2], in particular the
generation and use of the high-current drive beam [3].
CTF3 was built at CERN by an international
collaboration, which at present includes 41 institutes from
21 countries [4]. A detailed description of the facility can
be found in [2,5].

CTF3 generates the drive beam from a 1.5 ps long
electron pulse of 5 A intensity, see Figure 2. The injector,
which includes a 1.5 GHz sub-harmonic bunching system,
produces bunches spaced by 20 cm, twice the acceleration
wavelength. Afterwards, bunches are compressed by a
four bend chicane where off-energy electrons are also
stopped by collimation slits. A pulse of 4 A intensity is
injected into the linac and accelerated to about 120 MeV.
Later, bunches are stretched by a chicane. The 42 m long
Delay Loop (DL) converts the train to four 140 ns pulses
of twice higher current, see Figure 2. They are transferred
to the Combiner Ring (CR) where they are recombined
producing a single 140 ns long pulse of eight times the
intensity in the linac.

The CTF3 experimental area (CLEX) contains two
lines where the beam is decelerated and 12 GHz power is
produced. One is the Test Beam Line (TBL), where stable
deceleration over several structures is studied. The other
one is the Two-Beam Test Stand (TBTS), which provides

* Also NTNU, Trondheim, Norway
**Also Chalmers Univ. of Technology, Gothenburg, Sweden

power to accelerate the probe beam delivered by the
CALIFES linac.

During previous runs, several feasibility issues of the
CLIC design had already been shown and published: fully
loaded acceleration with RF to beam efficiency of 95.3%,
bunching with phase coding, bunch length control and
bearn recombination factor 8. The remaining issues are:
12 GHz RF power production with CLIC nominal pulse
length (140 ns) and power level (135 MW), probe beam
acceleration with a gradient of 100 MeV/m and stable
deceleration.

Figure 1: Layout of CTF3.
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Figure 2: The beam current along the pulse at different
parts of CTF3: blue — end of linac, green — in the DL,
red — in between DL and CR, black — in the CR.
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THE DRIVE BEAM

During recent runs the reproducibility and stability of
the drive beam was significantly increased. This was
possible thanks to development of specialized control and
software tools monitoring all available signals. They per-
mitted the most important sources of the beam drifts to be
spotted. The acquired knowledge triggered development
of adequate feedback systems, e.g. temperature of various
RF systems [6], the gun current and the flatness of the
compressed RF pulses. Additionally, the RF scheme for
the drive beam was improved in the beginning of the
2010 run. The RF power compression mechanism
introduces an inevitable phase variation of parabolic
shape along the pulse with amplitude of 7-10 degrees. In
the previous setup, this led to bunch length, phase and
energy variations along the pulse that made the beam
optimization difficult. Since this year, the RF power
compression is adjusted to give identical phase variation
for all klystrons, and variable phase shifters controlled by
arbitrary waveform generators are used to shape the phase
variation of the bunching system to match the one from
the RF power compression. This way the energy and also
the bunch length along the pulse are constant. The
variation of the bunch phase can be corrected with the
help of the stretching chicane and appropriate energy
modulation along the pulse in the last accelerating
cavities.

STABLE BEAM DECELERATION AND RF
POWER PRODUCTION

The Test Beam Line (TBL) was set up to verify the
CLIC decelerator concept, and the main purpose is to
produce 12 GHz RF power and to demonstrate the
stability of a heavily decelerated beam [7]. It consists of 8
FO DO cells, and will eventually house 16 PETS which
will extract 55 % of the beam energy. The design power
produced per PETS is up to 139 MW. So far, 4 PETS have
been installed and commissioned. The maximum
achieved RF power has been 55 MW, for a beam current
of 19 A. The PETS power scales as P oc F*(A) I°, where
F()) is the charge distribution form factor and I is the
beam current.

The energy lost by the beam in the deceleration process
can be calculated from the produced power, which in turn
can be also inferred from the beam current. The
deceleration is also measured directly in spectrometers
with time resolution located at the beginning and the end
of the TBL. Figure 3 contains a comparison between the
three methods, which show a good agreement when the
power measurements are scaled down by 10% which is
within the uncertainty of the measurements. The current
of the combined main pulse amounted to 18 A, preceded
by satellites. A form factor of 0.85 was used for the
prediction, consistent with recent bunch length
measurements in CLEX.

The TBL has also been used as a diagnostic for the
bunch combination in CTF3, by comparing BPM readings

TUPCO021

and RF measurements to estimate the form factor
variation along the pulse [8]. Estimations over a large
number of pulses, as well as phase signals, have been
used to optimize the combination.

The quadrupoles in the FODO lattice are mounted on
mechanical movers with a precision of 5 um [9]. These
have been used to investigate beam-based alignment
techniques and steering algorithms including dispersion-
free steering [10].
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Figure 3: Measured deceleration in the spectrometer and
predictions from the beam current and the PETS RF
power.

TWO BEAM ACCELERATION

The Power Extraction Structure in the Two Beam Test
Stand is longer than the TBL ones and is equipped with
an RF power recirculation loop, thus allowing power
levels up to and beyond 150MW, even with lower than
nominal drive beam current.
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Figure 4: Screenshot of online acceleration measurement
in the Two Beam Test Stand.

The probe beam delivered by the CALIFES injector has
190-200 MeV kinetic energy and a bunch charge of
0.12nC. Its energy is measured with help of a profile
monitor placed in the spectrometer at the end of the line.
Its repetition rate is twice of the drive beam and in this
way the energy gain from the two beam acceleration is
measured in a truly online manner, see Figure 4.

Already in 2010 we have achieved an acceleration of
100 MeV/m. However, the required power levels were
considerably  higher than expected. A detailed
exarnination of the structure revealed that the frequency
of the accelerating cavity was 10 MHz too high due to
accidental mechanical stress experienced during its
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assembly. Over the last winter shutdown the cavity was
re-tuned and its performance was validated during the last
run, reaching an energy gain of 150 MeV/m. Figure 5
shows measured acceleration versus input power of the
structure, together with the predicted curve. We believe
that the observed discrepancy is mainly due to imperfect
accuracy of the RF power measurements. Other possible
sources for a lower gradient are drive-beam/probe-beam
synchronization and phase but these were carefully
optimized.

—Fitted curve
- —MNominal curve

% 20 a 60 80 100 120
Power in accelerating structure (MW)

Figure 5: Accelerating gradient as function of measured
RF input power. The line represents the theoretical curve.
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Figure 6: The break down rate versus accelerating
gradient measured in the Two Beam Test Stand of CTF3.

Figure 6 presents the measured break down rate as a
function of accelerating gradient. The repetition rate of
the beam is only 0.8 Hz at present in CTF3 therefore the
structure processing is much more aggressive in CTF3
compared to a klystron driven experiment. As a
consequence this kind of data can’t be easily compared
and only an upper limit can be determined form the CTF3
experiments. The total conditioning time in CTF3 is
equivalent to less than 24 hours of a klystron based
processing at 60 Hz. The CLIC study managed to
demonstrate breakdown rates below 3 107 corresponding
to the CLIC target value after more than 1000 hours of
processing at 60 Hz [11].

Proceedings of IPAC2011, San Sebastian, Spain

CONCLUSIONS AND OUTLOOK FOR
FUTURE

CTF3 has already shown most of the feasibility issues
of the drive beam generation scheme. Fully loaded
acceleration is routinely used since 2004. The bunch
length is well controlled. Stable acceleration with the
nominal CLIC gradient of 100 MV/m was accomplished
and maximum gradients of 150 MV/m were reached.
The dependence of acceleration as a function of delivered
RF power is in very good agreement with the predicted
curve.

We have plans to continue the CTF3 operation at least
until 2016. TBL will be equipped with a total of 12 PETS
before the 2012 run, and up to 16 structures shall be
installed before the end of 2012. This will allow for more
detailed beam deceleration studies. Eventually, the
produced RF power will be used to condition and test the
accelerating structures. Full-fledged CLIC modules will
be installed in the TBTS area in order to validate their
design with beam measurements. A prototype of the phase
feed forward system will be used to demonstrate the
phase stabilization concept to the precision needed in
CLIC. A dedicated monitor will measure the phase of the
bearn at the end of the linac. A fast kicker system located
in the transfer line between CR and CLEX will then
correct eventual phase jitter. This should also improve the
operational stability of the facility.
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Abbreviation

Meaning

ADC
BC
BPM
BPR
CERN

CLEX
CLIC
CTF3
FODO
GUI
HOM
1Q
LHC
OTR
PETS
PIC
TBL

Analog/Digital Converter

Boundary Condition

Beam Position Monitor

Beam Position monitor with Resonant pickup
The European laboratory for particle physics (originally Conseil Eu-
ropéen pour la Recherche Nucléaire)

CLIC EXperimental area

Compact Linear Collider

CLIC Test Facility 3

Focusing, drift, Defocusing, drift

Graphical User Interface

Higher-Order Mode

In-phase and Quadrature

Large Hadron Collider

Optical Transition Radiation

Power Extraction and Transfer Structure(s)
Particle-in-Cell

Test Beam Line

Table B.1: A list of abbreviations in the thesis. The meaning of the abbreviations are given
together with the section in which they are defined.
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