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Abstract

Future high energy particle physics research based on accelerators requires high beam intensity.
Parasitic interaction of the charged particle beam with its environment can deteriorate the beam
quality and limit the peak intensity for which safe machine operation can be ensured. The beam
induces electromagnetic fields in the accelerator components surrounding it which in turn affect
the particle motion and can lead to beam instabilities. This interaction is typically described by the
concept of beam coupling impedance.
At CERN, the Large Hadron Collider is at the end of an accelerator chain in which particles are
accelerated to ever higher energies in transferring the beam from one accelerator to the next. This
pre-accelerator chain is presently upgraded to ensure delivery of the demanding high intensity pro-
ton beam required by the Large Hadron Collider in the future. The Super Proton Synchrotron is the
last pre-accelerator in the chain and utilises a travelling wave system operating at a fundamental
frequency of 200MHz for acceleration to a proton energy of 450GeV. The travelling wave struc-
tures of this broadband acceleration system are cylindrical waveguides periodically loaded with
drift-tubes and stems. One main obstacle for higher beam intensity in the Super Proton Synchro-
tron is presently a multi-bunch instability which is triggered by higher order standing wave modes
around 630MHz in the accelerating structures. The beam coupling impedance of these modes is
already heavily damped by resistive higher order mode couplers, but particle-tracking simulations
suggest that additional impedance mitigation by a factor of three in the ideal case can cure the
instability for the beam intensity required in the future.
The goal of this thesis is to properly identify and characterise the deteriorating higher order modes
and to significantly improve on the present impedance mitigation of these modes. The improve-
ment is achieved most notably by a revision of the existing HOM coupler and a newly developed
mitigation technique that consists of subtle changes in the accelerating structure by the introduction
of posts which are resonant at 630MHz. The practical feasibility of the proposed improvements
is imperative and the impact on the fundamental accelerating mode must stay within acceptable
limits. In this regard, a broad understanding of the acceleration system, which was implemented
more than four decades ago, is required and is therefore also developed throughout this thesis. The
proposed solutions for achieving the increased damping are developed by theoretical analysis to-
gether with electromagnetic simulations and their performance is validated by RF measurements.
Measurements are also used to quantify in unprecedented detail the impact of the numerous higher
order mode mitigation devices on the available fundamental accelerating voltage. Thus, this thesis
represents a significant contribution to the future operation of the Super Proton Synchrotron and to
the numerous efforts that ensure the long-term physics performance of the Large Hadron Collider
and its experiments at CERN.





Kurzfassung

Für zukünftige Forschungsvorhaben in der Hochenergiephysik mithilfe von Teilchenbeschleuni-
gern werden hohe Strahlintensitäten benötigt. Parasitäre Wechselwirkungen zwischen dem ge-
ladenen Teilchenstrahl und den einzelnen Komponenten der Beschleuniger können die Qualität
des Strahls verschlechtern und die maximal erreichbare Intensität, für die ein sicherer Betrieb des
Beschleunigers gewährleistet werden kann, limitieren. Der Strahl induziert elektromagnetische
Felder in den Beschleunigerkomponenten, die wiederum auf die Flugbahn der Teilchen rückwirken
und zu Strahl-Instabilitäten führen können. Diese Wechselwirkungen werden üblicherweise durch
das Konzept der Strahl-Kopplungs-Impedanz beschrieben.
Der Large Hadron Collider am CERN steht am Ende einer Kette von Vorbeschleunigern, in der die
Energie der Teilchen schrittweise erhöht wird. Diese Vorbeschleuniger werden derzeit umgebaut,
um die Bereitstellung des zukünftig benötigten Teilchenstrahls hoher Intensität gewährleisten zu
können. Das Super Proton Synchrotron ist das letzte Glied in der Vorbeschleunigerkette und ver-
wendet zur Teilchenbeschleunigung einWanderwellensystem, das bei einer Frequenz von 200MHz
betrieben wird und Protonen auf eine Energie von 450GeV beschleunigt. Die Wanderwellen-
strukturen dieses breitbandigen Beschleunigungssystems bestehen aus Rundhohlleitern, die mit
Driftröhren und zylindrischen Stämmen periodisch belastet sind. Der Strahl besteht üblicherweise
aus einer hohen Anzahl an Teilchenpaketen, in denen jeweils um die hundert Billionen Teilchen
gebündelt sind. Das größte Hindernis für die höhere Strahlintensität im Super Proton Synchro-
tron ist zurzeit eine Instabilität, die durch die Interaktion aufeinander folgender Teilchenpakete
hervorgerufen wird und deren Ursprung in den induzierten elektromagnetischen Feldern höherer
Moden um 630MHz in den Wanderwellenstrukturen liegt. Diese Strahl-Kopplungs-Impedanz
wird durch Stehwellen hervorgerufen und konnte durch vorhandene Koaxialkoppler bereits er-
heblich gedämpft werden. Simulationen von Teilchen-Flugbahnen legen jedoch nahe, dass eine
zusätzliche Impedanz-Reduktion idealerweise um einen weiteren Faktor drei dieser Stehwellen
benötigt wird, um die Instabilität bei der zukünftig gewünschten Intensität zu verhindern.
Das Ziel dieser Dissertation ist es, die in Frage kommenden höheren Moden genau zu identi-
fizieren, zu charakterisieren und die bereits vorhandene Dämpfung dieser Moden erheblich zu
verbessern. Die Dämpfungsverbesserung wird vor allem durch eine Optimierung des existier-
enden Kopplers und eine neuartige Unterdrückung der höheren Moden durch den Einsatz res-
onanter Stifte erreicht. Die Realisierbarkeit der vorgeschlagenen Lösungen in der Praxis muss
dabei gewährleistet werden und eine möglicherweise negative Beeinflussung der beschleunigenden
Fundamental-Modemuss in akzeptablenGrenzen bleiben. Das dabei erforderliche breite Verständ-
nis des vor fünf Jahrzehnten entwickelten Beschleunigungssystems wird im Laufe der Dissertation
ebenfalls erarbeitet. Die vorgeschlagenen Lösungen für das Erreichen der höheren Dämpfung wer-



den aus Theorie und Simulation entwickelt und ihre Wirksamkeit mit Hilfe von HF-Messungen
bestätigt. Mittels dieser Messungen wird auch der Einfluss der Koppler auf die von dem System
erzeugte Beschleunigungsspannung in nie dagewesenem Detail quantifiziert. Die vorliegende Dis-
sertation liefert somit einen bedeutsamen Beitrag für den zukünftigen Betrieb des Super Proton
Synchrotron und für die zahlreichen weiteren Anstrengungen, die die Leistungsfähigkeit des Large
Hadron Colliders und dessen Experimente am CERN zukünftig sicherstellen.
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1. Introduction

Particle physics research aims at understanding the fundamental constituents of matter and the nat-
ural processes behind radiation. For such studies, ordinary optical microscopes are insufficient as
their resolution is limited by the wavelength of visible light. Electron microscopes therefore use
a beam of accelerated electrons which have wavelengths shorter by several orders of magnitude.
The electron beam is shot on a material sample to achieve resolutions of a fraction of a nano-
metre. Equally important as the resolution is the creation of new, often short-lived particles, and
the required energy to obtain these follows directly from Einstein’s equation E = mc2. This is why
particle accelerators and colliders such as the Large Hadron Collider (LHC) operated by CERN are
used in particle physics. Here, the properties of composite particles like e.g. protons accelerated
to high kinetic energy are probed by a second beam in collisions leading not only to extraordinary
resolution but also to the creation of new particles of interest. The hadrons decompose into their
constituents which are then observed in particle detectors. The collisions create conditions which
prevailed only in a very short time after the ‘big bang’ which makes the experiments also inter-
esting for astrophysics. The collision energy thereby determines which nuclear physics events of
interest will occur. The energy spread in hadron collisions is large, which is why hadron colliders
are primarily used to discover new physics events and its energy should therefore be as high as pos-
sible. Elementary particle (e.g. electron or positron) colliders can be used to make more precise
measurements in a well defined energy range.

The highest achievable energy of circular proton accelerators is nowadays limited by the mag-
netic field strength of superconducting dipole magnets used to keep the particles on their circular
trajectory. Until stronger magnet technology is available, this limitation could only be circumven-
ted by increasing the machine radius thereby effectively decreasing the required magnetic bending
strength. Fundamental particle research led to the discovery of radioactivity and subsequently al-
pha, beta, gamma and X rays as well as many new particles that are the fundamental building
blocks of nature. Today, the applications for particle accelerators are manifold. Not only are they
used in particle physics, but e.g. also in oncotherapy or for ion implantation during manufacture
of semiconductors.

The acronym CERN is derived from the french name ’Conseil Européen pour la Recherche
Nucléaire’ (European Council for Nuclear Research). This provisional council was established in
1952 by 12 European countries with the task to build a fundamental physics research laboratory in
Europe [1]. As European research lay idle after the second world war, a further intent was to unite
European scientists and to share the ever rising costs for nuclear physics research. The laboratory
was finally founded in 1954 under the name European Organization for Nuclear Research and
although the council was dissolved, the acronym CERN was kept as the name for the laboratory.
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A suburb north-west of Geneva, Switzerland was chosen for the main site of the organisation.
The primary purpose of the laboratory is the study of the basic constituents of matter and the
forces acting between them. Over the years numerous scientific achievements were accomplished
at CERN like the discovery of rare pion decays in 1958, the W and Z bosons in 1983 and the Higgs
boson in 2012 but also the invention of the World Wide Web in the late 1980s.

1.1. Particle Acceleration in Periodic Structures

Charged particles obey Lorentz’ force law in electromagnetic fields. Accordingly, magnetic fields
can be used only for deflection of moving particles whereas for acceleration or deceleration electric
fields are used. The first particle accelerators used constant electric fields between two electrodes.
The achievable particle energy in this type of accelerator is directly proportional to the maximum
voltage that can be applied to the electrodes. It is limited to only a fewMV due to corona formation
at the electrodes leading to voltage breakdown [2].

This problem was first overcome by applying a high frequency alternating voltage that can
be described as V (t) = Vmax sin(!t) of a single source between several electrodes arranged in
series. However, an overall more complicated accelerator design is needed to prevent the particles
from being decelerated during the negative half-wave of the radio-frequency (RF) system, see
Fig. 1.1. The vacuum vessel around the beam path, mandatory in all particle accelerators to avoid
collisions with residual gas molecules, is not shown. The first particle accelerator ever to use this
principle was constructed by the Norwegian PhD student R.Wideröe at RWTH Aachen University
in 1927 [3]. Subsequent electrodes, so-called drift tubes, through which the particles travel are

Figure 1.1.: Principle and electric field profile of Wideröe’s RF linear accelerator [3, 4].

connected to opposite polarities of an RF source. While a particle moves from one gap between
two consecutive drift tubes to the next, the polarity of the RF source changes, so that particles
always see an accelerating field in the gaps. High power RF sources are usually quite bandlimited.
Assuming therefore a constant frequency for the RF source, the drift tube lengths need to increase

2



1.1. Particle Acceleration in Periodic Structures

with larger particle velocity so that the particles stay shielded during the decelerating half-wave of
the accelerating voltage. After the n-th drift tube the particles of charge q reach the energy

Un = nqVmax sin(Φs), (1.1)

where Φs is the average phase of the RF voltage the particles undergo during their transit of the
gaps [2]. The important point is that to reach the energy Un no larger voltage than Vmax is required
so that the problem of voltage breakdown like in electrostatic accelerators can be avoided. It is
therefore in principle possible to achieve arbitrarily high particle energies with such RF linear
accelerators (LINACs) of sufficient length.

As a secondary effect of acceleration with RF fields, a constant stream of particles is chopped
into several particle packages, so-called bunches. Consider Fig. 1.2 in which the time-dependence
of the RF voltage in the gaps between two consecutive drift tubes is shown. Counter intuitively, the

Figure 1.2.: Time dependence of accelerating voltage between two drift tubes demonstrating auto-
matic longitudinal phase focusing of particles accelerated on the rising edge.

voltage should not be phased in such a way that an ideal particle - the synchronous particle with the
design velocity of the accelerator - sees the crest of the voltage Vmax during its traversal of each gap.
In this case already small, in practice unavoidable deviations from the nominal time of arrival in a
gap would result in particle velocities that do not match the design velocity in subsequent gaps. As
an example, consider a particle arriving slightly later compared to the synchronous one at the crest
of the RF voltage. This particle experiences a smaller accelerating voltage and will arrive even
later in the next gap. Such particles will therefore be out of synchronism with the RF accelerating
field and not be accelerated to maximum energy. On the other hand, an off-crest acceleration at a
design phase Φs on the rising edge of the RF voltage as shown in Fig. 1.2 leads to an automatic
re-synchronisation of the particle arriving later in the gap. This principle is also denoted by phase
focusing. In this case, the late particle is subject to a larger voltage in the gap in comparison to
the ideal particle arriving at the synchronous phase. A particle that underwent a too large voltage

3



in the preceding gaps and which therefore arrives early sees a smaller voltage leading overall to a
bunching of the particles around the synchronous phase1.

The maximum particle energy achievable in a Wideröe LINAC is in practice limited by the
two following effects. The distance between gaps and the drift tube lengths must increase with
energy to keep the particles synchronous with the RF source. The maximum possible dimensions
of the machine would therefore always set the top energy limit. At first glance this problem could
be circumvented by the use of higher frequencies. However, as the accelerator is not enclosed by
an electric boundary, the drift tubes would act like antennas as soon as their dimensions are on the
order of the RF wavelength. The power of the RF source would therefore be radiated instead of
used for acceleration leading to a poor efficiency of the accelerator [4].

This problem was solved by L.Alvarez who enclosed the Wideröe LINAC by a conducting
cylinder as outlined in Fig. 1.3 [5]. On the downside, now also resonant effects in the surrounding

Figure 1.3.: Principle and electric field profile
of an Alvarez LINAC [4, 5].

Figure 1.4.: Prototype of the Alvarez drift tube
LINAC of CERN’s LINAC4 [6]. The drift
tubes are suspended at the top by stems. Ho-
rizontal post-couplers for field stabilization [7]
and tuning plungers are also shown.

cylinder have to be taken into account making the design more difficult. The resonant frequency
of each gap now depends on the diameter of the outer cylinder and drift tubes as well as the dis-
tance between them. While for the Wideröe LINAC the RF phase of the accelerating electric field
changes from gap to gap by �, the fields in the Alvarez LINAC all point in the forward direction
corresponding to zero phase shift, consider Figs. 1.1 and 1.3. This is the resonance with the lowest
frequency possible in the cylinder and it is called the 0-mode. So, for synchronism with the RF
source, the phase needs to progress by 2� while the particles travel from one gap to the next.

1For acceleration above transition energy (refer to footnote3) in a circular accelerator the synchronous phase must be
chosen on the falling edge of the time-dependence to ensure longitudinal phase focusing.
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1.1. Particle Acceleration in Periodic Structures

The Alvarez LINAC proved that particle acceleration is possible with resonant RF cavities
and this still is the main principle of particle acceleration today. An example for a recent Alvarez
structure is the drift tube LINAC of CERN’s LINAC4 inaugurated in May 2017 which is shown
in Fig. 1.4. To gain some insight into the design and behaviour of such accelerating structures,
some fundamental theory is discussed in the following. For brevity, the treatment is constrained to
the case of high energy accelerators with quasi-constant particle velocities and therefore structures
with exact periodicity.

Let us first look at wave propagation in the unloaded, circular cylinder itself surrounding
an Alvarez type structure. This corresponds to wave propagation in an unperturbed waveguide
with constant circular cross-section. The dispersion relation for a lossless cylindrical waveguide
reads [8, 9]

!2 = c2 (k2z + k
2
c ). (1.2)

Here, kz is the wavenumber of a mode at angular frequency ! propagating in z-direction in the
cylindrical guide with cutoff wavenumber kc for this mode and c the speed of light in free space.
The guide wavelength �g is defined as

�g =
2�
kz

= �
√

1 −
(

�
�c

)2
(1.3)

where � is the free space wavelength and �c the cutoff wavelength. At the cutoff frequency the
wavelength in the guide becomes infinitely long and wave propagation is not possible. For very
high frequencies the guide wavelength approaches the free space wavelength. The phase velocity
vp of the wave is defined as

vp =
!
kz
. (1.4)

The cutoff frequency of a specific type of mode depends on its field profile as well as the radius of
the circular guide and can be calculated analytically for circular waveguides [9]. It is very useful
to visualise Eq. (1.2) in the so-called Brillouin or dispersion diagram as in Fig. 1.5. The slope of
a straight line drawn from the origin (kz = 0, ! = 0) to any point on the hyperbola corresponds to
the phase velocity of the wave with that specific frequency and wavenumber. The phase velocity
of a non-dispersive wave in free space with vp = c is represented by the bisecting line also called
’light-line‘. Note that in a uniform waveguide the phase velocity vp = c

√

1−!2c∕!2
is always larger

than the speed of light in free space c. However, only modes in the slow wave region below the
bisecting line would be useful for particle acceleration. At the cutoff frequency of the mode its
wavelength and phase velocity tend towards infinity. The group velocity vg defined as

vg =
d!
dkz

(1.5)

is zero at cutoff. This means that there is no power transport by the wave at this frequency. Below
cutoff the mode decays exponentially and no wave propagation is possible in the guide.
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Figure 1.5.: Dispersion diagram for wave propagation in a cylindrical, uniform waveguide for a
single mode.

Because the phase velocity in a waveguide is always larger than the speed of light it cannot be
used for acceleration as the wave cannot remain synchronous with the particle beam. We will see
in the following that by periodically loading a waveguide with electrically reactive obstacles, the
phase velocity can be reduced to arbitrarily low values. Physically, this can be explained by the
superposition of reflections from the obstacles [10]. In addition to the Alvarez drift tube LINAC,
typical examples for periodic structures are the disc loaded structures outlined in Fig. 1.6.

(a) Iris coupled structure. (b) Slot coupled structure.

Figure 1.6.: Cross-sections of disc loaded periodic structures with periodicity p.

The basis for the study of wave propagation in periodic structures is Floquet’s theorem [11]:

In an infinite periodic structure, the fields of a given mode at two different cross-sections
separated by one period differ merely by a constant, in general complex factor.

Above theorem results from the fact that when a periodic system of infinite length is displaced along
its longitudinal axis z by an integer multiple of periods it coincides with the original structure. We
designate the spatial period of the periodically loaded waveguide by p and write the constant factor
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1.1. Particle Acceleration in Periodic Structures

in the form e−
0p with 
0 = �0 + jk0. Then, a quite simple function which has Floquet’s property
is e−
0z and the relation between complex electromagnetic (EM) field amplitudes on the two cross
sections at z and z + p at distance r from the z-axis is

E(r, z + p) = E(r, z)e−
0p. (1.6)
This is the mathematical formulation of Floquet’s theorem. The field distribution function on the
transverse cross section F (r, z) must be dependent on z so that we can write the time harmonic
field at frequency ! as

E(r, z, t) = F (r, z)e−
0zej!t. (1.7)
F (r, z) has to be a periodic function of z with period p to fulfil Floquet’s theorem. Such a periodic
function can be expanded into a Fourier series of the form [12]

F (r, z) =
∞
∑

n=−∞
En(r) exp

(

−jn2�
p
z
)

. (1.8)

For a lossless structure in which 
0 = jk0 the field expression in Eq. (1.7) becomes

E(r, z, t) = ej!t
∞
∑

n=−∞
En(r)e−jknz (1.9)

where
kn = k0 +

2�n
p
. (1.10)

Thus, the electric and magnetic fields in a periodically loaded waveguide can be written as a sum of
exponentials with appropriate coefficients En(r). The n-th travelling-wave of above series is called
the n-th space harmonic with a corresponding phase velocity

vp,n =
!
kn
= !
k0 +

2�n
p

(1.11)

and choosing n sufficiently large one can obtain an arbitrarily low phase velocity. The group velo-
city of the n-th space harmonic is

vg,n =
d!
dkn

= d!
d(k0 +

2�n
p
)
= d!
dk0

= vg,0. (1.12)

Note that all space harmonics of one mode have the same group velocity but different phase velocit-
ies. We can conclude that for a mode to satisfy the periodic boundary conditions of the structure it
must consist of the superposition of an infinite number of travelling-wave space harmonics. How-
ever, only a single space harmonic, the one with a phase velocity equal to the particle velocity, is
useful for particle acceleration. Each harmonic in the Fourier series will have a finite amplitude
and will therefore store energy which results in losses in case the accelerator walls have finite con-
ductivity. This is unwanted for particle acceleration so that the accelerator as well as its type of
excitation must be designed so that the synchronous space harmonic has an amplitude as large as
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possible in comparison to the other space harmonics [10]. The space harmonic n = 0 is called the
fundamental harmonic.

For the case that 
0 is purely real, each space harmonic decreases with increasing z, resulting
in an evanescent wave. Such waves are inappropriate for particle acceleration and lead to intervals
in ! called stopbands, where no wave propagation is possible.

The effect of obstacles like the discs in Fig. 1.6 on the dispersion characteristic of a periodically
loadedwaveguidewas described in great detail by J. Slater [10]. The change of frequency compared
to the unperturbed waveguide is negligible over a large range of k0. Around the frequency !� for
which k0 = �∕p however, the irises are spaced roughly by half a guide wavelength. The reflected
waves from successive irises will therefore interfere constructively and bend the dispersion curve of
the uniform waveguide as shown in Fig. 1.7a. In fact, the wave with a �-phase shift per period can

(a) Forward fundamental.

(b) Backward fundamental.

Figure 1.7.: Illustration of dispersion characteristics in periodically loaded waveguides.

not travel through an infinite periodic structure as the reflected wave equals the incident wave.
Their superposition results in a standing wave with zero group velocity corresponding to zero
slope in the dispersion diagram at kzp = �, confirm in Fig. 1.7a. The passband of the mode is
therefore bound by its cutoff frequency !c = !0 and the �-mode frequency !� . In addition, due
to the periodic loading of the waveguide and as Eq. (1.10) suggests, the dispersion characteristic
of the mode is now periodic. It is constituted by the infinite number of space harmonics with same
group but different phase velocity. This is illustrated in Fig. 1.7a as well and waves with group
velocity in −z-direction are shown dashed. The diagram shows a mode for which phase and group
velocity of the fundamental harmonic are of the same sign. For such a mode all space harmonics
with positive n are forward waves and all harmonics with negative n are backward waves. For
backward waves phase and group velocities run in opposite directions. Depending on the type of
periodic obstacles, also modes with a fundamental harmonic of the backward type can exist. The
dispersion characteristic of such a backward wave type mode is outlined in Fig. 1.7b. Following
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1.1. Particle Acceleration in Periodic Structures

again Eq. (1.10), all space harmonics with positive n are now backward waves as the phase shift
per period p is negative.

In uniform as well as in periodically loaded waveguides an unlimited amount of modes is
able to propagate at ever higher frequencies. Each one of these will lead to a passband and in
the case of the loaded waveguide not all of them must be completely uncoupled from each other.
Especially at higher frequencies different modes get mixed up to describe the disturbance in the
loaded guide [10]. For passbands that are separated by stopbands from other modes the periodically
loaded waveguide has a bandpass characteristic.

The picture described above of a waveguide periodically loaded by obstacles lead to a qualit-
ative description of its dispersion characteristic. However, periodic structures can also be viewed
as a chain of coupled resonators and this leads to a more quantitative insight into the various phe-
nomena [13]. The disc loaded structures in Fig. 1.6 for example can be considered as an array of
pillbox cavities coupled through the irises or slots respectively. Let us describe the resonators as
a periodic chain of identical electrical cells as shown in Fig. 1.8, each with a series impedance Z
and a shunt admittance Y . The admittance Y can hereby be attributed to the periodic obstacle. We

Y

Z In−1

YVn

Z In

Y

Figure 1.8.: Periodic chain of electrical cells.
use Kirchhoff’s current and voltage laws to set up equations for the voltage Vn and current In of the
nth cell

In−1 − In = Y Vn
In − In+1 = Y Vn+1
Vn − Vn+1 = ZIn

leading to
In−1
Y

− In
(

Z + 2
Y

)

+
In+1
Y

= 0. (1.13)
when eliminating the voltage. We denote the phase advance of a wave per period as ' = kzp and
use Floquet’s theorem to write In = In−1e−j' and In+1 = Ine−j' for a forward travelling wave.
When substituting into Eq. (1.13) we obtain the dispersion relation [13]

cos' = 1 + Y Z
2

(1.14)
for arbitrary choices of Z and Y . The passband is confined by −1 ≤ cos' ≤ 1 with ' = 0 and
� respectively. In the following we apply this equivalent circuit model to the cases of electrically,
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magnetically and resonantly coupled cavities. In all cases we can define an inter-cell coupling
factor k as a measure of the electromagnetic energy being induced in the second cavity by the
stored energy in the first cavity, and vice versa.

The fundamental TM01-mode in the iris loaded structure in Fig. 1.6a for example can be mod-
elled by an electrically coupled circuit. Successive cells couple through the irises via the strong
electric field on axis. We describe this mode with the equivalent circuit in Fig. 1.9a where we chose
Z = j!L1(1 − !20∕!2) with !20 = 1∕L1C1 and Y = j!C2. We then solve Eq. (1.14) for ! to obtain

L1
C1

C2

(a) Periodic array of electrically coupled circuits. (b) Dispersion characteristic for !0 = 1.

Figure 1.9.: Equivalent circuit model for electrically coupled resonators.
the dispersion relation

! = !0
√

1 + 2C1∕C2(1 − cos') (1.15)
which is visualised in Fig. 1.9b. We observe that the electrical coupling results in a forward funda-
mental harmonic with !�>!0. The 0-mode with ' = 0 corresponds to the cell resonance !0. As a
measure of the strength of the coupling, we define the coupling factor to k = 2C1∕C2 for C1 ≪ C2.
For the case that C2 →∞ the cell coupling vanishes and the cells become independent resonators.
This would correspond to a vanishing iris diameter in Fig. 1.6a.

We repeat above treatment for the case of magnetically coupled resonators. A typical example
is the disc loaded structure with peripheral slots, see Fig. 1.6b. The coupling is now inductive and
modelled by Y = 1∕j!L2 as shown in Fig. 1.10a. The dispersion relation is obtained to

! =
!0

√

1 + 2L2∕L1(1 − cos')
(1.16)

and plotted in Fig. 1.10b. The cell coupling is defined as k = 2L2∕L1 in this case for L2 ≪ L1. We
note that the fundamental harmonic is now of the backward wave type and !�<!0.

Consider now the combination of the two structures in Fig. 1.6 with slotted discs having irises
of considerable diameter. Here coupling takes place both electrically andmagnetically and resonant
effects can lead to interesting phenomena. Our equivalent circuit model now takes the form of
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1.1. Particle Acceleration in Periodic Structures

L1
C1

L2

(a) Periodic array of magnetically coupled circuits. (b) Dispersion characteristic for !0 = 1.

Figure 1.10.: Equivalent circuit model for magnetically coupled resonators.

Fig. 1.11a with the resonant admittance Y = j!C2(1 − !22∕!2) as the coupling element and where
!22 = 1∕L2C2. We obtain the dispersion relation [13]

! =

√

b ±
√

b2 − !20!
2
2 (1.17)

with

b =

(

!20 + !
2
2

2

)

(1 + k2(1 − cos')),

k2 = 2∕[L1C2(!20+!22)
].

It now consists of two branches, one for each of the two resonators in the single cell of the structure.
For !0 ≠ !2 a stopband exists between the passbands of the two resonators and the dispersion
relation is symmetric with respect to an interchange of !0 and !2. By considering Figs. 1.11b
to 1.11d we observe that the slopes near the 0-modes steepen when !0 and !2 approach each other.
For the case of the so-called confluence of the passbands displayed in Fig. 1.11d the two branches
run into each other with non-zero slope.

This shaping of the dispersion curve is used in standing wave accelerating structures of e.g.
the Alvarez type. By also periodically deploying a stem [14] or post [7] configuration, refer to
Fig. 1.4 for instance, the accelerating transverse magnetic (TM)01 passband is coupled to a stem-
or post-passband respectively. The increased group velocity at the 0-mode results in larger power
flow and mode separation leading to better field stability and less susceptibility to manufacturing
tolerances and beam loading. Overall this reduces the energy spread of the beam. The acceleration
structure extensively treated throughout this thesis features stems as resonant coupling elements
and part of the theory presented here can be readily applied. The stems are however not merely
employed to achieve confluence, but are rather the accelerating element of the structure.
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L1
C1

L2 C2

(a) Periodic array of resonantly coupled circuits. (b) Dispersion curves for !0 = 1, !2 = 2, k = 0.2.

(c) Dispersion curves for !0 = 1, !2 = 1.25, k = 0.4. (d) Dispersion curves for !0 = !2 = 1, k = 0.5.

Figure 1.11.: Equivalent circuit model for resonantly coupled resonators with coupling factor k.

1.2. Particle Acceleration in Synchrotrons

To bring protons up to highly relativistic energies, LINACs were soon found to be inefficient. This
is mostly due to the fact that each electrode or accelerating device can only be used once for the
acceleration of a particular particle and that therefore the length and the cost of the LINAC increase
linearly with its final energy. In a machine in which particles travel on circular orbits the accelerator
elements can be used repeatedly supposing that the accelerating device can be adapted adequately
from turn to turn in the case that the particle velocity still increases. This idea culminated in the
development of the synchrotron and its basic building blocks are shown in Fig. 1.12. Dipole mag-
nets bend the particles around the quasi-circular orbit of constant radius. The synchrotron needs
as a minimum only a single, relatively short accelerating section potentially with an adjustable RF
frequency. Acceleration is then achieved by a choreographed interplay between dipole magnets and
RF system. The magnet current is increased forcing the particles on a slightly shorter orbit. The
RF system then supplies additional energy to the particles shifting them back towards their nom-

12



1.2. Particle Acceleration in Synchrotrons

Figure 1.12.: Basic building blocks of a synchrotron, adapted from [2, 15].

inal orbit in the aperture, e.g. the centre of the vacuum chamber. The magnet current is ramped in
synchronism with the particle energy, hence the name synchrotron.

To cope with machine imperfections and the repelling space charge forces within the particle
bunches, the focusing effect of quadrupole magnets is used to confine the beam to the narrow aper-
ture of the vacuum chamber in the horizontal and vertical planes. Figure 1.12 shows a quadrupole
focusing particles with momentum in direction −z and a horizontal offset from the magnet axis.
The restoring force increases linearly with the offset. Particles with a vertical offset however un-
dergo further defocusing. This concurrent focusing and defocusing in the two transverse planes is
an intrinsic behaviour of quadrupoles. A quadrupole focusing in the vertical plane can however
easily be obtained by rotating the horizontally focusing quadrupole by 90◦ or by changing its pole
currents. In a synchrotron, horizontally focusing and defocusing quadrupoles are interleaved and
spaced by their focal length resulting in an oscillatory motion of the beam also in the two transverse
planes while moving around the synchrotron. Higher order multipole magnets like sextu-, octo-
and decapoles are also used in a synchrotron, e.g. to correct chromaticity2 and field imperfections
in dipoles and quadrupoles. Together, due to their functionality like optical lenses these magnets
are called the optics of the machine.
2the momentum dependent focusing strength in quadrupoles [16]

13



The longitudinal phase focusing introduced in Fig. 1.2 for linear accelerators also applies to
synchrotrons (below transition energy3) for which the drift tube is basically the whole acceler-
ator circumference. The particles will perform synchrotron oscillations around the synchronous
particle, which undergoes the exact same accelerating voltage every turn, with the oscillation amp-
litude depending on the initial phase and energy. The synchrotron oscillation period is usually
much slower than in the transverse planes and on the order of several turns. These energy-phase
oscillations can be visualised in the so-called longitudinal phase space illustrated in Fig. 1.13. The

Figure 1.13.: Longitudinal particle motion visualized in phase space (ΔΦ,ΔE). The phase space
area surrounding all particles is called the emittance of the beam. The immobile synchronous
particle is shown in blue.

phase space area that includes all particles is called the longitudinal emittance which is an im-
portant beam quality parameter. If the longitudinal emittance is too large for the RF system to
capture all particles, see also Fig. 1.2, particles with a too large energy or phase deviation become
uncontrollable and are lost in the machine.

As a synchrotron can not accelerate particles with zero velocity, a pre-accelerator, typically a
LINAC, which already accelerates the beam to several tens of MeV is placed before the synchro-
tron in the accelerator chain. The particle beam with an emittance acceptable by the synchrotron
is then transferred from the LINAC to the synchrotron via a transfer line and an injection magnet,
see Fig. 1.12. This magnet, also called kicker, deflects the beam onto the orbit of the synchrotron
via a transverse magnetic field. After the magnet ramp the beam is extracted from the machine via
another kicker and send towards an experiment or a following accelerator or collider. In practice,
3The revolution period of a particle in a synchrotron depends on its velocity and energy. In the non-relativistic regime,
a larger particle energy results foremost in an increased velocity and therefore reduced revolution period. In the ultra-
relativistic regime, a larger particle energy results foremost in an increased orbit length and a larger revolution period.
At the transition energy, the variation of velocity is exactly compensated by the variation of trajectory. In some syn-
chrotrons the transition energy is crossed and a rapid phase jump in the RF system is required to accelerate the beam
on the falling edge of the RF voltage above transition.
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1.3. The CERN Accelerator Complex

additional equipment like e.g. beam position and beam quality monitors and other beam instru-
mentation not shown in Fig. 1.12 are also located in the particle orbit.

All these accelerator devices inevitably lead to cross-sectional changes in the vacuum chamber
that act as cavity-like structures along the beam path. A bunch of charged particles passing through
a cavity will loose some energy to it (beam loading effect4) and excite EM fields, the so-called
wakefields. The frequency distribution of these wakefields can be described by the concept of beam
coupling impedance which is defined by the individual structure geometry and material, for details
see Chapter 2. The excited frequency spectrum depends on the bunch length with shorter bunches
having a larger frequency content. Depending on the loss mechanism and the resulting decay time
of the EM fields in the structure and the repetition rate of the bunches, subsequent bunches will be
influenced by the wakefields of a preceding bunch. In synchrotrons, in which the same particles
will pass through the accelerator for thousands of turns, this can lead to a resonant build-up of
the fields and a deteriorating impact on the beam stability. Depending on the decay time of the
perturbing fields in such resonator-like devices, the particle motion is affected within the same
bunch (single bunch effects), subsequent bunches (multi-bunch effects) and the same bunches over
several turns (multi-turn effects). Therefore, the beam quality will suffer due to the beam coupling
impedance of the synchrotron which eventually leads to a degradation of its performance as the
beam will become less useful for physics experiments. A more in-depth and quantitative treatment
on beam coupling impedance will follow in Chapter 2.

1.3. The CERN Accelerator Complex

The most famous accelerator of CERN is the LHC in which two proton beams of presently 6.5 TeV
each are brought to collision. The LHC is however at the end of a whole accelerator chain in which
particles are accelerated to ever higher energies in transferring the beam from one accelerator to
the next. Figure 1.14 shows this accelerating complex crucial to the operation of the LHC and built
over the last 60 years since the foundation of the laboratory. The evolution to larger accelerators
for ever higher energies is obvious as progress in magnet technology could not keep pace with the
energy range of interest for particle physics. Most of the accelerators can either be used to feed their
own experiments or they are used as a beam injector for the next accelerator in the chain. In the
first case of so-called fixed target experiments the particles are not made to collide with a second
beam, but are shot on a material block and the particles created during the collision are studied. In
the following the accelerator chain will be outlined one machine after the other, following the path
of protons into the LHC.

Hydrogen atoms out of a simple gas bottle are stripped of their electrons by an electric field to
yield positively charged protons. These protons are accelerated by the linear accelerator LINAC 2
(see Fig. 1.14) over a length of 33m to an energy of 50MeV equivalent to 31% of the speed of

4The beam loading effect will be introduced in more detail in Section 2.1.
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Figure 1.14.: Schematic of the CERN accelerator complex. ©CERN

light5. All subsequent accelerators are of the synchrotron type. This type of acceleration is more
efficient for particles at higher energies as its components like RF cavities and magnets can be
reused during several turns of the particles.

From LINAC2 the beam is transferred via a continuous vacuum chamber into the Proton
Synchrotron Booster (PSB) that consists of four rings stacked on top of each other eachmeasuring
157m in circumference. The main purpose of the Booster is to enhance the number of protons that
can be accepted at the next stage. Otherwise, the energy delivered by LINAC2 would be too low
to achieve a sufficient beam intensity and the use of the beam for experiments would be greatly
diminished.

5LINAC2 was decommissioned in 2018 and will be replaced. From 2020 on, LINAC4 will be the first accelerator in
the chain accelerating protons to an energy of 160MeV.
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The PS Booster injects 1.4GeV protons (92% of the speed of light) recombined from the four
rings into the Proton Synchrotron (PS). The PS has been used to accelerate many different kind
of particles including electrons, positrons and antiprotons in the past [1] and accelerates protons
to 26GeV (99.9% of the speed of light). In the PS the point of transition is crossed at which the
revolution frequency of the particles becomes dominated by an increase in mass and thus orbit
length opposed to an increase of velocity. With the optics used today for proton acceleration, the
PS is the only machine in the accelerator complex in which transition is crossed for this type of
particle.

The Super Proton Synchrotron (SPS) is the next accelerator in the chain with a circumfer-
ence of 7 km and lying 60m under ground. Nowadays, protons are injected above transition in the
SPS and accelerated to an energy of 450GeV. Injection into the two vacuum chambers of the LHC
takes place via transfer lines TI2 and TI8 in clockwise and counter-clockwise direction respectively,
see Fig. 1.14. The LHC is located 79 to 140m below ground and makes use of superconducting
magnets of various types at temperatures as low as 1.8K (-271.3◦C). In total, 1, 232 dipoles are
used to bend and 392 quadrupole magnets are used to focus the beam. The filling with protons
from the whole injector chain takes about 30minutes and both beams are then accelerated to ener-
gies of nominally 7 TeV. This means that the protons are more than 7, 000 times heavier than their
rest mass and traverse the 27 km long ring over 11, 000 times per second. The protons are made
to collide at four locations around the accelerator ring marked in Fig. 1.14 where the four large
particle detectors ALICE, ATLAS, CMS and LHCb are located. Tracks of the particles generated
in the collisions are automatically analysed by large data centres connected to the detectors and
studied further by physicists to conclude on their nature.

In addition, the injector chain at CERN delivers particles to other experiments also shown
in Fig. 1.14. These shall only be listed in the following for completeness but are not discussed
further:

• Fixed target experiments in the East and North areas fed by the PS and SPS respectively.
• The injector chain for heavy ion physics in the LHC (LINAC3 and the Low Energy Ion

Ring (LEIR)).
• The Antiproton Decelerator (AD).
• The Isotope Mass Spectrometer (ISOLDE).
• The Neutron Time-Of-Flight experiment (n-TOF).
• CERN Neutrinos to Gran Sasso (CNGS).
• CLIC test facility 3 (CTF3).
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Particle detectors need to record large amounts of collision data so that sufficient statistical evidence
is obtained to e.g. announce the discovery of a new particle. In order to increase the probability
of observing interesting events or new physics, the amount of particle collisions should be as large
as possible. The performance of a particle collider is therefore measured not only by its collision
energy but also by its rate of collisions called luminosity. Luminosity quantifies the number of
collisions per unit surface over a given period of time and measures the ability of a collider to
produce a sufficient amount of interesting events in a given amount of machine run-time.

The LHC’s design energy is 7 TeV per beam. To ensure machine safety and for commission-
ing and consolidation of the four detectors, beams of up to 4 TeV were collided during the first
operational run of the LHC from November 2009 to February 2013. This start-up energy was still
several times higher than the most powerful accelerator up to that date and already opened a new
energy frontier for exploration resulting in the discovery of the Higgs boson in 2012. It should be
noted that the key results a particle accelerator can deliver are usually achieved within the first years
of its operation. This enforces a constant alternation between physics runs and shutdown periods in
which the accelerator receives performance upgrades. The upgrade schedule for the LHC as well
as its injectors is shown in Fig. 1.15.

Figure 1.15.: Present schedule for the LHC and its injectors showing physics runs interrupted by
machine upgrade periods. ©CERN

Since the end of the first long shutdown (LS) 1 in April 2015 the LHC ran a collision energy
of 13 TeV. To fully exploit the potential of the LHC and to increase the possibility of new dis-
coveries, its integrated luminosity (the total number of collisions per time) shall be increased by a
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factor of ten during a major upgrade in the years 2024 to 2026 [17], designated LS 3 in Fig. 1.15.
Consequently, today’s nominal bunch intensity of 1.2⋅1011 protons per bunch shall essentially be
doubled to achieve the desired luminosity of 5⋅1034 cm−2 s−1 [17]. The necessary efforts to pro-
totype, test and implement this novel machine configuration, called the High-Luminosity LHC
(HL-LHC), are described in the HL-LHC project. Overall, this project will take a decade to realize
and part of its implementation has started in 2018.

Relatively new particle accelerators build in the years 2000 like the LHC were designed from
scratch with a small overall beam coupling impedance budget in mind. This, however, is not the
case for the older accelerators at CERN build decades ago and which were originally targeted to
much lower beam intensities. Performance limitations arising from the injector chain with regard
to the increased beam intensity are therefore addressed by the LHC injectors upgrade (LIU) pro-
ject [18]. Within this project, each accelerator in the injector chain underwent extensive studies
with the goal to increase the beam intensity and stability of the beam injected into the LHC. Several
critical impedance sources of the CERN accelerator complex were identified and possible reduc-
tions of these shall be implemented during LS 2, within the schedule shown in Fig. 1.15. Also
within these impedance reduction campaigns, databases for all machines consisting of their most
important impedance contributors were created over the last years by bench measurements on and
full-wave EM field simulations of different accelerator devices. These databases provide the neces-
sary input for macro-particle simulations which allow to study the dynamic behaviour of different
beams and machine configurations in the respective accelerators.

Relevant for this thesis are the upgrades of the SPS and its main 200MHz RF system used
for particle acceleration. Beam parameters achieved in the SPS at extraction until today and the
requirements for the HL-LHC era are shown in Table 1.1 together with general parameters of
the SPS. The SPS needs to deliver four batches of 72 bunches per extraction during the filling

Table 1.1.: Beam parameters achieved in the SPS until today for the proton LHC-type beam at
extraction and the requirement for the HL-LHC era [17, 18, 19].

Parameter Achieved Required
Momentum [GeV/c] 450
Bunch intensity ⋅1011 1.2 2.3
Number of batches×bunches 4×72
Bunch spacing [ns] 25
Batch spacing [ns] 225
Longitudinal emittance [eVs] 0.63 <0.65
Bunch length (4� Gaussian fit) [ns] 1.65 <1.7
Transverse emittance [�m] 2.36 1.89
Circumference [m] 6911.5
Harmonic number 4620

of the LHC. For this type of beam and the required quality parameters like the nominal bunch
length and emittances given in Table 1.1, the maximum bunch intensity is so far limited to ∼
1.2 ⋅ 1011 p/b. Larger beam intensities lead to increased relative beam losses mainly caused by
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electron-cloud effect, beam instabilities in the longitudinal plane as well as beam loading in the
accelerating structures which reduces the available voltage [18, 20]. The RF power available for
acceleration is a limiting factor especially at flat top, where a large accelerating voltage is required
for a clean transfer of short bunches into the 400MHz RF system of the LHC. For stability of
the future high intensity LHC beams in the SPS an even larger accelerating voltage than today
will be required, however without modifications less voltage will be available due to the effect of
beam loading [21]. The RF system in its present form is therefore not able to satisfy future needs.
Hence, as the essential part within the LIU project, the accelerating system in the SPS will undergo
extensive improvements to resolve the problems it poses regarding longitudinal beam instabilities
and the lack of RF voltage.

The main RF system used for acceleration of all beams in the SPS is presently a group of
four travelling wave structures (TWSs) operating at 200MHz. Two of these periodic multi-cell
structures consist of four and two of five sections of 11 cells each. One of the 5-section structures
is shown in Fig. 1.16. The peak RF power available before LS 2 per cavity6 was 750 kW pulsed

Figure 1.16.: One of the 5-section 200MHz multi-cell TWSs used for particle acceleration in the
SPS. The coaxial lines feeding the structure at the far end and the terminating coaxial water-loads
at the beam entrance end in the foreground are also shown. ©CERN

(50% duty cycle at 42 kHz) [22]. In this configuration, the RF system can deliver a maximum
total accelerating voltage of 7.5MV at today’s nominal LHC intensity of 1.2 ⋅ 1011 p/b. The beam
loading in a TWS scales with the square of its length. Even for a significant increase of input power
the two long 5-section structures can therefore not provide a larger accelerating voltage at HL-LHC
beam intensities than today [21]. During LS 2, the two 5-section cavities are therefore rearranged
6In the accelerator jargon, any system with the purpose of particle acceleration is often simply designated as cavity for
convenience. Also travelling wave structures are therefore often somewhat incorrectly called travelling wave cavities.
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to four shorter 3-section structures also using two spare sections. Like this, the total beam coupling
impedance (the source of the beam loading effect) of the new cavity configuration consisting of
two four and four three section cavities is reduced by 20%. Two new power plants will be installed
that feed the two 4-section cavities with 1.6MW peak each [18]. The existing four power plants
are upgraded to deliver 1.05MW to feed the four 3-section cavities. Overall, these upgrades will
increase the available accelerating voltage at HL-LHC intensities to 10MV.

However, even if the limitation due to beam loading is solved with the RF upgrade, longit-
udinal beam instabilities in the SPS lead to an uncontrolled emittance blow-up during the ramp
and consequently intensity loss [19, 20]. One of the most severe sources of instabilities in the SPS
was identified within the LIU project to be already damped higher order modes (HOMs) around
630MHz in the accelerating TWSs themselves [19, 20]. An example for a measurement of a typ-
ical instability in the SPS is shown in Fig. 1.17 [19]. As can be seen, the bunch length gets shorter
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Figure 1.17.: Longitudinal instability during the SPS accelerating cycle for the LHC-type beam
given in Table 1.1 with an average bunch intensity of∼ 1.2 ⋅1011 p/b. The beam energy is shown in
black and the average bunch length in blue as a function of time. Taken from [19] with permission.

during the ramp due to a progressively larger accelerating voltage. The HOMs trigger a longitud-
inal multi-bunch instability which scales inversely proportional to the beam energy [21] and which
manifests itself in bunch length oscillations within the batch. The minimum and maximum bunch
lengths in the batch are used as a criterion to determine when the beam becomes unstable, shown
by the magenta line in Fig. 1.17. The instability results in particle loss and bunches with lengths
larger than 1.7 ns which should not be injected into the LHC to avoid further uncontrolled losses.
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1.5. Thesis Motivation, Goals and Organisation

The SPS will not be able to reliably deliver the demanding beam required by the HL-LHC without
mitigation of the HOMs around 630MHz in the accelerating TWSs. In this respect consider
Fig. 1.18, which shows the intensity threshold on the SPS flat top as a function of bunch length [23].
The data is obtained from the Beam Longitudinal Dynamics code (BLonD) [24], a 2D particle-
tracking simulation code developed at CERN and which is based on a detailed impedance model
of the SPS. The dot in Fig. 1.18 indicates the HL-LHC goal which is to be reached. As can be seen

Figure 1.18.: Instability threshold on the SPS flat top as a function of bunch length obtained from
particle simulations of one batch with 72 bunches. The situation until LS 2 (black) and the im-
provement due to the cavity rearrangement and the power upgrade (blue) are shown. The nominal
HL-LHC goal of 1.65 ns bunch length and intensity of 2.3 ⋅ 1011 p∕b can only be reached by im-
proved damping of the 630MHz HOMs by a factor of two or better (orange, green) in addition to
the RF upgrades. The operational variation on the bunch length is shown as well. Taken from [23]
with permission.

from the simulations, the upgrade of the RF system concerning beam loading alone significantly
improves the stability threshold, but is unable to assure stable beams at the desired 1.65 ns bunch
length with 2.3 ⋅ 1011 p/b. Only by mitigating the impedance of the HOMs in the accelerating
structures the HL-LHC goals are reached, see Fig. 1.18. The lengths of the 4×72 bunches vary
significantly around the nominal value during operation. An additional mitigation of the HOMs
of at least a factor of three must be achieved to ensure reliable operation and to provide the re-
quired margin for operating the different bunch lengths. The 630MHz HOM impedance reduction
is therefore an essential part of the SPS upgrade and is hence included in the LIU baseline [20].
Note that, if significant improvement of 630MHzHOMdamping can not be achieved, other imped-
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1.5. Thesis Motivation, Goals and Organisation

ance reduction campaigns like the shielding of sector valves and pumping ports will not effectively
improve the intensity threshold as the HOMs are the limiting factor [25].

The HOMs around 630MHz were already known to trigger longitudinal instabilities within
the first year of SPS operation [26, 27]. At that time the instability was cured mainly by the use
of damping probes with resistive loads placed on top of a number of cells which couple strongly
to the mode around 630MHz while being equipped with a rejection filter for the fundamental
mode at 200MHz [27]. The achieved damping is so tremendous that the accelerating structure
could be operated over the last 40 years although the average beam current increased by around
3.5 times since then. For HL-LHC intensities however, macro-particle simulations suggest that
an additional damping by a factor three of these already heavily damped HOMs is required [20],
refer again to Fig. 1.18. A brief estimation can be made on the loaded (damped) quality factor
Ql required to completely suppress an instability of multi-bunch type on a beam with 25 ns bunch
spacing. The EM fields in a cavity resonator with quality factor Q and angular resonant frequency
!0 decay exponentially with the decay time (refer to Eq. (2.16) or to e.g. [28])

� = 2Q
!0
. (1.18)

This means that ideally the HOM damping should result in Ql ≈ 50 to avoid that subsequent
bunches are significantly influenced by their preceding bunches. The undampedQ0 of the HOMs is
in the order of 18, 000 which would correspond to an overall damping of ≈ −50 dB. The damping
deployed already in 1976 results in Ql ≈ 300..500. Damping HOMs in a multi-cell cavity to
these extents without influencing noticeably the fundamental accelerating mode is an extremely
challenging and very ambitious task.

The goal of this thesis is to properly identify and characterise the offending modes in the
630MHz frequency range of the accelerating TWSs and to mitigate these already heavily damped
modes by an amount that significantly increases the beam instability threshold. The focus is on the
new, shorter 3-section structures which have never been used in the SPS before, however studies are
currently ongoing to apply the mitigation strategies developed throughout this thesis also to the 4-
section structure. Further challenges are the lack of a general HOM-mitigation strategy on cavities
with a large number of cells as well as computationally heavy full-wave EM field simulations with
respect to both data volume and computation time due to the large physical size of the structures.
A perturbation of the travelling-wave fundamental mode with regard to a detuning or damping due
to the HOM mitigation will have a direct impact on the available accelerating voltage during the
ramp. Another goal of the thesis is therefore to study and quantify the impact of damping probes
and other devices for HOM mitigation on the accelerating mode and a solution was worked on
that allows to damp the HOMs in the structure while keeping the impact on the accelerating mode
within acceptable limits.

The thesis is organised as follows. Some fundamentals of particle acceleration with EM struc-
tures and the synchrotron principle are outlined in this first chapter. It is also shown how the thesis is
embedded in the overall upgrade programs at CERN to increase the performance of the accelerator
complex in view of the HL-LHC goals. Chapter 2 introduces the concept of beam coupling im-
pedance which is used to describe the interaction of the particle beam with the accelerator devices
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surrounding it. The impedance theory for standing wave resonances, like the HOMs in the SPS
200MHz TWS, as well as for travelling wave modes is given. For the development of effective
and in practice applicable HOM mitigation strategies, a broad understanding of the acceleration
system including its fundamental mode is necessary. This is why in Chapter 3 the TWS is analysed
in detail. An overview over the whole acceleration system is given together with consequences
of a detuning or mismatch of the structure. The latter are important to later on analyse the im-
pact of the HOM mitigation devices on the fundamental mode. The beam coupling impedance of
the fundamental and higher order modes of the 33-cell structure including the existing damping
scheme is simulated and analysed via EM codes. The HOM mitigation is systematically improved
in Chapter 4 after properly identifying and characterising the modes with largest beam impedance.
Appropriate measures are taken that target these HOMs, including an optimisation of the existing
HOM coupler and a new mitigation technique via resonating elements that are directly placed onto
the wall of the TWS. The practical feasibility of the proposed mitigation techniques is always taken
into account. RF measurements of the TWS in different configurations are reported in Chapter 5.
The goals are, amongst others, a confirmation of the simulation results in Chapter 4 as well as
quantifying the deteriorating impact of the newly proposed mitigation scheme on the accelerating
voltage. The thesis is concluded in Chapter 6 by a review and summary of its achievements.
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2. Wakefields and Impedances

In order to mathematically describe the motion of charged particles in high-energy accelerators,
the concepts of the wake function in the time domain and the beam coupling impedance in the
frequency domain are in use since decades. In this chapter these two concepts are briefly introduced
and applied to the cases of standing wave cavities and of TWSs which can both be used for particle
acceleration. This also lays the foundation for numerical Eigenmode and Wakefield simulations
used extensively throughout this thesis for the calculation of accelerator component impedances.

2.1. Longitudinal Wake Function and Wake Potential

In RF particle accelerators, packets of particles, so-called bunches, are accelerated instead of single
particles. When a particle beam passes a discontinuity in the vacuum chamber or a surface of
finite resistance, it will excite and leave behind EM fields known as the wakefield. This wake will
not only influence the exciting bunch itself, but depending on the decay time of the fields also the
subsequently following bunches. Due to this parasitic interaction of the beam with the surrounding
accelerator components, the beam quality can get degraded and in the worst case the wakefields
lead to beam instabilities or even beam loss. This holds especially true for the case of synchrotron
acceleration in which the particles traverse the same discontinuities i.e. the same disturbance in
every turn.

The forces acting on the charged particles and their resulting motion can be expressed in both
the time and frequency domain. It is thereby usually sufficient to study only the integrated inter-
action over an accelerator device instead of the applied forces at single points in space. According
to the direction of the forces that are integrated, a distinction is made between longitudinal and
transverse planes with respect to the direction of motion. This work focuses on effects in the lon-
gitudinal plane since the longitudinal beam impedance is the known source of instabilities in the
SPS [20].

We are now considering a single charged particle that is moving with speed �c in a smooth
vacuum chamber like e.g. a section of the beam pipe. Thereby c designates the speed of light in
free space and � the relative velocity v∕c. The particle induces a corresponding image charge on
the vacuum chamber walls. The spherical electric field of a stationary point charge (electrostatic
case) is contracted to the plane perpendicular to the direction of motion with increasing velocity.
The situation is illustrated in Figure 2.1a and the opening angle of the electric field is given by the
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(a) Smooth metallic vacuum chamber. (b) Cavity-like accelerator component.

Figure 2.1.: Illustration of a point charge travelling at relativistic velocity and the corresponding
electric fields in different environments.

relativistic Lorentz factor [8]

 = 1

√

1 − �2
. (2.1)

For the ultra-relativistic case with � ≈ 1 there is no self-induced field in front or behind the charge.
If however the particle traverses a cross-sectional change in the vacuum chamber or enters a device
of arbitrary cross section, the image charge on the outer walls will have to travel a longer distance
than the particle trajectory. The EM fields will therefore tear off and are left behind, building up
the so-called wakefields which possibly start to oscillate, see Figure 2.1b.

For the followingmathematical treatment the rigid beam approximation is used which assumes
a particle speed v → c and no change of the beam trajectory due to the wakefields induced by the
first particle (called the source particle). Furthermore, perfectly conducting walls and straight beam
trajectories along the longitudinal coordinate z are assumed. A second particle (called the probe
particle) with charge q is now considered that follows at a distance s behind the source particle
and at a transverse offset r to the geometric centre of the structure. Assume that the source particle
has a charge q0 and travels at an offset r0 parallel to the axis of the structure. The longitudinal
wake function can then be calculated by integrating the longitudinal component of the Lorentz
force F

||

(r0, r, s, z) = qEz(r0, r, s, z) over the device length l [29]. Since the magnetic field is
perpendicular to the direction of particle motion, it does not contribute to longitudinal forces acting
on the particles. The longitudinal wake function is expressed by normalising to both the source
and probe particle charges

G
||

(r0, r, s) [V∕C] = −
1
q0

l

∫
0

Ez(r0, r, t =
s + z
c
)dz. (2.2)

This is a longitudinally retarding voltage per unit charge and it is convention to add a negative sign
to obtain a positive wake for a decelerating field. In the longitudinal plane and for rotationally-
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2.2. Longitudinal Beam Coupling Impedance

or axis-symmetric structures usually the case r0 = r = 0 is of most interest1. The wake function
G
||

(s) is the Green function (i.e. the response to a step excitation) for a particular structure as it is
excited by a point charge.

We now consider the case that the wakefield excitation is due to a bunch of particles with
arbitrary longitudinal bunch charge distribution I(s) with distance s to the probe charge measured
from the bunch centre. The wake potential W

||

(s) is obtained from the convolution of the wake
function with the normalised line charge density �(s) = I(s)∕Qtot [29]

W
||

(s) [V∕C] =

∞

∫
0

G
||

(s′)�(s − s′)ds′. (2.3)

The wake potential is actually the result obtained from numerical wakefield solvers like e.g. the
time domain solver T3P of the ACE3P [31] simulation suite used throughout this thesis. For more
details on wakefield simulations see Section 3.7.

Eq. (2.3) describes the voltage seen by a particle following at a distance s > 0 on the exciting
bunch. As mentioned above, due to causality no EM fields are in front of a charge travelling at the
speed of light c so thatW

||

(s) = 0 for s < 0. In the limit of s → 0+, the self-induced voltage by a
particle on itself is [29, 32]

W
||

(0) = 1
2
W

||

(0+) (2.4)
and the energy lost by a particle of charge q to an initially empty cavity is ΔU = qW

||

(0+)∕2. This
is often called the fundamental theorem of beam loading. The wake function will be illustrated in
Section 2.3 (Fig. 2.5.).

2.2. Longitudinal Beam Coupling Impedance

The concept of an impedance in an electrical circuit is analogous to wakefields induced by a charged
particle beam in an accelerator component. The beam constitutes a time varying current source that
induces a voltage along the beam trajectory. Therefore, the concept of beam coupling impedance
is introduced that relates the induced voltage to the beam current over the frequency spectrum.
The impedance is very useful in comparing the impact of different accelerator components on the
beam and their contribution to the overall impedance budget of an accelerator that may not be
surpassed to assure stable operation for a given beam intensity. Similarly to the wake function,
the beam coupling impedance could directly be defined via the current and field components in
the frequency domain [29]. Here however, the focus will be on the calculation of the impedance
from the wake potential via the Fourier transform , as it is practically of more relevance for the
numerical computation of beam impedance. With the convolution theorem Eq. (2.3) becomes

{W
||

(s)} = {G
||

(s)}{�(s)} (2.5)
1For this case the wake function expanded into a power series in the particle offsets reduces to the dominant zero-order
term [30].

27



under the Fourier transform and the longitudinal beam impedance can be calculated to

Z
||

(!) [Ω] =
{W

||

(s)}
c {�(s)}

. (2.6)

The beam impedance is a complex quantity, meaning that a phase shift between the exciting bunch
current and the induced voltage can occur. The real part is the power spectrum of the energy loss
of a point charge, whereas the imaginary part leads to a shift in the synchrotron tune2 due to the
impedance of the accelerator component. As I(s) and Qtot are known inputs to the numerical
Wakefield simulations, Eq. (2.6) was implemented in a post-processing of wakefield simulation
data generated by T3P to obtain the beam impedance of devices under study in this thesis.

2.3. Impedance of Standing Wave Resonators

For the purpose of particle acceleration, resonant EM cavities are employed voluntarily by making
use of the longitudinal electric field of the fundamental cavity mode with the lowest resonant fre-
quency. Cross-sectional changes of the vacuum pipe along the accelerator however can constitute
unwanted cavities resonating at several of their (eigen-) frequencies when excited by the passing
beam. These mostly unwanted cavity geometries can be approximated by cylindrical pillbox cavity
shapes, see Fig. 2.2, which resonate in standing wave modes that do not propagate as long as the
mode frequency is below the lowest cutoff frequency of the attached beam pipes. The field pat-

Figure 2.2.: Electric field of the
fundamental3 TM010 mode in a pill-
box cavity with attached beam pipes (field
magnitudes colour coded on a linear scale).
The ratio of cavity length to radius is 1.3.

R L C

Ibeam

Figure 2.3.: Parallel RLC resonant circuit
used to model the impedance of a single
standing wave cavity resonance.

terns in such simple cavities can be calculated analytically ([9][33]) and resemble those found in
many other cylindrical accelerator structures. Fig. 2.2 shows the electric field pattern of the TM010

2The number of synchrotron oscillations (longitudinal motion) per revolution [16].
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2.3. Impedance of Standing Wave Resonators

fundamental3 mode in a pillbox cavity. For the nomenclature of mode designation in cylindrical
cavities refer e.g. to [9].

The longitudinal effective voltage on-axis at the resonant frequency !0 of the cavity induced
by either the beam or a generator current is

V =

l

∫
0

Ez(z)e
j!0

z
�c dz. (2.7)

The exponential accounts for the finite speed �c of the particles through the cavity of length l while
the electric field Ez(z) oscillates at the frequency !0.

Empirically, it is well known that a single cavity resonance can be modelled with a parallel
RLC resonant circuit shown in Fig. 2.3. This is due to the fact that the frequency dependence
of its input impedance matches the observed behaviour of cavity resonances, e.g. highest imped-
ance exactly at the resonance frequency and a lower and wider peak with increasing losses. The
impedance Z

||

presented by a cavity at one of its resonant frequencies !0 is therefore modelled
as

Z
||

(!) [Ω] = R

1 + jQ
(

!
!0
− !0

!

) . (2.8)

Im{Z
||

} vanishes at the angular resonant frequency !0 = 2�f0 = 1∕
√

LC and the quality factor
of the resonance was defined by Q = !0RC . The three independent cavity parameters resonance
frequency f0, quality factor Q and impedance R can be determined by RF measurements (see
Chapter 5 for details) or EM simulations. The lumped elements R, L and C can then be derived
from their relations to the cavity parameters given here. The quality factor accounts for the losses
in the circuit or the physical cavity respectively, that lead to a gradual dissipation of the stored
energy. The overall stored energy is also the maximum energy stored in one of the two reactive
elements, and so with the use of peak (instead of rms) voltages

U = 1
2
C|V |2 = 1

2
L

|V |2
(

!0L
)2
. (2.9)

The energy dissipated in one time period is
Ploss
f0

=
|V |2

2Rf0
. (2.10)

The same result for the quality factor as above is obtained when defining4 it as the ratio between
the stored and dissipated energy

Q =
!0U
Ploss

=
!0U
|V |2∕2R

= !0RC. (2.11)
3For cavity dimensions following l∕r < 2.03 (where l is its length and r its radius) this is the TM010 mode; otherwise
the TE111 mode.

4In fact there is another common definition which is Q = !0
Δ!

and it is equivalent to the above, if Δ! is taken as the
bandwidth between the two frequencies for which the real part of the impedance is half its maximum value [29].
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Note that the cavity losses increase with decreasingR that should not be confused with the surface
resistance of the cavity walls that will be introduced below.

Taking the ratio R∕Q =
√

L∕C one notices that it does not depend on cavity losses but is given
by its reactive parts only, which are exclusively determined by the geometry of the cavity. The
’R-over-Q‘ is therefore a fundamental quantity also called geometry factor in case of accelerator
structures. With Eq. (2.11) the geometry factor5 can be expressed by normalising the cavity voltage
to the stored energy

R
Q
[Ω] =

|V |2

2!0U
=
√

L
C
. (2.12)

It is useful to compare different modes but also different cavity geometries regarding their ability
to convert stored energy into acceleration. By multiplying with the quality factor Q, the so-called
shunt impedance

R [Ω] =
(

R
Q

)

Q =
|V |2

2Ploss
(2.13)

is obtained. With increasing losses the ability of the cavity to shunt the accelerating gap is dimin-
ished and its impedance is reduced. The resistive shunt impedance R is equivalent to the beam
coupling impedance Z

||

at resonance, see Eq. (2.8).
The resonator impedance Z

||

is shown in Fig. 2.4 for two examples. The shunt impedance
determines the peak impedance at resonance and the quality factor the width of the resonance.
Im{Z

||

} behaves as an inductor for! ≪ !0 and capacitive for! ≫ !0, see Fig. 2.4b. At resonance,
Im{Z

||

} vanishes.

(a) Real part. (b) Imaginary part.

Figure 2.4.: ImpedanceZ
||

(!) versus !−!0
!0

of two resonators with identical resonant frequency and
R∕Q.
5Confusingly, another so-called ’linac definition’ for the R∕Q is also in use in the accelerator community, which drops
the factor 1/2 although peak voltages are used. The physically meaningful ’circuit definition’ given above will be used
throughout this thesis.

30



2.3. Impedance of Standing Wave Resonators

Tomodel a single cavity resonance with the parallelRLC resonant circuit, the three independ-
ent cavity parameters !0,Q and R∕Q have to be determined by either analytical methods, numerical
simulations or measurements. Analytical calculations are often infeasible for nowadays complic-
ated accelerator structures. Determination of the cavity parameters by measurements is shown in
Chapter 5. For the numerical calculation of eigen-frequencies and field distributions of lossless
and closed resonant structures, usually Eigenmode solvers are used6. The various RF parameters
like e.g. the on-axis effective voltage can then all be calculated from the resulting electric and
magnetic field distributions. The total, time-averaged stored energy is defined as [10]

U = Ue + Uℎ =
1
4 ∫
V

(

" ⃗|E|
2
+ � ⃗

|H|

2)
dV . (2.14)

At first, the Eigenmode solver determines the EM fields assuming a lossless cavity with perfectly
conducting walls and without enforcing excitations in the cavity volume. The actual resistive power
loss on the cavity walls is then calculated after the solver run by taking the surface integral over
the magnetic field tangential to the inner cavity surface as [13]

Ploss =
Rs
2 ∫

S

|H
||

|

2dS. (2.15)

Rs =
√

�0!0∕2� is the surface resistance of the cavity walls with the electrical conductivity �.
From Eq. (2.14) and Eq. (2.15) the resonance parameters Q, R∕Q and R are determined via Equa-
tions (2.11) to (2.13).

In Eigenmode simulations every cavity resonance is treated individually, however especially
at higher frequencies resonances will overlap. The total EM field in the cavity is the vector sum
of all modal fields and the overall impedance can be obtained by summing the contributions of
individual RLC resonators. Finally, it should be noted that a standing wave cavity presents the
same impedance to the beam and the RF generator. This is not true for TWSs as will be shown in
the following section.

The resonator impedanceZ
||

in Eq. (2.8) is Fourier transformed to obtain the wake potential

W
||

(t) =
!0R
Q

e−t∕�
⎡

⎢

⎢

⎢

⎣

cos
(

!0

√

1 − 1
Q2
t
)

− 1

2Q
√

1 − 1
4Q2

sin
(

!0

√

1 − 1
Q2
t
)

⎤

⎥

⎥

⎥

⎦

, (2.16)

where � = 2Q∕!0 is the decay time [13]. In Fig. 2.5 the fundamental theorem of beam loading
(s = 0) and the causality for beams with velocity c (s < 0) is also illustrated as discussed in
Section 2.1. The wake of the resonance with higher quality factor keeps ringing in the cavity for a
longer time and its impact on following particle bunches is therefore higher than that of the second
resonator with Q = 10 in Figs. 2.4 and 2.5.
6With the newest additions to the e.g. CST and ACE3P codes also lossy eigenvalue problems can be solved by non-linear
techniques.
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Figure 2.5.: Illustration of the wake function of the resonators shown in Fig. 2.4.

2.4. Impedances of Travelling Wave Structures

TWSs are essentially periodically loaded waveguides fed by a generator at the RF input and ter-
minated by a matched load on the opposite side of the structure as is illustrated in Fig. 2.6. A TWS
allows wave propagation at any frequency within one of its passbands opposed to (multi-cell) stand-
ing wave cavities in which the boundary conditions are satisfied only at discrete frequencies. To

Figure 2.6.: Schematic of a travelling wave structure. For illustration, the loading elements are
assumed to result in a backward-wave passband.

use such structures as particle accelerators the phase velocity vp of the travelling EM wave must
either be equal or be close to the particle velocity7. With the correct injection phasing into the
structure, the particles then see a forward directed electric field while travelling along the struc-
ture. The phase velocity can be adjusted according to the kinetic energy of the particles that are to
be accelerated by the type and dimensions of the waveguide envelope and the periodic loading.
7Otherwise, using e−jkzz in Eq. (2.7) as the dominating term for the wave travelling in direction z, the factor
∫ ej!

(

1
�c −

kz
!

)

zdz where kz∕! = 1∕vp is negligible for long distances.
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2.4. Impedances of Travelling Wave Structures

Wewould now like to derive the accelerating voltage Vrf produced by the RF generator current
Ig on the longitudinal axis of a TWS. The peak value of the accelerating field E0 can be taken as
constant along the structure as the attenuation length l0 of such structures is typically much longer
than their physical length, see Eq. (A.15). Let’s assume equal particle and phase velocity for some
relative particle velocity � = �0 and travelling wave frequency ! = !0. For this case of perfect
synchronism the accelerating voltage is simply proportional to the length of the structure L and is
written as Vrf = E0LejΦ. The angle Φ accounts for a possible phase shift between particle and
wave half-way along the structure due to the injection-timing. A particle experiences maximum
energy gain when entering the guide at a phase such that it is at the crest of the wave in the middle
of the structure. For deviations of the particle velocity � = �0+Δ� or the frequency ! = !0+Δ!
from the synchronous cases the phase between particle and travelling wave will slip along the
structure. For high energy particle accelerators we can assume Δ� = 0, meaning that the particle
velocity does not change during the traversal of the structure. The total accumulated phase slip
�(Δ!) at the end of the structure then consists of a term �1(Δ!) due to the dispersive characteristic
of the structure and a term �2(Δ!) caused by the non-synchronous particle velocity

�(Δ!) = �1(Δ!) − �2(Δ!). (2.17)
We assume further that the frequency deviation Δ! is small. The phase deviation �1 accumulated
by the travelling wave over the full lengthL of the structure compared to the synchronous frequency
can then be determined from the linear region of the dispersion curve around !0 for which holds

vg =
LΔ!
�1(Δ!)

. (2.18)
The phase slip due to the beam is similarly derived from

�0c = vp =
LΔ!
�2(Δ!)

. (2.19)
vg and vp are the group and phase velocities respectively for the synchronous case (�0, !0). The
total phase slip is obtained to

� = LΔ!
vg

(

1 −
vg
vp

)

(2.20)
Finally, we integrate the accelerating electric field induced by the RF generator along the structure,
now also taking into account the phase slip per unit length between beam and RF wave. Note
that the phase reference is taken in the middle of the structure for convenience. The effective
accelerating voltage seen by the beam is

Vrf = E0 ejΦ
L∕2

∫
−L∕2

ej
�
L zdz = E0 ejΦL

sin (�∕2)
�∕2

⏟⏟⏟
TTF

(2.21)

including the so-called transit time factor (TTF) [27]. With respect to the definitions given for the
standing wave resonator in Eqs. (2.11) and (2.13), the quality factor of the waveguide is defined
as

Q = !
stored energy per unit length

dissipated power per unit length (2.22)
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and the shunt impedance per unit length as

R [Ω∕m] =
(accelerating field)2

dissipated power per unit length . (2.23)

With the series impedance R2 defined in Eq. (A.7) the peak accelerating field can be expressed as
E0 =

√

R2P , where the power flow through the structure is P = 1∕2I2gZ0. Ig is the peak generatorcurrent and Z0 the characteristic impedance of the coaxial RF system. The accelerating voltage
can then be written with the forward transfer impedance Zrf

Vrf = Zrf Ig e
jΦ = L

√

R2Z0
2

sin (�∕2)
�∕2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Zrf

Ig e
jΦ. (2.24)

The forward transfer impedance of a fictitious TWS with constant group velocity over the
displayed frequency range is illustrated in Fig. 2.7 for two unit lengths. The typical sin(x)∕x-

Figure 2.7.: Illustration of forward transfer impedanceZrf of a TWS for two unit lengths assuming
vg = const. over the frequency range.

behaviour due to the TTF (see Eq. (2.21)) limits the usable bandwidth of the structure. The longer
the structure, the smaller is its bandwidth but the higher is its efficiency for acceleration at small
phase slips. The efficiency of the TWS is zero at frequencies for which �∕2 = n� | n ∈ ±1,±2, ... .
In practice vg varies rapidly in the passband so that the zeros lie asymmetric around the centre
frequency f0 of the structure.

For the derivation of the beam coupling impedance of a TWS we again start by considering
the case of perfect synchronism between the phase velocity of the induced wave and the particle
velocity of the beam [34]. Then, the waves excited in each cell will travel in synchronism with
the beam along the structure. Therefore, the waves add linearly in the beam-forward direction,
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2.4. Impedances of Travelling Wave Structures

whereas on-average they cancel out in the reverse direction. The decelerating electric field seen
by the beam is then simply proportional to the length of the structure measured from the RF input
end8. For the case of non-perfect synchronism a phase factor ej� with � = !t − kz with the wave
propagation constant k = 2�∕�g is introduced. The induced field Eb(z) is proportional to the phase
slip along the structure

Eb(z) ∝

z

∫
0

ej!t−kz
′
dz′. (2.25)

By linear expansion of � around the synchronous point (!0, k0) one obtains

� = !t − kz =
(

!0 + Δ!
vp

− k0 − Δk
)

z =
(

Δ!
vp

− Δk
)

z (2.26)

with the particle velocity being equal to the phase velocity vp = z∕t. The expansion can be con-
veniently expressed via the group velocity vg = Δ!∕Δk and the phase slip � derived in Eq. (2.20)

� = −� z
L
. (2.27)

Solving the integral
Eb(z) ∝

z

∫
0

ej�dz′ = 1 − e−j
�
L z

j �
L

. (2.28)

is then straightforward. It is obvious that the beam induced field is zero at the end of the TWS
connected to the generator (z = 0). This means that the generator does not see the beam and always
remains matched to the structure without the need for a protective circulator. By integrating the
induced electric field along the structure and when making use of the identity (1 − cos(2x))∕2 =
sin2(x), the total self-induced voltage Vb on the beam is obtained to

Vb ∝

L

∫
0

1 − e−j
�
L z

j �
L

dz = L2

2

[

(

sin(�∕2)
�∕2

)2

− 2j
� − sin(�)

�2

]

. (2.29)

With the series impedanceR2 of the structure introduced in Eq. (A.7) the beam coupling impedance
of a TWS is given by [34, 35]

Zb =
R2L2

8

[

(

sin(�∕2)
�∕2

)2

− 2j
� − sin(�)

�2

]

. (2.30)

The complex beam coupling impedance is illustrated in Fig. 2.8 and it should be noted that it scales
with the length squared. Obviously forward transfer and beam coupling impedances of a TWS
are not identical as it is the case for standing wave cavities. As the forward transfer impedance
is real valued and as the imaginary part of the beam impedance is non-zero at frequencies with
vanishing real part, it is difficult to compensate beam loading in TWSs merely by adjusting the RF
8This is also true for backward-wave TWSs fed via the beam output end with RF power, see below.
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(a) Real part. (b) Imaginary part.

Figure 2.8.: Illustration of beam coupling impedanceZb versus !−!0!0
of a TWS for two unit lengths

assuming vg = const. over the frequency range.

generator output. The results derived above not only apply to forward but also to backward TWSs
for which group and phase velocities have opposite signs. The beam output end of a backward
TWS is connected to the RF generator and the beam input end to the terminating load. The group
velocity should be taken as positive in all formulae and the distance z for instance in Eq. (2.28)
from the RF input end, whereas the particle velocity is to be taken as negative for a backward wave
structure.

Consequently, the total voltage V seen by a beam passing through a TWS is the superposition
of RF voltage and self-induced beam loading

V = ZrfIg −ZbIb. (2.31)
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3. The SPS 200 MHz Parallel Stem
Acceleration System

In the following chapter different aspects of the SPS 200MHz structure are analysed in detail for
reference in later chapters. This includes a review of particle acceleration with travelling waves op-
posed to with the more common standing waves and an analysis of the EM field profiles associated
with the parallel stem structure in both the fundamental and higher order modes. The important
passbands of the structure are analysed with a computationally very efficient unit-cell approach of
the periodic structure. The devices for HOMmitigation have a parasitic impact on the fundamental
accelerating mode. As this impact of the newly proposed mitigation scheme shall be quantified in
detail in this thesis, tuning and matching mechanisms of the parallel stem structure are considered
as well. This includes a theoretical analysis of the impact of matching errors to the RF generator
and the terminating load on the accelerating voltage. An introduction of a matching technique
which is later on required in simulation and RF measurements is shown as well. Some important
details on the EM simulations used throughout this thesis for the analysis of the full acceleration
structures are given, before the beam coupling impedance of the fundamental and higher order
modes in the future 33-cell TWSs are reported.

3.1. Choice of Travelling Wave Operation for Particle
Acceleration

The CERN Council authorized in the early 1960s the design study of a new proton accelerator of
“a very high energy“. The study group on future accelerators presented a detailed design for a
proton synchrotron of which the top energy was at first fixed to 300GeV [36]. During the design
phase the beam intensity was becoming an equally important parameter as the top energy in particle
accelerator research. The accelerating system was therefore foresightedly designed with a future
increase of beam intensity and consequently strong beam loading in mind. This accelerator became
the high energy and high intensity machine known as the SPS today and only because of this
foresight the accelerating system conceived more than 50 years ago can still be used today. In the
following, the reasoning behind the choice of accelerating frequency and preferring a travelling-
wave system over standing wave cavities as accelerating method will be outlined. More details can
be found in above cited report.

The choice of accelerating frequency is influenced by many considerations, some of which are
of technical and others of beam dynamics nature. For normal conducting RF systems it holds that
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their geometry factor and shunt impedance per unit length increase with higher frequencies, see
Eqs. (2.12) and (2.13). This means that the power required by a given type of structure with a fixed
length to generate an accelerating voltage decreases with increasing frequency. However, a high
frequency reduces the maximum allowed energy or phase deviation from the ideal synchronous
particle that can be captured by the RF voltage and which might become too small for the desired
bunch length. Also, the physical aperture - the cavity opening on the beam axis - might become
too small for the beam to pass through due to its transverse motion. The chosen frequency must
also fit the RF system used in the injector for synchronisation during beam transfer [36]. The
availability and cost of high power sources is more favourable at some common frequency ranges
and high power sources above 200MHz were not very common in the late 1960s. Taking all these
considerations into account, the frequency of the accelerating RF system was finally chosen to
around 200MHz.

In the conventional way of particle acceleration with a synchrotron the frequency of the ac-
celerating RF system frf is kept synchronous with the particle revolution frequency frev up to the
integer multiple of a harmonic number ℎ

frf = ℎfrev. (3.1)
The required frequency variation during proton acceleration from injection (planned around 10GeV)
to top energy played a big role in the choice of cavity type1. As the top energy of 300GeV is very
high, the relative frequency swing for acceleration from the injection energy of 10GeV can be
calculated with the following approximate formula to only

Δfrf
frf ,top

≈ 1 − �i = 1 −
√

1 − 1∕
2i = 0.44% , (3.2)
with the RF frequency at top energy frf , top, the particle velocity �i at injection relative to the speed
of light and the corresponding relativistic Lorentz factor 
i. At an operating frequency of 200MHz
this necessitates a bandwidth of 880 kHz of the accelerating structure.

For the case that standing wave resonant cavities are employed, their quality factors have to be
much larger than the inverse of the frequency swing for reasonable power consumption. This means
that the resonant frequency of such cavities needs to be constantly tuned during the ramp. Mech-
anically tuned cavities by means of a piston tuner were studied in detail and seriously considered
for the SPS [37]. As the required frequency swing is small and due to other advantages explained
in the following they were however dropped in favour of a fixed-tuned wideband system [36].

If a small phase slip between particles and accelerating wave is allowed, a travelling wave
structure as described in Section 2.3 can easily provide the required bandwidth. The main advant-
age of such a structure is its high reliability due to the absence of any moving parts. Interventions
on e.g. mechanical tuners employed in resonant cavities are undesirable firstly in view of radioact-
ive contamination if a fast intervention is required. In case of a necessary replacement of the tuner
the loss of vacuum comes along with an undesired down-time of the accelerator.
1As already mentioned, in the accelerator jargon, any system with the purpose of particle acceleration is often simply
designated as cavity for convenience. Also travelling wave structures are therefore often somewhat incorrectly called
travelling wave cavities.
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3.2. Multi-Stem Drift Tube Structures and Transverse Stem (TS) Resonances

At first sight a disadvantage of TWSs is the large power consumption compared to stand-
ing wave cavities [36]. However, this fact becomes negligible for high beam intensities with
strong beam loading which changes the spatial distribution of electric field along the structure,
see Eq. (2.28). A TWS then has the particularity that most of the additionally required power for
restoring the accelerating field to its desired value does not equal the beam power but stems mostly
from a decrease of the power that is otherwise lost in the terminating load. The beam induced-
field is only at the centre frequency of the TWS 180◦ out of phase to the field induced by the
generator and purely decelerating. For most of the accelerating cycle though, the required com-
pensation depends on the stable phase angle as well as the particular phase-slip between particles
and wave. Compensation can mostly be achieved by a mere phase shift and a slight increase of the
input power [36]. The efficiency of a travelling wave system therefore rises rapidly with increasing
beam intensity and the higher initially required power compared to standing wave cavities becomes
less and less important. A large amount of additional power has to be installed anyway just to com-
pensate the beam loading during a short time of the acceleration cycle and the power consumption
for acceleration becomes relatively small. It is shown in more depth in [36] that the overall power
consumption of a travelling wave accelerating system can in fact be made superior to standing wave
cavities. As power source and TWS can simply be connected by a matched transmission line of
arbitrary length (not taking losses into account), it is also possible to house the necessary power
plants on the surface far away from the structure (at least 60m in case of the SPS). Here, the sources
are accessible for maintenance and possibly an expansion due to increased power demand during
operation of the accelerator. For an accelerator of increasing energy and intensity this is a very
valuable feature.

3.2. Multi-Stem Drift Tube Structures and Transverse
Stem (TS) Resonances

The travelling wave accelerating structure of the SPS was chosen to be of the multi-stem drift tube
type. Contrary to the Alvarez accelerator, each drift tube is supported by two stems with large
diameter at an opening angle of 180◦. In addition, the so-called stem passband created by this
periodic loading is used for particle acceleration and not the TM01-band. An extensive theory
on multi-stem structures published in [14] studies the influence of different stem configurations,
like the number of stems, their relative angles and thickness, on the cutoff frequency of the stem-
passband which lies below the TM01-band in frequency. The original intent of this study was
to obtain the optimum stem configuration for confluence of the stem- and the TM01-passband in
standing-wave LINACs designed for various proton energies in the TM010-mode (for notation see
below). During the experimental verification of these multi-stem structures however, it became
soon evident that the mode profile of the stem-passband itself also features a strong axial electric
field that can directly be used for particle acceleration. The stem structure of the SPS is operated in
this fundamental stemmode and not in the TM010-mode. Consequently, no effort was undertaken to
bring the stem- and the TM01-passband into confluence on the SPS structure. Eq. (A.12) suggests
that a TWS should have an R∕Q as large as possible to be efficient. By careful optimisation of
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Figure 3.1.: Outline of TS11 field distribution
in a two-stem (180◦) drift tube structure. The
vectors represent the field strength and orient-
ation of the electric fieldE which does end on
the cavity wall.

Figure 3.2.: Cross-section of a cavity tank
periodically loaded with two-stem (180◦) and
drift tube assemblies.

the stem-loaded structure, a much larger value of 611 Ω∕m could be obtained compared to e.g. an
ordinary disc loaded structure for which R∕Q ≈ 250 Ω∕m at �=1 and 200MHz [27, 36].

The conventional TM and transverse electric (TE)-passbands of the uniform cylindrical wave-
guide or cavity also exist in the stem-loaded structure. As discussed in many textbooks, the modes
can be identified by an azimuthal (m), a radial (n) and a longitudinal (l) index accounting for the
number of local field zeros in the respective direction. With this, modes are typically designated
as TXmnl. Let us now determine the nature of the modes associated with the transverse stems and
see if we can conveniently express also their field profiles with above naming convention. The
stems behave as transverse resonators associated to conduction currents flowing along the stems.
For symmetry reasons, the currents flow in opposite directions and the magnetic field around the
stems is oriented as shown in Fig. 3.1. As a result, the drift tube will carry a net charge creat-
ing a transverse electric field to the outer cavity wall in the plane of the stems. The displacement
current associated to this electric field flows via the outer cylinder back to the stems. To obtain
the opposing field maxima at the azimuthal positions �= 0, 180◦, the longitudinal component of
the magnetic field Hz will vary azimuthally with cosm�. The dominant resonance has the index
m = 1 and higher order resonances are only possible with uneven m. Similarly, the radial com-
ponent of the electric field Er follows sinm� to comply with the boundary conditions. As for the
common TE- and TM-modes, also the longitudinal component of the magnetic fieldHz of the stem
modes varies radially with them-th order Bessel function of the first kind Jm(!0c r) [14], with!0 the0-mode frequency of the stem resonance. This also determines the current distribution along the
stems. For the dominant, fundamental stem mode with the lowest resonance frequency the radial
index is n = 1 since there is no change of sign in the radial variation of the fields. Let us designate
this mode therefore by TS11. Its field and current distributions are sketched in Fig. 3.1.
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3.2. Multi-Stem Drift Tube Structures and Transverse Stem (TS) Resonances

The cutoff frequencies (0-modes) of stem-passbands can be estimated by treating the struc-
ture as a coaxial waveguide with the drift tubes forming the inner conductor [14]. According to
this theory the cutoff frequency of the lowest stem-passband can be increased either by a larger
number of stems or an increased stem diameter. Confluence however can not be obtained with any
two-stem configuration so that the accelerating passband in the SPS structure is below the cutoff
of the uniform waveguide. The fields of a single stem-and-drift-tube assembly would therefore de-
cay exponentially along an otherwise unloaded guide. However, by loading the guide with stems
periodically, a coupled system with an associated passband is created.

A cavity tank as shown in Fig. 3.2 is obtained by terminating a piece of circular waveguide
loaded with N stem assemblies by conducting end-plates. In such a tank of coupled resonators,
N discrete standing-wave stem modes can be excited in the lowest passband, i.e. TS111, TS112,
. . .TS11N. Each normal mode of the coupled system has a characteristic resonant frequency and
field pattern with relative amplitudes and phases for the different resonator cells. For the general
case of N coupled resonators, the properties of the normal modes can be determined by solving
an Eigenvalue problem of coupled electrical circuits [38]. The result must however be adapted to
the stem-loaded structure in which the longitudinal variations of the Er and Ez field components
for the respective standing wave modes are of special interest to us. The stem-loaded structure is
terminated in two half end-cells and the resonating elements (the stem-cells) are not identical with
the accelerating gaps, as it is e.g. the case in a disc-loaded structure. From textbooks we know that
the longitudinal periodicity is half a guide wavelength �g = 2�∕kz, where

kz =
l�
L
= l�
Np

. (3.3)

The index l accounts for the number of half period oscillations over the total lengthL of the cav-
ity with a cell length of p. Taking also the boundary conditions at the end-plates into account,
the position dependence of the longitudinal electric field Ez in a stem-loaded structure is most
conveniently expressed as cos kzz and the radial electric field Er follows sin kzz.

In the stem 0-mode with zero phase shift per cell, all stems carry the same currents, identical
in both amplitude and phase. Imagine that the metallic end-plates are placed in the planes of the
first and last stem assemblies, shorting these cells and leading to zero currents along the stems. For
the 0-mode this means that the currents in all other cells are zero as well. In fact, this holds also
true if the end-plates are placed in any other symmetry plane of the cells so that the stem 0-mode
can never be excited in a typical tank, as e.g. the one shown in Fig. 3.2. In addition, the drift tubes
are charged equally in the 0-mode so that there is almost no longitudinal electric field created on
the axis of the structure for this mode. This will not be the case for modes with non-zero phase
shifts per cell. On the contrary, a strong electric field is generated on-axis which can be used for
particle acceleration.
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The field dependencies of the TSmodes obtained by treating the stems as transverse resonators
are summarised in the following:

Er(�) ∝ sinm�
Hz(�) ∝ cosm� m = 1, 3, 5,…
Hz(r) ∝ Jm(kcr) .

(3.4)

For each standing-wave mode l in a stem-loaded cavity tank as shown in Fig. 3.2, the relative
transverse field strengths at the positions of the stems are

Er(z) ∝ sin
l�
Np

z , z =
p
2
+ np for n = 0,… , N − 1. (3.5)

The relative longitudinal field strengths at the positions of the gaps are
Ez(z) ∝ cos

l�
Np

z , z = np for n = 0,… , N. (3.6)

The typical nomenclature to identify each mode is the quantity l�∕N with l = 1,… , N , which is
the phase shift per cell.

3.3. System Overview

The unit-cell for the simulation of the periodic parallel stem structure used in the SPS is shown in
Fig. 3.3. In addition to the drift tubes and stems it also consists of pedestals on which the stems

(a) Simulation model with periodic boundar-
ies (orange) and symmetry planes (blue).

(b) Cross section.

Figure 3.3.: Unit-cell of SPS parallel stem structure.
are suspended. The pedestals are included in the design for constructional and tuning reasons. An
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3.3. System Overview

adjustment of the group velocity as suggested in [39] is not observed, as the presence of the ped-
estals merely shifts the whole FPB to higher frequencies by an amount independent of frequency.
Models for EM simulations were drafted from mechanical drawings. The dimensions of the unit-
cell are lc = 374mm, ls = 321mm, ld = 150mm, dc = 750mm, ds = 86.5mm, di = 130mm,
do = 170mm and dp = 221mm. The stem length ls is used for the tuning of the structure to
compensate fabrication tolerances; refer also to Section 3.5 in this regard. The diameters of the
two pedestals differ by design by one millimetre for assembly reasons. In first simulations it could
be shown that this difference has only a negligible impact on the longitudinal impedance and be-
haviour of the structure. Therefore, the pedestal diameter given above was used for both pedestals
for all simulations. In this case, the structure is horizontally symmetric and hence allows the use
of a vertical symmetry plane in many simulations which results in much shorter runtimes. This is
especially valuable for time intensive wakefield simulations of the large 33-cell structures equipped
with numerous HOM couplers. The validity of the simulation models will be confirmed through-
out this thesis by comparison to RF measurements and analytic models, most notably those already
introduced in Section 2.4.

The main components needed for the operation of each accelerating structure are outlined
in the block diagram of Fig. 3.4. Also refer to Fig. 1.16 for illustration. The TWSs are fed via

Figure 3.4.: System overview of a TWS in the SPS.

rigid 50Ω coaxial lines with an outer diameter of 345mm and a length of more than 100m each.
The structures must be fed axis-symmetrically to avoid transverse deflections of the beam. For
this purpose the large coaxial lines are split up as illustrated in Fig. 3.4 and the inner conductors
end in coupling loops on the pedestals of the first half cells, see Fig. 3.5. The coupling loops
are henceforth called fundamental power couplers (FPCs). The FPCs are presently undergoing a
redesign to cope with the increased input power and constrained space requirements within the
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Figure 3.5.: Cross section of fundamental
power couplers (FPCs) in use until LS 2.

Figure 3.6.: Inside view of the parallel stem
accelerating structure. ©CERN

context of the LIU-project. The same FPCs are also used at the RF end of the structure to connect
a coaxial water load in which the travelling wave is terminated. The presence of the FPCs detunes
the first and last half cells so that the effective length for particle acceleration of aN-cell structure,
also called the interaction length, is reduced by one full cell to (N − 1)lc . An inside view of
the accelerating structure is shown in Fig. 3.6. The cylindrical envelope is of oxygen-free high-
conductivity (OFHC) copper in a steel envelope [27]. For manufacturing and handling reasons
the TWSs consist of 11-cell sections, of which one is shown in Fig. 3.7. The drift tube and stem

Figure 3.7.: Eleven-cell section of the TWS with access ports on top of each cell used for HOM
damping, ten lateral ports in each accelerating gap used for low-level RF systems and three vacuum
pumping ports (VPPs) at the bottom.

assemblies are installed by inserting them from the side as one unit into the envelope. RF contact
between outer wall and pedestals is ensured via RF springs all around each pedestal.

A direct connection of the amplifiers and the termination to the loaded waveguide structure
would not result in a pure travelling wave. Matching networks are employed at the input to avoid
reflections back towards the RF source and at the output of the structure to ensure a good matching
of the terminating water load, see Fig. 3.4. Another important purpose of the matching networks
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3.3. System Overview

is to provide damping of adjacent modes in the FPB which are excited by the beam due to the
coupling impedance. A broadband match ensures that the water load not only terminates the RF
input but also the neighbouring, high impedance modes. No beam power will run towards the RF
source as the beam induced field is zero at the RF input end of the structure, cf. Eq. (2.28). The
FPCs in combination with the matching can ensure a travelling wave operation in a bandwidth of a
few Megahertz around the operating frequency. Refer to Sections 3.6 and 3.8.1 for more details.

Besides, each TWS is equipped with low-level RF feedback and -forward systems not shown
in Fig. 3.4 to mitigate the effects of beam loading [40]. The TWS is cooled with water circuits on
the outer cylinder and in the stems, see Fig. 3.7, with a nominal water temperature of 20◦C and a
water flow of around 550 l∕min.

3.3.1. Brief Overview on Present HOM couplers

As is the case with any cavity or waveguide, the TWS also supports HOMs which can be excited by
the passing beam. The FPCs are not intended to couple to the HOMs and do not provide significant
damping for them. The cutoff frequency of the first HOMon the coaxial feeder lines that are directly
attached to the TWSs is calculated to 739MHz and of the cylindrical, on-axis beam pipe shown
in Fig. 3.5 to 1.32GHz. The most deteriorating TS31-HOMs around 630MHz can therefore be
considered as cavity resonances and of standing wave type.

Figure 3.8a shows the detailed mechanical model of the coaxial coupler with an electric pickup
which is presently used to damp HOMs in the TS31-band. A ceramic window in the 50Ω coaxial

(a) Mechanical model. (b) EM simulation model with the resistive load (red)
realised via a lossy PML.

Figure 3.8.: Coaxial coupler with electric pickup for damping of longitudinalTS31-HOMs at around
630MHz.

line is permeable for the RF, but separates the evacuated cavity from the filter part which is at am-
bient pressure. The HOMs are terminated in a 50Ω resistive load which is not shown in Fig. 3.8a.
Modelling of the high mechanical detail is not required and a burden for EM simulations which
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is why the model was reduced to the simplified version shown in Fig. 3.8b containing only those
elements influencing the RF properties of the coupler significantly. A lossy perfectly matched layer
(PML) implemented via a lossy material (red) also shown in Fig. 3.8b is used to simulate the res-
istive load. Refer to Section 3.7.2 for more details on this. Due to the similar field profiles of the
fundamental TS11- and the higher order TS31-modes, the HOM coupler must feature a notch filter
at 200MHz to avoid damping of the accelerating mode. The two-element notch filter shown in
Fig. 3.8 short circuits and reflects the fundamental mode at 200MHz while also behaving as an
open circuit at 630MHz. A more detailed analysis of the coupler and its performance is carried
out throughout this thesis. No documentation on the design of this HOM coupler and the reasoning
behind its deployment on the TWSs is available from the time of its development in 1977.

Four of the TS31-mode couplers were placed regularly on each section of the four TWSs in
use until LS 2. A typical damping configuration including also two more coupler-types to mitigate
transverse HOMs is illustrated in Fig. 3.9. The access ports on top of each cell are also used

Figure 3.9.: Schema of the damping configuration on a 44-cell structure (centre-symmetric) show-
ing the HOM coupler locations for damping of the 630MHz longitudinal, the 938MHz transverse
and the 460MHz transverse HOMs (on the end-plates). The 938MHz coupler locations in cells 2,
3, 11, 12 and 22 are merely exemplary.

for the damping of a transverse resonance at 938MHz via loop coupling to the magnetic field,
see [41]. The electric pickup of the TS31-mode coupler and the magnetic loop of the 938MHz
transverse mode coupler can also be seen in Fig. 3.6. A third type of HOM coupler for damping
of transverse HOMs at 460MHz with a horizontal, dipole-like antenna is in use on the end-plates
of each structure. The two transverse HOMs mentioned before can drive the beam unstable in the
horizontal plane.

3.4. Unit-Cell Simulations

3.4.1. Dispersion in the 200MHz FPB and TS11-Mode Field Profiles

The dispersion characteristics of an infinite periodic structure can be conveniently obtained from
the simulation2 of its unit-cell with periodic boundaries. These boundaries with definable phase
advance are the application of Floquet’s theorem in Eq. (1.6) and result in a small, convenient
simulation, see Fig. 3.3a. For axisymmetric structures and depending on the mode type of interest,
2EM simulations throughout this thesis are conducted with the two codes CST [42] and the Advanced Computational
Electromagnetic 3D Parallel Simulation Suite (ACE3P) [31].
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3.4. Unit-Cell Simulations

the size of the problem can be further reduced by using transverse electric or magnetic symmetry
planes. The transverse stem modes can be obtained by deploying magnetic symmetries as shown
in Fig. 3.3a.

Figure 3.10 shows the first three passbands in the SPS 200MHz TWS obtained from such
unit-cell simulations. In addition to the usual passbands of the unloaded, uniform waveguide, a

Figure 3.10.: Fundamental space harmonics of the three lowest passbands in the SPS 200MHz
TWS obtained from unit-cell simulations with periodic boundaries. The characteristics of a
non-dispersive wave with relative phase velocity � representing the particle beam is shown as
well (dotted). The analytic calculation of the TE11 and TM01 bands in the corresponding unloaded
circular waveguide is given as reference (dashed) [9].

backward-wave passband is created below the cutoff frequency of the unloaded guide. It is called
the stem-passband as it results from the coupled stem resonators. Figure 3.10 also includes the
theoretical characteristics of a non-dispersive wave as it would exist in free space with a relative
phase velocity of �=-1. This often called ‘lightline’ represents the particle beam and Fig. 3.10
suggests that the beam is synchronous with the stem mode at around 200.222MHz having a �∕2
phase advance per cell. The �∕2-mode was chosen for operation as it features high shunt impedance
and nearly the desired group velocity in the parallel stem structure [39]. As to why the structure is
tuned to the specific frequency of 200.222MHz refer to Section 3.5. The stem length of ls=321mm
results in the correct tuning in simulations.

The R∕Q of the structure at the travelling-wave operating mode is simulated to 626 Ω∕m, the
quality factor to 22800, the attenuation length to 515m and consequently the series impedance
is 27.8 kΩ∕m2. These values are only slightly higher than those given in [27] and to the authors
understanding these were obtained from RF measurements on a two-cell prototype, see e.g. [43].
Despite the small discrepancy, this suggests additional losses in the actual structure which are not
modelled by the simulation. Candidates are the RF spring contacts surrounding each pedestal,
which are hard to model and infeasible to simulate. An electrical conductivity of 5.8 ⋅ 107 S∕m for
the OFHC copper is used throughout all simulations. The impedances of the TWS will be slightly
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overestimated by the simulations, however regarding the relative, additional HOM-mitigation this
is of no relevance.

The surface current and the electric and magnetic field profiles for the �∕2 stem mode are
reported in Fig. 3.11. They are in good agreement with the general characteristics already obtained
in Section 3.2 by treating the stems as transverse resonators.

An appropriate equivalent circuit to model the FPB is the one introduced in Fig. 1.11 for
resonantly coupled resonators. An adapted version of the circuit is shown in Fig. 3.12. Every cell
includes two resonators, the stem (!s = 1∕√LsCs) and the drift tube !d = 1∕√LdCd resonator which
model the stem- and the TM01-passbands respectively. More details on this equivalent circuit are
given in Appendix B together with the derivation of its dispersion equation

sin2
'
2
=
Ld
Ls

(

!2

!2s
−
1 − ks cos'
1 − k2s

)(

1 −
!2d
!2

+ kd cos'

)

, (3.7)

where
!d =

1
√

LdCd
!s =

1
√

LsCs
kd =

Md

Ld
ks =

Ms

Ls
. (3.8)

The 0-mode frequencies of the drift tube and stem passbands are

!d,0 =
!d

√

1 + kd
!s,0 =

!s
√

1 + ks
. (3.9)

respectively.

3.4.2. Impedance Calculation in the FPB of 33-, 44- and 55-Cells

The phase and group velocities in the frequency range of the fundamental passband (FPB) are
easily calculated from its simulated dispersion curve with Eqs. (1.4) and (1.5) respectively and
they are plotted in Fig. 3.13. Note the opposite signs due to the backward characteristic of the stem
passband. The respective values at 200.222MHz are vp ≈ c and vg = 0.09466c. The latter is in
excellent agreement with the value reported in [27]. With the so obtained frequency dependent
group and phase velocities we can calculate the forward and beam coupling impedances of a TWS
with an arbitrary number of cells in the frequency range of the FPB. The forward impedanceZrf of
33-, 44- and 55-cells is plotted in Fig. 3.14 according to Eq. (2.24). Peak impedance is provided by
the structures at the synchronous frequency for which the phase slip between EMwave and particle
beam is zero along the whole length of the structure. Note the asymmetric distribution of the zeros
about the synchronous frequency and the more broadband characteristic of shorter structures. The
beam coupling impedance Zb of 33-, 44- and 55-cells is plotted in Fig. 3.15 following Eq. (2.30).
Note the considerably lower peak coupling impedance of 33-cell structures compared to that of
55-cells which is part of the motivation to change the configuration of the TWSs [20].
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3.4. Unit-Cell Simulations

(a) Surface currents. (b) Magnetic field.

(c) Electric field. (d) Electric field.

Figure 3.11.: EM characteristics of the �∕2 accelerating mode on cross sections of a unit-cell, ob-
tained with CST. Color-coding of field-strength is on a linear scale.
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Figure 3.12.: Periodic equivalent circuit for multi-stem drift tube structures, see Appendix B for
more details.

Figure 3.13.: Group velocity vg and phase velocity vp of the TWS in the frequency range of the
FPB.

3.4.3. TS31-HOM Dispersion Around 630MHz

The unit-cell approach can also be used for a first characterisation of the passbands around 630MHz,
which is known to be the frequency range of HOMs responsible for the beam instability. This
will serve as a basis for the detailed identification of the deteriorating high-impedance modes in
Chapter 4 later on. The dispersion curves of the TWS in the 630MHz frequency range are shown
in Fig. 3.16 and were reported in [44]. Here, all passbands as well as the ‘lightline’ are folded into
the interval 0<'<�. The beam is actually synchronous with the n = −1 space harmonics of the
HOMs (refer to Fig. 1.7). It is helpful to first briefly study the dispersion characteristics for the
simpler case in which the pedestals are not included in the structure, meaning that the stems are
connected directly to the outer wall with constant diameter, see e.g. Fig. 3.1. By its EM charac-
teristics shown in Fig. C.1 we identify the lower passband in Fig. 3.16 as the TS31-band. This is
the first higher mode of the fundamental TS11-band at the third harmonic frequency. The current
along the stems now shows a zero, see Fig. C.1a, and the analysis in Section 3.2 suggests a cur-
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3.4. Unit-Cell Simulations

Figure 3.14.: Forward transfer impedanceZrf of 33-, 44- and 55-cell TWSs tuned to 200.222MHz
in the frequency range of the FPB.

(a) Real part. (b) Imaginary part.

Figure 3.15.: Beam coupling impedanceZb of 33-, 44- and 55-cell TWSs tuned to 200.222MHz
in the frequency range of the FPB.
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Figure 3.16.: Dispersion curves of HOMs in the 630MHz range obtained from unit-cell simulations
with transverse magnetic symmetry planes for the parallel stem structure without (dashed) and with
pedestals. The mode types in the passbands at the respective phase advances' are indicated. The
‘lightline’ is shown as well (dotted).

rent distribution following the third order Bessel function. The second harmonic of the stem band
can not exist in the structure due to the azimuthal boundary conditions. The upper passband in
Fig. 3.16 for the case without pedestals is a TM-mode which can not clearly be identified due to
the complicated periodic loading of the waveguide. The change in sign of group velocity within
this band suggests that this mode is coupled with another mode [45]. And indeed, when carefully
studying the field profiles within this passband one observes a gradual change of the mode type in
going to larger phase advances'. The 0-mode is of TM-type, whereas the �-mode is of TE-type,
cf. Fig. C.2. Note that the coupled TE-band is not shown in Fig. 3.16.

For the case of the full SPS parallel-stem structure including the pedestals we make two ob-
servations. First, the TS31-band is shifted to higher frequencies. This is because the pedestals are
placed in a region where the TS31-modes feature strong magnetic field.3 The second observation
is a phenomenon which is quite well known in the literature under the name ‘avoided crossing’
of passbands [45, 46]. If two modes are coupled via the periodic obstacles which load the wave-
guide, their passbands do not cross in the dispersion diagram as it would be the case if they were
uncoupled. The ‘avoided crossing’ can be observed in Fig. 3.16 around ' = 110◦ (≈ 20�∕33) and
the behaviour corresponds to the case that the passbands have the same sign of group velocity as
described in [45]. Coupling between the two passbands is confirmed when looking at the field
profiles. The 0- and �-mode field profiles of the lower passband are shown in Fig. C.3. While the
0-mode again shows the TS31 characteristic, the �-mode of this band shows the TE-mode charac-
teristic of the mode already coupled to the upper passband in the case without pedestals. The 0-
3Consider Slater’s formula for a boundary perturbation of cavities [10], indicating the frequency shift:

! − !0
!0

≈
∫ΔV

(

�|H0|
2 − �|E0|2

)

dv

∫V
(

�|H0|
2 + �|E0|2

)

dv
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3.5. Tuning

and �-mode of the upper passband however show the TM and TS31 characteristics respectively as
shown in Fig. C.4. This means that the potentially harmful field characteristic of the TS31 mode
with strong beam coupling impedance makes a gradual transition from the lower to the upper pass-
band, which should be kept in mind for the later improvement of the HOM damping. Around
630MHz, HOMs from two different passbands exist in the structure which are both of the TS31
type (HOMs with ≈ 15�∕33 phase advance from the lower passband and ≈ 22�∕33 of the upper band
in Fig. 3.16). The ‘lightline’ in Fig. 3.16 suggests that the beam is synchronous with the stem
mode at 14�∕33 phase advance and this mode is therefore expected to have largest beam coupling
impedance. And indeed, from the additional analysis in Chapter 4, it will become clear that the
most deteriorating HOMs around 630MHz in the SPS 33-cell structure are those with the TS31
characteristic and a 14�∕33 and 15�∕33 phase advance respectively.

Physically, the coupling between the bands can be explained by a cross coupling between the
drift tube and the stem resonator. The equivalent circuit presented in Fig. 3.12 for modelling the
FPB could be extended in this regard by using an additional mutual coupling and possibly with
an additional resonator chain for the coupled TE-mode. Overall, it is clear that the mode coupling
around 630MHz is a complicated mixture, which is typical at higher frequencies in a waveguide
with periodic loading.

3.5. Tuning

The TWS is a fixed-tuned, broadband accelerating system. Due to its broadband characteristic,
very precise tuning is not as crucial as for standing wave cavities. The TWS features peak for-
ward impedance at its synchronous frequency for which the phase slip between the beam and the
travelling-wave �∕2-mode along the structure is zero. It is not immediately evident to which beam
energy the synchronous frequency of the structure should be tuned to, as the available accelerating
voltage for the proton LHC beam is a limitation at both the start of the magnet ramp (injection
energy 26GeV/c with RF frequency 200.265MHz) and at flat top (extraction energy 450GeV/c
with RF frequency 200.394MHz). Tuning to the centre frequency of the ramp suggests itself as
well.

However, a different criterion was used for the initial tuning in the ’70s. At this time, the injec-
tion energy was lower than today and in addition different machine optics were used. As a result,
the transition energy in the SPS was crossed during the first years of operation. This is no longer
the case today. At transition, the stable phase angle �s needs to undergo a sudden jump from the
rising to the falling edge of the accelerating voltage. It is therefore advantageous if the synchron-
ous frequency falls onto the transition frequency to reduce the demand on the final amplifier stages
and machine operation at this critical point in the ramp. In this case the amplifiers merely need to
undergo a phase jump while the RF magnitude can be kept constant and an abrupt change in power,
required to compensate beam loading, is then not needed. The situation is illustrated in the vector
diagram of Fig. 3.17. Only at the synchronous frequency the beam current and beam loading vec-
tors have exactly opposite sign. And therefore only at this frequency the vector addition of Vrf and
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Figure 3.17.: Vector diagram of Eq. (2.31) with Vb=-ZbIb at transition crossing for the case that
the TWS is tuned to the transition frequency. A phase jump from −� to +� by the RF source is
sufficient to set the desired stable phase angle�s under beam loading. A change in RF amplitude
is not required as the beam loading vectorVb is exactly opposite to the beam current Ib in this case.

Vb has a constant amplitude during a phase jump to the falling edge of the total voltageV seen by
the beam. This is why the �∕2-mode of the TWSs was tuned to the former transition frequency of
200.222MHz. Note that today, this is well below even the injection frequency of the proton LHC
beam.

It would be uneconomical to manufacture the accelerating structures with tight tolerances to
achieve the desired synchronous frequency immediately. Instead it is common to relax on the
manufacturing tolerances and to compensate for the errors in a tuning process later on. The cell
tuning mechanism used for this purpose is the distance between the two pedestals of a cell or
equivalently its stem lengths. The frequency dependence of the �∕2-mode on the stem length around
200MHz is

df�∕2
dls

= −266 kHz
mm

.

The cell frequency is especially susceptible to the stem diameter ds
df�∕2
dds

= +451 kHz
mm

.

It is worthwhile to note that in fact the cell frequency depends linearly on all cell dimensions
around 200MHz. The tuning was carried out for each 11-cell section individually in the ’70s. Not
all cells of a tuned section must therefore have equal stem lengths. The �∕2-mode frequency was
interpolated from the 11 standing wave resonances in the FPB and corrected by adjusting a special
set of 11 adjustable drift tubes. The section was then fitted with brazed drift tube assemblies of the
appropriate stem lengths instead [27]. The dispersion curves of the three available spare sections
of the 200MHz structure and the tuning of the TWSs in use in the SPS until LS 2 are measured in
detail in Section 5.2 and Section 5.5.2 respectively.
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3.6. Matching

3.5.1. Frequency Dependence on Pressure and Temperature

The tuning procedure, but also RF measurements are often carried out in the lab frame with a
non-evacuated cavity i.e. at potentially varying temperature and humidity levels. It is therefore
necessary to convert the mode frequencies in the structure to its operating conditions, meaning
when it is under vacuum and cooled via cooling circuits. The refractive index of a medium is
defined as n = √

"r�r so that, with the refractive index of air at atmospheric pressure typically
taken as nair=1.0003 [47], the frequency in the evacuated cavity will be fvac = nairfair.

As previously mentioned, the mode frequency of a cell in the TWS depends linearly on all cell
dimensions around 200MHz. Under the assumption that all parts of a cell are uniformly affected
by a change in temperature dT , let us therefore estimate the change in frequency with the linear
thermal expansion coefficient � of the cavity material. For the expansion dl of a cavity dimension
the coefficient is defined as

� = 1
l
dl
dT

. (3.10)
We are interested in the mode frequencyfvac(T0) of the cavity under vacuum and cooled with
water at temperature T0, but we measure the frequencyfair(T ) in air and at temperature T . With
dT = T − T0 we obtain the relation

fvac(T0) =
nair

1 + �(T0 − T )
fair(T ) (3.11)

to calculate the desired fvac(T0).
The SPS TWS is made of OFHC copper in a steel envelope [27]. The linear thermal expan-

sion coefficient of OFHC copper is reported as � = 17.7 �m
m ◦C [48]. At 200MHz this results in a

frequency shift of ±3.54 kHz∕◦C which is in good agreement with the value of ±25 kHz∕ ± 7.5 ◦C
given in [27]. Note that for the required precision in our applications the influence of a change in
humidity on the tuning can be neglected.

3.6. Matching

3.6.1. Consequences of RF Generator and Load Mismatch

Proper travelling wave operation and a waveguide-like behaviour of each accelerating structure is
ensured by matching networks at the in- and output. The input network matches the TWS to the
RF generator and avoids excessive reflection of power. A mismatch results in less power transfer
to the TWS and consequently a lower accelerating voltage. The quality of the match can simply
be measured by the input reflection coefficientS11. With the series impedanceR2 and the input
power P , we rewrite Eq. (2.21) for the voltage induced by the RF generator to

Vrf =
√

R2P e
jΦL

sin (�∕2)
�∕2

. (3.12)
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The actual RF voltage taking the input-mismatch into account is then reduced to
√

1 − (S11)2 Vrf .

The output network matches the terminating load to the TWS, thus avoiding reflections at the
end of the structure back towards the RF input. The consequence of a load mismatch is briefly
studied in the following also with the goal of finding an appropriate criterion to assess the quality
of the match. Consider the schematic of a TWSwith spatial period p and load mismatch Γ at z = L
in Fig. 3.18. The generator injects the travelling wave

Figure 3.18.: Schematic view of a travelling wave system with load mismatch Γ and spatial period
p.

E+ = E0 e−jkz

with wavenumber k = Δ'∕p into the N-cell structure. The wave reflected at the RF output at
z = L = Np is

E− = ΓE0 e−jkL ejk(z−L) = ΓE0 ejk(z−2L).

We neglect attenuation and a re-reflection at the RF input which usually is a very good approxima-
tion since the structure is build for matching. For the case of a �∕2-mode, we write the superposition
Σ = E+ + E− as

Σ�∕2 = E0 (1 − Γ)e
−j �2p z + E0 2Γ

⎧

⎪

⎨

⎪

⎩

cos
(

�
2pz

)

for N even
−j sin

(

�
2p
z
)

for N odd . (3.13)

This is a forward travelling wave of reduced amplitudeE0 (1−Γ)with a superimposed �∕2 standing
wave of amplitude E0 2Γ. The �∕2 standing wave also exists in a TWS with uneven number of cells
N as we assumed no re-reflectedwave. The phase ofΓwill depend on the output matching network.
If Γ is of zero phase at z = L, Eq. (3.13) shows that the standing wave has no net accelerating effect
on the beam. Ignoring the anyway unwanted standing wave, the actual RF voltage Ṽrf obtained
taking the generator and load mismatch into account is

Ṽrf =
√

1 − (S11)2 (1 − Γ)Vrf . (3.14)
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3.6. Matching

A good match of a TWS to its load is more important than the input match. The so-called field
flatness over all cells is therefore an important quality parameter for a travelling wave system. The
�∕2 standing wave manifests as a �-pattern with amplitude E0 Γ on the modulus of the total field
along the TWS, refer e.g. to Section 3.8.1.

3.6.2. A Direct Matching Technique for Travelling-Wave Operation

The stem-loaded waveguide is a four port device with two ports at the in- and output, respect-
ively. An input matching network shall provide maximum power transfer from the RF source to
the accelerating structure. For a one-port network it is well known that maximum power transfer is
obtained through complex conjugate matching, see e.g. [49]. If maximum power transfer can also
be ensured between the waveguide and terminating load, a pure travelling wave with maximum
accelerating voltage and broadband impedance characteristic is obtained in the structure.

The output of the unmatched stem-loaded waveguide acts back on its input which is why the
addition of an outputmatching networkwould change the input reflection coefficient of the structure
and vice versa. The in- and output matching must therefore be designed simultaneously to ensure
complex conjugate match at both ports. To facilitate the matching network design, the problem
is reduced to two ports by the reasonable assumption of a left-right symmetry of the structure.
In EM simulations this can be implemented by a magnetic boundary in the vertical-longitudinal
plane and in practice by using a 3 dB, 0◦-splitter/ combiner at both in- and output. If necessary,
the so designed two-port matching networks could be deployed on both ports at the in- and output
respectively to match the full four-port structure.

Figure 3.19.: Circuit model of a travelling-wave system consisting of an RF source with internal
impedance Zg, in- and output matching networks, the periodically loaded waveguide and the ter-
minating load Zl.

The overall system can be modelled by the circuit in Fig. 3.19. The stem-loaded waveguide is
described by the 2x2 scattering parameter matrix S and the demands on the matching are summar-
ised as

• Γim=0 (Γom=0)
• Γin = Γ∗S & Γout = Γ∗L
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• Broadband match to damp neighbouring modes with high beam coupling impedance in the
FPB.

The broadband match is already inherent in the design of the FPC coupling loops that can en-
sure travelling-wave operation over a bandwidth of roughly 4MHz without additional matching
sections, see Fig. 3.22 later on.

In the past, an iterative matching procedure was used which consists of adjusting coaxial
matching sections at the in- and outputs until Γim and Γom are suppressed to a satisfying degree
around the synchronous frequency of 200.222MHz. Good power transfer from the generator to
the terminating load is then ensured by measuring the received power at the load and comparing
to the available power of the generator.

For the purpose of this thesis, a simultaneous complex conjugate matching (SCM) approach,
which is well known from microwave transistor amplifier design [49, 50], was adopted to the
travelling-wave matching problem at hand. This has to the advantage, that from a single meas-
urement of the scattering parameter matrix S, the required impedance of the matching networks
can be calculated immediately and the design takes place in a single step. To the authors knowledge
the SCM technique was so far not used for matching TWSs.

The specific reflection coefficients ΓS and ΓL of the in- and output matching networks that
fulfil the conditions for SCM are derived in the following with respect to the nomenclature in
Fig. 3.19. We first express Γin in terms of ΓL and Γout in terms of ΓS by an analysis of the reflected
and transmitted wave amplitudes on the two-port loaded waveguide

b1 = S11a1 + S12a2 = S11a1 + S12ΓLb2 ,
b2 = S21a1 + S22a2 = S21a1 + S22ΓLb2 .

(3.15)

The reflection coefficient seen into the input port then is

Γin =
b1
a1
= S11 +

S12S21ΓL
1 − S22ΓL

(3.16)

and similarly at its output
Γout =

b2
a2
= S22 +

S12S21ΓS
1 − S11ΓS

. (3.17)

This system of equations is now solved under the conditions of complex conjugate matching for
maximum power transfer. The system then reads

Γ∗S = S11 +
S12S21ΓL
1 − S22ΓL

Γ∗L = S22 +
S12S21ΓS
1 − S11ΓS

(3.18)
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3.7. Preface to EM Simulations with CST and ACE3P

and the solution is obtained to

ΓS =
B1 ±

√

B21 − 4|C1|
2

2C1

ΓL =
B2 ±

√

B22 − 4|C2|
2

2C2
,

(3.19)

with
B1 = 1 + |S11|2 − |S22|2 − |Δ|2,

B2 = 1 + |S22|2 − |S11|2 − |Δ|2,
C1 = S11 − ΔS∗22,
C2 = S22 − ΔS∗11,
Δ = S11S22 − S12S21.

(3.20)

The positive sign in front of the radical in Eq. (3.19) is to be used if B1∕2 > 0.
With Eq. (3.19), in- and output matching networks can be designed by a single measurement

of the two-port TWS, taking also their respective terminationsZg orZl immediately into account.
In the general case, reflections and standing waves occur on the matching networks in front and
behind the TWS,meaning that the power in themultiple reflections adds up constructively to deliver
or take out maximum power to or from the accelerating structure. However, as the maximum
possible power is delivered from the input matching network to the TWS and the same amount of
power is taken out (in the lossless case), no standing waves may occur on the TWS itself. Within
the accuracy and bandwidth of the matching, a pure travelling wave is therefore ensured in the
accelerating structure.

3.7. Preface to EM Simulations with CST and ACE3P

The development of a new, improved HOM damping scheme for the future 33-cell TWSs had to
rely heavily on numerical EM simulations. This cell configuration has never been used in the
SPS before and a 33-cell test setup became available for RF measurements only very recently.
Typically, frequency domain eigenmode and time domain wakefield solvers are used for calculating
the beam coupling impedance of particle accelerator devices. The wakefield solver calculates the
wake potential (refer to Section 2.1) of the structure under test from which the impedance over
a large frequency range can be computed. This is especially appropriate and important for long
accelerator structures in which the impedance of neighbouring, low Q resonances overlap. The
computationally less demanding eigenmode simulation calculates the impedance via the energy
stored in the volume of the structure. The quality factors as ’seen’ by the beam do not correspond
to the quality factors calculated by the eigenmode solver which only depend on the RF losses. A
beam loading is not taken into account.
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Due to the importance of the HOM damping upgrade, two simulation suites were used to
benchmark the results obtained from wakefield simulations. These are the Microwave&Particle
Studio suite of Computer Simulation Technology company (CST) [42] and the Advanced Compu-
tational Electromagnetic 3D Parallel Simulation Suite (ACE3P) [31]. The eigenmode solvers of
these two suites deliver quasi identical results for the structures calculated throughout this thesis.
This is not surprising as the eigenmode solver of both codes is based on the finite-element method
(FEM) [51] and uses tetrahedral meshing for discretisation of the computational domain. There-
fore, only the eigenmode results of CST will be shown throughout this thesis, but important results
were also verified by the eigenmode solver of ACE3P. The two suites differ however conceptually
in the implementation of their respective wakefield solvers. The CST wakefield solver is closely
related to the finite-difference time-domain (FDTD) method [52] and uses hexahedral meshing.
The wakefield solver of ACE3P however is based on FEM and uses curved tetrahedral elements
which are more powerful in meshing small geometric features. ACE3P was specifically developed
for modelling large accelerator structures with small and complex geometric features and is op-
timised for large-scale parallel computing on the supercomputing facilities at the National Energy
Research Scientific Computing Center (NERSC) [53] in the USA. The wakefield results of the two
simulation suites agree to a reasonable extent, however, as significant differences can be observed,
the results of both will be shown and compared for the important cases. The achieved additional
HOM damping factor is confirmed by both codes, which gives great confidence in the results. The
time domain wakefield solver of ACE3P is called Tau3P (T3P).

3.7.1. Wakefield Simulation of Longitudinal Beam Coupling Impedance

Some details of the wakefield calculation method and some of the simulation settings are outlined
in the following. The structure under study is excited by stepping a rigid, longitudinal line charge
of typically Gaussian distribution along its beam axis. The wake potential is then calculated ac-
cording to Eq. (2.3) as function of the distance s behind the centre of this exciting line charge
representing the leading particle bunch. The beam coupling impedance calculated by Eq. (2.6) is
made independent of the bunch length by normalisation to the Gaussian frequency content and the
total charge in the distribution. The choice of the standard deviation �z of the Gaussian line charge
depends on the maximum frequency of interest fmax in the impedance spectrum and is a decis-
ive simulation parameter for the following reasons. The Gaussian frequency spectrum approaches
zero after some �f , amplifying noise and introducing numerical errors in the impedance spectrum.
Higher frequencies in the structure are less strongly excited compared to lower frequencies. For
a shorter bunch however, the mesh density must be increased to avoid that a too large portion of
the bunch is stepped over mesh cells instead of gradually exciting consecutive cells on the beam
path. Similarly, the time step of the simulation must also be reduced. Both, the increased mesh
size (higher total number of mesh cells) and the reduced time step, increase the simulation time.
The bunch length must therefore be chosen appropriately and the impedance calculation is stopped
above fmax = n�f . The spatial and spectral widths of the Gaussian bunch are inversely related
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and the required bunch length �z for a maximum frequency fmax in the impedance spectrum is
calculated from

�z = n
c

2�fmax
. (3.21)

Typically n = 3 is chosen for which the bunch spectrum drops to 1% of its peak value. At present,
the HOM impedance of the SPS TWSs is only of interest up to a frequency of 1GHz. It is expected
that no significant impedance relevant for today’s beam stability lies beyond this frequency in the
structure. The longest allowed bunch length sufficiently exciting this frequency is determined to
143mm.

After choosing the appropriate bunch length, mesh and time step convergence studies have to
be conducted with the goal to obtain the least computationally demanding simulation delivering
reliable impedance results. Guidelines for an appropriate mesh size are no less than ten mesh
lines per minimum wavelength of interest in CST and an average mesh edge length l satisfying
l ≤ �z∕3 in T3P. In the first place, the mesh must however be dense enough to resolve areas with
small geometric features. The mesh convergence study then consists of decreasing the maximum
allowed element size and calculating the wake potential for the length of the structure, meaning
until the bunch has left the structure. Convergence is achieved when the results are stable and
the procedure is repeated with a decreasing time step. Sampling the frequency component with
the shortest wavelength of interest in the wake potential by ten points is a good starting point. In
the final simulation with stable parameters the required wake-length depends on the quality factor
of the resonances within the structure. The resolution in the impedance spectrum can only be
increased by a longer simulation time.

Mesh convergence studies were conducted in both T3P and CST to obtain the smallest possible
mesh size for the SPS 33-cell TWS that delivers reliable impedance results. A magnetic boundary
condition in the vertical symmetry plane can be used for the impedance calculation of the longitud-
inal HOMs if the coaxial HOM couplers are oriented longitudinally as well. In T3P, a convergence
study has to be conducted for the time step as well whereas CST chooses the appropriate time step
automatically. In T3P the tank volume can be meshed quite coarse as curved, 10-point tetrahedral
elements are used whereas the electric pickups have to be meshed densely. The mesh with straight-
edge tetrahedra is visualized in Figs. 3.20a and 3.20b. In CST, hexahedra are used for discretisation
of the computation domain, see Fig. 3.20c. The superiority of a tetrahedral over a hexahedral mesh
in modelling the fine structures and making a smooth transition to the large tank volume is evident
when comparing the meshes shown in Fig. 3.20.

The final simulation settings for the two solvers are given in Table 3.1. A good quality mesh
without badly shaped elements is obtained in T3P for a total mesh count of at least 1.2 to 1.4
million tetrahedra, depending on the amount of HOM couplers used in the 33-cell structure. The
average mesh edge length then is far below the above given stability guideline for a 143mm bunch
length. It was therefore reduced to 115mm, allowing to calculate the impedance spectrum beyond
1GHz without requiring a denser mesh or shorter time step. In CST the required bunch length
and maximum allowed time step are influenced by other parameters and the latter is calculated
automatically. Sixteen to 21 million hexahedra are required to reach mesh convergence in CST.
For a sufficient resolution of the impedance spectrum in the high-impedance 630MHz frequency
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(a) Shorted FPC elbows and coarse
meshing of tank volume in T3P.

(b) Meshing of electric pickup in T3P.

(c) Meshing of electric pickup in CST.

Figure 3.20.: Discretisation of the computation domain with tetrahedra for T3P and hexahedra in
CST. In T3P curved tetrahedra are used, but only straight-edge tetrahedra can be visualised here.
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Table 3.1.: Simulation settings in T3P and CST for calculation of beam impedance in 33-cell struc-
tures with different HOM coupler configurations simulated throughout this thesis.

T3P CST
fmax [GHz] 1 1

bunch �z [cm] 11.5 10
bunch charge [pC] 1 1
# mesh [Mio.] 1.2 - 1.4 tets 16 - 21 hex

Δt [ps] 20 ; ≈1.3
wake [km] 1.5-3 3
basis order 2nd -
linear solver MUMPS -

range a wake-length of at least 1.5 km is required even in the heavily damped cases. Such long
wakefield simulations are computationally expensive and time consuming with simulation times
of about 14 days on a shared server. On computer clusters implementing MPI (Message Passing
Interface), the simulation time is reduced to three to four days.

For details about the calculationmethods used in T3P and the additional simulation parameters
given in Table 3.1 refer to [54]. Both EM solvers merely calculate the fields on the mesh nodes.
In between nodes the EM fields have to be interpolated and in case of T3P optionally by higher
order basis functions. Elements of higher degree are computationally more demanding, but the
total element count can be reduced leading to a trade-off between mesh density and interpolation
order. Tests with 1st to 3rd order basis functions were conducted on the SPS TWS geometry. No
significant differences in the impedance results were observed between 2nd and 3rd order, however
the required computational resources drastically increased in case of the 3rd order basis function.
First order elements resulted in inaccurate results so that the 2nd order interpolation was used for
all simulations conducted throughout this thesis.

3.7.2. Implementation of a Lossy Perfectly Matched Layer for the Simulation
of Resistive Loads

The perfectly matched layer (PML) as well as the absorbing boundary condition (ABC) are very
common in FDTD and FEM simulations to terminate the calculation domain. In the form of
waveguide-ports these techniques are often used to simulate boundaries without reflection of EM
waves, as e.g. the open boundary condition. Waveguide-ports can therefore also be used to simulate
the terminating, resistive loads of both coaxial- and waveguide-type HOM couplers on full-scale
cavity models. However, due to their implementation they cannot be used together with periodic
boundaries in unit-cell simulations as the energy loss through them can not properly be taken into
account. The periodic boundaries facilitate the study of modes with a specific phase advance per
cell, like e.g. the 14�∕33 HOM around 630MHz discussed at the end of Section 3.4.3. Due to the
small size of such simulations, the optimisation of HOM couplers for specific modes would be
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most rapid and convenient if the coupler model could be included in the unit-cell simulation. For
this purpose, a PML was implemented via a lossy material that mimics the behaviour of a resistive
load. The appropriate characteristics such a material must fulfil are detailed further below. The
lossy PML then makes part of the simulation model, see Fig. 3.8b, and can therefore also be used
in unit-cell simulations with periodic boundaries, contrary to waveguide-ports. Finally, the PML
was used not only for the termination of the numerous HOM couplers on full-scale simulation
models of the SPS TWSs, but also for the termination of the in- and output matching networks.
This modification made the models very convenient to use. The models became consistent across
the different solver types within a simulation suite, as no specific parameters need to be set (as it
is the case for waveguide-ports), but also across the two simulation suits CST and ACE3P used
throughout this thesis.

A lossy material is characterized by its complex permittivity " and permeability �

" = " − j �
!

(3.22)
� = � − j

�m
!

(3.23)

with � being the electric and �m the magnetic conductivity. At the interface between a lossless
material and the matched load an incident EM wave shall ideally undergo full transmission and
zero reflection. From these boundary conditions the relations

�2
"2
=
�1
"1

and �m
�2

= �
�2

(3.24)

between the media are derived which ensure the proper matching [55]. For a transition from free
space, we have "r = �r = 1 which results in the condition

�m = �
�0
"0

(3.25)

that the material properties of the load have to fulfil. Here, "0 and �0 are the permittivity and
permeability respectively in free space and "r and �r the relative permittivity and permeability
respectively of the two materials. For a very poor conductor with the arbitrary value of � = 0.5 S∕m
a coaxial load with a length of 20mm is sufficient to fully absorb an incident wave. The simulated
reflection coefficient of the lossy PML is below -60 dB and independent of frequency4 as well as
the characteristic impedance of this coaxial load. The actual 50Ω load resistors in use on the HOM
couplers have a maximum power rating of 25W and perform typically around -45 dB reflection in
the 630MHz frequency range.

4verified from DC up to 1GHz.
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3.8. Simulation of the 33-Cell Structure

3.8. Simulation of the 33-Cell Structure

3.8.1. Matching of the FPB and Calculation of Its Peak Forward Impedance

To properly simulate the forward impedance of a 33-cell structure, it must be matched around the
�∕2-mode so that a pure travelling wave is obtained. The one-step matching procedure described in
Section 3.6.2 for a simultaneous match of the in- and output of the structure is applied to this case
in the following. Due to the exact structural symmetry in simulations, the procedure will result
in identical matching networks at the in- and output. The scattering parameters of the parallel
stem structure are simulated in arbitrarily chosen planes on the coaxial lines shown in Fig. 3.21a.
This case of an arbitrary match, in which the coaxial lines of random length are merely terminated

(a) Arbitrary match used for the il-
lustration of an ill-matched TWS.
Planes for implementation of the
SCM (see (b)) are highlighted in red.

(b) Matching network implementing the
SCM and used for impedance simulations of
the travelling-wave FPB.

(c) Worst case scenario
used for the simulation
of 630MHz-HOMs. The
coupling loops of the FPCs
are shorted in the plane of
the end-plate resulting in full
reflection of these HOMs.

Figure 3.21.: Different terminations of the FPCs in simulations used throughout this thesis.

by their 50Ω characteristic impedance, is in the following also used to illustrate the impact of a
mismatch on the accelerating voltage.

The scattering parameters at the synchronous frequency of 200.222MHz are simulated to

S11 = S22 = 0.6227∠ − 34.6◦
S12 = S21 = 0.7697∠ − 124.6◦ .

(3.26)
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Following Eq. (3.19), the structure is properly terminated for travelling-wave conditions at this
frequency by matching networks that present the reflection coefficient or the equivalent input im-
pedance of

Γm = 0.355∠38.5
◦ (= ΓS = ΓL)

Zm = (76.6 + j38.7)Ω
(3.27)

to the 33-cell structure. Obviously, this is not simply the complex conjugate of the reflection coef-
ficients S11 and S22. For simulations, the simplest realisation of this matching is a step transition
to a coaxial line with characteristic impedance of 23.8Ω (corresponding to Γ = 0.355∠180◦) and
an elongation of the existing 50Ω line by 0.294m which adds the required phase shift of 141.5◦ at
200.222MHz. The characteristic impedance Z0 of a coaxial line with outer and inner diameters
D and d respectively is defined as

Z0 =
√

�
"
ln (D∕d)
2�

. (3.28)
The matching network is shown in Fig. 3.21b. For other than scattering parameter simulations, the
23.8Ω-line is terminated by the lossy PML introduced in Section 3.7.2.

Simulated input reflection and transmission coefficients for the 33-cell TWS with arbitrary
match and SCM are compared in Fig. 3.22. The input reflections at the synchronous frequency
of 200.222MHz are S11= -4.1 dB and S11= -30.1 dB respectively. In simulation, S11 = S22 and
S21 = S12 due to the perfect symmetry. From a single measurement of scattering parameters
(Eq. (3.26)), the SCM technique immediately provides an excellent match (Eq. (3.27)) without
requiring any further adjustments. Figure 3.22a shows a narrowband match around 200.222MHz
resulting in negligible reflections towards the RF source, but also the broadband characteristic
required to damp adjacent, high-impedance modes excited by the beam. Figure 3.22b illustrates
the bandpass like behaviour of the structure. In the well matched case and for an RF injected
around 200MHz, the 33-cell structure basically behaves as a waveguide with the transmission
S21=-0.12 dB being quasi entirely a result of its resistive losses. The typical characteristics of
resonant modes are no longer visible in this frequency range as they are damped by the FPCs with
the attached SCM networks.

The simulations of the electric field on the central axis of the 33-cell structure at 200.222MHz
for the two matchings are shown in Fig. 3.23. Note that the peak fields of these two cases have to
be compared with care due to the different quality of the input match resulting in significantly less
power being accepted by the structure in the unmatched case. The modulus of the electric field
in Fig. 3.23a clearly shows the �-pattern due to the mismatch of the terminating load to the TWS
as predicted by the analysis in Section 3.6.1. Figure 3.23b illustrates that the electric field in the
end half-cells is, due to the presence of the FPCs, out of phase with the �∕2-mode along the rest
of the structure. Also, the electric field in these cells is strong only over a very short distance so
that the two end half-cells do not contribute to the accelerating voltage and the effective length of
the structure is only (N − 1)lc . By integration of the on-axis electric field at 200.222MHz the
accelerating voltage is calculated to 597V in case of the arbitrary match and to 1.993 kV for the
SCM. The latter is only 0.14% below the theoretical value for an input power of 1Wp and using
the simulated series impedance of 27.8 kΩ∕m2.
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3.8. Simulation of the 33-Cell Structure

(a) Reflection S11.

(b) Transmission S21.

Figure 3.22.: Comparison of scattering parameters for the simulated 33-cell structure with arbitrary
match (Fig. 3.21a) and SCM (Fig. 3.21b). The SCM results in a broad- (≈ ±5MHz) and narrow-
band (≈ ±200 kHz) match around the synchronous frequency of 200.222MHz. Due to the exact
symmetry in simulations there is S11 = S22 and S21 = S12.
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(a) Modulus of electric fieldEz.

(b) Complex electric fieldEz.

Figure 3.23.: Simulation of on-axis, longitudinal electric fieldEz at 200.222MHz in the 33-cell
structure with arbitrary match (Fig. 3.21a, S11= -4.1 dB) and SCM (Fig. 3.21b, S11= -30.1 dB) for
an input power of 1W peak injected at z=+6.6m.

68



3.8. Simulation of the 33-Cell Structure

3.8.2. Beam Coupling Impedance of the TS11 FPB

The beam coupling impedance for a 33-cell structure obtained from wakefield simulations is com-
pared in Fig. 3.24 to the analytic model of Eq. (2.30). In case of the properly matched structure

(a) Real part. (b) Imaginary part.

Figure 3.24.: Beam coupling impedance of simulated 33-cell structure. Comparison of analytic
model of Eq. (2.30) with R2=27.1 kΩ∕m2 to simulations with arbitrary match (Fig. 3.21a) and
SCM (Fig. 3.21b).
the agreement to the analytic model is excellent. Note that the slight difference in peak amplitude
can be attributed to the higher simulated series impedanceR2. As already discussed previously in
Section 3.4, the values reported in [27] are used for the analytic model. The case of arbitrary match
illustrates the impact of a mismatched TWS on the beam coupling impedance. Standing wave res-
onances with large beam coupling impedance occur in the band due to a lack of broadband match
around 200.222MHz. These resonances are not sufficiently damped by the FPCs and can drive the
beam unstable.

3.8.3. Beam Coupling Impedance of HOMs and Performance Analysis of the
TS31 HOM Damping Scheme Used Until Long Shutdown 2

The HOMs up to a frequency of at least 739MHz can be considered as standing wave resonances.
Refer also to Section 3.3.1 in this regard. Simulations of scattering parameters around 630MHz
for the case shown in Fig. 3.21a suggest that the FPCs used until LS 2 do not couple to the cavity
in this frequency range. As the FPCs are presently undergoing a redesign, their final coupling
to the HOMs is still unknown, but is expected to be weak as well. The final implementation of
the matching networks for the fundamental accelerating mode might also impact HOM damping.
Therefore, the worst case scenario, in which the HOMs are not at all damped by the FPCs, is
assumed throughout this thesis for the impedance calculations of the HOMs. This situation is
implemented by shorting the coupling loops in the planes of the end-plates as shown in Fig. 3.21c.
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This results in a full reflection of HOM power picked up by the coupling loops and largest quality
factors of the TS31-HOMs. Note that any other matching would be random and does most likely
not correspond to any real world situation used in the machine after LS 2. It would therefore be
unmotivated. The coupling loops themselves however are included in simulations as a volume
perturbation that significantly alters the HOM field profiles and hence impacts their impedance.

Figure 3.25a shows the beam coupling impedance of HOMs up to 1GHz in a 33-cell structure
obtained fromwakefield simulations with CST on a linear and logarithmic scale. The results shown

(a) Real part of beam coupling impedance for HOMs up
to 1GHz on a linear (top) and logarithmic (bottom) scale
without and with the longitudinal damping scheme used
until LS 2. The impedance at 630MHz is unconverged
and Eigenmode simulations suggest a peak of 5.2MΩ.

(b) Real part of beam coupling impedance for TS31-HOMs in the 630MHz frequency range including the
longitudinal damping scheme used until LS 2 and cal-
culated by T3P and CST respectively. The LIU goal
shows the desired impedance obtained from instability
simulations with the Beam Longitudinal Dynamics code
(BLonD).

Figure 3.25.: Simulated beam coupling impedance of HOMs in a 33-cell structure based on the
worst case matching-scenario for the FPCs shown in Fig. 3.21c.

are for the two configurations illustrated in Fig. 3.26. The undamped case consists of a bare, 33-cell

(a) Bare, undamped 33-cell structure.

(b) 33-cell structure including the TS31-HOM longitudinal damping scheme consisting of four HOM couplers per 11-cell
section and used until LS 2.

Figure 3.26.: Illustration of 33-cell simulation models used for the calculation of HOM beam coup-
ling impedances shown in Fig. 3.25.
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3.8. Simulation of the 33-Cell Structure

structure with short-circuited FPCs but without any HOM couplers. The second case includes the
longitudinal damping scheme for the TS31-HOMs used until LS 2, see Fig. 3.26b. Note that the
impedance around 630MHz is unconverged in case of the undamped structure in this time domain
wakefield simulation. The quality factors of these HOMs are so high (Q ≈ 40000) that despite a
simulated wake length of 3 km the sampling in the impedance spectrum is insufficient to resolve
this impedance peak fully. Eigenmode simulations are better suited to calculate the impedance in
this case and suggest a peak impedance of 5.2MΩ at this frequency. The damping introduced by
the HOM couplers is very broadband and results in damping by a factor of around 50 of the TS31-
HOMs at 630MHz. Another strong impedance peak is also visible at 915MHz which corresponds
to the 2nd higher order passband of the fundamental TS11-mode at the 5-th harmonic frequency. In
comparison to the HOMs at 630MHz, these modes are excited less by the beam spectrum and have,
due to their relatively large quality factors, too long rise times to be responsible for the multi-bunch
instability5. It is known that a strong longitudinal impedance can also be observed around 1.4GHz
corresponding to the 7-th harmonic, however these modes so far showed to be of less relevance for
beam stability.

Figure 3.25b shows a detailed view of the damped TS31-HOMs in the 630MHz frequency
range calculated by the T3P and CST solvers. The agreement between the two solvers is reasonable
considering that CST uses hexahedral mesh whereas T3P uses tetrahedral mesh. The impedance
peak at 628MHz seems better resolved by the more adequate tetrahedral mesh. A deviation in
frequency by around 500 kHz is also observed between the two solvers. Better agreement might be
achievable by a further increase of the mesh density (using smaller mesh elements), but the addi-
tional insight that could be gained from an RF perspective is marginal whereas the computational
effort increases even further. The multi-bunch instability in the SPS depends mainly on the max-
imum shunt impedance in the 630MHz frequency band and not on a shift of a fewMegahertz [57].
The calculated longitudinal impedance of around 100 kΩ for the 33-cell structures is too high for
the HL-LHC beam intensity. The LIU requirement for the additional mitigation of these HOMs
is also shown in Fig. 3.25b. Ideally, the impedance in the 630MHz range of a 33-cell structure
with the improved HOM damping scheme should lie below this LIU goal. The desired impedance
results in the intensity threshold shown in green in Fig. 1.18.

5Recent simulation results of the full LHC proton beam in the SPS with BLonD suggest that these HOMs are triggering
multi-batch instabilities for the beam intensity required in the future [56].
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4. Improvement of TS31 HOM Mitigation in
the Future 33-Cell Structures

4.1. Analysis of TS31 HOMs in 11- and 33-Cells

The longitudinal damping scheme in use until LS 2 consists of four 630MHz couplers per 11-cell
section as was already introduced in Fig. 3.26b. Little documentation exists, but the regular place-
ment of the HOM couplers suggests that the damping scheme was developed on a single section
instead of on the full 44 or 55 cell structures. As a consequence, HOMs which are only affiliated
to the long structures built of several sections are not specifically targeted by this damping scheme.
Results from the eigenmode solver for the 11-cell standing wave resonances in the 630MHz fre-
quency range for both the undamped and damped cases are shown in Fig. 4.1. The important
modes are identified from their transverse electric field profiles and labelled accordingly by their
phase advance per cell in the travelling-wave case. The 8�∕11-mode at 626.6MHz is of the upper
TS31-passband as was developed in Section 3.4.3 and shown in Fig. 3.16. In the bare section, the
resonance with the largest impedance is the 5�∕11-mode at 628.7MHz. This mode has by far the
largest R∕Q of all resonances, which is a result of its close synchronism with the particle beam,
cf. Fig. 3.16. Its electric field in the vertical plane is shown in Fig. 4.3a. To identify this essen-
tially transverse mode, we need to count the number of half period oscillations in the transverse
electric field along the length of the structure. In Fig. 4.3a, five half period oscillations over 11
cells are identified. Note also the longitudinal electric field on axis of the 5�∕11-mode shown in
Fig. 4.3b. Its phase shows the typical characteristic of a standing wave mode on a shorted piece
of transmission line. Using Eq. (3.5) to create Fig. 4.4 and comparing to Fig. 4.3a, we see that we
can actually predict the relative transverse electric field strength in the stem cells at the positions
of the HOM access ports - a prerequisite for the potential placement of HOM couplers. Prediction
is still possible when numerous cells are equipped with HOM couplers.

We now analyse the performance of the pre-LS 2 HOM damping scheme on the single section
by using the quasi identical eigenmode results obtained fromCST andACE3P presented in Fig. 4.1.
The data shows that the impedance of the 5�∕11-mode is damped by almost two orders of magnitude.
The loaded quality factorQl is simulated to 490 for this mode.

TheHOMwith the largest impedance in the damped configuration is the 8�∕11-mode. However,
its Ql is still quite high so that its impedance is negligible in the deteriorating frequency range of
628 to 630MHz due to its narrowband characteristic. The impedance of the other HOMs in the
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frequency range is damped as well and the mode damping is in most cases accompanied with a
shift of the resonance frequencies to lower values.

The performance of the pre-LS 2 damping scheme on 33-cells is presented in Fig. 4.2 The
FPCs should now also be included in the model to obtain meaningful results (refer to Section 4.2).
As discussed, the worst case scenario shown in Fig. 3.21c is assumed. The most important HOMs
of interest in the two TS31 passbands are again labelled by their phase advance per cell. In this
context, we conclude the following:

• The huge geometry factor of the 14�∕33-mode in the undamped configuration is due to the
exact synchronism of this mode with the beam, cf. Fig. 3.16.

• The placement of the HOM couplers changes the geometry, shifts the resonance frequency
and slightly modifies the longitudinal field profileEz of the 14�∕33-mode resulting in a heavily
mitigated R∕Q in eigenmode simulations. Refer also to Eq. (2.12) in this regard.

• The 5�∕11-mode already observed on the single section fits three times in 33-cells and there-
fore also exists in this cell configuration.

• The 8�∕11 mode having high impedance in the single section has lower impedance in the
longer 33-cells as it is out of synchronism with the beam in long structures, see Fig. 3.16.

• The very good damping performance of the pre-LS 2 damping scheme can also be explained
by the HOM coupler analysis that follows in Section 4.3. In the damped configuration we
are basically left with four HOMs of significant impedance in the 630MHz frequency range.

• The 14�∕33- and 5�∕11-modes have large R∕Q but low Ql. The 22�∕33- and 23�∕33-modes of the
upper TS31-passband (shown in Fig. 3.16) have moderate R∕Q but still a largeQl. These four
HOMs must be targeted to reduce the impedance around 630MHz.
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4.1. Analysis of TS31 HOMs in 11- and 33-Cells

Figure 4.1.: Shunt impedanceR, quality factorQ and geometry factor R∕Q of eigenmodes in an
11-cell section terminated by metallic end-plates and in two configurations. One, the bare section
without HOMcouplers. Two, with four longitudinal HOMcouplers installed in the positions shown
in Fig. 3.26b. The FPCs are not included in themodel. The 8�∕11-mode at 626.6MHz is of the upper
TS31-passband that is shown in Fig. 3.16.
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Figure 4.2.: Shunt impedanceR, quality factorQ and geometry factor R∕Q of eigenmodes in a 33-
cell structure terminated by metallic end-plates and in two configurations. One, the bare cav-
ity without HOM couplers. Two, with 12 longitudinal HOM couplers installed in the positions
shown in Fig. 3.26b. The FPCs are included and shorted in the plane of the end-plates as shown in
Fig. 3.21c. The 22�∕33- and 23�∕33-modes are of the upper TS31-passband that is shown in Fig. 3.16.
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4.1. Analysis of TS31 HOMs in 11- and 33-Cells

(a) Electric field on the vertical cavity plane. Color-coding of field-strength is on a logarithmic scale. For the field
profile in the longitudinal cross-section refer e.g. to Fig. C.3b.

(b) On-axis longitudinal electric fieldEz for a stored energy of 1 J.

Figure 4.3.: Electric field of the TS31 5�∕11 standing wave mode in a bare, 11-cell section terminated
by metallic end-plates. This mode is identified as one of the high-R∕Q HOMs building up in the
structure which gives a large contribution to the beam coupling impedance.

Figure 4.4.: Relative transverse electric field strengths in the stem cells of an 11-cell cavity for
different modes obtained from Eq. (3.5). Cells already occupied by HOM couplers in the pre-LS 2
damping scheme are labelled in red on the abscissa.

77



4.2. Additional HOM Couplers for Increased Damping of TS31
Modes

Improved HOM damping can be achieved by adding HOM couplers in cells with strong electric
field of the four HOMs identified in the previous section. Suitable cells must also be determined by
a one-by-one inspection of the simulated field distributions. The presence of the FPC loops has a
shorting-like effect on the electric field in the end half-cells. As a consequence, the EM fields along
the whole length of the structure are modified and do not correspond precisely to field distributions
in 33 nor 32 cells. The theoretical field distributions in 33-cells as previously presented for the 11-
cell section in Fig. 4.4 can therefore only serve as a rough guideline to identify suitable cells for
additional HOM couplers [58].

After careful field analysis and only a few full model eigenmode simulations, a damping im-
provement is achieved by placing six additional couplers in the 33-cells as illustrated in Fig. 4.5
(red). Although the achieved improvement is relatively minor, the impedance of all four high-

Figure 4.5.: Illustration of 33-cell structure with improved damping scheme for the TS31-HOMs.
Six HOM couplers drawn in red are added to the existing, pre-LS 2 damping scheme.

impedance modes is reduced, cf. Fig. 4.6. The eigenmode simulation calculates the loaded quality
factors of the 14�∕33, 5�∕11, 22�∕33 and 23�∕33 HOMs to 336, 327, 1033 and 460 respectively in the
improved damping configuration. The impedance of each mode has a frequency dependence ac-
cording to Eq. (2.8) and the -3 dB bandwidths of the four HOMs are up to approximately 2MHz.
Due to the mode overlap, the peak impedance in the 630MHz frequency range is much larger than
on first sight suggested by the eigenmode simulations. This is confirmed by the wakefield sim-
ulation results of the same damping configurations shown in Fig. 4.7. Eigenmode and wakefield
simulations are in good agreement for these configurations. A peak to peak damping improvement
by a factor of 1.4 is provided by the six additional HOM couplers. However, the LIU goal to reach a
maximum longitudinal peak impedance of around 30 kΩ (also shown in Fig. 4.7) cannot be ensured
by this damping configuration.

The loaded quality factor of the 22�∕33-mode is significantly larger than that of the two high-
R∕QHOMs. Note that the longitudinal HOM coupler is less effective on some of the TS31 modes of
the upper passband in Fig. 3.16. This is due to a reduced electric field at the position of the electric
pickup of these modes, cf. Fig. 4.8a, when compared to the electric field distribution of HOMs
in the lower passband, cf. Fig. 4.8b. If required, a specialised HOM coupler to more effectively
damp the HOMs of the upper passband could be designed and added to the improved damping
scheme later on. Compared to the high-R∕Q HOMs of the lower passband, these modes feature
strong field in more cells due to their larger phase advance per cell so that finding a suitable spot
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4.2. Additional HOM Couplers for Increased Damping of TS31 Modes

Figure 4.6.: Shunt impedanceR in the
630MHz frequency range of 33-cells with
HOM damping configurations illustrated in
Fig. 3.26b and Fig. 4.5 respectively. Results
obtained from eigenmode simulations.

Figure 4.7.: Real part of longitudinal beam
coupling impedanceZ

||

in the 630MHz fre-
quency range of 33-cells with HOM damp-
ing configurations illustrated in Fig. 3.26b
and Fig. 4.5. Results obtained from wake-
field simulations.

for a specialised coupler is easier. In the following the focus is therefore on improved mitigation
of the two high-R∕Q modes with largest individual impedance.
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(a) The TS31 22�∕33 HOM of the upper passband
in Fig. 3.16. The loaded quality factor in this
periodic setup is simulated to Ql=4950.

(b) The TS31 5�∕11 HOM of the lower passband
in Fig. 3.16. The loaded quality factor in this
periodic setup is simulated to Ql=117.

Figure 4.8.: Simulated electric field in a unit-cell with periodic boundaries and equipped with an
HOM coupler. Color-coding of field strengths is on logarithmic scales.

4.3. Improved HOM Coupler for Increased Damping of High-R∕Q
TS31 Modes

The existing 630MHz HOM coupler already has an excellent damping performance. If pos-
sible however, the coupler shall be further optimised to achieve the additionally required HOM-
mitigation. The 5�∕11- and 14�∕33-modes were identified as the main contributors to the beam coup-
ling impedance in the deteriorating 630MHz frequency range. The coupler optimisation is there-
fore targeted foremost to these two high-R∕Qmodes present in a 33-cell structure, possibly allowing
less damping of other, less deteriorating HOMs. To gain insight into the coupling mechanism to
a cavity mode and the limits of obtainable damping, we consider in the following a standing wave
resonance that is to be damped via a single HOM coupler.

The fundamental principle of HOM damping is illustrated in the circuit model of Fig. 4.9.
The cavity resonance is again modelled by the parallel RLC resonator. We now want to connect
an external load resistor Rl to the cavity so that the resonance not only loses energy by dissipation
in the cavity walls but also due to a power flow to the external load resistor. The HOM damping
increases with the power Pext transferred to the load. Similar to the unloaded quality factor Q0
defined via the power loss Pcav in the cavity (see Eq. (2.11)) we define an external quality factor

Qext =
!0U
Pext

. (4.1)
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4.3. Improved HOM Coupler for Increased Damping of High-R∕Q TS31 Modes

R L C

Ibeam

Rl

Figure 4.9.: Working principle of HOM couplers.

Qext is very convenient for quantifying the amount of mode damping that is due to losses external
to the cavity. With the total power Ptot = Pcav + Pext we obtain the relation

1
Ql

= 1
Qcav

+ 1
Qext

(4.2)

for the loaded quality factor Ql of the damped resonance.
The coupling device used to connect the load resistor to the cavity mode is not modelled in

Fig. 4.9. Usually, coupling to the electromagnetic fields of a cavity can be achieved by probe coup-
ling to the electric field, loop coupling to the magnetic field or a mixture of these two mechanisms.
Waveguide coupling is an additional option, but not considered here. Instead the focus will be
on electric probe coupling with coaxial HOM couplers. Figure 4.10 shows a realistic model for
probe coupling to the cavity resonance. The electric pickup is represented by the coupling capacit-

R L C

Cc

Cs Rl

Ibeam

Figure 4.10.: Electric coupling of a resistive load Rl to a cavity resonance.

ance Cc . The small portion of cavity field impinging on the probe tip with surface S induces the
current

I0 = j!"0 ∫
S

E⃗ dS⃗ (4.3)

associated to the displacement current of the electric field E. However, the probe also has a para-
sitic self capacitance in parallel with a stray capacitance due to unavoidable fringe fields. This
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fringe field stores energy near the probe, but does not contribute to damping. It must nevertheless
be included in the circuit model and is represented by the stray capacitance Cs in parallel with the
resistive load [59].

Under the assumption that the cavity is continuously excited to oscillate with constant stored
energy U , we can use an equivalent generator approach for some basic studies of the coupler per-
formance that can be expected. Figure 4.11a shows a simplified circuit in which the cavity and the
coupling mechanism is replaced by a generator with short circuit current I0 and internal reactance
Cs. The power extracted from the mode is given by

I0
Cs Rl

(a) Purely resistive load.

I0
Cs

Ll

Rl

(b) Complex load for series-compensation of Cs.

Figure 4.11.: Equivalent generator circuits for probe coupling.

Pext =
1
2
I20 Re{Z} =

1
2
I20

Gl
G2l + (!Cs)

2
, (4.4)

where the impedance seen by the current source is denoted with Z and Gl = 1∕Rl. We easily find
that the optimum value for the load resistor leading to the lowest Qext is

Ropt =
1
Gopt

= 1
!Cs

. (4.5)

Apparently, the obtainable damping is always limited by the parasitic probe capacitance. Physically
this is explained by the fact that a part of the displacement current picked up by the probe is shunted
by Cs and not delivered to the load resistor as would be desired. The dilemma is that when the
surface of the probe is increased to improve damping, Cs will increase as well. The gain of an
increased current is therefore partially lost, but the maximum size of the pickup is restricted.

This problem can most easily be circumvented at a single frequency by compensating Cs with
an inductance in parallel with Cs and Rl. If tuned to the cavity mode, this simple resonant circuit
avoids that part of the displacement current is shunted to ground and the load impedance seen by the
cavity is purely real. As it is of more use for the application to the 630MHz HOM coupler later on,
we will focus our analysis on a series type compensation of Cs with the inductance placed in series
with the load resistor as shown in Fig. 4.11b. By the deployment of this complex load consisting
of Rl and Ll in series, the coupler itself is now a resonator with quality factor Qc = !0Ll∕Rl which
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4.3. Improved HOM Coupler for Increased Damping of High-R∕Q TS31 Modes

we tune to the cavity resonance so that !0 = 1∕
√

LC = 1∕√LlCs. The real part of the impedance
presented to the cavity by the coupler is now

Re{Zc} =
Rl

(

!CsRl
)2 +

(

!2
!20
− 1

)2
(4.6)

so that the extracted power at resonance is (under constraints)

Pext|!=!0 =
1
2
I20Zc|!=!0 =

1
2
I20

1
(!0Cs)2Rl

. (4.7)

On first sight, there appears to be a contradiction here as the power transfer to the load can appar-
ently be increased to arbitrarily large values by reducingRl to zero. However, for that specific case
there are no external losses and the cavity resonance must be unloaded.

To resolve this issue we must recognize the system of cavity and HOM coupler with complex
load as two coupled resonators and apply coupled resonator theory. Due to our compensation of
the stray capacitance Cs with the inductance Ll the HOM coupler is now also a resonator. The
equivalent generator approach used above showed the limitations due to the stray capacitance Cs.
It is however insufficient to describe the effects in coupled resonant circuits with strong coupling.
Instead, the full circuit of cavity and HOM coupler with complex loadRl+j!Ll shown in Fig. 4.12
must be considered. The two resonators are coupled with a certain coupling factor 0≤ k ≤ 1which

R L C

Cc

Cs

Ll

Rl

Ibeam

Figure 4.12.: Two capacitively coupled resonators modelling probe-coupling of a complex load
Rl + j!Ll to an RLC cavity resonance.

describes the coupling strength and the resonator interaction. The typical definition of the coupling
factor k = Cc∕√CCs for electrically coupled resonators is given in textbooks, e.g. [60, 61]. After a
series-to-parallel conversion of Ll and Rl, the impedance of the circuit seen by the beam current
Ibeam is

Z ≈

⎛

⎜

⎜

⎜

⎜

⎝

1
R
+ j C

!
(!2 − !20) +

1
1

Rl
!2L2l

+j Cs! (!
2−!20)

− j
!Cc

⎞

⎟

⎟

⎟

⎟

⎠

−1

(4.8)
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Figure 4.13.: Implementations of the circuit in Fig. 4.12 illustrating under- (Rl=12Ω), over-
(Rl=4Ω) and critical-coupling (Rl=10Ω).

and its behaviour can be divided into the three different regimes illustrated in Fig. 4.13. For large
Qc the cavity mode is merely split into two resonances with strong impedance and the largest
mode bandwidth is obtained for Rl=0 with Δ! = k!0 [62]. This is called the case of overcritical
coupling. Optimal damping is usually obtained around the point of critical coupling (Rl=10Ω
in Fig. 4.13) for which we again find an approximate condition !0Cc =

√

RRl in textbooks.
In the case of undercritical coupling, Eq. (4.8) shows a single resonance with non-minimal peak
impedance.

We now want to relate the external quality factor Qext of the cavity resonance due to the
resonant HOM coupler with the coupling factor k and the lumped values of the complex load.
This will allow the optimal design of an HOM-coupler for critical coupling in practice. We adjust
the circuit of Fig. 4.12 by using the impedance of the HOM-coupler at resonance from Eq. (4.6)
(assuming moderate Qc at first) such that we arrive at the circuit of Fig. 4.14a. After a series-to-

R L C

Cc

Zc|!=!0

Ibeam

(a) Assumption of moderate Qc .

R L C Cp Zp

Ibeam

(b) Series-to-parallel conversion.

Figure 4.14.: Circuits for the derivation of Eq. (4.9).
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4.3. Improved HOM Coupler for Increased Damping of High-R∕Q TS31 Modes

parallel conversion, the circuit in Fig. 4.14b is obtained with Cp ≈ Cc and Zp = 1∕[(!0Cc )2Zc |!=!0 ].We can typically neglect Cc against C and arrive at

Qext = !0CZp =
1

k2Qc
=

Rl
k2!0Ll

. (4.9)

Eq. (4.9) also suggests infinite damping at !0 for Rl = 0, but we know that forQc > 1∕k the cavity
mode is merely split into two impedance peaks. If for example under-critical coupling to a cavity
resonance is achieved for a certain value of Rl, it is obvious from Eq. (4.9) that when the coupling
k is kept constant, Rl needs to be reduced to obtain critical coupling.

In the following, above theory is applied to the 630MHz HOM coupler with the goal to couple
critically to the two high-R∕Q, 14�∕33 and 5�∕11 HOMs. The first step would be the compensation
of the parasitic pickup capacitance. The electric pickup has however already an inherent inductive
component in its post which is in series with the characteristic impedance of the coaxial coupler.
The circuit in Fig. 4.12 with a compensation of the stray capacitance Cs in series with the load
resistance Rl therefore correctly models the 630MHz HOM coupler and is directly applicable.
Figure 4.15 shows the surface currents on the HOM coupler for the TS31 5�∕11-mode. The surface
current on the pickup shows the characteristic distribution of an open-ended �∕4-resonator. This

Figure 4.15.: Surface current distribution
on the HOM coupler and its resonant
pickup around 630MHz. Color-coding on
a logarithmic-scale.

Figure 4.16.: Periodic unit-cell approach for
optimisation of the coaxial HOM coupler
and load impedance by variation of their in-
ner conductor diameter.

means that the pickup of the existing HOM coupler with a length of l ≈ 105mm ≈ �∕4 is in fact
already resonant around 630MHz. This inherent compensation of the parasitic reactance explains
the very good performance of the HOM coupler although it is merely terminated with its charac-
teristic impedance of Rl=50Ω and not also an additional inductive load (Ll in Fig. 4.12). The
modification of any pickup dimension deteriorates the HOM coupler performance. Simulations
presented in the following will show that critical coupling to the high-impedance HOMs is how-
ever not achieved with the load impedance of Rl=50Ω. Following Eq. (4.9), we must now reduce
the coupler and load impedance Rl to optimise the HOM coupler. This increases Qc and brings
the coupler closer to the point of critical coupling to these HOMs.
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Most efficient and convenient optimisation of the load impedance for the 14�∕33 and 5�∕11
HOMs can be accomplished via a unit-cell simulation with periodic boundaries. The fundamental
rejection filter of the HOM coupler behaves as an open-circuit at 630MHz and can therefore be dis-
carded for this optimisation, see Fig. 4.16. The implementation of the resistive load in this periodic
setup is only possible via the lossy PML developed in Section 3.7.2. The load impedance presented
to the HOMs by the coupler can then simply be varied via the diameter of the inner conductor of
the coaxial load, cf. Eq. (3.28). A magnetic symmetry in the vertical-longitudinal plane can also
be exploited, allowing rapid load optimisation for the TS31-HOMs.

Figure 4.17 shows the results of the coupler impedance sweep for the 630MHz HOMs with
14�∕33 and 5�∕11 phase advance per cell, respectively. Although Eq. (4.9) suggests a reduction of the

(a) TS31 14�∕33 HOM. (b) TS31 5�∕11 HOM.

Figure 4.17.: Shunt impedanceR, quality factorQ and geometry factor R∕Q as function of the HOM
coupler and load impedance Rl in the simulation setup of Fig. 4.16.

load impedance, the results for values larger than 50Ω are also shown to demonstrate the expected
deterioration of the coupler performance for these values. The conclusions for the 14�∕33HOM that
can be drawn from the analysis of Fig. 4.17a are listed in the following:

• Only a single eigenmode is found by the unit-cell simulation in the frequency range from 620
to 640MHz in case of a load impedance ofRl=50Ω or higher, cf. Fig. 4.17a. The increase of
the impedance R for Rl>50Ω suggests under-critical coupling to the HOM and is correctly
predicted by the circuit model in Fig. 4.12 and Eq. (4.9).

• For a load impedance of 40Ω an additional eigenmode at around 639MHz is found, which
has however a small R∕Q and a negligible overall impedance R.
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4.3. Improved HOM Coupler for Increased Damping of High-R∕Q TS31 Modes

• Lowering the load impedance Rl further, gradually increases the impedance R of the addi-
tional mode, now around 635MHz. This is predicted by the circuit model in Fig. 4.12 and
the transition between critical and over-critical coupling is fluent.

• Lowest overall shunt impedance is obtained around a load impedance Rl of 20 to 25Ω.
Compared to the case of Rl=50Ω the shunt impedance is lowered and distributed over a
wider frequency range.

• The shunt impedance of the two modes increases when lowering the load impedance even
further, see e.g. Rl=10Ω in Fig. 4.17a. This is in accordance with two over-critically
coupled resonators.

• The circuit model in Fig. 4.12 correctly predicts the behaviour and performance of the
630MHz HOM coupler for different coupler impedances. The inductive component of the
electric pickup compensates its stray capacitance in series with the coupler impedance. For
a parallel type of compensation the behaviour for different coupler impedances would be
inverse.

The situation for the high-R∕Q mode with 5�∕11 phase advance is shown in Fig. 4.17b and the ana-
lysis can be conducted analogously. Lowest shunt impedance in the 630MHz frequency range is
achieved around a load impedance of 30 to 35Ω for this mode.

Following the explanations given above, the improved impedancemitigation can be implemen-
ted by redesigning the existing HOM coupler to a characteristic impedance of around 25 to 30Ω.
The fundamental rejection filter does not necessarily have to be touched. It is however desirable
to avoid a change of the coupler geometry due to the large number of couplers already deployed
today (72 in total) as well as those already in manufacture for the upgrade (≈ 120 in total). Besides
the attempt to limit the number of variations in coupler designs, especially a replacement of the
ceramic RF windows comes with large costs. Alternatively, the desired characteristic impedance
can also be implemented by deploying loads with a complex input impedance on the HOM coupler
output ports. The complex impedance must then be transformed via the 50Ω transmission line
of the coupler to the desired impedance seen by the HOMs at the base of the electric pickup. To
choose the complex load correctly, knowledge of the electrical length from the load port to the
pickup is required. In practice, a 25Ω-equivalent impedance at the pickup is easiest to realise; two
50Ω resistors can then be placed in parallel and connected in series with a piece of 50Ω coaxial
line of correct length. A 25Ω-equivalent load impedance will therefore also be used in simula-
tions of the full 33-cell structure. More details on the design procedure of the complex load for the
existing 630MHz HOM coupler are given in Section 5.3. The design and implementation for the
EM simulations shown in the following is essentially identical. The complex load implementation
will have a lower bandwidth than coaxial couplers with a 25Ω characteristic impedance and the
impact of the design change on the broadband damping performance of the HOM coupler must be
verified as well.

Figures 4.18 and 4.19 show the HOM-mitigation performance of the complex loads when
placed on all couplers. A strong improvement is observed in the eigenmode results and the loaded
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Figure 4.18.: Shunt impedanceR in the
630MHz frequency range of 33-cells with
the HOM damping configuration illustrated
in Fig. 4.5 without and with 25Ω-equivalent
complex loads deployed on the HOM
couplers respectively. Results obtained from
eigenmode simulations.

Figure 4.19.: Real part of longitudinal beam
coupling impedanceZ

||

in the 630MHz fre-
quency range of 33-cells with HOM damp-
ing configurations illustrated in Fig. 3.26b
and Fig. 4.5. The 25Ω-equivalent complex
loads are deployed on all HOM couplers.
Results obtained from wakefield simula-
tions.

quality factors of the 14�∕33, 5�∕11 and 22�∕33 HOMs are now 246, 234 and 1060 respectively. While
the Ql of the high-R∕Q modes are now very low for a cavity of this type, the Ql of the 22�∕33-mode
is basically unchanged compared to the case with 50Ω loads. The reduced impedance of this mode
in the eigenmode simulation is due to a reduction of its R∕Q together with a shift of its resonance
frequency. The increased damping observed in the eigenmode result does not translate entirely to
the wakefield simulation, see Fig. 4.19. The decay time of the damped HOMs now approaches the
transit time of the beam through the long, 33-cell structure. Contrary to the eigenmode calcula-
tions, the time domain wakefield simulation properly takes into account transients which become
more important in this regime. In eigenmode simulations the R∕Q is simply calculated via the
steady state stored energy in the overall volume, not taking into account effects due to the quite
complicated accelerator structure. Nevertheless, a good impedance mitigation due to the complex
loads can also be observed in Fig. 4.19. We notice however also an increased impedance below
627MHz and above 631MHz which is a result of the slight overcritical coupling already observed
in Fig. 4.17. This means that part of the impedance reduction is not due to damping, but rather due
to a re-distribution of the impedance over a wider frequency range. This known effect of imped-
ance broadening is a typical feature. The overall mitigation remains very beneficial for the intensity
threshold of the multi-bunch instability. Improved damping by the deployment of complex imped-
ance loads is also confirmed by RF measurements which are reported in Section 5.3.

Note that the impedance presented by the complex loads to the HOMs is frequency depend-
ent. The damping performance of the pre-LS 2 damping scheme is therefore compared with that
of the additional HOM couplers combined with the 25Ω-equivalent (at 630MHz) complex loads
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4.4. Constraints on HOM Impedance Mitigation

up to 1GHz in Fig. 4.20. The complex loads are also beneficial for impedance mitigation at other

Figure 4.20.: Calculation of longitudinal beam impedance Z∥ of the configuration illustrated in
Fig. 4.5 demonstrating the impact of 25Ω-equivalent complex loads on the broadband damping
performance of the TS31 HOM coupler (red). Comparison to the pre-LS 2 scheme with 50Ω loads
illustrated in Fig. 3.26b (blue).

frequencies and no serious deterioration of the impedance situation can be observed over the spec-
tral range of interest. The FPB is not influenced by the complex loads as the rejection filter works
independent of the connected load impedance. The complex loads perform even better on 44-cell
configurations, cf. Appendix D. In that case, the LIU impedance goal can almost be attained by
deploying complex loads on the pre-LS 2 damping configuration alone, without having to add more
HOM couplers.

4.4. Constraints on HOM Impedance Mitigation

The loaded quality factors of the two high-R∕QHOMs are around 230 when the optimised couplers
developed in the previous section are deployed. This is a very low value for this type of structure
and it is questionable that it can be reduced significantly further. An inherent limitation is the
structural top-bottom asymmetry that is a result of the numerous HOM couplers placed on top
of the TWS in the new damping scheme, see Fig. 4.5. It was illustrated in [44] that due to this
asymmetry large parts of the energy of damped HOMs are stored in the lower half of the TWS. As
there is no counterweight to the numerous couplers on top, the EM fields are pushed into the lower
half of the cavity where they become inaccessible to the HOM couplers. Only two access ports
exist in the lower half of the structure dedicated to HOM damping and they are situated on the two
end-plates. An electric HOM coupler pickup was developed in [58] that can partially suppress the
effects caused by the asymmetry. Improving the damping of the high-R∕QHOMsmerely via the two
end-cells is however infeasible as the EM fields in all other cells remain unmodified. Machining
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of the sections to create additional access ports in the bottom is out of the question as damage can
not be excluded beforehand and vacuum tightness later on cannot be guaranteed [63].

The last option to access the lower part of the structure is then via vacuum pumping ports
(VPPs) of which each 11-cell section features three, below cells three, six and nine, see Fig. 3.7.
Each VPP features a honeycomb grid in the inner copper layer of the cavity with a hole diameter
of 18.5mm, refer to Fig. 4.23a, and which is impenetrable for the 200MHz fundamental mode.
Machining of the honeycomb grid is most likely required to place HOM couplers in some of the
VPPs. The vacuum is however sealed on the outer flanges of the VPPs so that vacuum tightness
does not pose a problem. Nevertheless, the operation appears to be mechanically demanding if
damage to the copper layer has to be excluded. Still, this option was studied, assuming that the
installation of HOM couplers in some VPPs is feasible. Figure 4.21 illustrates the placement of
three 630MHz couplers in cells which show strong electric field of the high-R∕Q HOMs and which
are equipped with a VPP. The performance of this damping scheme as obtained from a wakefield

Figure 4.21.: Illustration of a 33-cell structure with the pre-LS 2 damping scheme, the additional
HOM couplers in the top and three couplers in VPPs in the bottom (red). On all HOM couplers
25Ω-equivalent complex loads are deployed.

simulation is reported in Fig. 4.22. Due to the existing field densities, the placement of HOM

Figure 4.22.: Real part of longitudinal beam coupling impedance Z
||

in the 630MHz frequency
range of 33-cells for different damping configurations. The impedance for the case that three HOM
couplers are used in VPPs as illustrated in Fig. 4.21 is equal or below the LIU goal for large parts
of the frequency range. Results obtained from wakefield simulations.

couplers in the bottom is highly effective and the LIU goal can already be reached over large parts
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4.5. Resonant Posts for HOM Impedance Mitigation

of the frequency range of interest. Three couplers have been placed and these act as a counterweight
to the numerousHOMcouplers on top and avoid that large parts of theHOMenergy are stored in the
bottom of the structure where it is otherwise inaccessible. It is likely that with slight optimisations
of this damping scheme the LIU goal can be fully reached. This option has however not been studied
any further in the frame of this thesis after the achieved damping results of the complex loads were
discussed on a project management level and have been considered sufficient. Nevertheless, it
remains as a possible option to be revisited once the full impact of the ongoing impedance reduction
measures can be investigated with beam after the restart of the accelerator complex.

Improvement over the damping scheme proposed in the previous section can also be achieved
with the pedestal coupler proposed in [58]. This coupler can also mitigate the high-QHOMs of the
upper TS31 passband like the 22�∕33-mode. To deploy this coupler, merely the pedestal of a drift
tube and stem assembly needs to be machined which is less risky than machining the VPP of a full
section. However, as machining of any structure parts shall ultimately be avoided, these couplers
were so far not studied in further detail nor was their performance verified by RF measurements.

4.5. Resonant Posts for HOM Impedance Mitigation

As was explained before, it is highly desirable to avoid mechanical interventions on the TWSs, but
nevertheless mitigate the effects of the top-bottom asymmetry discussed in the previous section.
Instead of the classic HOM mitigation primarily through damping of the quality factors one could
also devise a mitigation by directly targeting the geometry factor R∕Q of the HOMs. This would
mean a change of the TWS geometry which in our case would be preferable in the lower part of the
structure to also mitigate the asymmetry effects. Especially the 14�∕33 HOM at 630MHz should be
suppressed as it is fully synchronous with the particle beam resulting in its large R∕Q.

Ideally, we would like to introduce a stop band around 630MHz in the dispersion diagram
of Fig. 3.16. The TS31 modes around 630MHz are HOMs of the TS11 FPB and therefore the
equivalent circuit of Fig. 3.12 for multi-stem drift tube structures can also serve as a basis for
describing the HOMs. A stop frequency can be introduced in the stem passband represented by
Cs and Ls by placing a series resonant circuit in parallel to the stem resonator in every cell. This
series resonator behaves as a short circuit between drift tube and outer cylinder at its resonance
frequency !p, separating the passband of the stem resonance in two. At frequencies below !p the
series resonance behaves capacitively, lowering the stem resonance !s. At frequencies above !p
the series resonance is inductive, increasing !s.

The introduction of such an additional resonator is well known from drift tube LINACs op-
erated in the 0-mode; refer back to Fig. 1.4. Such LINACs are very susceptible to manufacturing
tolerances and suffer from poor field stability due to the zero group velocity in the lossless limit.
By placing so-called post couplers in all cells, an additional post-coupler passband is created which
can be tuned into confluence with the accelerating mode band. This effectively turns the sensitive
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0-mode LINAC into a stable �∕2-mode like structure with non-zero group velocity at the operating
mode [7, 64]. Refer also back to the end of Section 1.1 in this regard.

In our case, we would like to use such post resonators not for a stabilisation of the FPB, but for
the suppression of HOMs [58]. In the lower part of the structure we merely have access to three
VPPs per 11-cell section, see Fig. 3.7. A relatively broadband post passband can therefore not be
created as the coupling between the posts is very weak. Each VPP features a honeycomb grid in
the inner copper layer of the cavity with a hole diameter of 18.5mm as shown in Fig. 4.23a and
which is impenetrable for the 200MHz fundamental mode. As a suitable resonator the electric

(a) VPP with honeycomb grid in the copper layer of
the TWS. View through the VPP’s flange opening. A
resonant post is installed close to the centre of the grid
below the drift tube of the cell.

(b) Resonant post assembly for in-
stallation in the honeycomb grid of
VPPs. Left: Post assembled on a
copper base with RF spring contact.

Figure 4.23.: HOM coupler pickups used as resonant posts in some VPPs of the TWS. The posts
contribute to the mitigation of the high-R∕QHOMs and can act as a counter-weight to the numerous
HOM couplers on top of the cavity. Machining of the accelerating structure to create additional
access ports for HOMs is not required.

pickup of the TS31 HOM coupler can be reused which is already known to be resonant at 630MHz
from Section 4.3. The electric pickup can directly be placed in the honeycomb grid with good RF
contact to the outer envelope by mounting it on a base which is equipped with an RF spring contact,
see Figs. 4.23a and 4.23b.

The effect of the resonant posts on the TS31 HOMs is best demonstrated by loading a long piece
of the TWS envelopewith a single drift tube and stem assembly [58]. Figure 4.24a shows the typical
field profile of the stem resonator which is not supported by the bare circular waveguide. With the
resonant post in place as shown in Fig. 4.24b, energy can not be stored in the bottom part of the cell
as the electric field is short-circuited to the cavity envelope. The surface current on the post again
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4.5. Resonant Posts for HOM Impedance Mitigation

(a) TS31 stem resonance at 629.8MHz.

(b) TS31 stem resonance perturbed by a resonant post.

(c) Fundamental TS11 stem resonance at 205.2MHz unaffected by post res-
onant at 630MHz.

Figure 4.24.: Electric field profiles in a long piece of circular envelope loaded by a single drift tube
and stem assembly. Field magnitudes are color coded on a logarithmic scale.

shows the �∕4-distribution. The R∕Q of the stem resonance in Fig. 4.24 calculated over the length of
the cell is reduced from 18Ω for the unperturbed case to 13.5Ω for the case with resonant post in
place; a reduction by 25%. In addition, the electric field strength increased above the drift tube in
the place of the access ports for HOM couplers, cf. Figs. 4.24a and 4.24b. In the equipped 33-cell
structure the posts avoid EM fields from being pushed into the lower half of the structure making
them inaccessible to the HOM couplers. Thereby, the resonant posts act as a counter weight to the
numerous couplers on top of the structure making these also more effective. The above described
effects can be explained by the fact that the displacement current picked up by the resonant post is
shorted to the outer envelope of the cavity. For the case of multi-cell structures also the coupling
mechanism to the neighbouring cells is partially suppressed in this manner. Resonant posts may
not perturb the fundamental accelerating mode significantly. The field profile of the FPB under the
influence of a resonant post is shown in Fig. 4.24c. As the post is not resonant at 200MHz, it does
not have a significant impact on its field profile. A more in-depth analysis by RF measurements on
how resonant posts influence the FPB follows in Section 5.6.
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Note that the resonant posts are most effective in cells with relatively strong electric field
whereas VPPs are only available in cells 3, 6 and 9 of each 11-cell section. Adequate cells for
deployment of resonant posts in 33-cells were manually determined by inspection of the simulated
14�∕33 and 5�∕11 electric field profiles. The total number of resonant posts was limited to three
to keep the impact on the fundamental mode at an acceptable level. Consequently, the posts are
deployed in cells 9, 17 and 25 as illustrated in Fig. 4.25. Figures 4.26 and 4.27 show the beam im-

Figure 4.25.: Illustration of 33-cell structure with the proposed, new damping scheme for the TS31-
HOMs. Six HOM couplers (red) and three resonant posts (blue) are added to the existing, pre-LS 2
damping scheme. On all HOM couplers 25Ω-equivalent complex loads are deployed.

pedance results obtained from eigenmode and wakefield simulations for the new damping scheme
including the three resonant posts. Both solvers show a strong impedance reduction in a narrow

Figure 4.26.: Mitigation of shunt imped-
anceR in the 630MHz frequency range of
33-cells due to the addition of three reson-
ant posts to the HOM damping scheme as il-
lustrated in Fig. 4.25. Results obtained from
eigenmode simulations.

Figure 4.27.: Real part of longitudinal beam
coupling impedanceZ

||

in the 630MHz fre-
quency range of 33-cells for different damp-
ing configurations. The impedance for the
newly proposed damping scheme illustrated
in Fig. 4.25 is shown in black. Results ob-
tained from wakefield simulations.

band around 630MHz at which the posts are resonant. The two former high-R∕Q 14�∕33 and 5�∕11
HOMs are effectively mitigated. However, the resonant posts alter the boundary conditions and
other mode profiles become favourable for energy storage. Some of the impedance is therefore
merely distributed to lower and higher frequencies at 627 and 632MHz. The impedance especially
in the 16�∕33 and 13�∕33 HOMs is slightly increased, cf. Fig. 4.26. The resonant posts are not ef-
fective on these modes as they feature weak electric field in the three cells equipped with posts.
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4.5. Resonant Posts for HOM Impedance Mitigation

The distribution of impedance over a wider frequency range is again beneficial for mitigating the
multi-bunch instability. Although the peak impedance is only slightly reduced by the resonant
posts, see Fig. 4.27, comparing the area under the impedance curves with and without posts shows
a reduction of overall impedance in the frequency range around 630MHz. It is also interesting to
compare the performance of the three resonant posts with that of HOM couplers placed in the same
positions, refer back to Fig. 4.22. The resonant effect of the electric pickup (used as resonant post
and as pickup on the HOM coupler) in the 628 to 630MHz range is more pronounced in case of the
posts. Merely for the impedance peak at 627MHz the HOM couplers show a better performance
due to their ability of damping the quality factors. Note that in spite of the positive effect, the LIU
impedance goal still cannot be fully reached by the resonant post configuration. However, couplers
for the mitigation of transverse HOMs around 938MHz will also have to be incorporated into the
damping scheme. The LIU goal is then likely to be reached by a final optimisation of the scheme
using the mitigation techniques developed in the previous sections. Deployment of some coaxial
HOM couplers with a 25Ω characteristic impedance instead of using the more narrowband com-
plex loads is also likely to improve the situation further. The possibility of impedance mitigation
by resonant posts is confirmed via RF lab measurements carried out on a single section of which
the results are shown in Section 5.4.

It has to be ensured that the insertion of resonant posts does not lead to an increased impedance
at other frequencies relevant for beam stability. Impedance might merely be re-distributed to other
frequencies, as especially the high-R∕Q HOMs are targeted by the posts. The wakefield results up
to 1GHz for the proposed 33-cell damping scheme including the posts are shown in Fig. 4.28. No

Figure 4.28.: Broadband damping perform-
ance of the newly proposed damping scheme
for the TS31HOMs around 630MHz in com-
parison to the pre-LS 2 damping scheme. No
serious increase of HOM impedance at other
frequencies is observed.

Figure 4.29.: Comparison of wakefield sim-
ulation results obtained from CST and T3P
solvers for the pre-LS 2 and the newly pro-
posed longitudinal damping schemes. Both
solvers suggest a similar peak to peak factor
of impedance mitigation.

serious deterioration of the impedance situation over the spectral range of interest can be observed.
The different HOM coupler schemes were also simulated with the wakefield solver of ACE3P
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(T3P) to confirm the achieved impedance mitigation. A comparison between the wakefield results
of CST and T3P for the new damping scheme is reported in Fig. 4.29 in addition to the comparison
for the pre-LS 2 damping scheme already discussed together with Fig. 3.25b. The two solvers are
in good agreement for the improved damping scheme. Both codes also suggest a similar peak to
peak factor for the additional impedance mitigation of the TS31 HOMs that is achieved by the new
damping scheme.

4.5.1. Multi-Physics Considerations of Resonant Posts

Thermal Analysis

The RF and thermal contact of the resonant posts is merely ensured via the small silver plated,
copper spring shown in Fig. 4.23b (torus with a 3.5mm tube diameter and an outer diameter across
of about 20mm). Power loss occurs on all surfaces of finite conductivity in the cavity due to induced
surface currents which eventually result in the generation of heat. A possible overheating of the
resonant posts must be evaluated pre-emptively to ensure safe machine operation. The heating
of the posts that is to be expected is analysed in the following by means of coupled EM-thermal
simulations performed with CST [42]. At first, two sources of post heating can be anticipated. The
RF generators will inject a large power of 1.05MW peak into the 33-cell structures for particle
acceleration. In addition, the high intensity beam induces power over a large frequency band at
every pass through the TWS. It will however be clarified later on that a contribution to the heating
from the beam has in fact not to be expected.

The focus is first on the power loss induced in a resonant post by the RF generators in the �∕2-
mode of the FPB. For best computational efficiency, the unit-cell setup with periodic boundaries
is used once again also for this thermal simulation. The cell is equipped with a resonant post and
the 630MHz HOM coupler must also be included to obtain the typical operating conditions for the
post in practice, see Fig. 4.30a. The thermal properties of cell, post and coupler (yellow) are those
of copper. The RF window (grey) of the 630MHz HOM coupler is made of an alumina ceramic.
The filter and load part of the HOM coupler is filled with air (green).

The winding separation of the torus-like RF spring contact is 0.1mm, refer to Fig. 4.23b.
When installed, the spring is compressed between the outer cavity cylinder and the mount of the
resonant post, refer to Fig. 4.23a. Exact modelling of the RF spring would be very laborious, even
with a tetrahedral mesh and is not required in this case. Instead, a simplified simulation model
for the RF and thermal contact is employed which is shown in Fig. 4.30b. There, the spring is
modelled by a flattened torus (blue) to take the compression into account. A filler material (black)
with zero electric and thermal conductivity is used to avoid decoupled computation domains during
simulation and to isolate the mounting base from the inner copper layer (yellow) of the cell. The
background of the simulation was given the thermal properties of the steal cavity envelope.

A conservative estimation has been chosen for the surface area at which the RF spring touches
the mount and the cavity cylinder. The typical thermal conductivity for the copper spring is
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4.5. Resonant Posts for HOM Impedance Mitigation

(a) Cross-section of the unit-cell model including the
630MHz HOM coupler and resonant post. The filter part
of the coupler is filled with air (green) and the RF window
(grey) is made of an alumina ceramic. The 50Ω load of
the coupler (red) is implemented by the PML developed in
Section 3.7.2.

(b) Detailed view of the implementation of the RF
spring contact (see Fig. 4.23b) in the simulation
model. The spring is modelled by the flattened torus
(blue) to take its compression into account. A filler
material (black) with zero electric and thermal con-
ductivity is used to isolate the base from the cavity.

Figure 4.30.: Simulation model for the analysis of thermal heating caused by RF losses on the
copper surface (yellow) of the SPS TWS. The structure is evacuated and the simulation background
is given the thermal properties of the steal cavity envelope. The ambient temperature is set to the
cooling water temperature of around 20◦C, however cooling circuits on the cavity envelope and in
the stems are not taken into account.

401W/K/m, however, as the spring is not solid (as modelled) and to account for the separated
windings, the value is reduced to 80W/K/m (20% of the original value). Like this, the simulated
heating on the post will be too pessimistic, i.e. it will not be exact, but it is a good indicator for a
possible heating issue. Figure 4.31 shows the simulated heat flow density that indicates a realistic
heat transfer from three contact areas on the base of the resonant post via the RF spring to a single
contact area on the copper layer of the cell. Cooling circuits on the cavity envelope and in the
stems are not taken into account, but the ambient temperature in the thermal simulation is set to
the temperature of around 20◦C of the cooling water.

The power loss on the various surfaces with finite conductivity in the model is calculated by
the eigenmode solver from the simulated magnetic field using Eq. (2.15). Note that the EM fields
in any eigenmode simulation are normalised to 1 J of mean stored energy by CST. We can use
Eq. (A.1) to scale the simulation results of the periodic unit-cell approach to the maximum input
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Figure 4.31.: Simulated heat flow density over the RF spring contact of the resonant post assembly
in the accelerating TS11 �∕2-mode. The heat transfer is from three contact areas on the base of the
resonant post to a single contact area on the wall of the cell. Colour-coding is on a logarithmic
scale.

power of 1.05MW that is injected into the 3-section TWSs after LS 2. This travelling wave has a
stored energy per unit length of 0.037 J∕m. Then the energy Uc stored in one cell reads

Uc =
Pinlc
vg

= 0.0138 J , (4.10)

which can be used to scale the power loss calculated by the eigenmode solver on different parts of
the structure. The resulting values for the power loss of the TS11 �∕2-mode are reported in Table 4.1.
Note that more than 50% of the total power is lost on the surface of the stems. The power loss on
the pickup of the 630MHz HOM coupler and the resonant post is identical and of 1.1W. This
power will result in the generation of heat that needs to be diverted via thermal conduction to avoid
overheating resulting in structural deformation.

For benchmarking, the results obtained via the unit-cell approach were confirmed by an S-
Parameter simulation of a full, 33-cell structure at the frequency of the TS11 �∕2-mode. In this case,
the TWS was equipped with the matching networks developed and implemented in Sections 3.6.2
and 3.8.1 to ensure the travelling wave condition as well as the newly proposed damping scheme
that includes the resonant posts. The EM fields were normalised to an input power of 1W in
S-Parameter simulations so that in this case scaling to the post-LS 2 input power of 1.05MW for
33-cell structures is trivial. The results are listed in Table 4.1 as well and are in excellent agreement
with the unit-cell simulation.
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4.5. Resonant Posts for HOM Impedance Mitigation

Table 4.1.: Power loss of the accelerating TS11 �∕2-mode on different surfaces of the simulation
models scaled to a continuous-wave input power of 1.05MW. Individual power loss is reported for
each pair of stems, the drift tube, the pickup of the 630MHz HOM coupler and the resonant post.
The results obtained from the periodic unit-cell approach and the full 33-cell structure including
the newly proposed damping scheme are in excellent agreement.

unit-cell 33-cells
Ploss [W] Ploss [W]

stems 439 420
drift tube 39 38
pickup 1.1 1.1
post 1.1 1.1
rest 332 321

The RF loss distribution calculated by the eigenmode solver can be used in a coupled thermal
simulation to generate a spatial temperature distribution. The thermal solver utilises the heat equa-
tion [16] to calculate heat transfer by conduction based on an initial temperature distribution and
boundary conditions. For the case studied here, merely the steady state distribution was considered
for a continuous-wave input power of 1.05MW. But actually, for the LHC proton beam, the RF gen-
erators can be switched off for large parts of the 23�s revolution period as only a fraction of the
SPS ring is filled, cf. Table 1.1, and the cavity filling time is relatively small. The temperature
distribution shown in Fig. 4.32 is therefore rather overestimated for this type of beam. Empiric-
ally and as a rule of thumb, the temperature of any cavity parts should stay below 80◦C to avoid
additional outgassing, even after previous bake-outs, and a deformation of cavity parts under their
own weight [63]. In addition, it is known that the resonant frequency of the TS11 �∕2-mode is very
susceptible to changes in the stem diameter, cf. Section 3.5. Cooling of the stems via internal water
pipes (not modelled) is therefore especially important to avoid a detuning of the structure due to
heating. Compared to the drift tubes, the outer cavity cylinder stays relatively cool at values around
30◦C except in the areas of the pedestals. The peak temperature on the HOM coupler pickup is
calculated to 42◦C and on parts of the 200MHz notch filter values up to 47◦C are reached. The tip
of the resonant post heats up to 37◦C whereas the base of the post assembly is at the same temper-
ature as the cavity wall. Comparing also to the temperature distribution on the identical pickup of
the HOM coupler, it can be seen that the heat transfer via the RF spring contact is sufficient for the
given input power of 1.05MW. The temperature distribution for an input power of 1.6MW, which
will be used for the post-LS 2 44-cell TWSs, is reported in Appendix E.

An additional heating due to the beam induced power in the frequency range of the FPB has
in fact not to be expected. This is due to the peculiar property of the TWS in which the power loss
of the beam merely reduces the RF power that would otherwise be terminated in the load. More
details on this were given in Section 3.1. The power dissipated in the TWSs increases only slightly
with beam loading [27].
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Figure 4.32.: Simulated, steady state temperature distribution in the SPS TWS as a result of a trav-
elling wave in the TS11 �∕2-mode with a continuous input power of 1.05MW. The simulation setup
is detailed in Fig. 4.30. Cooling pipes in the stems and on the cavity cylinder are not considered.

The TS31 HOMs are standing wave modes which are not terminated in the water load of the
structure. The beam power loss around 630MHz in the damped 33-cell structures is calculated to
around 20W using BLonD (refer back to Section 1.5), which in addition to the longitudinal imped-
ance also takes into account the complicated spectrum of the LHC beam in the SPS, cf. Table 1.1.
This contribution is small compared to the power injected into the fundamental mode by the RF
generators. Eigenmode simulations show that at least 97% of the RF losses of all HOMs around
630MHz are volume losses, meaning that the HOMs are damped almost entirely by the resistive
load of the HOM couplers1. In addition, only a fraction of the remaining surface losses occurs on
the resonant posts. Additional heating of the posts due to the HOMs is therefore not to be expected
and the peak temperature of around 37◦C on the tip of the resonant posts for a continuous-wave
input power of 1.05MW can be considered a valid estimate. No risks coming from an overheating
1apart from negligible volume losses in the RF windows of the HOM couplers
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4.5. Resonant Posts for HOM Impedance Mitigation

of the resonant posts is to be expected and safe machine operation can be ensured with a large
margin.

RF Breakdown Analysis

Vacuum arcs forming a plasma can occur in accelerator structures operated at very high field gradi-
ents. This is also called RF breakdown. Arching in cavities is an entire field of studies of its own
and, without going into greater detail, it is widely accepted that one critical factor for this phe-
nomenon is the peak surface electric field as a cause for emission of electrons. Interaction of these
electrons with residual gas molecules can lead to a sudden discharge of stored energy with deteri-
orating effects on the beam and the cavity surface itself. Refer to [13, 65] for more details on the
breakdown process.

The peak surface electric field on the resonant posts is to be studied to ensure safe machine
operation with the newly developed posts. The resonant posts also reduce the minimum gap size in
the TWS which is however still large with around 20 cm. An empirical criterion for the maximum
allowed field gradient to avoid sparking was established byW. D. Kilpatrick based on experimental
observations [65]. The results were later recast into the more convenient formula

f [MHz] = 1.64E2s e
−8.5∕Es , (4.11)

where Es is the peak surface electric field [13, 66]. Above equation is known as the Kilpatrick
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Figure 4.33.: Kilpatrick limit for RF breakdown with the peak surface electric fieldEs as a function
of frequency.

limit below which no RF breakdown is to be expected. The expression is merely limited by RF
frequency, but not gap size, and visualised in Fig. 4.33. The peak surface electric field on the tip of
the resonant post in the accelerating TS11 �∕2-mode is simulated to 2.9MV/m for an input power
of 1.6MW. This is far below 1 kilpatrick which is also considered quite conservative nowadays. In
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comparison to standing wave cavities, TWSs typically have a lower gradient due to the relatively
low stored energy. To conclude, the resonant posts are not expected to increase the risk of RF
breakdown in the SPS TWSs.
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5. RF Measurements on the Parallel Stem
Structure

The results of the two simulation codes CST and ACE3P for the performance of the new HOMmit-
igation scheme developed in Chapter 4 are in good agreement. Further confidence in the damping
performance of the newly proposed mitigation solutions can be obtained by confirming the simu-
lation results with RF measurements. As a fully equipped 33-cell structure was not available, the
measurements were carried out on 11-cell sections. Most notably, the complex impedance loads
are designed and tested in Section 5.3 and the performance of the resonant posts is verified in Sec-
tion 5.4. A method to measure the impact of HOM mitigation devices on the accelerating mode is
proposed in Section 5.5 and applied to the TWSs used in the SPS before LS 2 in Section 5.6.

5.1. Resonant Perturbation Measurements of Axial Electric Field

The three independent parameters resonance frequency f0, quality factor Q and geometry factor
R∕Q are required to fully describe a standing wave resonator, cf. Eq. (2.8). These parameters can
be determined for each cavity resonance from RF measurements. To determine the R∕Q, the on-
axis electric field needs to be measured, cf. Eq. (2.12). This is possible by using perturbation
techniques in which a small perturbing object is moved along the beam path inside the cavity while
the position dependent shift in resonance frequency is recorded [67, 68]. From this shift the electric
field strength at each position of the perturber can be determined. This measurement method is also
known as bead pulling. In the following, merely the perturbation theory for measuring a resonant
cavity is shown and later on applied to the SPS TWS for verification of the EM simulation models.
Non-resonant perturbation measurements to determine the electric field of a travelling wave, as e.g.
described in [69], are also possible and especially interesting for the fundamental mode of TWSs.
Application to the full SPS 200MHz TWS is however very cumbersome if not infeasible due to
the extreme length of this structure and was hence not carried out.

5.1.1. Perturbation Theory

A perturbing object in a resonant cavity is polarised by the EM fields in the structure. This causes
an unbalance in the electric and magnetic stored energies and therefore a shift in the resonance
frequency of the cavity which restores this balance. The dimensions of the perturber should be
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small compared to the wavelength as in this case the field close to the perturber can be assumed
in good precision as uniform and static. This allows to solve for the EM fields of the polarised
perturber that modifies the cavity fields. The frequency shift Δ! of a cavity resonance due to a
perturbing object is given by

Δ!
!0

= 1
U
(−K1"0E2∥ −K2"0E

2
⟂ +K3�0H

2
∥ +K4�0H

2
⟂) , (5.1)

whereU is the stored energy andE andH the peak electric and magnetic field components parallel
and perpendicular to the perturber [10, 70]. The coefficients K1 to K4 are proportional to the
geometry and the electric or magnetic polarisability of the perturber respectively. For a perturbing
object that impacts mostly the longitudinal E∥ field component, Eq. (5.1) simplifies to

Δ!
!0

≈ 1
U
(−K1"0E2∥) . (5.2)

In general, such an object can be a long, dielectric cylinder that interacts only with the electric
field. However, in the case that the longitudinal magnetic field of the mode is weak, also a metallic
cylinder can be used as the resonance frequency is not significantly perturbed by the magnetic field.
The coefficient K1 can be related to the electric polarisability P∥∕("0E∥) of the perturbing object of
length 2l via

K1 =
1
4
P∥
"0E∥

= �
3
l3G, (5.3)

where P∥ is the electric dipole moment induced by the external electric field [71]. The dimen-
sionless form factor G depends on the shape of the perturber. For a hollow, metallic cylinder with
radius a the appropriate form factor was deduced in [70] to

Gcyl = sinh
−1

( 2
3�

l
a

)

. (5.4)

The frequency shift at each position of the perturbing object inside the cavity could be meas-
ured directly by tracking the peak of the resonance curve obtained from the transmission meas-
urement S21. For small perturbations however this can be impractical so that usually the more
sensitive phase shift Δ� of the transmitted signal is measured instead. The frequency shift is then
indirectly obtained from the relation [68, 70]

Δ!
!0

= 1
2Ql

tan (Δ�) (5.5)

where Ql is the loaded quality factor of the resonance. With the axial electric field E∥ of a cavity
at hand, the R∕Q and R can be determined with the respective equations given in Section 2.3.

5.1.2. Some Practical Considerations

For the perturbation measurement a Vector Network Analyser (VNA) is used to excite the cavity
under test. Measurements are possible in both reflection and transmission. The setup for the more
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5.1. Resonant Perturbation Measurements of Axial Electric Field

Figure 5.1.: Illustration of the setup for measuring axial fields in an EM cavity by a perturbation
method.

sensitive transmission measurement is shown in Fig. 5.1. The cylindrical perturber must be pulled
along the beam axis of the cavity. In case of the long SPS TWS the installation of the perturber on
the axis is quite cumbersome even for a single 11-cell section. At first, common fishing line is shot
through the section and the cylindrical perturber is typically obtained from an ordinary syringe cut
to the appropriate length. The line is formed to a closed loop by laying it over a pulley attached
to a stepping motor on one side of the cavity and a passive pulley on the other side, see Fig. 5.1.
The motor is used to step the perturber through the structure and VNA and motor are controlled
via a LabVIEWTM program running on a separate workstation [72]. Communication between the
different devices is realised via Ethernet connection. While the motor pulls the perturber through
the cavity, the software constantly stores the S21 transmission measurement. This complex valued
data must be post-processed extensively before finally Eq. (2.12) can be applied to calculate the
R∕Q of the resonance from the measured electric field. Measurement and post-processing have to
be conducted for every cavity resonance of interest.

A trade-off is to be considered when choosing the length of the perturbing cylinder. It should
be as short as possible to disturb the fields inside the cavity only slightly. After all, the field profile
of the unperturbed mode shall be measured. Due to the non-linearity of the tangent in Eq. (5.5), the
phase excursion Δ� is to be kept quite small (Δ� ≲ 25◦) to avoid that small errors in the Δ�meas-
urement result in large errors in the frequency shift. A longer perturber also means less longitudinal
resolution as at every position the electric field is integrated over the whole length and results in
a single measurement sample. On the other hand, the perturber length has to be long enough to
achieve a sufficient so-called phase excursion. The change in phase of S21 must be large enough
to be detected by the VNA and to not be completely superimposed by the measurement noise. The
perturber length is also dependent on the Ql and !0 of the cavity resonance, cf. Eq. (5.5).

Another trade-off lies in the coupling strength of themeasurement antennas to the cavity reson-
ance. The coupling should be quite weak as after all the electric field unperturbed by the antennas
shall be measured, but not too weak so that the measurement trace is impaired by noise. Often, a
few slight changes in antenna positions are necessary to achieve an acceptable compromise. The
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perturbation method is foremost applied to high-Q resonances. For the above mentioned reasons,
measurement of heavily damped modes, achieved e.g. by the deployment of HOM couplers, is
difficult.

5.2. Verification of Simulation Models and Evaluation of the
Three Available 11-Cell Spare Sections

Three spare sections of the SPS 200MHz structure are available which were not in use before LS 2.
Two of these will be required for the post LS 2 configuration in which two 5-section structures
will be rearranged to four 3-sections. RF measurements were conducted on the three spares as a
benchmark of the simulation models used throughout this thesis and to verify their validity. The
results have also been used to select two of the three spare sections to be used post LS 2.

For lab measurements, a section is usually excited by electric probes placed on the longitudinal
axis at both end-plates as this allows to excite all longitudinal modes of interest, see also Eq. (3.6).
The protrusion of the measurement probes into the cavity is adjusted such that weak coupling to the
resonances is ensured. The transmission measurement S21 in the FPB of the three former spares
shows the 11 cavity resonances, see Fig. 5.2. The resonances of spares 1 and 2 coincide well,

Figure 5.2.: On-axis transmission measurementS21 in the frequency range of the FPB of the three
11-cell spare sections.

whereas a significant frequency shift can be observed in spare 3 1. It is easy to associate the meas-
ured resonances with their appropriate wavenumber or phase advance per cell respectively. The
dispersion curve for the three spares is then interpolated over the frequency range of the FPB using
a cubic spline interpolation, see Fig. 5.3. It is planned to also measure the resonant frequencies in
the TM01 passbands once the sections become available for measurements again, so that instead
1In fact, from the way spare 3 was stored it seems unlikely that it was ever used in the SPS.
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5.2. Verification of SimulationModels and Evaluation of the Three Available 11-Cell Spare Sections

Figure 5.3.: Dispersion curves of the three
spare sections interpolated from the meas-
urement of their 11 resonant frequencies in
the fundamental TS11 passband.

Figure 5.4.: Transit time factors (TTFs) of
the three spare sections obtained from their
dispersion curves in Fig. 5.3 and Eqs. (2.20)
and (2.21).

Eq. (3.7) can be used as an interpolation function for the FPB. With Eqs. (2.20) and (2.21) we
obtain the TTFs of the three spare sections shown in Fig. 5.4. Eq. (3.11) was used to obtain the
frequency dependence of the structures under vacuum so that it is immediately possible to read the
tuning of each section from the peak of its TTF. All sections are expected to be fixed-tuned close
to 200.222MHz, cf. Section 3.5, and spares 1 to 3 deliver peak voltage at 200.270, 200.254 and
199.974MHz respectively. The frequency range required for the acceleration of the LHC proton
beam from injection to top energy in the SPS is also shown in Fig. 5.4, dashed lines. The beam is
injected at an energy of 24GeV and an RF frequency of 200.265MHz, cf. Eq. (3.1). The harmonic
number is 4620. The beam is then accelerated and extracted to the LHC at 450GeV corresponding
to an RF frequency of 200.394MHz. It is quite obvious from Fig. 5.4 that the TWSs are tuned
slightly too low for today’s LHC beam. Especially at extraction the structures are operated below
their peak impedance. Spare 3 should undergo a tuning procedure to become a valid spare for the
HL-LHC era. The simulation of an 11-cell tank configuration with stem lengths of 321mm shows
peak voltage at 200.235MHz and is in good agreement with spares 1 and 2.

The geometry factors of the three spare sections were measured with the perturbation tech-
nique introduced in Section 5.1. By observation of Eq. (5.2) it is clear that the sign of the electric
field in the individual cells can not be measured unambiguously. Comparing to the simulated elec-
tric field profile of the respective mode can therefore often be of great help to correctly reconstruct
the sign of the field. As an example of a perturbation measurement, the simulated and measured
longitudinal, on axis electric field Ez of the TS11 5�∕11 resonance in the fundamental passband of
an 11-cell section is compared in Fig. 5.5. The overall agreement between simulation and meas-
urement is excellent, with the measured field strength being slightly larger along the whole length
of the structure. The positions of the drift tubes in which the perturber is shielded from the EM
fields are easily recognised by the noise on the measured electric field.
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Figure 5.5.: Simulated and measured longitudinal, on axis electric field Ez of the TS11 5�∕11 res-
onance in the FPB of an 11-cell section. Both, simulation and measurement are normalised to the
respective stored energy U .

The measured geometry factors for spare 2 are compared to values obtained from eigenmode
simulations in Fig. 5.6. More detailed results for all three spare sections are reported in [44]. Three
measurement traces were taken for each resonance and the data points shown in Fig. 5.6 are the
average of these three runs. The error bars presented in [44] are based on these three samples only.
The overall agreement between simulation and measurement is good. Careful study of the data
however shows a systematic error. The measured geometry factors are around 15% larger than
the corresponding simulated values and this error is independent of frequency. The discrepancy
can be explained by an incorrect form factor Gcyl used in the data post-processing and also gives
a good impression of the sensitivity to the size of the perturber. Eq. (5.4) is the form factor for a
metallic cylinder, however in practice the cylinder is threaded onto the fishing line and fixed by
small amounts of glue at both ends. It is conceivable that the charge distribution on the cylinder is
modified and its polarisability slightly altered so that is does not correspond exactly to Eq. (5.4).
The physical length of the cylinder was 15mm for the measurements reported in Fig. 5.6 and [44].
If the length is increased by only 0.7mm in the post-processing, e.g. an R∕Q of 50Ω is obtained
for the 5�∕11-mode. The measured and simulated electric field profiles shown in Fig. 5.5 for a
cylinder length of 15mm are then quasi-identical. With the adapted form factor Gcyl, simulated
and measured geometry factors are in very good agreement across the frequency range shown in
Fig. 5.6.

The simulated unloaded quality factors in the FPB of an 11-cell section are compared to the
measured quality factors of spare 2 in Fig. 5.7. Each TS11 cavity resonancewasmeasured separately
in transmissionS21 and extremely weak couplingwas ensured on the Smith chart. The transmission
was below -70 dB in all cases so that the measured quality factors can be considered unloaded. The
distribution of the quality factors in the frequency range of the FPB shows increasing RF losses in
going from the �∕11- to the �-mode. These losses are mainly caused by the stem currents and with
increasing phase advance per cell a larger number of stems is subject to strong currents. Refer also
to Eq. (3.5) in this regard.
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5.3. Verification of 25Ω-Equivalent Complex Impedance Loads

Figure 5.6.: Comparison of measured and
simulated geometry factors R∕Q of select
longitudinal modes in an 11-cell resonant
section.

Figure 5.7.: Comparison of measured and
simulated (unloaded) quality factorsQ in the
FPB of an 11-cell section. Very weak coup-
ling to the resonances was ensured through-
out the measurements.

The measured quality factors are lower than the simulated values obtained with a copper con-
ductivity of 5.8⋅107 S∕m. There are numerous possible reasons for this discrepancy. The spare
sections were exposed to the atmosphere for extended periods of time and oxidation or other de-
teriorations of the inner copper layer can lower the quality factors. Before installation in the SPS
tunnel, the cavities will undergo a surface treatment that removes such defects. Other possible
reasons are leakage via the grids in the VPPs or additional losses in the HOM access ports which
are not modelled in order to keep the mesh size at acceptable levels. The situation is similar for un-
damped HOMs, however, most notably for heavily damped TS31 modes in the 630MHz frequency
range, simulated and measured loaded quality factors are very close (not explicitly shown here).

5.3. Verification of 25
-Equivalent Complex Impedance Loads

The theoretical analysis and the simulations in Section 4.3 suggest optimum HOM mitigation of
the 5�∕11 and 14�∕33 high-R∕Q TS31-modes by 35Ω and 25Ω HOM coupler impedances respect-
ively. These impedances could be realised by changing the characteristic impedance of the coaxial
coupler, which would lead to a modification of the inner conductor since the outer pipe diameter is
constrained due to the size of the access ports. This would require a design change of the existing
HOM coupler and fabrication of a large number of coupler parts which comes at high costs. An
alternative approach was therefore developed in this thesis. The desired impedances can also be
realised by loads with complex impedance connected to the output ports of the couplers. Provided
these are designed correctly, such complex loads are then transformed by the 50Ω transmission
line of the existing HOM coupler to the desired impedance at the base of the electric pickup. Like
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so, the couplers can effectively present a 35 or 25Ω impedance to the HOMs around 630MHz.
For this type of implementation the existing HOM couplers do not need to be modified and in
comparison the procurement of complex loads is fairly economical.

The improved damping of the TS31-HOMs with the 25Ω-equivalent complex loads suggested
by the simulations in Fig. 4.17 shall be verified by RF measurements. This requires knowledge of
the electrical length of the 50Ω coaxial line in theHOMcoupler around 630MHz. For this purpose,
reflection measurements were performed on the load port of the coupler with the electric pickup
detached as shown in Fig. 5.8. At 628MHz the measured reflection in the ‘open’ configuration

Figure 5.8.: The 630MHz HOM coupler without the electric pickup. The electrical length of the
50Ω transmission line from the N-standard connector on the right to the mounting point of the
pickup at the top is measured in the open configuration shown and for verification also with a short
in the plane of the mounting point. The coaxial air line contains different dielectrics like e.g. the
ceramic RF window.

is 0.9965∠36.3◦. To test consistency, one can also measure the ‘shorted’ configuration in which
the transmission line is electrically shorted in the plane of the mounting point of the pickup. The
reflection then is 0.9958∠-143.5◦. The two reflections are also recorded in the Smith chart [73]
of Fig. 5.9 for illustration (■ and ▴ respectively). The reflection coefficient Γ(0) at the end of a
transmission line of length l is transformed to its input according to

Γ(l) = Γ(0) e−2
l (5.6)

with the propagation constant 
 . The electrical length of the transmission line in the HOM coupler
is hereby determined to 162◦ at 628MHz. Its mechanical length is slightly shorter with roughly
19.5 cm due to the dielectrics like e.g. the ceramic RF window.

The desired impedance that is to be presented to the HOMs must now simply be transformed
via the coupler line to determine the appropriate impedance of the complex loads. This is illus-
trated for the case of the 25Ω-equivalent impedance in Fig. 5.9. The start of the transmission line
is at the base of the electric pickup and the desired input impedance is (25+j0)Ω. This impedance
is transformed in the direction of the load following Eq. (5.6) in the lossless case. The input im-
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5.3. Verification of 25Ω-Equivalent Complex Impedance Loads
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Figure 5.9.: Smith chart [73] illustrating the development of complex loads for the TS31 HOM
coupler. The chart is normalised to the 50Ω characteristic impedance of the coupler and all entries
are at the frequency of 628MHz. The electrical length of the coupler transmission line is measured
in reflection for an open (■) and a shorted (▴) configuration. The complex load impedance at ⧫
is required to obtain the desired 25Ω ( ) at the base of the electric pickup of the HOM coupler.
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pedance or corresponding reflection coefficient of 25Ω-equivalent complex loads (⧫ in Fig. 5.9)
must be Z25Ω = (26.9 + j11.8)Ω

Γ25Ω = 0.333∠144.3
◦ .

(5.7)

For a 35Ω-equivalent complex load (⬟ in Fig. 5.9)
Z35Ω = (36.7 + j7.8)Ω
Γ35Ω = 0.176∠144.3

◦ (5.8)

is required.
The improved HOM damping across the 630MHz frequency range with complex loads is

demonstrated on an 11-cell section equipped with the longitudinal, pre-LS 2 damping scheme il-
lustrated in Fig. 5.10. The complex load impedances of Eqs. (5.7) and (5.8) were realised with

Figure 5.10.: Cavity configuration used for the verification of complex loads. Transmission meas-
urements are performed for four cases of load impedances on the HOM couplers: no loads, the
50Ω standard as well as 35Ω- and 25Ω-equivalent complex loads. Only the two couplers in cells
four and eight contribute to damping of the TS31 5�∕11-mode, cf. Fig. 4.3.

adjustable triple stub tuners for these measurements. A more practical implementation of the 25Ω-
equivalent complex load for large scale deployment in the SPS would e.g. be a 25Ω resistive load
in series with a coaxial line of 18◦ (+ n⋅360◦, n=0,1,2,. . . ) electrical length.

Figure 5.11a shows the on-axis transmission for the different HOM coupler loads [74]. For this
type of excitation, a measurement of the loaded quality factor Ql of the 5�∕11-HOM at ≈627MHz
is not possible for any of the three loads. The installation of 35 and 25Ω-equivalent complex loads
results however in reduced transmission over the whole frequency range compared to the 50Ω
standard loads, indicating overall increased mode damping. The 5�∕11-mode shows strong field in
cells six and ten of an 11-cell section, cf. Fig. 4.3. The cavity was therefore excited via electric
probes installed in the HOM-ports on top of these cells to measure the quality factor of the 5�∕11-
mode for the different loads. The transmission S21 for this excitation is shown in Fig. 5.11b and the
5�∕11 resonance is now visible at ≈627MHz. The position and coupling of the excitation probes
was left untouched during all measurements. The results of the Ql measurements are shown in
Table 5.1. The best damping is achieved with a coupler impedance of around 35Ω for the 5�∕11-
mode as suggested by the simulation results reported in Fig. 4.17. Compared to the 50Ω standard
load the Ql is reduced by 27%. Additional mitigation might be expected due to a reduction in
R∕Q, however, as was already explained in Section 5.1.2, measurement of R∕Q with a perturbation
method of heavily damped modes is difficult. The pre-LS 2 damping scheme used here on a single
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5.3. Verification of 25Ω-Equivalent Complex Impedance Loads

(a) On-axis excitation via electric probes at both ends of
the structure.

(b) Excitation via electric probes in the HOM-ports on cells
six and ten that feature strong electric field of the 5�∕11-
mode, cf. Fig. 4.3.

Figure 5.11.: Measured transmission S21 for different HOM coupler loads in the cavity setup of
Fig. 5.10. Adjustable triple stub tuners implementing the impedances of Eqs. (5.7) and (5.8) result
in 35 and 25Ω equivalent coupler input impedances at the base of the HOM coupler pickups.

section is not optimal for damping the 5�∕11-mode and the HOM couplers in cells five and seven
are ineffective on this mode, cf. Fig. 4.3. Even larger improvement due to the complex loads can
therefore be expected on an optimised damping scheme, like e.g. the one proposed for the 33-cell
structure in Section 4.3.

Simulations suggest that the HOM with the largest impedance in 33-cells has a 14�∕33 phase
advance and the optimal HOM coupler impedance for this mode is around 25Ω, cf. Fig. 4.17a. The
14�∕33-mode does not exist on an 11-cell section due to the boundary conditions and could therefore
not be measured, but agreement between simulation and measurement for the 5�∕11-mode is excel-
lent and is considered sufficient for a proof-of-principle. These measurements give confidence in
the simulation results obtained for a 33-cell structure. A 25Ω-equivalent load is not optimal for the

Table 5.1.: Measurement of the loaded quality factorQl of the TS31 5�∕11-mode for different HOM
coupler loads in the cavity setup of Fig. 5.10. The improved damping for the 35 and 25Ω-equivalent
loads is given with respect to the 50Ω standard load. Note that the damping scheme is not optimal
for the mitigation of the 5�∕11-mode and the improvements are likely to be larger for the optimised
damping scheme on the 33-cell structure.

f Ql ΔQ50Ω
[MHz] [%]

50Ω 626.98 397 -
35Ω-equiv. 626.78 290 27
25Ω-equiv. 626.70 329 17
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5�∕11-mode, but still results in a considerable damping improvement compared to the 50Ω load.
The use of 25Ω-equivalent loads on all 630MHz HOM couplers in the SPS tunnel has therefore
been suggested to the LIU management to maximise mitigation of the 14�∕33-mode that has largest
impedance, but keep the complex load implementation and the new damping scheme relatively
straightforward at the same time.

5.4. Verification of Resonant Posts

Themain purpose of the resonant posts in the new damping scheme proposed for the 33-cells (illus-
trated in Fig. 4.25) is the mitigation of the two high-R∕QHOMswith 14�∕33 and 5�∕11 phase advance.
The improved HOM mitigation suggested by the simulation results reported in Section 4.5 shall
be demonstrated by RF measurements. A fully equipped 33-cell structure is not available, which
is why the measurements were carried out on a resonant 11-cell section in the setup illustrated in
Fig. 5.12. VPPs are available below cells three, six and nine of each section, cf. Fig. 3.7, but from

Figure 5.12.: Cavity configuration used for the verification of resonant posts by RF measurements.
A resonant post is placed in the VPP of cell six in which the TS31 5�∕11-mode features strong electric
field, cf. Figs. 4.3 and 4.4.

inspection of Figs. 4.3 and 4.4 it is clear that a resonant post is effective on the 5�∕11 HOM only
in cell six. Note that the 14�∕33-mode does not exist in 11-cells. It was already described in Sec-
tion 4.4 that the installation of numerous HOM couplers in the upper half of the section creates a
structural asymmetry such that a large portion of the resonant fields are pushed into the lower half
of the structure where they are inaccessible via the top access ports. The use of resonant posts can
also attenuate these effects.

The on-axis transmission between electric pickups placed at the two end-plates without and
with the resonant post in cell six is shown in Fig. 5.13. The 5�∕11 HOM is at the frequency of
≈ 626.5MHz, refer back to Fig. 5.11. In the case that the resonant post is installed, the transmission
around this frequency is heavily reduced, indicating a mitigation of the 5�∕11-mode. The mitigation
is even larger than the one achieved with complex loads, compare to Fig. 5.11a. Other resonances
visible in this frequency range are impacted less as their electric field is comparatively weak at the
position of the post in cell six. Slightly larger transmission can be observed around 633MHz. This
is in very good agreement with the impedance simulations of Figs. 4.26 and 4.27 as well which
show slightly increased impedance below and above the resonant frequency of the post. In the
measurements of Fig. 5.13, larger transmission can not be observed at lower frequencies, however
no statement can be made on the 16�∕33-mode indicated in Fig. 4.26 as it does not exist in an 11-cell
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5.5. Measurement of Transit Time Factor of Travelling Wave Structures

Figure 5.13.: Measured transmission S21 in an 11-cell section with the HOM coupler configuration
illustrated in Fig. 5.12 and without and with the resonant post in the bottom of cell six.

section. Overall, a clear mitigation of the high-R∕Q mode is demonstrated and agreement with EM
simulations is given. The performance of the resonant posts on the 33-cell structure as suggested
by simulations is therefore considered trustworthy.

5.5. Measurement of Transit Time Factor of Travelling Wave
Structures

The installation of HOM mitigation devices in the TWSs leads to an unavoidable influence on the
fundamental accelerating mode. It is unknown if detailed investigations of this parasitic impact
were ever conducted, e.g. in terms of a loss in the accelerating voltage delivered by the TWSs
equipped with the HOM damping scheme deployed so far. In comparison, the newly proposed,
improved HOM damping scheme uses an even higher number of HOMmitigation devices. During
its development phase, the decision was therefore taken to properly quantify and assess the impact
on the accelerating voltage. One such influence is a detuning of the TWSs which were originally
tuned without the presence of any HOM couplers, cf. Section 3.5. The frequency dependence of
the RF voltage is entirely contained in the transit time factor (TTF) and eventually in the phase slip
� of the TWS, cf. Eqs. (2.20) and (2.21). The sin(x)∕x-behaviour of the TTF and thereby also the
tuning of the TWS could in theory be reconstructed by sampling the frequency range of its funda-
mental passband with non-resonant perturbation measurements of the accelerating voltage (bead
pull method). Application to the 200MHz acceleration system in the SPS is however infeasible due
to the extreme mechanical length of the TWSs with up to 21m. Therefore, an alternative method
was conceived. As will be shown in the following, the TTF can also be obtained frommeasurement
samples in each accelerating gap. Opposed to perturbation techniques, the RF voltage can however
certainly not be measured in absolute terms as in practice measurement probes must be positioned
off-axis.
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5.5.1. Theory

We start our analysis similar to Section 3.6.1 by describing the travelling wave injected by the
generator with

E+(z, t) = E0 e−jkz ej!t ,

for once also explicitly writing the time harmonic dependence. We canmeasure this travelling wave
atN off-axis sampling points in the gap centres at z = np, i.e. via the lateral ports on each section
of the SPS structure, see Fig. 3.7. Like this, we obtain field strength readings proportional to the
on-axis values in the respective gaps. The situation is illustrated in the schematic of Fig. 5.14. In

Figure 5.14.: Schematic view of a TWS providing access ports for RF measurements in each ac-
celerating gap at the positions z = np, n = 0, 1, ...N − 1. The beam passes the centre of each gap
at t = nΔt.

passing through all gaps, the beam experiences merely time-shifted versions of our measurement
samples and so we write the measured voltage Vrf ,m as

Vrf ,m ∝
N−1
∑

n=0
E0 p e

−jknp ej!nΔt . (5.9)

Here we assumed a constant electric field across each gap and Δt = p∕vp is the time it takes the
beam to pass from one gap to the next. We use a linear expansion around the synchronous point
(!0, k0) of the dispersion curve

! = !0 + Δ!

k = k0 +
dk
d!
Δ! = k0 +

Δ!
vg

116



5.5. Measurement of Transit Time Factor of Travelling Wave Structures

to express the exponent in Eq. (5.9) via the phase slip � defined in Eq. (2.20). The time shift for the
backward �∕2-mode at synchronism is Δt = �∕2!0. We reformulate the exponent in Eq. (5.9) to

knp − !n
�∕2
!0

= n
(

Δ!
vg
p − �

2
Δ!
!0

)

=
np
vg
Δ!

(

1 −
�∕2
p
vg
!0

)

=∶ n�
N
.

The geometric series becomes

Vrf ,m ∝ E0 p
N−1
∑

n=0
e−j

n�
N = E0 p

1 − e−j�

1 − e−j
�
N

. (5.10)

We now separate modulus and phase and obtain for what we measure

Vrf ,m ∝ E0LejΦ
sin(�∕2)

N sin(�∕2N)
. (5.11)

When comparing to the RF voltage

Vrf = E0 ejΦL
sin (�∕2)

�∕2
⏟⏟⏟

TTF

(Eq. (2.21) revisited)

actually seen by the beam, we notice that the TTF differs only in the denominator. The difference
will become significant for �∕2N > �∕4, so for � > N�∕2. This is merely the case for very large
Δ!, e.g. �(Δ!=1MHz)= 0.53 rad only. The error manifests itself in amplitude. We can therefore
measure the TTF of a TWS by summing time shifted measurement samples taken in its accelerating
gaps. The synchronous frequency to which the TWS is tuned is easily obtained via the peak of the
TTF. It should be mentioned that an RF feedback system implementing the summation of cell
signals similar to Eq. (5.9) was first proposed in [75] for compensation of beam loading.

5.5.2. Application to the TWSs in Use Until Long Shutdown 2 in the SPS

The previously described measurement method is now applied to the four TWSs that were used in
the SPS until LS 2. The setup for the measurement of the TTF is illustrated in Fig. 5.15. A VNA
is used to inject a travelling wave while sweeping the frequency range of the FPB. The coaxial
feeder lines connecting the RF generators to the input matching network are replaced by adaptors
to the type N connector standard. The two input ports of the structure are driven simultaneously
via a 3 dB combiner. The travelling wave is probed with the second port of the VNA in each gap
of the structure via the lateral access ports. Modulus and phase of the transmissionS21 across the
frequency range of the FPB are recorded in each cell for data post-processing later on.
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Figure 5.15.: Setup for measurement of the RF voltage in the SPS TWS. One port of the VNA is
used to inject a travelling wave and the second port to probe the wave in each gap. The coaxial
lines in front of the input matching network are equipped with adaptors to the type N connector
standard. A 3 dB combiner is used to simultaneously drive the two input ports of the structure.

Most precise results would be obtained by using the same measurement probe in each lateral
port or a set of previously calibrated probes. Even probes of the same type might differ slightly in
their RF characteristic, i.e. falsifying the phase advance per cell of the travelling wave measured
in consecutive cells. For economical reasons2 the lateral loop couplers already in place on the
TWSs are used. Prior to this, the transmission to a small number of lateral loops was measured
in the same cell. This showed a phase difference within less than a degree so that the precision of
measurements with non-calibrated pickups should be appreciable.

The measurement data is time-shifted and summed according to Eq. (5.9). The results for the
four SPS TWSs that were in operation until LS 2 and of which two consist of four and two of five
11-cell sections are shown in Fig. 5.16. The |sin x∕x| characteristic of the TTF is easily recognised
as well as the smaller bandwidth of the longer 55-cell structures. The structures were measured
under atmospheric pressure, but Eq. (3.11) was used to calculate the frequency dependence under
vacuum. The TWSs were originally fixed-tuned to 200.222MHz, cf. Section 3.5 and [27]. How-
ever, from the measurements we observe the peak impedance of all four structures at significantly
lower frequencies. A possible explanation for this detuning are the numerous HOM couplers of the
longitudinal and transverse damping schemes added after the original tuning to 200.222MHz. This
is further supported by the fact that a significant difference in synchronous frequencies of TWSs 1
and 2 of 26 kHz is measured that could be attributed to the TWS1 being equipped with two addi-
tional transverse HOM couplers compared to TWS2. TWSs 3 and 4 are equipped with identical
numbers and types of HOM couplers and show peak impedance at almost identical frequencies
(3 kHz apart). The impact of the HOM couplers on the frequency dependence of the accelerating
voltage is investigated in further detail in the following section. The amplitude difference visible
in Fig. 5.16a is most likely due to lateral loops with slightly different RF characteristics installed
on the TWSs. The field magnitudes measured in all gaps show the characteristic �-pattern due to
the slight mismatch of the structures [76], which was predicted by the theory in Section 3.6.1 and
also already observed in simulations, see Fig. 3.23a.
2Demounting of the lateral pickups would later on require a costly replacement of their vacuum gaskets.
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5.6. Impact of HOM Couplers and Resonant Posts on the Accelerating Passband

(a) 44-cell TWSs. (b) 55-cell TWSs.

Figure 5.16.: Measurement of frequency dependence of the RF voltage in the four SPS TWSs in
operation until LS 2 with the longitudinal and transverse HOM couplers in place. The frequency
dependence shown is for evacuated structures and was derived from the one under atmospheric
pressure using Eq. (3.11). The synchronous frequencies of the TWSs 1 to 4 are 200.063MHz,
200.089MHz, 200.136MHz and 200.133MHz respectively. The dashed, vertical lines highlight
the frequency range required for ramping the LHC proton beam in the SPS.

5.6. Impact of HOM Couplers and Resonant Posts on the
Accelerating Passband

Impairment of the fundamental accelerating mode by HOM couplers inserted into a TWS is con-
ceivable inmanyways of which the following three are considered here. The couplers can introduce
a detuning as well as a mismatch to the RF generator and terminating load. An unwanted damping
of the FPB is possible as well in case that coupling occurs also to the accelerating mode. It is en-
visaged to perform the matching procedure for the post-LS 2 TWSs with the new HOM damping
schemes in place so that no deterioration is to be expected in this regard. In the following, we first
study the detuning and later on the possible damping of the accelerating mode.

Eight HOM couplers were added on the 4-section TWS2 to allow a detailed study of the
detuning by measurements. Figure 5.17 compares the TTF of this structure before and after the
addition of the eight couplers and suggests a detuning to lower frequencies by 85 kHz. This is to
be expected since the couplers are placed in regions with strong electric field of the fundamental
mode. Recall that the TWSs are fixed-tuned to the frequency of 200.222MHz which is below
the frequency range of the ramp of the LHC proton beam in the SPS. The situation is further
aggravated by the numerous HOM couplers placed on the structures in the existing and especially
also the future, improved mitigation schemes. Figure 5.18 shows the additional loss in RF voltage
which is provided by the 4-section TWS2 in the frequency range required for the ramp of the LHC
proton beam due to a further detuning by -85 kHz. The loss in RF voltage amounts to roughly 2.5%
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Figure 5.17.: Measurement of frequency de-
pendence of the RF voltage in the SPS 44-
cell TWS2 with and without eight additional
HOM couplers. The frequency dependence
shown is for evacuated structures and was de-
rived from the one under atmospheric pressure
using Eq. (3.11). The synchronous frequency is
shifted due to the additional HOM couplers by
-85 kHz to 200.004MHz. The dashed, vertical
lines highlight the frequency range required for
ramping the LHC proton beam in the SPS.

Figure 5.18.: RF voltage drop ΔVrf in 44- and
33-cell TWSs detuned by -85 kHz with respect
to structures tuned to 200.089MHz in the fre-
quency range required for the ramp of the LHC
proton beam from 26GeV to 450GeV in the
SPS.

at injection and 3.5% after acceleration to 450GeV. This figure does not show the amount of RF
voltage which is already lost due to the existing HOM damping scheme nor due to the fact that the
structures are intrinsically tuned below the frequency range of the ramp.

The �∕2-mode in the centre of the FPB has a large group velocity. A perturbation of the
phase advance over individual cells that are equipped with HOM couplers can therefore not be
observed [76]. The frequency of the �∕2-mode rather shifts by the same amount in all cells, also in
those not equipped with HOM couplers. The shape of the dispersion curve around the �∕2-mode is
therefore not altered by the presence of the HOM couplers and is merely shifted to lower frequen-
cies.

The three spare sections evaluated in Section 5.2 were grouped into a 33-cell structure to
measure the detuning for this configuration. The simultaneous complex conjugate matching (SCM)
procedure of Section 3.6.2 was implemented via adjustable coaxial lines (‘trombones’) to ensure a
proper travelling wave fundamental mode in this setup. The measurement results should however
be taken with care as spare section 3 is severely detuned, cf. Fig. 5.4. In addition, measurement
of the phase advance per cell confirmed that reused stem-assemblies hosting the FPCs in the two
end-cells were detuned as well. Due to delays in the production of the 630MHzHOM couplers, the
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5.6. Impact of HOM Couplers and Resonant Posts on the Accelerating Passband

33-cells could not be fully equippedwith the newly proposed damping scheme yet. From the impact
on the TTF of the 33-cell test setup, the frequency shift due to the six additional 630MHz couplers
of the newly proposed damping scheme is estimated to -40 kHz and due to the three resonant posts
to -40 kHz as well [76]. The frequency shift of a resonant post is about twice as large as that of a
630MHz HOM coupler. The more broadband 33-cell structures are less susceptible to detuning
compared to 44-cells as is illustrated in Fig. 5.18. The additional loss in RF voltage that has to be
expected due to the proposed damping scheme is around 2% at the extraction frequency when the
33-cell structure is assumed to be tuned to 200.089MHz beforehand. The improved stability of
the LHC proton beam obtained from the increased HOM damping outweighs however the effects
of the reduced accelerating voltage, cf. [77]. Note that overall the 33-cell structures are expected
to be tuned 420 kHz below the extraction frequency in the post-LS 2 configuration, including also
the HOM couplers for transverse HOMs. The loss in RF voltage is then 2.5% at the beginning
and 6% at the end of the ramp with respect to the peak voltage the structure could deliver at its
synchronous frequency. It is planned to measure the tuning of all, fully equipped TWSs with the
method proposed in Section 5.5 before the restart of the SPS after LS 2. Retuning of the TWSs to
higher frequencies, e.g. the extraction frequency, by shortening all stem lengths is infeasible due
to the large and complicated workload. In case a retuning becomes desirable, the protrusion of
metal pins through all pedestals into the area with strong magnetic field around the stems might be
feasible.

The 630MHz HOM coupler also picks up the TS11 fundamental mode as its field profile is
similar to that of the TS31 HOM. The coupler is therefore equipped with a notch filter to reject
the 200MHz accelerating mode and avoid undesired damping in the FPB. To asses the residual
damping of the fundamental mode, the transmission of the travelling wave to the terminating load
of a number of couplers was measured. The measurement setup illustrated in Fig. 5.15 can also be
used for these measurements when the receiving port of the VNA is connected to the load ports of
the HOM couplers. The transmissionS21 of the injected travelling wave to three couplers randomly
selected on the 4-section TWSs 1 and 2 are reported in Fig. 5.19. The typical notch characteristic of
low transmission is visible around 198 to 199MHz in the measurements. From the samples taken,
the filters seem to be tuned slightly too low. Analysis of the filter characteristics by transmission
line theory shows that the heating of the filter during operation (see Fig. 4.32) and the possibly
resulting expansion of the inner conductor will rather aggravate the situation. However, if we
assume a worst case transmission to the loads of -50 dB, a power of 10W is terminated in each
HOM coupler which are equipped with resistive loads of a 25W maximum power rating. Overall,
the tuning of the notch filters and the residual damping of the fundamental mode by the 630MHz
HOM couplers is presently considered acceptable.
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Figure 5.19.: Measured transmission S21 from the RF input in the measurement setup of Fig. 5.15
to the load ports of three different 630MHz HOM couplers installed on the two 4-section TWSs.
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6. Conclusions and Outlook

The main goal of this thesis was to develop an improved impedance mitigation of HOMs around
630MHz in the SPS 200MHz acceleration system. The source of these HOMs was identified
as transverse stem resonances in the first higher order passband of the fundamental accelerating
mode. The most deteriorating, high impedance HOMs were identified via their phase advance per
cell and the existing damping scheme was systematically improved to target these specific modes.
The theory of critical coupling between two resonators had been applied to single gap cavities in
the past to achieve optimum mode damping with a resonant coupler. This thesis showed that the
theory can also readily be applied to multi-cell cavities and by applying this technique a signific-
ant and practical improvement of the existing HOM coupler was proposed. The effectiveness of
implementing the critical coupling via complex impedance loads was demonstrated in simulations
as well as measurements and this method also significantly reduces the workload and costs for the
upgrade.

The feasibility of solutions for the HOM impedance mitigation was constantly taken into ac-
count throughout the thesis. For even further improvement of the HOM mitigation, this led to the
development of resonant posts, which are the most practical solution that can take both the field
distribution of the HOMs as well as the available access ports on the SPS TWS into account. Due
to their innovative character, the resonant posts underwent additional studies regarding possible
issues like thermal heating, RF breakdown and the impact on the accelerating mode. No signific-
ant restrictions were identified that would exclude resonant posts from being deployed in the SPS
acceleration system.

The development of a new HOM mitigation scheme focused on the new 33-cell configuration
of the accelerating structure, but the process of step-by-step mitigation can also readily be applied
to any number of cells and to multi-cell standing wave structures in general. The new HOMmitig-
ation scheme for the 33-cell structures proposed in this thesis reduces the peak impedance around
630MHz by a factor of 2.5 with respect to the existing damping scheme. On the 44-cell struc-
tures the peak impedance can even be reduced by a factor of 2.8 by deploying complex impedance
loads on the existing damping scheme alone. Keeping in mind that the HOMs were already heavily
damped before, this is a considerable improvement that will significantly increase the multi-bunch
instability threshold of the SPS. The results were thoroughly verified by applying two simulation
codes that use different solver methods as well as by RF measurements on an 11-cell section. Both,
simulation and measurement are in good agreement. The developed technical solutions were pro-
posed to the CERNmanagement and at present, it is planned to equip the existing 630MHz HOM-
couplers on both the 33- and 44-cell structures with complex impedance loads for the restart of
the SPS after LS 2. In the case that additional impedance reduction of the TS31 HOMs is later on
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considered necessary in order to reach the required beam intensity for the HL-LHC, it is envisaged
to install also the resonant posts.

This thesis also showed by an analytical approach that the transit time factor of a TWS can be
obtained by summing time-shifted measurement samples taken in each gap of the structure. Ap-
plication of this measurement method to the long TWSs of the SPS revealed that the synchronous
frequencies, for which the phase slip between particles and travelling wave vanishes, are signific-
antly lower than the expected 200.222MHz to which the structures were originally fixed-tuned.
The consequence is that the TWSs deliver significantly less than their peak RF voltage in the fre-
quency range required for the ramp of the LHC proton beam, especially at extraction. This is a
valuable input given by this thesis to particle-tracking simulations, which already resulted in better
agreement between measured and simulated beam phenomena [78].

Besides the theoretical work, the measurement methods were also used to study the detuning
effect of HOM couplers and resonant posts on the FPB in unprecedented detail. It was shown
that the detuning of the TWSs is in fact due to the numerous installed HOM couplers and that
the situation is further aggravated if additional HOM impedance mitigation shall be implemented.
Preliminary measurements on a 3-section test setup determined the additional detuning that must
be expected due to the newly proposed damping scheme consisting of additional HOM couplers,
complex impedance loads and resonant posts. From these findings it can be concluded that the
improved HOM impedance mitigation provided by the new scheme outweighs the effects of the
loss in RF voltage [77]. It is also planned to measure with the method proposed in this thesis the
tuning of the six TWSs that will be used after LS 2 once these are fully equipped with their new
HOMmitigation schemes. The RF voltage delivered by the SPS acceleration system is then known
across its full bandwidth, which is also an important contribution of this thesis to the operation of
the SPS in the HL-LHC era.

In connection with this thesis, further insight could be gained regarding thematching of TWSs.
The effectiveness of the non-iterative simultaneous complex conjugate matching (SCM) procedure
for obtaining a proper travelling wave was successfully demonstrated in simulations as well as in
a 3-section measurement setup. This not only enabled the detuning study of the HOM couplers
already discussed above, but also the measurement of the phase advance per cell. The latter showed
a detuning of the TS11 �∕2-mode frequency of the stem assemblies in the end-cells of the 3-section
measurement setup that are housing the fundamental coupling loops. New end-cell stem assemblies
will have to be manufactured for the post-LS 2 TWS configurations and the thesis demonstrated
that measuring the phase advance is a practicable tuning procedure. The two additional sections
which are required for the post-LS 2 configuration of the SPS acceleration system were chosen
based on measurements of the three available spare sections reported in this thesis. Most of the
simulation results presented in this thesis would not have been feasible without the extensive use of
the computationally efficient unit-cell approach with periodic boundaries. This required however
the implementation of a lossy perfectlymatched layer (PML) for the simulation of the resistive loads
of HOM couplers. The implementation via the PML significantly facilitated the improvement of
the HOM mitigation scheme and this technique is of interest for the design of HOM couplers in
general.
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A. Some Details on Travelling Wave
Structures

Consider a constant impedance TWS that is used for particle acceleration only in the frequency
range for which its dispersion is linear. The group velocity vg = d!∕dk is then constant with
frequency and along the structure. With the stored energy per unit length U (z) and the power flow
P (z) follows

P (z) = vg U (z). (A.1)
Designating the power dissipated per unit length by )P∕)z, the quality factor is

Q = !U
)P∕)z

(A.2)

and the first order differential equation

P (z) =
vgQ
!

)P
)z

(A.3)
is obtained. We make the usual ansatz to model exponential decay

P (z) = P0 e
− z
l0 (A.4)

where P0 is the (rms) power injected at z = 0 and

l0 =
vgQ
!

(A.5)

is the attenuation length for which the power flow decayed to e−1 of its initial value.
Let the accelerating field be designated by E(z), then the geometry factor per unit length is

(see also Eq. (2.12))
R
Q

[

Ω∕m
]

= E2

!U
(A.6)

from which with Eq. (A.1) the so-called series impedance

R2[Ω∕m2] =
E2

P (z)
= !
vg
R
Q
= R
l0

(A.7)

is obtained. R is the shunt impedance per unit length. Eqs. (A.5) and (A.7) describe important
parameters of a TWS and the results obtained here are given in [27, 36].

125



Wewould now like to relate the accelerating voltage to the power required to obtain this voltage
in a TWS at the edges of the usable frequency band ±Δf∕2. At these frequencies the particles
acquire a phase slip ±� along the length of the structure L in relation to the accelerating wave, see
Section 2.4 and [36]. The group velocity can be expressed for this purpose by

vg =
d!
dk

= 2�
Δf
2
L
�
. (A.8)

The peak accelerating voltage is seen by a particle that enters the structure at such a phase so that
it is at the crest of the wave in the middle of the structure

V = E L
sin (�∕2)

�∕2
, (A.9)

see Eq. (2.21). The expression we are looking for can then be derived by squaring Eq. (A.9) and
substituting with Eqs. (A.7) and (A.8) to

V 2

P
= 8 R

Q
f
Δf

(sin (�∕2))2

�
L. (A.10)

This shunt impedance has its maximum at
�opt = 2.34 rad = 134◦ (A.11)

so that the quantity V 2∕P becomes [36]
V 2

P
= 2.9 R

Q
f
Δf

L (A.12)

at the edges of the usable frequency band. The optimum length of one travelling-wave guide for
which the phase slip at the edges of the band accumulates to ±�opt then follows from Eq. (A.8) to

lopt = 2.34
vg
�Δf

. (A.13)

Any desired length can be chosen by adjusting the group velocity of the TWS. A small number
of longer guides is preferable over a large number of shorter guides due to the individual power
sources, feeder lines and loads. In the case of a synchrotron the maximum length is limited by the
length of the straight sections of the accelerator ring. However, the group velocity influences also
other important parameters like the series impedance and the filling time. Following Eq. (A.7), the
power required to obtain a given accelerating field E(z) is inverse-proportional to vg, which should
therefore be chosen as small as possible. The filling time of a TWS is

tf =
L
vg
. (A.14)

As an example we consider the TWS used in the SPS with 44 cells and an active length of roughly
16.1m. The group velocity at center frequency is 0.0946 c resulting in a filling time of 0.567�s.
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Some Details on Travelling Wave Structures

The revolution period in the SPS with a circumference of 6912 km is roughly 23�s for the ultra-
relativistic case. The fact that the filling time is only a fraction of the revolution period means that
the RF system can be operated in pulsed mode despite the fact that the common type of beam is
composed of several hundreds of bunches. Furthermore, this means that the beam loading of the
fundamental accelerating passband is of transient type (opposed to steady state).

We can relate the optimum physical length of the guide to its attenuation length by using
Eqs. (A.5) and (A.13) as done in [36] and obtain

lopt
l0

= 4.68
f

QΔf
. (A.15)

A typical normal-conducting accelerating structure operated at 200MHz has a quality factor of
around 20000. If as an example the relative frequency swing of 0.44% required for acceleration in
the SPS (see Eq. (3.2), injection at 10GeV) is used then lopt ≈ 0.053 l0. This means that in practice
the guide length is very small compared to the attenuation length and that therefore the structure
itself can assumed to be lossless or equivalently that the accelerating field is constant along the
structure.
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B. Equivalent Circuit and Dispersion
Relation for Multi-Stem Drift Tube
Structures

A waveguide which is periodically loaded by stems behaves as an array of coupled circuits. The
coupling is of resonant type, as the stems are resonant elements that create an associated passband.
The circuit in Fig. 1.11 can therefore serve as a basis to describe the behaviour of such a struc-
ture. We modify the circuit as shown in Fig. B.1 to also include the mutual couplings that occur
in the actual structure. Figure B.1 shows two cells of the periodic structure and each cell includes

Cd Ld Ld
Cd

LsLs CsCs

Cd Ld Ld Id
Cd

Is

Ls
I4

Ls
I1

Cs
I2

Cs
I3

MdMd

Ms
MsMs

Vs Vsej'

Figure B.1.: Equivalent circuit for multi-stem drift tube structure.

two resonators. The drift tube resonator consists of the series capacitance Cd∕2, representing the
gap capacity between drift tubes, and the inductance 2Ld , representing the magnetic energy stored
around the drift tubes and the gap. The shunt inductors Ls model the stem inductances, e.g. the
inductance of one stem in the SPS parallel-stem structure. The capacitors Cs represent the capa-
citance between the drift tube and the outer cylinder. The resonant frequencies of the drift tube
and stem resonators are !d = 1∕√LdCd and !s = 1∕√LsCs respectively. Some of the magnetic flux
surrounding the stems will also couple to those of the adjacent cells. This inter-cell coupling is
modelled by the mutual inductanceMs. A single drift tube is modelled by two separate inductors
in successive cells, see Fig. B.1. In the actual structure these inductances share the same core,
which is why the mutual inductanceMd needs to be included to properly model the EM behaviour
of the structure.

To derive the dispersion relation of this circuit, we assume a lossless structure as well as the
steady state and use Kirchhoff’s circuit laws and Floquet’s theorem. Let Vs be the potential on the
centre of the left drift tube in Fig. B.1 with respect to the outer cylinder. The current Is is flowing
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via the stems to the outer cylinder and the current Id through the drift tubes and the gaps. We know
from Floquet’s theorem that all currents and voltages are simply multiplied by the factor ej' when
moving down the structure by one cell, cf. Eq. (1.6). For further current notations see Fig. B.1.
Let us derive the dispersion equation withMd = 0 at first, as this mutual inductance can be easily
added to the relation later on. We set up the equations

Vs
(

1 − ej'
)

= 2Id

(

j!Ld +
1

j!Cd

)

(B.1)
Vs = j!LsI1 + j!MsI4e

−j' (B.2)
= j!LsI4 + j!MsI1e

j' (B.3)
= 1
j!Cs

I2 =
1

j!Cs
I3 (B.4)

Is = Id
(

e−j' − 1
) (B.5)

Is =
4
∑

i=1
Ii . (B.6)

From Eqs. (B.5) and (B.6) we get

Id
(

e−j' − 1
)

= j
2Cs
!
Vs

[

!2 −
!2s

1 − k2s
(1 − ks cos')

]

, (B.7)

when introducing the typical definition of coupling factor ks = Ms∕Ls. We rearrange and set into
Eq. (B.1) to eliminate Id and Vs

(1 − cos') =
2Ld
Ls

1
!2!2s

(

!2 −
!2s

1 − k2s

(

1 − ks cos'
)

)

(!2 − !2d) . (B.8)

Adding the mutual inductanceMd to this relation is easy, as merely the additional term!Md cos'
must be added to the right hand side of Eq. (B.1). After minor adjustments, the full dispersion
equation for the equivalent circuit in Fig. B.1 reads

sin2
'
2
=
Ld
Ls

(

!2

!2s
−
1 − ks cos'
1 − k2s

)(

1 −
!2d
!2

+ kd cos'

)

, (B.9)

with
!d =

1
√

LdCd
!s =

1
√

LsCs
kd =

Md

Ld
ks =

Ms

Ls
. (B.10)

The dispersion equation has two solutions corresponding to the TS11- and TM01-passbands and
with '=0 we find their 0-mode frequencies as

!d,0 =
!d

√

1 + kd
!s,0 =

!s
√

1 + ks
. (B.11)
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Equivalent Circuit and Dispersion Relation for Multi-Stem Drift Tube Structures

(a) TS11- and TM01-passbands. (b) TS11-passband (zoom).

Figure B.2.: The TS11- and TM01-passbands of the SPS 200MHz TWSmodelled by the equivalent
circuit in Fig. B.1.

The parameters of the dispersion equation can e.g. be obtained by requiring that the two curves
pass through a number of selected phase-frequency pairs obtained from simulation ormeasurement.
Figure B.2 shows a comparison between the simulated and calculated dispersion curves. For the
case that both mutual couplings are zero we have !d,0 = !d and !s,0 = !s and we use three
phase-frequency pairs to calculate three unknown parameters of the dispersion equation (we are
only interested in the ratio r = Ld∕Ls). The two 0-modes and the �∕2-mode of the stem-band were
used in this case. In the case of the full circuit model, the 0- and �∕2-modes of both passbands were
used in addition to the �-mode of the stem-band to determine five parameters of the dispersion
equation. The agreement between simulation and equivalent circuit for the stem-band is excellent
in the case with mutual couplings, see Fig. B.2b.
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C. Electromagnetic Field Profiles of Modes
of Interest

EM characteristics and field profiles obtained with CST are reported here for the analysis in Sec-
tion 3.4.3.

(a) Surface currents of 0-mode. (b) E-field of 0-mode in stem-plane. (c) E-field of �-mode in gap-plane.

Figure C.1.: EM characteristics of the TS31-passband in the TWS without pedestals. Color-coding
of field-strength is on a linear scale.
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(a) E-field of 0-mode in gap-plane
(TM-type).

(b) E-field of �-mode in gap-plane
(TE-type).

Figure C.2.: EM characteristics of the upper HOM-band in Fig. 3.16 in the TWSwithout pedestals.
Color-coding of field-strength is on a linear scale.

(a) Surface currents of 0-mode. (b) E-field of 0-mode in stem-plane
(TS31,0-mode).

(c) E-field of �-mode in gap-plane
(TE-type).

Figure C.3.: EM characteristics of the lower HOM-band in Fig. 3.16 in the full TWS. Color-coding
of field-strength is on a linear scale.
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Electromagnetic Field Profiles of Modes of Interest

(a) E-field of 0-mode in gap-plane
(TM-type).

(b) E-field of �-mode in stem-plane
(TS31,�-mode).

Figure C.4.: EM characteristics of the upper HOM-band in Fig. 3.16 in the full TWS. Color-coding
of field-strength is on a linear scale.
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D. Performance of 25
-Equivalent Complex
Impedance Loads on 44-Cells

Two 4-section TWSs were in use before LS 2 and they will remain in the machine after the LIU
upgrade. In a 44-cell configuration, the most deteriorating HOMs in the 630MHz frequency range
are as well of the TS31-type and they also have a very similar phase advance per cell compared
to those in 33-cells. The complex loads can therefore immediately be deployed on the 4-section
structures as well. Figure D.1 shows the damping performance of the 25Ω-equivalent complex
impedance loads on the pre-LS 2 44-cell TWS2 configuration which included also six 938MHz
transverse HOM couplers. The complex loads are deployed on the 16 TS31-couplers of the pre-

Figure D.1.: Damping performance of the 25Ω-equivalent complex loads on the pre-LS 2 44-cell
TWS2 configuration.

LS 2 longitudinal damping configuration shown in Fig. 3.26b for the 33-cells. Additional couplers
were not yet placed in the simulation model. Still, the improved damping due to the complex loads
is excellent and the LIU goal can almost be reached by the complex loads alone. This would avoid
further detuning of the accelerating mode due to additional HOM mitigation devices.
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E. Temperature Distribution in the SPS
TWS for an Input Power of 1.6MW

Figure E.1.: Simulated, steady state temperature distribution in the SPS TWS for a travelling wave
in the TS11 �∕2-mode with a continuous input power of 1.6MW. The simulation setup is detailed
in Fig. 4.30. Cooling pipes in the stems and on the cavity cylinder are not taken into account.

The temperature distribution on the SPS 200MHz TWS as well as on the 630MHz HOM-coupler
and on the resonant post for the post-LS 2 input power into 44-cell structures is shown in Fig. E.1.
For a travelling wave with a continuous power flow of 1.6MW, the scaling factor for the losses in
the eigenmode simulation is 0.0211, refer to Eq. (4.10). Most notably, the peak temperature on the
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resonant post is 45◦C, on the HOM coupler pickup 54◦C and on parts of the 200MHz rejection
filter up to 62◦C. Note that for the LHC type beam in the SPS the maximum input power of 1.6MW
is required merely for small fractions of the revolution period and the acceleration cycle. As the
peak temperature on the post stays significantly below the empirical limit of 80◦C (refer back to
Section 4.5.1 and [63]), the heating of the resonant posts is still considered acceptable even for this
large input power.
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